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ABSTRACT 

 

Dynamics of Telomeres and MicroRNAs During Oocyte Maturation and Embryo 

Development in the Cow 

 

Graham Campbell Gilchrist     Co-Advisors: 

University of Guelph, 2015      Dr. Jonathan LaMarre  

         Dr. W. Allan King 

 

 Successful fertilization and subsequent embryo development rely on complex molecular 

processes including genetic reprogramming and chromatin remodelling. During the embryonic 

genome activation through the early cleavage stages of embryo development, telomere-

reprogramming events occur to maintain genomic stability for the organism through continuous 

mitotic divisions. Telomeres are nucleoprotein complexes that consist of a repeat nucleotide 

sequence and proteins that make up the shelterin complex that bind to telomeric repeats and 

increase genomic stability at the chromosome ends. The mechanisms that regulate telomere 

biology in bovine oocytes and embryos remain uncharacterized. MicroRNAs are small non-

coding RNA molecules that post-transcriptionally regulate gene expression by either repressing 

the translation, or targeting transcripts for degradation. MicroRNAs have been previously 

reported to regulate important molecular functions in various cell types and have been shown to 

be present in bovine oocytes and embryos. It was therefore hypothesized that small RNAs 

expressed during maturation and development in bovine oocytes and embryos participate in the 

regulation of telomere biology.  



 

 

Examining the dynamics of telomere reprogramming in the developing bovine embryo 

through qPCR assays revealed an increase in telomerase activity and telomere length in 

blastocyst stage embryos and a decrease in the expression of one of the primary telomere related 

proteins, TERF2. Small RNA sequencing was then employed to characterize the miRNA 

population present in oocytes but did not reveal miRNA candidates with the potential to 

participate in telomere regulation in GV or MII oocytes or zygote stages. However, microRNA 

expression patterns were observed to be markedly different between stages, to correlate well with 

the bovine proteome at the same stages and with predicted transcript targets involved in other 

important signalling pathways required for oocyte competence and fertilization. Significant 

increases in the expression of miR-155, miR-222, miR-21, and let-7d were noted, while 

decreases in miR-190 and several other miRNAs were observed, although these did not correlate 

with telomere biology in the oocyte. Importantly, miR-148a was both abundant and relatively 

static throughout oocyte maturation. Finally, selective transcriptional activation of several 

primary-microRNAs highlights the importance of miRNAs in the molecular control of oocyte 

and embryo biology in cattle.  
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INTRODUCTION AND LITERATURE REVIEW 

 

Reproduction is a fundamental biological process in which genetic material is propagated 

over generations preserving certain genes and traits through selective pressures, while losing 

others. At the molecular level, it is a complex process upon which virtually all organisms depend 

on for the survival of a species. Cattle are one domestic species whose reproduction is important 

for many reasons, including those related to their economic value in agriculture, and their value 

as a useful and representative model for understanding human reproduction. In 2014, the 

Canadian agricultural industry generated approximately $1.9 billion in revenue from the 

exportation of beef and dairy products and genetics (Government of Canada) and much higher 

value from domestic consumption. Over centuries of domestication, the cow has been modified 

through breeding to optimize production objectives by either producing large volumes of milk, or 

optimal meat (Dobson and Kamonpatana, 1986). However, breeding pressures towards increased 

meat or dairy production have generally resulted in a decline in fertility (Walsh et al., 2011), and 

an increase in the use of assisted reproductive technologies (ART). Interestingly, for different 

reasons, human fertility issues have also led to an increase in the use of ART for successful 

pregnancies, (Marques-Pinto and Carvalho, 2013), and many of the characteristics of bovine 

reproduction and ART are strikingly similar. 

 

Successful reproduction consists of gamete development (oocytes and sperm), 

fertilization, embryo development, embryo implantation (attachment in bovine), placental 

development, fetal development and pregnancy. Although all stages are important and present 

unique challenges that contribute to fertility status, the process stops without healthy and 
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competent oocytes. The ability of an oocyte to complete meiosis and incorporate the paternal 

genome for subsequent mitotic divisions is fundamental to successful reproduction.  

 

Numerous coordinated molecular pathways exist within oocytes and the surrounding 

somatic cells that function together in an intricate network of events leading to the cellular 

changes that prepare oocytes for fertilization. The mechanisms that regulate these many 

pathways have not been fully characterized and the recent emergence of small RNA molecules as 

regulators of gene expression represents a strong potential link between these pathways and gene 

expression in oocyte biology. Characterization of the reciprocal interactions between key 

developmental pathways and the small RNAs that participate in their regulation represent 

fundamental steps in understanding this critical stage of fertility. 

 

Biology of Oocyte and Embryo Development 

 

Oocyte Growth  

Mammalian oogenesis starts early in fetal development with the formation of primordial 

germ cells (PGCs) that are rapidly dividing precursors to the oocyte. Studies in mouse models 

have examined the proliferation of PGCs and have determined that a number of growth factors 

are required for in vitro culture of PGCs suggesting the factors necessary for in vivo development. 

These growth factors include kit ligand (KL), basic fibroblast growth factors (bFGF) or FGF-2, 

and FGF-4 or -8, tumour necrosis factor-α (TNF-α), bone morphogenetic protein-4 (BMP4), and 

pituitary adenylate cyclase activating peptides (PACAP) (reviewed in (De Felici et al., 2005)). 

These growth factors trigger different molecular pathways that contribute to the proliferation of 
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PCGs, which ultimately target cyclins and cdks (via PI3K and AKT), and SMADs (via BMPs). 

Once PGCs have migrated to the developing ovary, and have lost their mobility, this oogonia 

population expands rapidly with multiple rounds of mitosis and eventually enters meiosis to 

become an oocyte (Picton et al., 1998). Once meiosis is initiated, the oocytes become 

encompassed by pregranulosa cells to form primordial follicles as seen in Figure 1 (Picton et al., 

1998). 

 

Figure 1 – Stages of Oocyte and Follicle Development. Stages from primordial germ cells 

(PGC) to germinal vesicle (GV) oocytes. From Picton et al., (1998) (Reprinted with permission). 

  

Oocyte Meiotic Arrest (Prophase I) 

Upon commencement of meiosis, the oocyte undergoes leptotene, zygotene, pachytene 

stages and becomes arrested in the diplotene stage of prophase I until maturation (Hunt et al., 

1995).  The mechanisms that underlie this process are coordinated, complex and incompletely 

understood. It is recognized that, for the oocyte to maintain prophase I arrest, cyclic adenosine 

monophosphate (cAMP)-dependent kinase (PKA) and MYT1 are two proteins that play 
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prominent roles (Kishimoto, 2003). This arrest is largely maintained due in part to cAMP 

(Downs et al., 1989) levels in the oocyte as a result of a GS G protein that stimulates adenylyl 

cyclase and acts to elevate cAMP levels in the oocyte (Kalinowski et al., 2004). High levels of 

cAMP activate PKA which then suppresses the activity of maturation promoting factor (MPF) 

through WEE1 and Cdc25B intermediates (Mehlmann, 2005). Activated PKA phosphorylates 

WEE1 and Cdc25B. Phosphorylated WEE1 inhibits MPF through Cdk1 (Cdc2) phosphorylation, 

and phosphorylated Cdc25B undergoes a conformational change which allows an adaptor protein 

14-3-3 to bind and sequester it in the cytoplasm (Pirino et al., 2009). Moreover, MYT1 is a 

WEE1 family kinase that is active in maintaining meiotic arrest in conjunction with WEE1B, and 

it is uncertain whether it is regulated in a cAMP dependent manner in addition to being 

inactivated as an AKT substrate (Okumura et al., 2002; Oh et al., 2010). 

 

Transcription factors that participate in meiotic arrest include the forkhead transcription 

family member FOXO3, which is expressed in oocytes and implicated in the cell cycle arrest 

seen in the primordial follicle oocyte. FOXO3 increases the expression of CKN1B, a cell cycle 

inhibitor, as well as increasing proteins to protect against oxidative stress (McLaughlin and 

McIver, 2009). FOXO3 mutant mice show an increase in the number of growing follicles and a 

subsequent early depletion in the primordial follicle population (Castrillon et al., 2003). 

Phosphorylation of FOXO3 by AKT inactivates it as a result of nuclear exclusion (McLaughlin 

and McIver, 2009). Similarly, mice lacking phosphatase and tensin homolog (PTEN), a negative 

regulator of the PI3K pathway, show premature activation and primordial follicle depletion 

(Reddy et al., 2008), indicating that its expression, along with FOXO3, are essential for the 

maintenance of prophase I arrest in oocytes. 
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Oocyte Maturation 

Oocyte maturation (Figure 2) constitutes a series of processes that occur to enable the 

oocyte to support further stages of development. It can be divided somewhat arbitrarily into 

processes relating to both nuclear, and cytoplasmic maturation. Nuclear maturation refers to the 

segregation of chromosomes whereas cytoplasmic maturation can be subdivided into organelle 

redistribution, cytoskeleton dynamics, and molecular maturation (Ferreira et al., 2009). 

Mitochondria, ribosomes, Golgi complex, endoplasmic reticulum and cortical granules become 

more distributed throughout the oocytes during the maturation process (Hyttel et al., 1997; 

Ferreira et al., 2009). The movement of such organelles occurs as a result of actin filament 

trafficking that make up the cytoskeleton (Connors et al., 1998). Finally, molecular maturation 

consists of the processing of transcripts and proteins to be stored by the oocyte that will be 

required for the subsequent stages of development until the embryo is able to sustain its own 

metabolic processes (Sirard et al., 2006). 

 

 

 

 

 

 

 

Figure 2 – Phases of Oocyte Maturation. The oocyte undergoes germinal vesicle breakdown, 

and extrusion of the first polar body in meiosis II. Adapted from Li and Albertini (2013) 

(Reprinted with permission). 
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features of oocyte cell biology, in particular the require-

ment for cytoskeletal functions, were appreciated from 

earlier studies. Classic work by Longo and Chen18 first 

uncovered a role for F-actin in the cortical displacement 

of the first meiotic spindle, whereas the reposition-

ing of organelles was found to be dependent on intact 

microtubules19,20. Moreover, mouse oocytes are known 

to undergo a striking cell cycle-dependent remodelling 

of microtubule-organizing centres (MTOCs)21,22. Two popu-

lations of MTOCs were found to spatially separate into 

spindle-associated foci that contain both γ-tubulin and 

pericentrin. Furthermore, a subcortical population with 

strong microtubule nucleating activity that is restricted 

to anaphase onset at both meiosis I and meiosis II was 

also identified. As discussed below, recent live-imaging 

studies have verified the importance of MTOCs in the 

assembly of the meiotic spindle and provided further 

insight into the roles of supernumerary MTOCs during 

the transition from meiotic to mitotic spindles following 

fertilization.

Choreographing the meiot ic spindle
During the dramatic series of events that lead to the 

completion of meiosis in oocytes, the forces that shape  

and enact the segregation of bivalents (during meiosis I) and  

sister chromatids (during meiosis II) have by far been 

the most intensively investigated. From a clinical per-

spective, the surprisingly high incidence of chromo-

some segregation errors observed in human oocytes is 

linked to defects in embryo development and acquired 

birth defects such as Down syndrome23. Moreover, 

mounting evidence suggests that errors in chromosome  

segregation that contribute to pregnancy failure or 

genetic diseases upon advancing maternal age find their 

origins in defects in the oocyte meiotic spindle or early 

embryo mitotic spindles24.

Distinctive features of the mammalian meiotic spindle.  

Several features distinguish the meiotic spindle in mam-

malian oocytes from the somatic cell mitotic spindles. 

Spindle positioning in somatic cells is thought to be 

mediated by astral microtubules in symmetric or asym-

metric cell division25. In contrast, the meiotic spindle 

is generally thought to lack astral microtubules and, 

instead, actin drives asymmetric meiotic spindle posi-

tioning (see below). Other distinguishing features of the 

meioti c spindle have been noted but require further study. 

For example, in mice spindle assembly during meiosis I 

occurs within a lamin B matrix26. Because this matrix 

is only observed in the meiosis I spindle but not in the 

meiosis II spindle, this poses the question of whether 

there are distinct requirements for reductional chromosom e  

segregation versus equational chromosome segregation. 

As mentioned, earlier studies suggested that the two pop-

ulations of MTOCs in mouse oocytes have separate and 

distinct roles in spindle morphogenesis, as one population 

remains associated with the oocyte cortex and the other 

establishes and maintains an interaction with the spindle 

in meiosis I21,22,27. Meiosis I is predisposed for aneuploidy, 

especially when combined with ageing or environmental 

perturbations23. Using a kinetochore tracking approach, it 

was shown that multiple attempts are required to achieve 

bi-orientation of homologous chromosomes in mouse 

oocytes28. Whether this situation exists in other types 

of mammalian oocytes can now be addressed using this 

technology. Finally, the study of MTOCs in mammalian 

oocytes continues to be a matter of focus especially in the 

context of how fully functional centrosomes are generated 

during the course of embryonic development.

MTOCs in mammalian oocytes differ from traditional 

centrosomes as they lack centriole pairs, which may indi-

cate a reliance on the invading sperm centrosome for the 

propagation and continuity of centrioles in development29.  

Figure 2 | Maturation of a mammalian oocyte. A prophase I-arrested oocyte, with a 4C DNA content (corresponding in 

this case to a diploid (2N) chromosome number, and each chromosome consists of two chromatids), begins the maturation 

process with germinal vesicle breakdown (GVBD), followed by meiosis I spindle assembly and chromosome migration. 

This induces the formation of a cortical actomyosin domain (red). Immediately after meiosis I anaphase and extrusion of 

the first polar body, the meiosis II spindle forms subcortically and induces the formation of a second polar actomyosin 

domain. The now mature oocyte with 2C DNA content (corresponding in this case to a haploid (1N) chromosome number, 

and each chromosome consists of two chromatids) maintains metaphase arrest and asymmetrical positioning of the 

spindle. Upon fertilization (or parthenogenetic activation), meiosis is reinitiated and results in the separation of sister 

chromatids and extrusion of the second polar body, leaving a haploid female pronucleus bearing a DNA content of 1C 

(corresponding in this case to a haploid (1N) chromosome number, and each chromosome consists of one chromatid) as 

is the case for the male pronucleus.

REVIEWS

144 | M ARCH 2013 | VOLUM E 14  www.nature.com/reviews/molcellbio
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Although in vitro culture conditions have recapitulated many aspects of the natural 

environment of the uterine tubes, they are not perfect representations of the conditions in vivo. 

Furthermore, many events that occur during in vitro oocyte maturation actually reflect events 

that occur in the growing follicle within the ovary. One result of this is the observation that, for 

in vitro fertilization in cattle, oocyte maturation is the stage of embryo production with the 

greatest impact on embryo successes based on blastocysts rates (Greve et al., 1984). This was 

first demonstrated as oocytes collected from cattle for in vitro fertilization (IVF) 30-36 hours 

after the onset of estrus had greater cleavage and fertilization rates than oocytes collected at the 

onset of estrus or shortly after (Greve et al., 1984). Studies have subsequently confirmed these 

findings when comparing blastocyst rates from in vitro fertilization of either in vitro or in vivo 

matured bovine oocytes (Leibfried-Rutledge et al., 1987). Rizos et al., (2002) examined different 

combinations of in vitro versus in vivo maturation, fertilization and culture. The results of the 

study report better rates and/or quality of blastocyst from the groups that had one or more of the 

maturation, fertilization or culture stages performed in vivo (Rizos et al., 2002). Although in 

vitro conditions cannot yet perfectly emulate optimal in vivo conditions, they are sufficient to 

produce viable embryos and provide a system that enables research to identify the molecular 

processes occurring during oocyte maturation.   

 

Whether observed in vitro or in vivo, the oocyte resumes meiosis through complex 

networks in response to the surge of luteinizing hormone (LH) before ovulation. As oocytes lack 

LH receptors, the effect of LH on oocyte maturation is thought to be a result of the cumulus cells 

(Shimada et al., 2003), and mural granulosa cells (Park et al., 2004). It has been demonstrated 
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that epidermal growth factor (EGF)-like proteins act as an LH intermediate in triggering cumulus 

cell expansion and oocyte maturation by activating EGF receptors (EGFR) in the follicle (Park et 

al., 2004), triggering many molecular events that drive oocyte maturation. One mechanistic 

hypothesis is that the LH surge activates phosphodiesterase (PDE) that hydrolyzes cAMP and 

decreases its abundance in the oocyte (Conti et al., 2002; Mehlmann, 2005). In bovine, PDE3, a 

PDE isoenzyme, was shown to decrease cAMP levels in the oocyte, whereas PDE4 had affected 

cumulus cells (Shpiz and Kalmykova, 2011). In such a scenario, decreasing the cAMP levels in 

the oocyte would inactivate PKA and reverse the inhibitory effects of WEE1 and MYT1 on 

Cdc25B and the MPF. It has also been shown that PKA can have inhibitory effects on 

phosphatidylinositol 3-kinase (PI3K) and protein kinase B (AKT) signalling cascades (Kim et al., 

2001). This mechanism is only one of the active pathways during this short time period, and has 

larger implications with the release of prophase I arrest than it does with actively advancing 

oocyte maturation, although it likely is of similar importance. 

 

As PKA actively maintained WEE1 and MYT1 in states that mediate inhibitory roles, the 

decrease in PKA does not reverse their phosphorylative states. Other signalling pathways 

converge to ensure that the MPF complex is activated and resumes meiosis. As previously 

mentioned, the LH surge acts through the EGFR intermediate, which in turn initiates the 

mitogen-activated protein kinase (MAPK) and the phosphatidylinositol 3-kinase (PI3K)/protein 

kinase B (AKT) signalling cascades (Kiyatkin et al., 2006).  EGFRs association with Grb2-

associated binder 1 (Gab1) protein leads to the recruitment of p85 and activation of PI3K in a 

positive feedback loop resulting in an increase in AKT activity (Mattoon et al., 2004; Kiyatkin et 

al., 2006). The importance of this association was highlighted in a mouse model where Gab1-
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deficient mice were embryonic lethal (Itoh et al., 2000; Liu and Rohrschneider, 2002). 

Reinforcing this current state is the phosphorylation of PDE3 by AKT (Han et al., 2006), which 

maintains its activity and keeps cAMP levels low, as previously discussed. 

 

Examining the downstream effects of the signalling pathways that initiate meiotic 

resumption, the focus returns to the pathways leading to the inhibition of MYT1 by Ser75 

phosphorylation from AKT, and subsequent cdc25 activation (Okumura et al., 2002). Also seen 

at this time is an increase in the cyclin B1 (Lonergan et al., 2003), which is of importance, since 

cyclin B1 couples with cyclin-dependent kinase I (CDK1) to form the MPF. MPF is a prominent 

molecule involved in cell-cycle progression and is activated by cdc25 through the 

dephosphorylation of CDK1 (Peter et al., 2002). Activation of AKT requires phosphorylation at 

both its Thr308 and Ser473 sites and this occurrence has been shown to be involved in oocyte 

maturation in Xenopus (Andersen et al., 1998), Asterina pectinifera (starfish) (Okumura et al., 

2002), murine (Kalous et al., 2006), bovine (Tomek and Smiljakovic, 2005), and procine 

(Kalous et al., 2009) models. 

 

The mitogen-activated protein kinase (MAPK) cascade is another important signalling 

pathway in meiotic maturation. Although the inhibition of MAPK does not inhibit spontaneous 

germinal vesicle breakdown (GVBD) in mammalian oocytes (Fissore et al., 1996; Fan and Sun, 

2004), it is thought to play a role in spindle formation during metaphase I and metaphase II. In 

bovine oocytes MAPK is activated around 7-8 hours after the onset of maturation and GVBD 

occurs in bovine at 8 hours of maturation (Kubelka et al., 2000). Similar to the PI3K/AKT 

pathway, MAPK activity releases MYT1 inhibitory control of MPF by inactivating MYT1 
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through the activation of p90rsk (Fan and Sun, 2004). This pathway may become activated 

through a similar response as the PI3K/AKT pathway, and function redundantly to ensure all the 

molecular mechanisms corresponding to oocyte maturation are occurring. 

 

Meiotic Arrest (Metaphase II) in Preparation for Fertilization 

In preparation for fertilization, the oocyte undergoes a second meiotic arrest during 

metaphase II (MII). At this stage, MPF is stabilized, and the inactivation results in the initiation 

of anaphase II. “Cytostatic Factor (CSF)” is term first used to describe events in Xenopus oocytes 

(Masui and Markert, 1971), representing the collective activity of different mechanisms 

preventing further progression of the cell cycle through maintenance of MPF activity and spindle 

formation. It was later confirmed in mammalian species (Kubiak et al., 1993). CSF incorporates 

multiple pathways that converge on the inhibition of the anaphase-promoting 

complex/cyclosome (APC/C), which is an E3 ubiquitin ligase. APC/C is a complex coupled with 

cdc20 and it is cdc20 that largely controls the catalytic activity of APC/C (Maller et al., 2002). 

APC/C is of functional importance in the progression to anaphase II as the protein complex 

degrades the Cyclin B1 component of the MPF, causing exit from metaphase II, as well as the 

degradation of centromeric cohesin, resulting in the release of sister chromatids to separate poles 

(Waizenegger et al., 2000).  

 

Revisiting the MAPK pathway, it is believed that the establishment of metaphase II arrest 

is due to a MAPK substrate known as p90Rsk inhibiting APC/C via Bub1 and Mad family of 

proteins (Kishimoto, 2003; Marston and Amon, 2004). Mouse studies have shown the loss of 

Bub1 results in the premature activation of APC/C and is therefore necessary for metaphase II 
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arrest (McGuinness et al., 2009). Two other major proteins essential for stable metaphase II 

arrest are Cdc25A, a phosphatase targeting MPF (Oh et al., 2013), and early mitotic inhibitor 2 

(Emi2), an inhibitor of APC/C (Schmidt et al., 2006). With each of these pathways working 

together, the oocyte is able to maintain metaphase II arrest for multiple hours until fertilization, 

resulting in the conclusion of meiosis and commencement of mitotic divisions.  

 

Fertilization and Cleavage 

The fusion of the sperm membrane to the oocyte is the catalyst for further molecular 

events. The zona pellucida (ZP) contains three zona pellucida glycoproteins (ZP1-3) in mice, 

four in humans (ZP1-4), and three in bovine and porcine (ZP2-4) (Yonezawa et al., 2012; Clift 

and Schuh, 2013). Upon fertilization, ZP2 is cleaved and it is hypothesized that it disrupts the 

structure of the glycoprotein complex and prevents additional sperm from binding to the 

principal binding protein (ZP4 in bovine), creating a block to polyspermy (Clark, 2013). In all 

mammalian species the fusion of sperm to the oocyte membrane causes an increase in 

cytoplasmic Ca
2+

 levels triggered by phospholipase C-zeta (PCLζ) (Swann and Lai, 2013). 

 

The increase in intracellular Ca
2+

 levels upon fertilization triggers the oocyte exit from 

meiosis. It elicits this through the degradation of the protein Emi2 from phosphorylation of 

calmodulin-dependent kinase II (CaMKII) and Polo-like kinase 1 (Plk1), and its subsequent 

ubiquitination by the SCF
βTrCP

 complex (Hansen and Tung, 2006). The degradation of Emi2 

releases its inhibitory effect on APC/C, after which the newly active APC/C causes meiotic 

resumption at anaphase II. Cyclin-B, sercurin, and cohesin are degradation products of APC/C 
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resulting in half of the sister chromatids segregating into the second polar body as well as the 

formation of the female pronucleus (Clift and Schuh, 2013).  

 

As the male genomic material decompresses, protamines are replaced with histone H3 as 

DNA replication occurs. This represents a crucial time for the zygote as the paternal genome 

undergoes rapid global DNA demethylation as part of the genetic reprogramming necessary for 

successful embryo development. The maternal genome is protected from the initial active 

demethylation events because of primordial germ cell protein 7 (PGC7) bound to the histone H3, 

however, it will undergo passive replication-dependent demethylation throughout the cleavage 

stages of development as part of the epigenetic reprogramming process in the embryo (Rougier 

et al., 1998). As the chromosomes of the pronuclei align, meiosis is no longer occurring in the 

zygote and the processes shift to mitotic divisions through the cleavage stages and beyond. 

 

Maternal-to-Embryonic Transition 

Throughout the maturation and fertilization events previously discussed, the oocyte 

contains primarily maternal transcripts and it is generally accepted that the oocyte is essentially 

transcriptionally silent beyond GVBD (Paynton et al., 1988). Therefore, the oocyte relies on 

proteins and transcripts that are stored in the oocyte or delivered by surrounding somatic cells 

(Assou et al., 2013; Macaulay et al., 2014) that are required for important developmental 

processes. These are degraded as the embryo proceeds through the cleavage stages of 

development and are replaced by transcriptional products of the embryonic genome. This is 

referred to as the maternal-to-embryonic (MET) transition, and occurs at around the 8-cell stage 

in bovine. Embryonic genome activation (EGA) occurs around the 4- to 8-cell stage but 
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transcription of some specific genes can be detected as early as the 2-cell stage (Plante et al., 

1994; Memili et al., 1998; Jiang et al., 2014). A 2014 study examining transcriptional profiles in 

bovine oocytes and pre-implantation embryos in vivo found that there were two distinct clusters 

of gene expression present within the 2,845 genes that were differentially expressed (Jiang et al., 

2014). One cluster was expressed from oocyte to 4-cell stages, and became down-regulated 

between the 8-cell to blastocyst stages. The other cluster showed an inverse pattern, with up-

regulation occurring from 8-cell to blastocyst and the majority of differentially expressed gene 

present between 4- to 8-cell embryos, both corresponding to the timing of the MET (Jiang et al., 

2014). 

 

The impact of the MET has been demonstrated with embryos cultured in the presence of 

a transcriptional inhibitor such as α-amanatin (Telford et al., 1990). Developmental arrest of 

such embryos reflects the developmental importance of maternal transcripts and proteins, as well 

as the point in which the embryonic genome must sustain its own development. The destruction 

of maternal mRNAs has been hypothesized to be necessary for proper embryo development as 

some proteins required for meiotic arrest and oocyte maturation may interfere with processes 

later in development (Schier, 2007; Stitzel and Seydoux, 2007). Highlighting this possibility, a 

study in Drosophila found that embryos produced from smaug mutant females underwent 

abnormal rapid cell cycles without slowing because smaug protein would normally target cell 

cycle cyclins for destruction (Benoit et al., 2009).    

 

Maternal genes encoding transcription factors present in the oocyte have a wide range of 

functions necessary for oocyte and embryo development through the MET. OCT-4 is a 
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transcription factor that is expressed in many pluripotent cells, CREB and ATF-1 are two genes 

associated with transcription factors and signalling pathways and are each important maternal 

genes required for development at these stages (Vigneault et al., 2004). Furthermore, oocytes 

also express genes associated with the chromatin remodelling that occurs during the embryonic 

genome activation (EGA). The Brahma-related gene 1 (Brg1) and the SWI/SNF nucleosome 

remodelling complex are two examples of oocyte derived genes linked to zygote genome 

activation (ZGA) in mice (Bettegowda et al., 2008).  

 

Genomic Reprogramming 

Oocytes contain DNA methyltransferases (DNMTs) required for DNA methylation as 

part of the epigenetic reprograming that occurs in the developing embryo. DNMT3a and 

DNMT2b are essential for de novo methylation in oocytes, and DNMT1 has been shown to be a 

maintenance enzyme that hemi-methylates CpG dinucleotides after DNA replication (Okano et 

al., 1999; Lodde et al., 2009). Interestingly, DNMT1 is stored in the cytoplasm of oocytes and is 

transferred to the nucleus of bovine embryos at the 8-16 cell stage of development during EGA. 

This is an important time period for the embryo, as passive demethylation of the maternal 

genome occurs throughout the DNA replication processes in the preceeding cellular divisions, 

and upon EGA. DNA methylation events and histone modifications are essential for embryo 

development and DNA reprogramming (Li, 2002).  

 

Chromatin remodelling is one of the major aspects involved in the genetic 

reprogramming events that occur throughout the entire chromosome, and there have been links to 

the chromatin remodelling proteins and their effects on the telomere structures of the 
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chromosome ends. ATRX is a SWI2/SNF2 family protein that functions to help tether proteins 

such as DNMT3a, DNMT3b, and DNMT3L to chromatin for methylation of lysine residues of 

H3 (Wong et al., 2010). In mice, ATRX was shown to localize to telomeres in mouse embryonic 

stem cells (ES) and work as a regulator of ES-cell telomere chromatin (Wong et al., 2010). The 

knockdown of ATRX induced telomere dysfunction (Wong et al., 2010), and studies in cancer 

cells have shown an association with ATRX mutations and alternate lengthening of telomeres 

(ALT), not the conventional telomerase mediated elongation (Heaphy et al., 2011). This is of 

importance since the reprogramming and maintenance of telomere biology is crucial for the 

health of the replicative lifespan of the cells in the organism, which all start during oocyte and 

embryo development. 

 

Telomere Biology 

 

Telomeres  

One particularly important element of oocyte and embryo biology is the genomic 

protection provided by telomeres, as an embryo represents the starting point of genome 

replication for all cells through the lifespan of an organism. During the 1960’s, it was discovered 

that cells have a finite capacity to divide in culture (Hayflick, 1965). This phenomenon is 

referred to as the Hayflick Limit and was the basis for the discovery of telomeres and their 

importance in cellular biology. Telomeres are protective structures on the ends of mammalian 

chromosomes comprised of a repetitive deoxyribonucleic acid sequence along with specialized 

proteins that associate with these sequences. In vertebrate species, notably (Blackburn, 1984; 

Allshire et al., 1989; Bilaud et al., 1997) humans, mice and bovine, telomeres consist of tandem 
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repeats of (TTAGGG)n that run 5’ to 3’ (Moyzis et al., 1988). They function primarily to protect 

coding DNA near the termini of chromosomes from being lost during replication, in addition to 

protecting the chromosome from degradation and end-to-end fusion (Blackburn, 1991).   

 

Telomere Binding Proteins 

The Shelterin complex is a group of proteins that protect the extreme ends of telomeres. 

This complex ultimately form two loops in a telomere; a t-loop and a d-loop, effectively 

protecting the 3’ overhang from fusion or degradation (de Lange, 1992; Griffith et al., 1999). 

The Shelterin complex effects this by favouring a telomeric DNA conformation in which it folds 

back onto itself, creating a larger structure termed the t-loop as shown in Figure 3 (Griffith et al., 

1999). Upstream from the end, a portion of the double-stranded DNA (dsDNA) is displaced by 

proteins that allow the 3’ single-stranded DNA (ssDNA) overhang to bind to the complementary 

anti-sense sequence to form a minor loop termed the D-loop (de Lange, 2005). Telomeric repeat 

binding factors 1 and 2 (TRF1 and TRF2) are two proteins that recognize and bind to TTAGGG 

double-stranded telomere sequence (Zhong et al., 1992; Bilaud et al., 1997; Broccoli et al., 

1997). Protein protection of telomere (POT1) binds to TTAGGG single-stranded telomere 

sequence (Baumann and Cech, 2001). Repressor activator protein (Rap1) associated with the 

TRFs (Li et al., 2000). TRF interaction nuclear factors (TIN2) and telomere protein (TPP1) are 

heterodimer partners of POT1 (Kim et al., 1999; Houghtaling et al., 2004). These six core 

proteins are essential for proper telomere functioning since they not only regulate telomerase 

activity but also influence telomeric integrity by triggering senescence pathways (Karlseder et al., 

1999; de Lange, 2005). 
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Figure 3 – Telomere Complex Located at the Ends of Chromosomes. The schematic includes 

telomere binding proteins, telomerase enzyme, telomerase RNA template and the configuration 

of how the telomere folds back to form the t- and d-loops the telomere. Adapted from (Verdun 

and Karlseder, 2007). (Reprinted with permission). 

 

Telomere Shortening 

Telomeres are dynamic structures that shorten with cellular division. Loss of telomeric 

repeats is a result of the limitations of cellular division at the extreme ends of the chromosomes 

where the nucleotides from the initial RNA primer required for 5’ to 3’ synthesis on the lagging 

strand are not able to be replaced (Blackburn, 1991; Levy et al., 1992). The result of this 

phenomenon is the loss of 50-200 nucleotides with each round of DNA replication, depending on 

cell type and species (Olovnikov, 1973; Allsopp et al., 1995). However, the end-replication 

problem is not the only factor affecting telomere shortening. Oxidative stress is a major factor 
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that increases the rate of telomere attrition (Zglinicki et al., 1995). A build-up of “critically short” 

telomeres will induce a state of cellular senescence in which the cell is still viable but has lost 

replicative capacities (Hayflick and Moorhead, 1961; Harley et al., 1992). This is when the 

single-stranded telomere cannot be hidden by the d- and t-loop structures allowing the cell to 

recognize telomere end structure as a DNA break. The most commonly described implication of 

telomere shortening is in the theory of aging. As more and more cells enter states of cellular 

senescence, the body ages, as cells are not replenished (Zglinicki, 1998).  

 

Telomerase  

In certain cell types, a ribonucleoprotein complex (telomerase) is able to maintain and 

increase telomere lengths at the ends of chromosomes (Greider and Blackburn, 1987). 

Telomerase consists of two RNA components: the telomerase reverse transcriptase (TERT) 

which is the catalytic subunit of the complex and telomerase RNA (TER or TERC), the subunit 

that contains the telomere template (Collins et al., 1995). Although telomerase can compensate 

for the loss of telomeric repeats, it is not active in all tissue types. Telomerase is highly active in 

stem cells, many cancers, immortalized cell lines, and embryonic cells but it is not active in 

somatic cells (Allsopp et al., 1992). Since telomerase is active in embryonic cells, the resulting 

increase/maintenance in telomere length has shown to be an important factor in normal embryo 

development.   
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Alternate Lengthening of Telomeres (ALT)  

Although telomerase mediated telomere genesis is common, it is not the sole mechanism 

by which telomere elongation occurs. Homologous recombination of telomeric regions results in 

an increase in telomere lengths, referred to as alternate lengthening of telomeres (ALT) (Bryan et 

al., 1997; Dunham et al., 2000). This mechanism is not common among all cell types, and it is 

under epigenetic influences. Methylation of the subtelomeric regions along with histone 

acetylation has been shown to influence whether telomerase is transcribed or whether the 

chromatin is in a state that allows for recombination events to occur (Blasco, 2007; Koziel et al., 

2011).  

 

Role of Telomeres in Embryo Development 

  In many species, telomerase activity has been detected as early as in the GV oocyte and 

extending until the blastocyst stage (Betts and King, 1999). In bovine embryos, telomerase 

activity decreased during oocyte maturation, but significantly increased in morula and 

blastocysts, which is consistent with RNA levels found within the embryo at these stages as a 

result of the maternal-to-embryonic transition (Betts and King, 1999). Furthermore, telomerase 

activity during embryo development appears to be regulated concurrently with the embryonic 

nuclear programming process. Telomere lengths in embryos have been shown to be reset to 

accommodate any lack of proper telomere elongation in germline cells, as shown by consistent 

telomere lengths in either in vitro, in vivo, or blastocysts derived by cloning (Schaetzlein et al., 

2004). A human study investigated telomere lengths in embryos as a suitable marker for fertility 

in women undergoing IVF treatments (Keefe et al., 2007; Keefe and Liu, 2009). Due to ethical 

limitations, they were limited to correlating telomere lengths from spare eggs to the first polar 
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bodies of the transferred embryos, but they were still able to correlate failed pregnancies with 

shorter telomeres in sibling embryos (Keefe et al., 2007; Keefe and Liu, 2009). This study 

signifies the importance of telomere biology in successful embryonic development. Importantly 

for this thesis, an increasing number of studies on telomere biology emerge examining the 

regulatory mechanisms for telomeres and telomerase in different cellular contexts have revealed 

that microRNAs (miRNAs) are important regulators of gene expression that may have multiple, 

integrated roles in telomere biology.  

 

MicroRNA Biology 

 

MicroRNA Biosynthesis 

MicroRNAs (miRNAs) are small non-coding RNA (ncRNA) molecules 19-24 

nucleotides in length that regulate gene expression post-transcriptionally (Lee and Ambros, 

2001). The canonical miRNA biogenesis pathway, starts with primary-miRNAs (pri-miRNAs) 

transcribed in the nucleus from either direct RNA polymerase II transcription from an 

independent miRNA gene, or through post-transcriptional processing of protein coding genes 

where pri-miRNAs are encoded in the introns of coding genes (Lee et al., 2004; Rodriguez and 

Farin, 2004). The pri-miRNA is a long stem-loop transcript of variable length that contain a 5’ 

cap and a 3’ poly-A tail (Lee et al., 2004). Further processing occurs in the nucleus where 

Drosha, coupled with a cofactor known as DGCR8 (DiGeorge syndrome critical region gene-8) 

cleaves the base of the stem-loop resulting in a ~70-nt hairpin miRNA precursor (pre-miRNA) 

(Han et al., 2004). Within nucleated cells, pre-miRNAs are transported to the cytoplasm by a 

nuclear transport receptor complex, exportin5-RanGTP, for further processing (Bohnsack et al., 
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2004; Lund et al., 2004). In the cytoplasm, Dicer, an RNase III enzyme, cleaves the pre-miRNA 

into a short double stranded mature miRNA molecule. A single stranded mature miRNA then 

gets loaded onto a protein complex consisting of members of the Argonaute (AGO) family to 

form an miRNA-induced silencing complex (miRISC) (Gregory et al., 2005), and target mRNA 

transcript to primarily repress translation. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 4 – The Canonical miRNA Biogenesis Pathway. Primary-miRNAs are transcribed and 

processes into precursor-miRNAs by Drosha/DGCR8 complex. Further processing by Dicer 

results in a mature miRNA. Adapted from (Winter et al., 2009). (Reprinted with permission). 
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In addition to miRNAs processed by the canonical pathway described above, a sub-

population of miRNAs exists that do not follow the traditional pathway, but do converge on the 

canonical processing pathway for Dicer-dependent processing. A mirtron is a functional miRNA 

whose pre-miRNA make up an intron as the base of the 5’ and 3’ hairpin splice sites lie adjacent 

to exons and thereby bypass Drosha processing (Okamura et al., 2007; Ruby et al., 2007; Glazov 

et al., 2009).  Other miRNAs are able to circumvent the canonical pathway utilizing other 

enzymes for processing into functional miRNAs. Originally discovered in zebrafish but 

confirmed in mammals, pre-miR-451 processing is Dicer-independent as the catalytic activity of 

AGO2 processes the precursor miRNA into a duplex intermediate, which undergoes 

polyuridylation and trimming before becoming a functional mature miRNA (Cifuentes et al., 

2010; Yang et al., 2010). Whether processing is Drosha-independent or Dicer-independent, it is 

evident that one of the two enzymes is required in the absence of the other in the biological 

contexts examined to date.  

 

Function of microRNAs 

Single stranded miRNAs become loaded onto a miRNA-induced silencing complex 

(miRISC), to elicit their effects on mRNA transcripts. The miRISC consists of members of the 

Argonaute (AGO) protein family coupled with an AGO-interacting glycine-tryptophan protein of 

182 kDa (GW182) and work in conjunction with other RNA binding proteins (RBPs) (Gregory 

et al., 2005; Takimoto et al., 2009). Functionally this miRISC complex, binds to the 3’ 

untranslated region (3’UTR) of a messenger RNA (mRNA) molecule and appear to act in 

different ways (Ambros, 2001; He and Hannon, 2004). MiRNAs silence genes primarily through 

two possible mechanisms, depending on the nature of their binding with an mRNA target. 
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Binding with complete complementarity results in mRNA cleavage similar to that observed with 

small interfering RNAs (siRNAs), whereas partial binding leads to repressed translation but not 

mRNA degradation (Yekta et al., 2004). Some studies suggest that mRNA bound by miRISC 

complexes that are not degraded are localized in cytoplasmic foci called processing bodies (P-

bodies) that contain untranslated mRNA (Liu et al., 2005; Rana, 2007). Once they enter the P-

bodies (or P-body-like structure in oocytes), the mRNA is stored either for translation at a later 

time, or future degradation by enzyme complexes (Parker and Sheth, 2007). However mouse 

oocytes lack the presence of P-bodies so these structures in oocytes biology is still unclear but 

will be discussed further. 

 

MicroRNA Binding to mRNA  

The mechanisms by which miRNAs regulate gene expression have been widely 

investigated and have many biological and therapeutic implications. Since there is only a 

requirement of ~7-8 nucleotide complementarity for miRNA binding to occur, it has been 

suggested that one miRNA can target hundreds of mRNAs (Brennecke et al., 2005). The region 

spanning nucleotides ~2-10 at the 5’ end of any miRNA is referred to as the ‘seed region’ which 

is primarily responsible for complementary binding to a given target mRNA (Lewis et al., 2005; 

Jackson et al., 2006). While many of the nucleotides within most microRNAs appear subject to 

changes through evolution, seed regions are highly conserved among miRNA families 

(Asirvatham et al., 2009). One explanation for the propensity of miRISC complexes to bind to 

mRNA with only 7-8 nucleotides determining target sites is the diffusion-controlled mechanism 

of binding (Rana, 2007). This theory suggests that miRISC complexes bind many sites non-

specifically until sufficiently complementary site is found. The non-specific binding may be a 
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result of partial complementarity between the seed region and the mRNA. Binding of miRISC 

complexes is also limited by the physical accessibility of the target site (Rana, 2007). As 

previously mentioned, when there is perfect binding by the miRNA, the mRNA is cleaved as a 

result of a conformational change of RISC that only occurs with perfect complementarity (Chiu 

and Rana, 2002). 

 

MicroRNA Targeting  

A 2005 study demonstrated that a large group of genes escaped miRNA regulation during 

development (Stark et al., 2005). These findings reveal that some genes involved in basic 

cellular processes have undergone evolutionary pressure to maintain translation capabilities 

despite being co-expressed with miRNAs that normally target them. At a mechanistic level, this 

occurs through alternate splicing or polyadenylation leading to shorter 3’UTRs that are 

specifically depleted of miRNA binding sites. This suggests that miRNAs and their targets are 

differentially expressed in different tissues resulting in different patterns of post-transcriptional 

regulation of gene expression (Stark et al., 2005). 

 

Regulation of microRNAs 

The mechanisms by which miRNAs are regulated are largely unknown, and appear to be 

dependent on cell type. Several studies have shown that different mechanisms regulate different 

miRNAs (Babiarz and Blelloch, 2009; Bhat-Nakshatri et al., 2009; Kuchen et al., 2010; Yang 

and Wang, 2011). Studies in embryonic stem (ES) cells in mice, suggest that pluripotency 

transcription factors interact with promoter regions of miRNAs that are abundant in these cells 

(Babiarz and Blelloch, 2009; Mondou et al., 2012). Others have identified epigenetic regulation 
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of miRNA promoter regions. The methylation status of particular histones (eg. H3K27 for miR-

155) determine the chromatin state and the availability of miRNA genes for transcription in 

lymphogenic tissues (Kuchen et al., 2010). Select miRNAs are regulated by nuclear receptors 

(NRs), which are ligand-activated transcription factors that bind to cis-acting DNA sequences 

(Yang and Wang, 2011). One example of this is the induced expression of let-7 family members, 

and miR-21 among others by estrogen receptor alpha (ERα) (Bhat-Nakshatri et al., 2009). NRs 

have also shown to affect miRNA processing machinery as Drosha can be inhibited by ERα, 

whereas exportin-5 and Dicer are induced by both estradiol and progestins, and AGO2 is induced 

by estradiol (Yang and Wang, 2011). A 2015 study identified a subset of miRNAs that are 

regulated by TERT when coupled with non-telomere related proteins (Lassmann et al., 2015). 

 

Another mechanism by which miRNAs are regulated may be through auto-regulation, as 

demonstrated by the let-7 family of miRNAs (Zisoulis et al., 2012). They are unique in that the 

pri-miRNA transcript contains a 3’ site for let-7 mediated AGO binding to promote mature let-7 

biogenesis in a positive-feedback loop (Zisoulis et al., 2012). There is clearly no single factor 

that regulates miRNA expression, but a myriad of regulatory factors depending on miRNA and 

cell type and miRNAs may be regulated similarly to other developmentally important genes. 

 

MicroRNA Influences on Telomere Biology  

There is an emerging role for miRNAs in the control telomere dynamics. Much of the 

initial understanding of miRNAs and telomeres was developed in a thyroid carcinoma cell line 

model. MiR-138 was shown to regulate TERT expression, the catalytic subunit of telomerase. 

That study showed that suppression of miR-138 expression in thyroid carcinoma resulted in an 



 

25 

 

overexpression of human telomerase reverse transcription protein (hTERT) (Mitomo et al., 

2008). The reverse was also shown, although not the same extent. Overexpression of miR-138 in 

these cell lines resulted in a partial down-regulation of hTERT proteins, suggesting that 

additional factors are likely to affect hTERT expression in these carcinoma cells (Mitomo et al., 

2008; Koziel et al., 2011). TERT expression has also been shown to be regulated by miR-375 in 

human papillomavirus (HPV)-positive cancer cells through the regulation of intermediate 

proteins that ultimately inhibit the transcription of the TERT gene (Jung et al., 2014). In 

glioblastoma cells, a relationship was proven between miR-21, STAT3 and hTERT expression, 

in which a reduction in miR-21 expression decreased STAT3 phosphorylation and hTERT 

expression, since STAT3 is a known transcription factor for the hTERT gene (Wang et al., 2012).  

 

More recently, studies have emerged examining miRNAs that target the transcripts of the 

shelterin proteins. In human fibroblasts, miR-23a targets TRF2, and overexpression of miR-23a 

reduced telomere-bound TRF2 and accelerated senescence (Luo et al., 2015). Another shelterin 

protein regulated by specific miRNA, is TRF1, which contains a conserved sequence motif 

targeted by miR-155 (Dinami et al., 2014). This study examined multiple cancer cell lines, with 

a particular focus on a luminal breast adenocarcinoma-derived cell line. This study showed 

reduced TRF1 abundance at telomeres when miR-155 levels were elevated (Dinami et al., 2014). 

Uziel et al., (2015) took a large-scale screening approach, measuring differential expression of 

miRNAs and proteins in wild-type cells with intact telomeres, and cells repeatedly exposed to a 

telomerase inhibitor over a 20-month span and subsequently classified as ‘shortened telomere 

cells’ compared to control cells that were not exposed to a telomerase inhibitor. Among these 

cells, 98 of the identified 870 miRNAs were differentially expressed in the cells with shortened 
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telomeres and 47 miRNAs were also differentially expressed (Uziel et al., 2015). Although all of 

these studies were performed in cancer cells, they demonstrate a link between miRNA and 

telomerase that clearly requires further investigation in normal contexts where telomerase is 

active, such as in embryos. 

 

MicroRNAs and Oocyte and Embryo Biology 

Recent miRNA studies have highlighted the importance of miRNAs in many aspects of 

development, from ovarian follicular development to pre-implantation embryos. A 2014 study 

profiled the miRNA population from different follicle populations in cattle, and found many 

miRNAs that were differentially expressed between small and large healthy follicles, in addition 

to many differentially expressed miRNAs between large atretic follicles and large healthy 

follicles (Sontakke et al., 2014). In more focussed studies regarding specific miRNAs in follicle 

development, one mouse study demonstrated that miR-376a regulates primordial follicle 

assembly, and, when overexpressed increases the number of primordial follicles and reduces 

oocyte apoptosis (Zhang et al., 2014). In Xenopus oocytes, the presence of miR-16 bound to 

AGO2 and fragile X mental retardation syndrome-related protein 1 (FXR1), enhances the 

translation of MYT1 to maintain meiotic arrest when the oocyte is within the follicle, although 

miR-16 becomes repressive upon oocyte removal from the follicle (Truesdell et al., 2012). 

 

Investigating the implications of miRNAs in bovine cumulus oocyte complexes (COCs), 

one study examined the miRNA expression in denuded oocytes, COCs and granulosa cells. The 

results indicated that miR-106a was more highly expressed in denuded oocytes but not the COCs 

or granulosa cells. From this it was argued that the translation of WEE1A was repressed, 
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preventing cell cycle progression (Miles et al., 2012). Studies in the pig have identified a subset 

of miRNAs differentially expressed in oocytes and early embryos. In both cumulus and oocytes, 

miR-574 expression significantly decrease after IVM whereas miR-21 expression increased 

(Yang et al., 2012). In other studies Abd El Naby et al. (2011) used a PCR array approach to 

identify differences in miRNA expression between immature and mature bovine oocytes with 

their respective cumulus cells. This study identified 47 miRNAs that were differentially 

expressed between immature oocytes and cumulus cells; of those, miR-125-5p, -155, -210, -378, 

and -452 were enriched in the cumulus cells and miR-205, -150, -96, -122, -146a, and -146b-5p 

were enriched in oocytes of both stages (Abd El Naby et al., 2011). This was one of the first 

studies to incorporate the miRNA population in surrounding cumulus cells while examining the 

different regulatory roles of miRNAs in the COC as a whole, where cumulus cells have large 

effects on the health of oocytes. 

 

The role of miRNA biology in fertilization is less well established. It is known that sperm 

contain small RNAs and sequencing studies have revealed that 7% of the small RNA population 

found within sperm are miRNAs (Krawetz et al., 2011). One of the most abundant miRNAs 

found within sperm samples is miR-34c (Krawetz et al., 2011). In some models, this miRNA 

may originate from a paternal source and be necessary for cleavage events in mice (Liu et al., 

2012), however the detection of miR-34c in MII bovine oocytes (Tscherner et al., 2014) may 

limit this to certain species, leaving the role of sperm-borne miRNA in bovine fertilization events 

relatively unclear. It is, however, important to note that miRNAs, and miR-34c in particular, may 

be useful biomarkers for fertility (Tscherner et al., 2014).  
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PIWI-interacting RNA (piRNA), which comprise a larger proportion of the small RNA 

population in sperm (Stewart Russell et al., unpublished data, University of Guelph), are likely 

candidates with more significant biological implication in terms of paternal contributions of 

small ncRNA (Krawetz et al., 2011). Indeed, the role of this family of small RNAs is only 

recently emerging in several different aspects of fertility in multiple species, although this lies 

outside the scope of the present review. 

 

Microarray studies have identified over 400 miRNAs in bovine embryos, and some of 

which are thought to degrade mRNA during MET events (Tesfaye et al., 2009; Tripurani et al., 

2010; Mondou et al., 2012). These studies show that miR-10 and miR-424 undergo steadily 

increasing expression levels from the germinal vesicle stage until 16-cell, when levels decrease 

(Tripurani et al., 2010). Similarly, miR-21 and miR-130a show peak expression at the 8-cell 

stage (Mondou et al., 2012). Another study comparing miRNA profiles in IVP embryos, cloned 

embryos and the somatic cells used in the cloning procedures showed that, although there were 

some common miRNAs among the three groups, differences in those profiles suggest that 

miRNA have different temporal roles in bovine embryos (Castro et al., 2010; Mondou et al., 

2012). 

 

Beyond the blastocyst stage of development as cells begin to differentiate, miRNA 

sequencing in the pig embryo, reveals miRNA populations in the head and organ regions of E33 

porcine embryos that could be regulating pathways involved in development at these stages 

(Zhou et al., 2013). This study identified two miRNA populations in these two regions of the 

embryo as proposed regulators of embryonic development. Ssc-miR-9-1 and ssc-miR-9-2 were 
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the most abundant miRNA from head tissue at E33, where as ssc-miR-1a and ssc-miR-140* 

were the two most abundant porcine miRNAs from organ tissue at E33 (Zhou et al., 2013). This 

study also points to the most probable pathways regulated by the miRNAs in the porcine embryo 

as MAPK, and TGF-β signalling pathways, and cytokine-cytokine receptor interactions among 

many others (Zhou et al., 2013). This may provide insight into the role of miRNAs beyond the 

early cleavage stages of development, but mechanistic target validations will be necessary for 

further understanding of the regulatory roles of miRNAs in embryo development. 

 

As with many of the previous examples discussed, it is important to note the differences 

in miRNA biology between species, as the roles of miRNAs in mice have become somewhat 

controversial. Studies originally suggested that maternal miRNAs are essential for zygote 

development in mice, as the deletion of Dicer caused the failure of mouse oocytes to cleave due 

to spindle malformations (Tang et al., 2007). The association between Dicer and miRNAs 

resulted in the in conclusion that embryonic lethality from the loss of Dicer was due to the 

associated loss of miRNAs. However, it was later suggested that miRNAs are not essential in 

mouse oocytes. This conclusion came from a study demonstrating that Dgcr8-null oocytes 

develop normally and are viable, unlike the Dicer-null oocytes (Suh et al., 2010). This, coupled 

with the absence of P-bodies in mouse oocytes and the loss of co-localization of AGO2 and 

GW182 (required for translational repression), support the claims that miRNAs may not be 

effective in mouse development (Flemr et al., 2010). In 2013, a valid explanation for the 

difference in mouse oocytes maturation and development with respect to miRNA pathways 

emerged with the identification of an oocyte specific Dicer isoform (Dicer
O
) (Flemr et al., 2013). 

Dicer
O
 is a retrotransposon driven isoform whose deletion of N-terminal DExD helicase domain 
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creates a higher cleavage affinity for long dsRNA molecules (Flemr et al., 2013), thus resulting 

in small interfering RNAs (siRNAs) as the prominent regulatory RNAs in mouse and rat oocytes. 

This is not to suggest that mice do not express any miRNA, but that endogenous siRNAs are 

likely to play more prominent roles in this species.  Bos taurus and Homo sapiens do not have 

this intronic MT-C element retrotransposon causing the Dicer isoform (Flemr et al., 2013). 

Therefore, mammalian species outside of the rodent family are likely to maintain dependence on 

miRNA regulation in oocytes and early development. 

 

In summary, oocyte maturation and early embryogenesis are important developmental 

stages with many complex processes occurring that help ensure successful development. The 

ability of an oocyte to undergo maturation events and develop competency for fertilization is 

crucial for the developmental stages that follow. Upon fertilization, the zygote completes meiosis 

and resumes mitosis. During the early cleavage stages of development, there is a decrease in the 

maternal transcripts and proteins that were stored in the oocyte. The embryonic genome is 

activated and there is an increase in transcriptional activity from the embryonic genome. During 

mitotic divisions in the early embryo, the genome undergoes reprogramming events, which 

include telomere elongation. The regulatory mechanisms behind these complex processes are 

still largely uncharacterized. Small RNA pathways involving microRNAs and related molecules 

have recently emerged as key regulatory processes and it has been shown that miRNAs are 

active in maturing oocytes and early embryos in many species. They may represent important 

elements in the regulation of telomere biology in this context, as telomere related proteins and 

the telomerase enzyme function in concert to ensure proper elongation of telomere sequences by 
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the blastocyst stage of development. Importantly, how this coordination occurs is still uncertain 

in the oocyte and embryo.  
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RATIONALE 

Telomere reprogramming is necessary for successful embryo development. This was 

established in studies showing that telomere lengths were longer in cloned fetuses and offspring 

than in donor cells that had relatively short telomeres (Betts et al., 2001). This was confirmed in 

other studies which reported that telomeres were reset to a consistent length in cloned bovine 

blastocysts despite being derived from donor somatic cells of differing telomere lengths 

(Schaetzlein et al., 2004). Human studies have also shown a correlation between oocytes with 

short telomeres and lower pregnancy rates in sister oocytes that were transferred, and conversely 

the oocytes with longer telomeres had a greater rate of successful pregnancy to term (Keefe et al., 

2005). The importance of telomere biology in embryo development has been demonstrated in 

different species but a systematic approach to measuring telomere length and telomerase activity 

using comparable methodologies across all stages of embryo development is lacking in the 

bovine species. Original telomere length assays were based on probe-based detection via 

southern blots, and telomerase activity was determined by a conventional PCR based assay 

requiring densitometric analysis. Such studies are important cornerstones of telomere biology, 

however, as new quantitative PCR techniques have emerged, incorporating quantitative real time 

assays of oocyte maturation and embryo development through the blastocyst stage will be 

important in determining telomere dynamics in our developmental system.  

 

Telomere elongation is a highly regulated event. The telomere proteins that make up the 

shelterin complex bind to telomere sequences to protect the chromosomal ends from fusion with 

other chromosomes. During DNA synthesis, the shelterin proteins are not bound to DNA as the 

replication machinery require access to the DNA and it is during this phase that telomerase is 
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active, as it too requires access to the telomeric ends for elongation to occur. It is possible that 

miRNAs could be active in regulating processes of telomere homeostasis. MicroRNAs have 

emerged as important biological regulators of gene expression and have been shown to be active 

in oocyte and embryo biology (Mondou et al., 2012). Many of the regulatory roles of miRNAs 

are still unknown, however the pattern of expression of these regulatory small RNAs in oocyte 

and embryo development should help determine whether they are important in telomere 

reprogramming at this time. 

 

The principal hypothesis of this thesis is: Telomere changes in the developing bovine 

embryo correlate with the expression of small RNAs that have the potential to alter the levels of 

proteins and/or RNAs that participate in telomere biology. I will begin to address this hypothesis 

will with the following objectives: 

 

Objective 1:  Evaluate the change in telomere length, telomerase activity, and levels of 

important telomere related transcripts during embryo development. 

Objective 2: Evaluate the expression of small RNAs in embryo development and determine 

whether specific small RNAs from this group have the potential to target telomere 

related transcripts during maturation and development.   
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Telomere Length and Telomerase Activity in Bovine  

Pre-Implantation Embryos In Vitro 

 

 

 

 

 

 

 

 

 

 

 

 

A similar version of this chapter is published: (Gilchrist et al., 2015) 



 

35 

 

ABSTRACT 

Telomeres are specialized structures that cap the ends of chromosomes and help to 

maintain genomic integrity and stability. Telomeres undergo dynamic changes during embryo 

development, which also represents an important stage for telomere elongation through 

telomerase enzyme activity. The objectives of this study were to examine changes in telomere 

length and telomerase activity from the early oocyte, through to the blastocysts stage of 

development, and the expression of factors with the potential to directly regulate telomeres. In 

vitro produced bovine embryos were lysed and analyzed for either relative telomere length, or 

telomerase activity using quantitative real-time PCR protocols. Our results reveal that relative 

telomere length is the shortest in the presumptive zygote stage of development and gradually 

increases to the blastocyst stage. We also demonstrate that differences among the mean telomere 

lengths throughout these stages are statistically significant (P < 0.05). Telomerase activity in the 

stages examined appears relatively constant until the blastocyst, where the highest level of 

activity is detected, leading to a significant difference in telomerase activity across embryonic 

stages (p < 0.005). bTERC expression levels were highest in the blastocyst, TERF1 transcripts 

showed little change in expression, and TERF2 expression decreased in the blastocysts (p < 0.05). 

Our results suggest that a complex integration of telomere related RNA and proteins influence 

the regulatory mechanisms involved in ‘reprograming’ of telomeres during early embryonic 

stages.  

 

Keywords: Telomere, Telomerase, bTERC, TERF2, Embryo, and Bovine 
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INTRODUCTION 

The success of mammalian embryonic development depends on many factors, including 

telomere length. Telomeres are dynamic structures that cap the ends of mammalian 

chromosomes, protecting the genomic integrity of the cell. Mammalian telomeres consist of a G-

rich sequence of tandem 5’-TTAGGG-3’ repeats and specialized proteins, comprising the 

Shelterin Complex or telosome, that bind to those sequences (Blackburn, 1984; Moyzis et al., 

1988; de Lange, 2005). Telomere length has been extensively demonstrated to be a strong 

biological indicator of the replicative capacity of cells with shorter telomeres reflecting lower 

cellular capacity for replication (Hayflick, 1965; Harley et al., 1990; Allsopp and Harley, 1995).  

 

Telomeres become shorter with each cell division and, once a critical length is reached, 

the cell enters a state of senescence due to activation of the DNA damage response (DDR) 

(d'Adda di Fagagna et al., 2003; Takai et al., 2003; Herbig et al., 2004). This progressive 

shortening is due to inherent limitations in the DNA replication process in which gaps left by the 

terminal RNA primer are not filled in by the DNA ligase in contrast to the gaps which are filled 

in the remainder of the lagging strand (Olovnikov, 1973; Levy et al., 1992). One consequence of 

this phenomenon is the loss of 50-200 terminal base pairs per DNA replication event (Olovnikov, 

1973; Greider and Blackburn, 1985). In addition to the loss of terminal bases during replication, 

exonucleases further increase the size of the 3’ overhang as a partial regulatory mechanism in 

order to allow the Shelterin proteins associated with the telomeres to have sufficient available 

nucleotides to effectively bind the single stranded sequence and create an end structure called the 

T- and D-loop (Griffith et al., 1999). The formation of these loops protects the vulnerable 3’ 

overhang from premature (ie. before they become “critically” short) recognition as DNA breaks, 
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activating the DNA damage response (DDR) (d'Adda di Fagagna et al., 2003). The principal 

shelterin/telosome proteins that form these loops are TERF1 and TERF2 (telomere-repeat 

binding factor 1 and 2), TIN2 (TERF1-interacting protein 2), POT1 (protection of telomeres 1), 

RAP1 (transcriptional repressor/activator protein) and TPP1 (POT1 and TIN2-organizing 

protein). These proteins interact with each other and with double or single stranded telomere 

DNA to protect the vulnerable 3’ overhang (reviewed in (de Lange 2005)). 

 

One cellular mechanism that circumvents the loss of these telomere nucleotide repeats 

under specific circumstances involves telomerase (Greider and Blackburn, 1985). Telomerase 

consists of a telomere RNA component (TERC) and a telomere reverse transcriptase (TERT) 

subunit to compensate to some extent for the loss of telomeric repeats (Collins et al., 1995). It is 

usually at least partially repressed in differentiated somatic tissues (Wright et al., 1996), however 

it remains active in germline tissues including embryonic cells (Allsopp et al., 1992). The 

importance of telomerase was demonstrated in mice lacking TERC, which suffered 

progressively-decreasing longevity, delayed wound healing, and an increase in malignancies 

(Wright and Ellington, 1995; Blasco et al., 1997; Lee et al., 1998; Rudolph et al., 1999; Wright 

et al., 2001). Although telomere dynamics and regulation in mice are different than humans and 

domestic animals, telomerase enzyme expression remains an important regulatory mechanism 

across all species.  

 

Telomeres have been shown to be an important factor in embryo development and are 

regulated during the nuclear programming process (Betts and King, 1999; Schaetzlein et al., 

2004). Previous studies have shown that telomere length in bovine embryos appears to be reset to 
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approximately 20 kb (Schaetzlein et al., 2004), and is required for normal progression through 

the cell cycle checkpoints. In reproduction, telomeres have been investigated as a biomarker for 

fertility by positively correlating telomere lengths of sister oocytes with the polar bodies of 

transferred embryos and their ultimate success in embryo transfers and pregnancy (Keefe and 

Liu, 2009). In addition to embryonic telomere length, high levels of telomerase activity in 

luteinized granulosa cells appear to correlate with higher implantation rates and clinical 

pregnancies (Chen et al., 2011), suggesting that telomere biology and proper telomere 

maintenance in the surrounding cells may reflect telomere dynamics within the oocyte and 

embryo.  

 

Previous studies have examined telomere lengths in human embryos and identified a 

decrease in the length of telomeres from the immature oocyte (IM)/germinal vesicle (GV) stage 

(~11 kb) through the early cleavage stages and an increase from the 6-cell (~7 kb) to the 

blastocyst stage (~12 kb) of development (Wright et al., 2001; Turner et al., 2010). Similarly, 

relative telomerase activity in the entire embryo followed the same trend, similar to that in 

bovine with a “U”-shaped curve of relative level from immature oocytes to blastocysts (Betts and 

King, 1999; Wright et al., 2001). However, a systematic examination of the quantifiable changes 

in telomere length and the direct association with telomerase activity at different stages of bovine 

pre-implantation development has not been previously reported. 

 

The aim of the present study was to determine telomere lengths of in vitro produced 

bovine embryos at different stages of embryogenesis and to measure telomerase activity 

throughout the identical stages. We postulated that identifying similarities or differences in 
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telomere lengths during embryo development might help elucidate further the factors that 

contribute to embryonic development.   

 

MATERIALS AND METHODS 

In vitro Bovine Embryo Production 

Bovine (Bos taurus) ovaries were collected from a commercial slaughterhouse and 

transported to the laboratory in phosphate buffered saline (PBS) at 35°C. Cumulus-oocyte 

complexes (COCs) were collected by follicular aspiration in 1M HEPES-buffered Nutrient 

Mixture F-10 Ham (Sigma-Aldrich, St. Louis, MO) collection media supplemented with 

Penicillin and Streptomycin (PenStrep), 2% serum, and 2% Hepalene (10,000 IU/ml – LEO 

Pharma Inc, Thornhill, ON, Canada). COCs were selected under a dissecting microscope and 

washed three times in IVM maturation media, which is HEPES-buffered Medium-199 (Caisson 

Labs, North Logan, UT) with 2% serum. Selected COCs were incubated in IVM media 

supplemented with 0.5% PenStrep (10,000 IU/ml penicillin, 10,000 IU/ml streptomycin), 1 

μg/ml estradiol (Sigma-Aldrich), 1 μg/ml lutenizing hormone (NIH, Bethesda, MD), and 0.5 

μg/ml follicle stimulating hormone (NIH). Embryos were placed in maturation media for 22 h at 

38°C in a humidified 5% CO2 atmosphere.   

 

Matured oocytes were washed in modified TL-HEPES (Caisson Labs) before being 

placed into 80 μl of TL-Fert (Caisson Labs) fertilization medium, supplemented with 20 μg/ml 

heparin sodium salt (Sigma-Aldrich), and 0.6% albumin from bovine serum (BSA) (Sigma, St. 

Louis, MO) in drops under Embryo Tested Mineral Oil (Sigma, St. Louis, MO), 20 COCs per 

drop.  Frozen-thawed bovine semen (EastGen, Guelph, ON, Canada) was washed in modified 
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TL-HEPES and incubated at 38°C in a humidified 5% CO2 air atmosphere for 45 minutes and 

the upper 1 ml was collected and washed in modified TL-HEPES. The sperm was then 

centrifuged at 300g for 7 minutes and an aliquot of concentrated sperm (approximately 1 x 10
6
 

sperm) was then added to each culture drop and incubated for 18 hours at 38°C in a humidified 

5% CO2 air atmosphere. 

 

After incubation of the sperm with COCs, the remaining cumulus cells of the 

presumptive zygotes were manually removed by repeated pipetting in TL-HEPES. Presumptive 

zygotes were then placed into 30 μl of in vitro culture (IVC) media, consisting of Synthetic 

Oviduct Fluid (Caisson Labs, North Logan, UT) supplemented with 0.85% BSA, 88.6 μg/ml 

sodium pyruvate, 2% non-essential amino acids (Sigma), 1% essential amino acids (Sigma-

Aldrich), 0.1% gentamicin, and 2% serum under mineral oil. Groups of presumptive zygotes 

were cultured in IVC medium and incubated in 38°C in a humidified 5% CO2 and 5% O2 air 

atmosphere.  

 

Embryo Collection for Telomere Length and Telomerase Activity Assays 

Oocytes and embryos were collected at various stages of development for analysis, from 

different ovary collection days. Germinal vesicle (GV) stage oocytes were collected upon COC 

aspiration. Mature oocytes (MII) were collected after 22 hours of incubation in the maturation 

medium. Both GV and MII stage oocytes were treated with Hyaluronidase from Streptomyces 

hyalurolyticus (hyaluronidase) (Sigma-Aldrich), for cumulus cell removal, and washed in PBS + 

0.01% Polyvinyl Alcohol (PVA – Sigma, St. Louis, MO), flash frozen in liquid nitrogen and 

stored at -80°C. Oocytes were collected in pools of 5 or 15 oocytes. Presumptive zygotes (PZ) 



 

41 

 

were collected 18 hours post insemination (hpi); 2-cell embryos, 32-34 hpi; 4-cell embryos, 42-

46 hpi; 8-cell embryos, 56-60 hpi; morula, 120-130 hpi; and blastocysts, 192-204 hpi. Embryos 

were collected as either single embryos, pools of 5 or pools of 15. Embryos were treated with 2% 

protease from Streptomyces griseus (pronase) (Sigma, St. Louis, MO) for zona pellucida removal, 

washed in PBS + 0.01% PVA, flash frozen in liquid nitrogen and stored at -80°C until analysis.  

 

Embryo Lysis and Sex Determination 

Embryos were lysed with the prepGEM Tissue Kit (ZyGEM, Hamilton, New Zealand) 

using the PCR-based protocol. PCR reaction mixtures contained 7 μl of nuclease free water (Life 

Technologies, Grand Island, NY), 1 μl 10X Reaction Buffer, 1 μl prepGEM Enzyme, and 1 μl of 

sample incubated at 75°C for 15 minutes, and 95°C for 5 minutes in a thermocycler. The 

resulting lysate was diluted to 40 μl with nuclease free water. Sex determination of the embryos 

used the male testis specific protein Y-encoded (TSPY) gene (Lemos et al., 2005; Hamilton et al., 

2009), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Primer sequences for the male 

specific TSPY forward and reverse primers were 5'-TGCTTCGAGGAAGACATCG-3' and 5'-

CCTCCTCTGATGGTTCTTGC-3’ respectively, and the GAPDH forward and reverse primer 

sequences were 5’-CTGACCCTGCTTCCTTGTGT-3’ and 5’-CCTGCTTCACCACCTTCTTG-

3’. Sex determination by qPCR was performed on a Bio-Rad CFX96™ (Bio-Rad, Mississauga, 

ON) and the SsoFast™ EvaGreen® Supermix (Bio-Rad). The final reagent volume and 

concentrations in the PCR reactions were 5 μl of 1x SsoFast EvaGreen supermix (Bio-Rad), 0.5 

μM primer mix (final reaction concentration of each primer) (Sigma-Aldrich), 2 μl of DNA from 

embryo lysate and DNase free water to a final reaction volume of 10 μl.  
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Blastocysts that expressed TSPY were classified accordingly, whereas the absence of 

TSPY with the presence GAPDH as a reference gene, confirmed the embryo as female. 5 male 

and 4 female blastocysts were included in the study (Appendix II). 

 

DNA Isolation from sperm samples 

Cryopreserved bull semen was thawed, and motile sperm were isolated using a 45 and 

90% discontinuous Percoll gradient. The motile fraction were washed in TL-HEPES, and 5 x 10
6
 

sperm were suspended in 1 ml of PBS and flash frozen at -80°C until DNA isolation. Sperm 

DNA was isolated using the Genomic Tip 20/G Kit (Qiagen, Toronto, ON) according to the 

manufacture’s protocol with only a minor modification to cell lysis. Briefly, 0.08 M DTT was 

added to both a 1:3 mix of Buffer C1:H2O for outer cell membrane lysis, and to Buffer G2 

containing 25 μl proteinase K (20 mg/ml stock solution) for nuclear membrane lysis during the 

manufacturer’s cell lysis protocol. Sperm lysis solution was incubated at 50°C for 60 minutes. 

Genomic-tips were equilibrated with Buffer QBT and samples were passed through the resin and 

washed with Buffer QC and then eluted with Buffer QF, all by gravity flow. DNA was 

precipitated with isopropanol and dissolved in H2O at 4°C for 48 hours, flash frozen at -80°C and 

stored until analysis. 

 

Relative Telomere Length Determination 

Relative telomere length (RTL) was determined using a real-time quantitative PCR 

(qPCR) protocol as described by (Cawthon, 2002) using modified telomere primers (Cawthon, 

2009), and expression was determined relative to a single-copy reference gene zygote arrest 

protein 1 (ZAR1). The telomere primers, telg, 5’-
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ACACTAAGGTTTGGGTTTGGGTTTGGGTTTGGGTTAGTGT-3’ and telc, 5’-

TGTTAGGTATCCCTATCCCTATCCCTATCCCTATCCCTAACA-3’ produce a single fixed-

length product (Cawthon, 2009). The ZAR1 forward and reverse primer sequences were 5'-

AAGTGCCTATGTGTGGTGTG-3' and 5'-CAGGTGATATCCTCCACTCG-3' respectively. 

Real-time quantitative PCR was carried out in a Bio-Rad CFX96™ (Bio-Rad) instrument. The 

final reagent volume and concentrations in the PCR reactions were 5 μl of 2x SsoFast EvaGreen 

supermix (Bio-Rad), 0.5 μM primer mix (final concentration of each primer) (Sigma-Aldrich), 

DNA from embryo lysate and DNase free water to a final reaction volume of 10 μl.  

 

For telomere length determination, the thermal cycler profile was as follows: 1 cycle of 

15 min at 95°C; 2 cycles of 15 s at 94°C, 15 s at 49°C; and 45 cycles of 15 s at 94°C, 10 s at 

62°C, 15 s at 74°C with a signal acquisition; followed by melt curve acquisition cycles (Cawthon, 

2009). The reference gene profile was 1 cycle of 3 min at 98°C; 45 cycles of 10 s at 95°C, 60 s at 

60°C with signal acquisition; and melt curve determination. Relative telomere length was 

determined by the T/S ratio of the telomere product amplification (T), to the single-copy 

reference gene (S) (Cawthon, 2002). All samples were measured in triplicate and telomere length 

was reported relative to the reference.  

  

Telomerase Activity Assay 

Telomerase activity in embryos was measured using the TRAPeze RT Telomerase 

Detection Kit (EMD Millipore, Billerica, MA) according to the manufacturer’s protocol. This 

assay is an optimized real-time quantitative PCR assay with multiple internal controls and 

standard templates for quality control purposes. Briefly, 200 μl of 3-[(3-
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cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) lysis buffer was added to 

pools of 15 embryos, after which the suspension was incubated on ice for 30 min, centrifuged at 

12,000 g for 20 min at 4°C. 160 μl of supernatant was then transferred into a fresh tube, and 

stored at -80°C until analysis. Control samples were prepared in parallel. The TSR8 control 

sample is an oligonucleotide with a sequence identical to the TS primer with an extension of 8 

telomeric repeats AG(GGTTAG)7. This was used to generate an assay standard curve (Kim and 

Wu, 1997). Samples from a serial dilution of the TSR8 control were included in the analysis at 

levels of 40 amoles, 4 amoles, 0.4 amoles, and 0.04 amoles. A telomerase-positive cell extract 

provided with the kit was also included in the analysis, along with a “minus telomerase” control 

(CHAPS buffer only), a no template control (water only), a TSK Normalization control for each 

sample, and a heat-inactivated (HI) control for each sample. To prepare the HI control, 10 μl of 

each protein lysate was incubated at 85°C for 10 min. Each sample and control reaction 

contained: 5 μl of 5X TRAPEZE RT Reaction Mix (EMD Millipore), 2 units of Platinum® Taq 

Polymerase (Life Technologies), nuclease free water, and samples/controls for a final volume of 

25.0 μl. The normalization reactions contained: 5 μl of 5X TRAPEZE RT Control Reaction Mix 

(EMD Millipore); 2 units of Platinum® Taq Polymerase (Life Technologies); 2.0 μl of TSK 

Template; nuclease free water and sample for a final volume of 25.0 μl. PCR conditions for the 

assay were as follows: 1 cycle of 30°C for 30 min; 1 cycle of 95°C for 2 min; 45 cycles of 94°C 

for 15 s, 59°C for 60 s, and 45°C for 10 min with signal acquisition.  

 

RNA Extraction, cDNA Synthesis, and Transcript Expression Levels 

RNA was extracted from pools of 15-40 oocytes, or embryos using the miRNeasy Micro 

Kit (Qiagen) following the manufacturers protocol. RNA was eluted in 20 μl of 10 mM TRIS 
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(pH = 7.5), and 16 μl was used for reverse transcription (RT) with 4 μl of qScript cDNA 

Supermix (Quanta Biosciences, Gaithersburg, MD) at 25°C for 5 min; 42°C for 30 min; and 

85°C for 5 min. The cDNA was diluted with nuclease-free water for a final volume of 50 μl. The 

qPCR final reagent volume and concentrations were 5 μl of 2x SsoFast EvaGreen supermix (Bio-

Rad), 1 μl of 5 μM primer mix (Laboratory Services, University of Guelph), 2 μl of RNase free 

water and 2 μl of cDNA. Primer sequences to detect bovine TERC (bTERC) were 5’-

TACCGCCATCCACCATCCAG-3’ and 5’-TCTTCACGGCGGCAATGGAC-3’ forward and 

reverse respectively (Garrels et al. 2012). Forward and reverse primers used for TERF1 were 5’-

AGTCTGCGGTAACTGAATCCTC-3’ and 5’-TCAGTGGCTCGTCTACTGTTC-3’.  Forward 

and reverse primers used for TERF2 were 5’-TTCAGGCAGCACCAGATGAAG-3’ and 5’-

TACTTCTGCACTCCAGCCTTG-3’.  Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

and tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein zeta (YWHAZ) 

were both used as reference genes with forward and reverse sequences of 5’-

TGTTGTGGATCTGACCTGCC-3’, 5’-TGTCGTACCAGGAAATGAGCTT-3’; and 5’-

GCATCCCACAGACTATTTCC-3’, 5’-GCAAAGACAATGACAGACCA-3’ respectively. 

 

Statistical Analysis 

All samples were analyzed in triplicate with results presented as mean +/- standard error 

of the mean (SEM). The difference between the means of male and female blastocysts was 

compared using a student’s T-test. Differences between mean relative telomerase activity and 

relative telomere length at the different embryonic stages were compared using a one-way 

ANOVA with a Tukey’s post-hoc test and significance was achieved at a P value < 0.05. 

 



 

46 

 

RESULTS 

In Vitro Embryo Production System 

Throughout the experiment, groups of embryos were left in culture to ensure normal 

development while collecting samples from the same run, in parallel. The cleavage rate for 

embryos used during the experiment was 78.9 (± 1.5)%. Any embryos from IVP runs that were 

significantly below this average were excluded from the experiment to not skew results from 

inconsistent or abnormal embryos. The day 8 blastocyst rate for embryo in parallel culture was 

21.0 (± 1.0)%. Given stages of oocytes and embryos were only collected once per run to be 

consistent with the developmental speed across different IVP runs.  

 

Relative Telomere Length (RTL) in Embryos 

In order to determine whether telomere length changes throughout embryo development, 

we evaluated telomere length in pooled embryos at different developmental stages. Significant (p 

= 0.0113) differences were present between mean telomere lengths across these stages (Figure 5), 

consistent with previous human studies (Turner et al., 2010). A Tukey’s post-hoc multiple 

comparisons test revealed that the blastocyst stage embryos had a mean telomere length that was 

significantly different (p < 0.05) than GV oocytes, presumptive zygotes, and 4-cell embryos 

(Figure 5). Across embryonic stages, there was an increase from the GV to MII oocytes that 

preceded a decrease at the presumptive zygote stage, which demonstrated the lowest mean RTL. 

Mean RTL then increased through the 2-cell staged and decreased slightly at the 4-cell stage, 

from which had a steady increase to blastocysts. 
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To investigate the possibility that bovine embryo developmental arrest may be associated 

with telomere length abnormalities, pools of arrested or unfertilized oocytes, and arrested 2-cell 

embryos were collected 48 hours after the scheduled collection point of their respective stages. 

Telomeres in unfertilized oocytes/arrested zygotes were slightly longer than the presumptive 

zygotes but were not statistically different (p = 0.553). Similarly, the arrested 2-cell embryos 

were not statistically different (p = 0.549) than the viable 2-cell embryos (Figure 6A), suggesting 

that changes in the lengths of viable embryos were not due to contamination by a population of 

embryos with abnormal telomere dynamics. To determine whether the decrease in RTL in the 

presumptive zygotes stages was due to the introduction of the male genome, we also analyzed 

telomere length in sperm. Sperm samples used during in vitro embryo production had a larger 

mean RTL (p < 0.05) relative to the presumptive zygotes, indicating that the decreased length 

seen at the zygote stage is not due to contamination with sperm DNA (Figure 6B). 

 

There was no statistically significant difference between the mean relative telomere 

lengths in male and female blastocysts (p = 0.256), as shown in Figure 6C.  
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Figure 5 – Telomere Length in Oocytes and Embryos. Relative telomere length in bovine 

oocytes and embryos throughout development to the blastocyst stage. Germinal vesicle oocytes 

(GV) (n = 5), meiosis II oocytes (MII) (n = 5), presumptive zygotes (Zygote) (n = 5), 2-cell 

embryos (2-Cell) (n = 3), 4-cell embryos (4-Cell) (n = 5), 8-cell embryos (8-Cell) (n = 5), morula 

staged embryos (Morula) (n = 3), and blastocysts staged embryos (Blast) (n = 5), were measured 

in pools of 5 relative to a control sample. Different letters represent a statistical difference 

between means (p < 0.05). 
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Figure 6 – Telomere Length Analysis in Arrested Samples, Sperm and Sex Specific 

Blastocysts. (A) Relative telomere length (RTL) of viable (n = 5) and arrested (n = 3) 

presumptive zygotes, and viable (n = 3) and arrested (n = 3) 2-cell embryos. Unpaired t-test 

between respective groups found no statistical difference of mean RTL (p > 0.05). (B) RTL of 

pools of 5 MII oocytes (n = 5) zygotes (n = 5), and sperm (n = 3) samples (DNA from 5 x 10
6
 

sperm) used in fertilization. A statistical difference in RTL mean was found between the zygote 

and sperm samples (p < 0.05). (C) RTL in single sexed male (n = 5) and female (n = 4) 

blastocysts. No statistical differences were present between mean RTL between male and female 

blastocysts (p = 0.256). 
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Relative Telomerase Activity in Pooled Embryos 

Telomerase activity was detected at each embryonic stage using the TRAPeze RT 

Telomerase Detection Kit (EMD Millipore) in embryonic pools of 15. Different pool sizes were 

tested and 15 embryos was the minimum number required for proper detection. Relative 

telomerase activity is shown in Figure 7. Across the 8 stages of embryo development, the 

differences in mean telomerase activity were statistically significant (p-value = 0.0006). A 

Tukey’s multiple comparisons tests revealed that the differences among the means were 

primarily due to the level seen at the blastocyst stage, which was statistically significant from all 

other stages (GV - Morula) (p < 0.05).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

51 

 

 

 

 

 

 

Figure 7 – Telomerase Activity Assay in Oocytes and Embryos. Relative telomerase activity 

of oocytes and embryos to the blastocyst stage of development. Germinal vesicle oocytes (GV) 

(n = 4), meiosis II oocytes (MII) (n = 4), presumptive zygotes (Zygote) (n = 4), 2-cell embryos 

(2-Cell) (n = 4), 4-cell embryos (4-Cell) (n = 4), 8-cell embryos (8-Cell) (n = 4), morula staged 

embryos (Morula) (n = 4), and blastocysts staged embryos (Blast) (n = 4), were measured in 

pools of 15 relative to a control sample. Different letters denote a statistical difference between 

means (p < 0.05).  
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Relative Expression of Telomere Related Transcripts 

In order to investigate whether telomere related transcripts could be implicated in the 

regulation of telomere length and telomerase activity, expression levels of the telomerase RNA 

component (bTERC), and the transcripts of the two primary shelterin proteins (TERF1 and 

TERF2) were measured in the same developmental stages as telomere length and telomerase 

activity. Relative expression of bTERC is shown in Figure 8A, and follows a similar pattern to 

telomere length and telomerase activity; there is an apparent trend to increased expression level 

at the blastocyst stage. However, a Tukey’s multiple comparison showed no statistical 

differences of mean transcript level for bTERC. TERF1 (Figure 8B) showed neither a pattern nor 

statistically significant differences in mean transcript levels. Expression levels of TERF2 (Figure 

8C) showed a peak through the cleavage stages and a steady decline in transcript levels in the 

morula and blastocyst stage. Across the 8 developmental stages, the mean transcript level of 

TERF2 was significant different (p < 0.05) due to the comparison of means between the early 

stages and morula and blastocyst stage, which had different means, as determined by a Tukey’s 

multiple comparison (p < 0.05).  
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Figure 8 – Expression of Telomere-Related Transcripts. Mean relative expression of bovine 

telomerase RNA component (bTERC) (A) expression across developmental stages. (B) Bovine 

TERF1 expression across developmental stages. (C) Bovine TERF2 relative expression across 

different developmental stages. All oocyte, zygote, and embryos stages examined consisted of 

pools of 15-40 oocytes or embryos, with the majority being pools of 20 (n = 3). Quantification 

used the expression used GAPDH, and YWHAZ as reference genes, and were normalized to a 

sample of bovine testis tissue. * denotes a statistical difference between means of p < 0.05, ** of 

p < 0.01, and *** p < 0.001. 
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DISCUSSION 

The primary purpose of this study was to investigate relationships between telomere 

length and telomerase activity in developing bovine embryos, at all stages of bovine pre-

attachment development using consistent and comparable techniques. Previous studies have 

failed to include both telomere length and telomerase activity at all individual stages of pre-

implantation using similar (PCR based) assays. Telomere length was shown to be relatively short 

through the oocyte and early cleavage stages of development, followed by a gradual increase 

through to the blastocyst stage. This trend is consistent with other studies examining telomere 

length in human embryos (Turner et al., 2010), bovine embryos from pooled development stages 

(Meerdo et al., 2005), and in mice, where an increase is observed at the blastocyst stage (Xu and 

Yang, 2001). Although Meerdo et al. demonstrated a decrease between the morula and blastocyst 

stages, we consistently observed no statistically significant differences in the mean telomere 

lengths between the 8-cell, morula, and the blastocyst stages. This discrepancy may be due to 

differences in detection technique (probe vs PCR) or in the amount of starting material. Although 

not statistically significant, telomere length appear longer in blastocyst stage embryos and this 

finding is consistent with findings in other species (Ozturk et al., 2014) and support the 

hypothesis that telomere lengths continue to be reset through embryo development (Schaetzlein 

et al., 2004).  

 

The most prominent change in telomere length observed in these studies occurred in the 

transition from the MII oocyte to the presumptive zygote stage. Our cleavage rates in parallel 

cultures indicate that the oocytes were fertilized, however there is no cellular division between 

the mature oocytes and presumptive zygote stage that could account for the decrease in telomere 
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length through DNA replication mechanisms if telomerase was not highly active, as our data also 

suggests. Relative telomere length was measured in sperm to determine whether the introduction 

of the paternal genome accounted for the decreased length seen in the zygotic stage, as one 

human study found that sperm had a shorter mean telomere length than presumptive zygotes 

(Turner and Hartshorne, 2013).  The sperm DNA from the bull used to fertilize the oocytes had 

slightly longer telomeres than the MII oocytes, and a significantly longer mean telomere length 

than the zygotes (p < 0.05). This suggests that some regulatory mechanisms to control telomere 

length may be present in embryos, ensuring that it is reset to specific lengths. It has been 

previously shown that telomere lengths in bovine embryos produced by nuclear transfer are reset 

to ~15-20 kb regardless of the telomere lengths of the donor somatic cells (Schaetzlein et al., 

2004). These regulatory mechanisms may also be necessary because of the variability of 

telomere lengths in sperm, particularly associated with paternal age (Kimura et al., 2008). 

 

In order to argue against the possibility that the shorter telomere lengths observed in early 

embryo stages were due to “contamination” of those pools with non-viable embryos having 

shorter telomeres, we compared the relative telomere lengths in our early embryo pools with 

several populations of developmentally impaired oocytes and embryos. ‘Arrested’ zygotes, 

which are either a small subpopulation of MII oocytes that failed to fertilize, or zygotes that were 

successfully fertilized but failed to cleave for unknown reasons, and arrested 2-cell embryos, 

which failed to proceed through the next division for unknown reasons were selected as specific 

comparison groups. Both groups were collected 48 hours after the scheduled collection time, to 

ensure that they were not simply delayed in their developmental progression. Although this 

group has the potential to include both arrested and dead zygotes or embryos, this time point was 
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selected to optimize the probability that embryos were not simply delayed in their 

growth/cleavage. Importantly, the period chosen was not long enough to result in substantial 

embryonic death and associated telomere degradation.  We found that there was no difference in 

the mean relative telomere lengths of the arrested and viable groups within the stage. When this 

observation is coupled with our known developmental rates, it is clear that the presence of any 

unfertilized oocytes or arrested 2-cell embryos should not skew the mean RTL to a shorter value. 

Collection time-points were also kept constant, so that the rate of growth of the embryos was not 

a factor, although the timing between embryos could be different and increase variability. Faster 

growing embryos have been shown to be more likely to develop into a blastocyst (Gutierrez-

Adan et al., 2004), which may mean that there is more efficient genetic reprogramming. This 

could indicate that there is more telomerase activity in faster cleaving embryos, however this 

hypothesis is not experimentally addressed in the present study. 

 

Mechanistically, the decrease in telomere lengths observed during early development 

might be due to the presence of exonucleases that act on telomeric ends. We speculate that this 

activity (or whatever alternative process acting towards this end) may function to prepare the 

telomeres for the increase in telomerase activity that is known to occur after the activation of the 

embryonic genome (Sfeir et al., 2005; Verdun and Karlseder, 2007).  In yeast, Rat1p is an 

exonuclease that degrades telomeric repeat-containing RNA (TERRA) (Azzalin et al., 2007; 

Schoeftner and Blasco, 2009), and promotes subsequent telomere elongation (Luke et al., 2008). 

Although the Rat1p exonuclease affects RNA, others acting on DNA, such as Exo1 or Apollo 

(Wu et al., 2010; 2012), may ultimately act in a similar fashion. Wang et al. proposed a 

mechanism to explain telomere deletions found within human cells using “alternative 
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lengthening of telomeres” (ALT) as a mechanism for telomere elongation. In this model, it was 

proposed that HJ resolvase cleaves the DNA C strand at the base of the d-loop where the double 

strand dissociates to protect the single stranded overhang. This results in a large deletion of 

telomeres extending the length of the t-loop structure (Wang et al., 2004). Such a process 

represents one possible explanation for the decrease in relative telomere lengths from the MII to 

the PZ stage in our embryonic model. Although there are detectable levels of telomerase activity 

throughout all stages of embryogenesis, the variation seen across the cleavage stage embryos 

may reflect ALT-like process that act to maintain telomeres during stages with low telomerase 

activity (Henson et al., 2001).  

 

The results of our telomerase assay showed a significant increase in telomerase activity at 

the blastocyst stage of development. Other studies found the same trend from the morula to the 

blastocyst in bovine (Betts and King, 1999), and in humans (Wright et al., 2001). The slight 

increase from the 8-cell, to the morula, and more drastic increase from morula to blastocysts, 

may be associated with the transcriptional activity involving genome activation. In oocytes, 

relative telomerase activity through to the cleavage stage embryos was also consistent with other 

studies, in that there was no statistical difference in the enzymatic activity. However we did 

detect greater activity at those stages, possibly due to slightly different protocols. Due to sample 

limitations, we did not quantify protein levels in the embryo lysate, however, each group 

contained exactly the same number of oocytes or embryos. This suggests that, on a per cell basis, 

blastocysts may actually have the lowest level of telomerase activity. Although blastomeres are 

pluripotent cells, cells of the inner cell mass and the trophectoderm begin to differentiate at this 

point, which represents the cell stage when telomerase is partially suppressed in other cell types 
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(Sharma et al., 1995).  

 

Relative expression levels of the telomere related transcripts provide insight to potential 

regulatory mechanisms seen at these stages. TERC in considered the rate-limiting factor for 

telomerase activity in bovine embryos (Garrels et al. 2012), and our results are consistent with 

this, as a trend to increased bTERC is seen at the same stages as the increased telomerase activity. 

TERF1 does not appear to be influencing telomere dynamics as the transcript level is relatively 

static. However, TERF2 does appear to be a potential regulator. TERF2 is the primary shelterin 

protein required for forming and maintaining the t-loop at the ends of telomeres (Doksani et al. 

2013). As telomerase activity increases, the telomere needs to concurrently assume a specific 

state that is permissive for elongation (Teixeira et al. 2004), including the absence of a t-loop. 

Our data are consistent with a model in which the telomere assumes an ‘open’ conformation for 

elongation, through the transient down-regulation of TERF2 transcript. This indicates that 

telomere dynamics is controlled through an integrated complex of the proteins and transcripts 

associated with telomeres.  

 

An additional aim of the present study was to investigate sex-specific differences in 

telomeres in bovine blastocysts. We initially hypothesized that there would be a sex-specific 

difference in telomere lengths seen in embryos since there are known sex-specific telomere 

differences at later stages of life (Mayer et al. 2006). Despite the absence of statistically 

significant differences between the means of relative telomere lengths in male and female 

blastocysts, the female blastocysts appear to have a trend to longer telomeres. This suggests that 

there may be a sex-specific mechanism of telomere regulation as early in an organism’s life span 
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as embryo development as seen in another epigenetic study (Bermejo-Alvarez et al., 2008). This 

may be contributing to the gender-based telomere related diseases in later stages of life. In a 

recent study involving cancer cells and stem cells, it has been shown that one of the mechanisms 

regulating telomerase activity is the Wnt/β-catenin signaling pathway (Hoffmeyer et al., 2012; 

Zhang et al., 2012). With the many roles of this pathway in gamete development in both sexes 

(Chassot et al., 2011; Chawengsaksophak et al., 2012), it is likely that this pathway contributes 

to telomere biology in the developing bovine embryo. 

 

In summary, we provide evidence that, during bovine embryo development, telomeres are 

highly dynamic and increase in length after an early nadir as the embryo progresses through the 

cleavage stages to form a blastocyst. Our results suggest that there are regulatory mechanisms 

controlling telomere length after fertilization that are clearly subjects for further study. Our 

results show a significant increase in total telomerase activity at the blastocyst stage, which 

represents an important transition stage to cellular differentiation, whereupon telomerase is 

typically expressed at a much lower level. This increase in telomerase activity corresponds with 

an apparent increase in bTERC and a significant decrease in TERF2 transcript levels, suggesting 

possible regulatory influences. This is the first study to examine telomere length, telomerase 

activity, bTERC, TERF1, and TERF2 in specific stages of bovine embryo development. 

 

Further work will be required to better understand the complexity of regulatory pathways 

controlling telomere-dependent processes, not only in embryos but also in other telomerase-

positive cells (malignancies, stem cells). Recent studies have linked microRNAs (miRNAs) to 

telomere related proteins, which may be particularly important in the embryo. The catalytic 



 

60 

 

subunit of telomerase (TERT), is regulated by miR-138, miR-21 and miR-375 through different 

mechanisms in different cell lines (Mitomo et al., 2008; Wang et al., 2012). Other miRNA 

targets may be found in the Shelterin complex or telosome, or other proteins associated with 

telomeres such as MRE11 or ERCC1 (de Lange, 2005). The importance of RNA-based 

regulation in telomere biology (Schoeftner and Blasco, 2009) suggests that these could be critical 

in the embryo environment (Reig-Viader et al., 2013). 
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CHAPTER TWO 

 

MicroRNA Expression During Bovine Oocyte Maturation and Fertilization 
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ABSTRACT 

Successful fertilization and subsequent embryo development rely on complex molecular 

processes starting with the development of oocyte competence through a maturation process. 

MicroRNAs (miRNAs) are small non-coding RNA molecules that function as gene regulators in 

many biological systems, including the oocyte and embryo. In order to further explore the roles 

of miRNAs in oocyte maturation, we employed small RNA sequencing as a screening tool to 

identify and characterize miRNA populations present in pools of bovine germinal vesicle (GV) 

oocytes, matured metaphase II (MII) oocytes, and presumptive zygotes (PZ). Each stage 

contained a defined miRNA population, some of which showed stable expression while others 

showed progressive changes between stages that were subsequently confirmed by quantitative 

RT-PCR. Bta-miR-155, bta-miR-222, bta-miR-21, bta-let-7d, bta-let-7i, and bta-miR-190a were 

among the statistically significant differentially expressed miRNAs (p < 0.05). To determine 

whether changes in specific primary miRNA (pri-miRNA) transcripts were responsible for the 

observed miRNA changes, we evaluated pri-miR-155, -222 and -let-7d expression. Pri-miR-155 

and -222 were not detected in GV oocytes but pri-miR-155 was present in MII oocytes, 

indicating transcription during maturation. In contrast, levels of pri-let-7d decreased during 

maturation, suggesting that the observed increase in let-7d expression was due to processing of 

the primary transcript. This study demonstrates that both dynamic and stable populations of 

miRNAs are present during bovine oogenesis and in zygotes, which extends previous studies 

supporting the importance of the small RNA landscape in the maturing bovine oocyte and early 

embryo.  

 

Keywords: miRNA, IVM, IVF, next-generation sequencing, miR-155 
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INTRODUCTION 

Dynamic changes in the genes and proteins expressed in oocytes prior to fertilization 

represents an important component of successful mammalian embryo development. Pre-

ovulatory germinal vesicle (GV) oocytes remain arrested in prophase I of meiosis until a surge of 

gonadotropins triggers nuclear and cytoplasmic maturation events (Hyttel et al., 1998). The 

oocyte then resumes meiosis by undergoing germinal vesicle breakdown (GVBD), extrusion of 

the first polar body, chromatin remodelling and cytoplasmic organelle reorganization before it is 

arrested again in metaphase II (MII), the point at which it becomes competent for fertilization 

(Callesen et al., 1986; Hyttel et al., 1987). Many different genes involved in cell signalling and 

cell cycle control must be modulated during progression through these maturation stages.  

 

Oocyte maturation is directed in part by specific patterns of gene expression (Song and 

Wessel, 2005), even though it is generally accepted that transcription in oocytes is markedly 

decreased beyond the GVBD stage. Therefore, the oocyte largely relies on maternal transcripts 

that have been stored in the oocyte (Paynton et al., 1988), and transcripts with the potential to be 

delivered from the surrounding cumulus cells through either gap junctions (Assou et al., 2013), 

or transzonal projections (Macaulay et al., 2014), to proceed through development. Temporal 

changes in the transcripts present during oocyte maturation have been recognized (Fair et al., 

2007), and such changes may be due to microRNA (miRNA)-mediated regulation of transcript 

levels (Giraldez et al., 2006; Tang et al., 2007; Tesfaye et al., 2009; Mondou et al., 2012).  

 

 MicroRNAs are small non-coding RNA (ncRNA) molecules 19-24 nucleotides in length 

that regulate gene expression post-transcriptionally (Lee and Ambros, 2001; Hutvágner and 
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Zamore, 2002). The canonical biogenesis pathway involves primary-microRNAs (pri-miRNAs) 

that are transcribed by RNA polymerase II from independent miRNA genes, although they can 

also be found within introns of protein-coding genes (Lee et al., 2004; Rodriguez et al., 2004). 

Regardless of their origin, pri-miRNAs are processed into ~70 nucleotide precursor-miRNAs 

(pre-miRNAs) by the Drosha/DGCR8 complex, which cleaves the transcripts at the base of a 

stem-loop structure in the precursor (Han et al., 2004). The pre-miRNA is then exported to the 

cytoplasm by Exportin-5 and processed by a second RNAse III enzyme Dicer into a mature 

miRNA duplex (Bohnsack et al., 2004; Lund et al., 2004). The mature miRNA is loaded onto a 

protein complex containing a member of the Argonaute (AGO) family to form the miRNA-

induced silencing complex (miRISC) that binds to target RNAs containing a sequence 

complementary to the mature miRNA. This complementary strand is then either degraded or 

translationally repressed (Gregory et al., 2005).  

 

MiRNAs and their associated RISC complexes typically bind to the 3’ untranslated 

region (3’UTR) of target mRNAs and repress protein translation or induce target mRNA decay 

(Ambros, 2001). This occurs through the miRISC binding to the 3’UTR with an Argonaute-

interacting GW182 protein, which function in conjunction with other RNA binding proteins to 

inhibit translation. Conversely, under circumstances such as cellular quiescence, some studies 

have demonstrated that miRNAs may actually enhance translation of mRNA (Krol et al., 2010; 

Truesdell et al., 2012). MicroRNAs can positively influence translation through mechanisms that 

are either directly miRNA-mediated (Ørom et al., 2008), or through the indirect relief of 

repressors (Bhattacharyya et al., 2006). Small RNAs bound to AGO2 have been shown induce 

transcriptional activation in HeLa cells (Li et al., 2006). MiRNAs may be linked to 
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transcriptional activation in a similar manner (Calin et al., 2004). Whether these mechanisms are 

functional in the mammalian oocyte is not presently known.  

 

Regardless of the specific mechanisms involved and the specific changes induced by their 

presence, miRNAs are now recognized as highly effective and nearly ubiquitous regulators of 

gene expression, with many implications in virtually every biological process, including embryo 

development (Laurent, 2008). In embryos, studies have linked miRNAs to the degradation of 

maternal transcripts during the maternal-to-embryonic transition (MET) in zebrafish, murine and 

bovine models (Giraldez et al., 2006; Ohnishi et al., 2010; Mondou et al., 2012). Recent studies 

have examined the transcriptome of the oocyte and specifically miRNAs using micro-array 

technologies and RNA sequencing (RNA-Seq) technologies. These studies have reported 

differences in mRNAs and miRNAs present at different stages of oocyte development. Tesfaye 

et al., (2009), and Mondou et al., (2012) have employed heterologous micro-array approaches 

using human, bovine, mouse and rat miRNA probes to identify miRNAs in bovine GV and MII 

oocytes, as the number of registered bovine miRNAs in miRBase at the time of those studies was 

limited. Other studies have subsequently employed RNA sequencing strategies to identify 

mRNA expression patterns in bovine oocytes and embryos (Jiang et al., 2014; Reyes et al., 

2015), and provide a list of candidate transcripts that cluster to biological functions specific to 

certain stages. The corresponding proteome signatures in early bovine embryo development 

(Deutsch et al., 2014), provide an excellent basis for independent examination of the target 

transcript signatures. Collectively, these studies provide a wide-ranging perspective into the 

protein, transcript, and preliminary miRNA landscape in the bovine oocyte and the dynamic 

changes that occur during maturation. However, our present understanding is limited to some 
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extent by the absence of small non-coding RNA analysis obtained by sequencing, which is both 

more sensitive and less subject to interspecies variability. Such studies have significant potential 

to strongly complement previous studies in this field. 

 

The purpose of the present study was to identify the population of miRNAs present 

during specific stages of oocyte maturation and fertilization in vitro through next-generation 

sequencing, to verify the levels of specific miRNAs by quantitative reverse transcription PCR 

(qRT-PCR) and to evaluate the pattern of miRNA expression in the context of the proteins 

present in the oocyte at those stages. 
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MATERIALS AND METHODS 

In vitro Oocyte Maturation, Fertilization and Collection 

Bovine (Bos taurus) oocyte collection and zygote production were performed as 

previously described (Gilchrist et al., 2015). Briefly, ovaries were obtained from a commercial 

slaughterhouse and cumulus-oocyte complexes (COCs) were collected by follicular aspiration. 

COCs were matured in HEPES-buffered Medium-199 (Caisson Labs, North Logan, UT), 

supplemented with 1 μg/ml estradiol (Sigma-Aldrich, St. Louis, MO), 1 μg/ml lutenizing 

hormone (NIH, Bethesda, MD), and 0.5 μg/ml follicle stimulating hormone (NIH). Embryos 

were placed in maturation media for 22 h at 38°C in a humidified 5% CO2 atmosphere. Matured 

(MII) oocytes were fertilized with thawed bovine semen (EastGen, Guelph, ON, Canada) washed 

in modified TL-HEPES (Caisson labs). Approximately 1 x 10
6
 sperm were then added to each 

culture drop and incubated for 18 hours at 38°C in a humidified 5% CO2 air atmosphere. After 

fertilization, the remaining cumulus cells on the presumptive zygotes were manually removed by 

repeated pipetting in TL-HEPES. Presumptive zygotes (PZ) were then collected for analysis.  

 

Germinal vesicle (GV) stage oocytes were collected upon COC aspiration, mature 

oocytes (MII) were collected after 22 hours of incubation in the maturation medium, and 

presumptive zygotes (PZ) were collected 18 hours post insemination (hpi). Both GV and MII 

stage oocytes were treated with Hyaluronidase from Streptomyces hyalurolyticus (hyaluronidase) 

(Sigma-Aldrich), to remove adherent cumulus cells, and washed in PBS + 0.01% Polyvinyl 

Alcohol (PVA – Sigma-Aldrich), flash-frozen in liquid nitrogen and stored at -80°C. Oocytes 

and zygotes were collected in pools ranging in size from 20 to 200, depending on the analysis. 
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RNA Isolation, cDNA Synthesis, and PCR 

RNA was isolated from oocytes or zygotes using the miRNeasy Micro Kit (Qiagen - 

Toronto, ON, Canada) following the manufacturer’s protocol including the on column DNase 

digestion, and RNA was eluted in 10 mM TRIS (pH of 7.5). For qRT-PCR validation of the 

miRNA detected by next-generation sequencing (NGS), a cel-miR-39-3p “spike-in” control 

(Qiagen) was added to the QIAzol lysis step. RNA was reverse transcribed using the qScript 

miRNA cDNA Synthesis Kit (Quanta Biosciences - Gaithersburg MD, USA), following the 

manufacturer’s protocol. Quantitative reverse transcription PCR (qRT-PCR) was carried out in a 

Bio-Rad CFX96™ (Bio-Rad) instrument. The final reagent volume and concentrations in the 

PCR reactions were: 5 μl of PerfeCTa SYBR Green SuperMix (2x) (Quanta Biosciences), 0.2 μl 

of 10 μM universal primer, 0.2 μl of 10 μM miRNA specific primer (Quanta Biosciences), 2.6 μl 

Nuclease free water and 2 μl of cDNA for a final reaction volume of 10 μl. The qRT-PCR 

program consisted of 95°C for 2 min, 45 cycles of 95°C for 10 sec and 60°C for 30 sec, followed 

by a melt curve gradient. 

 

For pri-miRNA analysis, RNA was reverse transcribed using qScript cDNA Supermix 

(Quanta Biosciences) following the manufacturer’s protocol. RT-PCR reactions were:  5 μl of 

SsoFast EvaGreen Supermix (2x) (Bio-Rad), 1 μl of 5 μM forward and reverse primers (mixed), 

2 μl Nuclease free water and 2 μl of cDNA for a final reaction volume of 10 μl. The RT-PCR 

program consisted of 95°C for 2 min, 45 cycles of 95°C for 10 sec and 60°C for 30 sec. RT-PCR 

products were then visualized by gel electrophoresis in a 2% agarose gel.  
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Small RNA Library Preparation and Next-Generation Sequencing 

RNA from a pool of 630 GV oocytes, a pool of 650 MII oocytes and a pool of 680 

presumptive zygotes was extracted as previously described, and the small RNA library 

preparation and Illumina sequencing was performed by The Centre for Applied Genomics at The 

Hospital for Sick Children (Toronto, ON, Canada). Briefly, small RNA populations were 

prepared for sequencing using a NEBNext Multiplex Small RNA Library Prep Set for Illumina 

(New England BioLabs – Whitby, ON) following the manufacturers protocol. Next-Generation 

Sequencing (NGS) was performed on a Illumina HiSeq 2500 system with single read sequences 

of 50 bases.  

 

Bioinformatics Analysis 

Raw reads were preprocessed for adaptor trimming, quality and size selection using trim 

galore v0.2.8. Adapter trimming were performed with stringency 5, low-quality ends were 

trimmed if they were below the minimum Phred (Q-Score) of 20, and 17 (base-pairs) bp was the 

length cut-off as reads were shortened after the trimming. Reads longer than 26 bp were trimmed 

using the FASTX toolkit v0.6.1. The trimmed reads were grouped for unique sequences using 

scripts provided by the miRanalyzer web tool, aligned using Bowtie2, and the aligned reads were 

classified as miRNA, RefSeq genes, RefSeq coding regions and rRNA using BEDtools v2.14.2. 

Of the miRNA counts in each sample, differential expression analysis was performed using the 

DESEq v1.10.1 Bioconductor package within R, and the raw counts were normalized and 

expressed as a log2 fold-change. 

 



 

70 

 

Statistical Analysis 

For miRNA detection by quantitative RT-PCR U6 and a cel-miR-39-3p “spike-in” were 

used as reference genes, which both had good stability scores (> 0.25) across developmental 

stages. Data was expressed relative to GV samples when possible. In the cases of miR-155 and 

miR-222-3p, expression was determined relative to MII oocytes since target amplification in GV 

oocytes was low, resulting in specious enhancement of expression changes that were misleading. 

Comparison of means was performed on qRT-PCR data to determine statistical difference in the 

means using a Fisher’s LSD multiple comparisons test when comparing three means, and two 

means were compared using a t-test with Welch’s correction. All tests were conducted using 

Prism 6 (GradPad Software) and significance was determined based on a p-value < 0.05. 

 

Predicted Target Cluster Analysis 

The targets of select miRNAs of interest were determined using TargetScanHuman v6.2 

software with ‘cow’ as the selected species. The resulting list was then analyzed in Cytoscape 

v3.1.1 with the ClueGO v2.1.6 plugin application (Cline et al., 2007; Bindea et al., 2009). 

Within ClueGO, the target lists were clustered based on the Bos taurus ‘GO Biological Processes’ 

with a required pathway significance of p < 0.05. Each list of predicted miRNA targets were run 

separately.  
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RESULTS 

MicroRNA Detection and Differential Expression Analysis 

 To identify the miRNA populations in oocytes and zygotes, RNA sequence analysis was 

performed on small RNAs extracted from pools of (>600 at each stage) GV oocytes, MII oocytes, 

and presumptive zygotes generating 62.4, 57.1, and 55.2 million total reads respectively. 

Bioinformatics processing aligned the filtered reads to known miRNA sequences (miRBase 20.0), 

RefSeq genes (including miRNA and ncRNA), RefSeq coding exons (excludes miRNA and 

ncRNA), and RFam (other ncRNA including tRNA and rRNA), and the distribution results are 

shown in Figure 9. From the reads generated, 1.43-1.64% mapped to annotated, mature known 

miRNA sequences, which represent 400 distinct miRNAs in those samples. A read frequency 

was assigned based on the frequency of detection of each miRNA at the specific stages evaluated. 

The majority of miRNAs were present in all three developmental groups, although the average 

level of specific miRNA expression varied from less than 1 per oocyte to approximately 1400. In 

addition, defined sub-populations of miRNAs were present that appeared exclusively in one or 

two stages. (Figure 10 and Appendix I – S.Tables 1).  
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Figure 9 – Distribution of Sequencing Reads. Classification distribution of next-generation 

sequencing reads in germinal vesicle (GV) oocytes (A), metaphase II arrested (MII) oocytes (B), 

and presumptive zygotes (PZ) (C). Starting at the top and continuing clockwise: miRNA are 

known mature microRNA sequences; RefSeq Gene Reads include transcript introns; RefSeq 

Coding Reads exclude intronic regions; rRNA are ribosomal RNA sequences; and Unannotated 

consist of novel miRNA sequences, piRNAs, retrotransposon sequences, endogenous siRNAs, 

and remaining unaligned reads. 
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Figure 10 – MicroRNA Population Distribution. MicroRNA population distribution in GV 

oocytes, MII oocytes, and presumptive zygotes (PZ) as indicated by the number of unique 

miRNAs presented/detected in each group. 
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 Among the population of 254 miRNAs present at all three stages (as well as the 

additional 24, 20, or 11 miRNAs common between two out of three groups), differential 

expression analysis of the miRNA counts revealed marked changes in miRNA expression 

between maturation stages of oocytes/zygotes (Figure 11 A-C). 148-156 different miRNAs 

showed higher abundance with increasing maturation or after fertilization, while 109-130 

different miRNAs were less abundant through these stages. A table summarizing all the specific 

changes in miRNA expression with their associated log2 fold-changes between stages is 

presented in Appendix I (S.Tables 2-4) 

 

Quantitative PCR Validation of miRNAs 

Large numbers of oocytes and zygotes were required for sequence analysis (>600 at each 

stage). Due to limitations in the availability of these samples and the time and costs associated 

with their collection, a single pool of oocytes and zygotes from each stage was used for the 

sequencing portion of this study. This screening strategy effectively revealed distinct populations 

of miRNAs that increased, decreased or remained abundant throughout maturation, which could 

then be further validated statistically using quantitative RT-PCR. We selected eighteen miRNAs 

that were either differentially expressed between stages, or abundant throughout maturation. The 

data presented in Figure 12 (A-F), 13 (A-F), 14 (A-F), and in Appendix I (S.Tables 5-7) 

demonstrates that a majority of the miRNAs observed to change in the RNA sequence data could 

be validated by qRT-PCR.  Specific changes between the individual stages are presented in 

Appendix I. Importantly, even when statistically significant changes in the “fold” expression 

level were not observed, the trend to higher or lower expression was preserved between the 

sequencing and qRT-PCR data.  
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Figure 11 – MicroRNA Differential Expression Analysis. Differential expression analysis of 

miRNA populations present in GV and MII (A); MII and PZ (B); and GV and PZ (C). Each 

represents the fold-change of individual miRNAs, exact values of each point are presented in 

Appendix I – S.Tables 2-4.  
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Figure 12 – Quantitative PCR (qRT-PCR) validation of mature miRNAs. Quantitative RT-

PCR validation of mature miRNAs in GV, MII, and PZ. (A-B): Expression relative to MII 

oocytes (1.0). (C-F): Expression relative to GV oocytes (1.0). Expression was normalized to U6 

and cel-miR-39-3p performed in biological triplicates of pools of 20 oocytes. Statistical 

significance of (*) indicates p < 0.05 and (**) indicates p < 0.01 between specified groups. 

G
V

M
II

Z
yg

ot
e

0.0

1.0

2.0

3.0

4.0
R

el
at

iv
e 

E
x
p
re

ss
io

n
 (

U
n
it
s)

bta-miR-155

*

G
V

M
II

Z
yg

ot
e

0.0

5.0

10.0

15.0

20.0

bta-miR-21

R
el

at
iv

e 
E

x
p
re

ss
io

n
 (

U
n
it
s)

**

**

G
V

M
II

Z
yg

ot
e

0.0

0.5

1.0

1.5

R
el

at
iv

e 
E

x
p
re

ss
io

n
 (

U
n
it
s)

bta-miR-190a

*

*

G
V

M
II

Z
yg

ot
e

0.0

0.5

1.0

1.5

2.0

2.5

R
el

at
iv

e 
E

x
p
re

ss
io

n
 (

U
n
it
s)

bta-miR-222

*

G
V

M
II

Z
yg

ot
e

0.0

1.0

2.0

3.0

4.0

bta-miR-2361

R
el

at
iv

e 
E

x
p
re

ss
io

n
 (

U
n
it
s)

**

*

G
V

M
II

Z
yg

ot
e

0.0

0.5

1.0

1.5

bta-miR-212

R
el

at
iv

e 
E

x
p
re

ss
io

n
 (

U
n
it
s) *

A B

C D

FE



 

77 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13 – Quantitative PCR (qRT-PCR) validation of mature miRNAs. Quantitative PCR 

(qRT-PCR) validation of mature miRNAs in GV, MII, and PZ. (A-F): Expression relative to GV 

oocytes (1.0). Expression was normalized to U6 and cel-miR-39-3p performed in biological 

triplicates of pools of 20 oocytes. Statistical significance of (*) indicates p < 0.05 between 

specified groups. 
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Figure 14 – Quantitative PCR (qRT-PCR) validation of mature miRNAs. Quantitative PCR 

(qRT-PCR) validation of mature miRNAs in GV, MII, and PZ. (A-F): Expression relative to GV 

oocytes (1.0). Expression was normalized to U6 and cel-miR-39-3p performed in biological 

triplicates of pools of 20 oocytes. 
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Detection of pri-miRNA 

To begin to characterize the molecular mechanisms behind the observed increases in 

expression of specific miRNAs during oocyte maturation, we designed primers to detect pri-

miRNAs using RT-PCR. Increases in pri-miRNA levels should be present when transcriptional 

activity is increased, whereas decreases or stable expression would suggest changes in some 

combination of transcriptional and microprocessor activity. Levels of pri-miRNA precursors for 

3 miRNAs that showed significant increases by sequencing and RT-PCR were evaluated: pri-

miR-155, pri-miR-222-3p, and pri-let-7d. The results presented in Figure 15 demonstrate that 

pri-miR-155 and pri-miR-222-3p were both absent at the GV stage and present at the PZ stage in 

all pools tested (Figure 15A). Expression for these transcripts was variable at the MII stage. The 

levels of these pri-miRNAs were sufficiently low at one or more stages to preclude accurate 

quantification using qRT-PCR. In contrast to the increases seen with pri-miR-155 and -222-3p, 

pri-let-7d levels were highest in GV oocytes and decreased significantly upon maturation and 

fertilization (Figure 15B), in spite of the increase observed in the levels of mature let-7d miRNA.  
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Figure 15 – Primary-miRNA Detection and Expression. Pri-miRNA expression in oocyte 

maturation. (A) pri-miR-155 and pri-miR-222 (A) transcripts in GV, MII, and PZ with GAPDH 

as an internal control.  (B) Detection of pri-let-7d expression using qRT-PCR in GV, MII, and 

PZ expressed relative to GV oocytes using GAPDH and YWHAZ as control genes. Statistical 

significances (***) indicates p < 0.001. 
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Predicted miRNA Target Cluster Analysis 

Once significant changes in the expression of specific miRNAs were validated, we next 

wished to identify potential targets likely to be affected by the changing oocyte miRNA 

landscape. In particular, we aimed to identify functional classes for the targets of key miRNAs in 

order to better understand potential roles of these changes in miRNA expression. To this end, we 

performed cluster analysis on the predicted targets of 5 different dynamically expressed miRNAs 

using TargetScan (miR-155: 380 targets, mir-222: 413 targets, miR-21: 299 targets, let-7d: 984 

targets, miR-190a: 177 targets). The target transcript list generated by TargetScan was then 

inputted into the ClueGO application within Cytoscape to identify the probable biological 

interactions between the predicted target proteins as determined by the ‘Gene Ontology (GO) 

Biological Processes’ database.  Functional clusters of proteins were created based on a 

correlative p-value < 0.05. The functional clusters identified represent known biological 

signaling pathways and other protein-to-protein interactions as determined by the Gene Ontology 

consortium. 

   

Upon maturation and fertilization, miR-155 levels were increased. The proteins encoded 

by the predicted mRNA targets of miR-155 were grouped into three functional clusters including 

‘positive regulation of RNA metabolic process’, ‘negative regulation of protein metabolic 

process’, and ‘regulation of transcription from RNA polymerase II promoter’ as seen in figure 

5A. Other key regulatory processes were represented in the functional groupings of the predicted 

targets of miR-222, -21, let-7d. MiR-190a expression decreased through oocyte maturation, 

suggesting that the functional clusters regulated by this miRNA become more active in this 

period. The most consistent gene ontology clusters targeted by the miRNAs demonstrating 
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increasing expression throughout maturation are related to transcription, protein kinase signaling, 

and tissue formation (Figure 16).  

 

 

Figure 16 – Functional Clusters of Predicted miRNA Targets. Distribution of predicted 

miRNA targets of miR-155 (A), miR-222 (B), miR-21 (C), let-7d (D), and miR-190a (E) into 

functional clusters as determined by ‘GO:Biological Processes’ analysis with pathway 

significance of p < 0.05. The size of each functional group is proportional to the number of sub-

clusters under that biological theme starting at the top (white) moving clockwise. 
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Correlation of Predicted Targets with the Bovine Oocyte and Embryo Proteome 

In order to independently validate potential biological implications of miRNA changes 

specifically during oocyte and embryo development, we identified correlations between 

predicted targets of miRNAs that we had identified with proteome data from oocytes, zygotes 

and embryos presented in a very recent study by Deutsch et al., (Deutsch et al., 2014). 

Correlations between changes in the levels of specific predicted miRNA targets present in the 

proteome of oocytes and zygotes, along with the percentage of identified targets that were 

actually increased or decreased at these stages are presented in Table 1 (a specific protein list is 

presented in Appendix I – S.Table 8). MicroRNAs- 155, 222, 21, and let-7d all increased 

between the MII and PZ stages, which would normally be expected to result in a decrease in the 

expression of target mRNAs and/or protein. Conversely, miR-190 expression decreased, and so 

an increase in protein levels of miR-190 targets would be expected. Although the putative targets 

themselves were not validated experimentally in this study, there is a clear trend towards 

consistently decreased expression of proteins encoded by mRNAs that are predicted or validated 

targets of miRNAs that increased between the MII and zygote stages and increased expression of 

proteins encoded by miRNAs that decreased between those stages (Table 1).  

 

Table 1 – Correlation of predicted miRNA targets with proteins within the oocyte and 

zygote proteome [Deutsch et al. (2014)]. Protein change represents the number of predicted 

proteins present that either had an increase or decrease in expression between stages. 

 

miRNA of 

Interest 

MII vs. PZ  

miRNA Change 

Number of Predicted 

miRNA Targets in 

Proteome 

MII vs. PZ 

Common Protein 

Change 

miR-155 Up 14 79% Down 

miR-222 Up 15 60% Down 

let-7d Up 37 65% Down 

miR-21 Up 9 56% Down 

miR-190a Down 5 60% Up 
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DISCUSSION 

MicroRNAs are known regulators of gene expression and protein translation that are 

present during oocyte and embryo development and often demonstrate rapid dynamic changes in 

expression (Tesfaye et al., 2009). The sensitivity of next-generation deep sequencing has 

allowed us to significantly extend earlier array-based studies on small RNA populations in 

maturating oocytes and embryos. A relatively small proportion of the small RNA reads within 

our data were known, annotated miRNAs (1.43-1.64%). This corresponds well with a recent 

study investigating PIWI-interacting RNAs (piRNA) in which it was reported that less than 1% 

of oocyte small RNA reads were miRNA (Roovers et al., 2015). Within our miRNA population, 

approximately 400 distinct miRNA sequences were detected at varying levels of expression.  

 

In order to investigate the potential biological roles of miRNAs identified in our datasets, 

we cross-referenced predicted mRNA targets derived from TargetScan with the data from the 

oocyte and zygote proteome signature recently published by Deutsch et al., (2014). Of the 

hundreds of proteins that represent predicted targets for the 5 miRNAs chosen from our study, 

few were detected in the published proteome. This small number of potential target proteins 

provides significant evidence that miRNAs present in the oocyte repress the expression and/or 

translation of their corresponding targets. Among the proteins that were detected in the proteome, 

the expression changes from MII to zygotes corresponded with high frequency to the expected 

changes based on our miRNA results, namely, that increasing expression of any given miRNA 

will decrease the expression of the protein encoded by its target and that decreasing miRNA 

expression will have the opposite effect. We therefore suggest that the strong correlations 
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observed between our miRNA data and the proteome findings provide both independent 

validation and an important biological context for both studies.  

 

When analyzing potential biological implications of the miRNAs as regulatory units, it is 

important to consider the possibility that some miRNAs may enhance translation particularly in 

the context of the oocyte. In Xenopus oocytes, the presence of miR-16 bound to AGO2 and 

fragile X mental retardation syndrome-related protein 1 (FXR1), enhances the translation of 

MYT1 to maintain meiotic arrest when the oocyte is within the follicle, but miR-16 becomes 

repressive upon oocyte removal from the follicle (Mortensen et al., 2011). Other specific 

miRNAs may have similar functions when bound to different protein complexes, suggesting that 

further investigation of the roles of individual RNAs is likely warranted, particularly under 

conditions that may favour alternate functional roles for these regulators.  

 

One important aspect of the present studies is the function of transcripts that are repressed 

by the miRNAs identified here in relation to the specific developmental stages examined. It 

appears likely that many of the molecular processes driving oocyte maturation have the potential 

to be regulated by the dynamic pattern of miRNA expression. Upon germinal vesicle breakdown, 

it is it widely recognized that there is a widespread decrease in the level of oocyte transcriptional 

activity that lasts until the onset of zygotic transcription which is generally thought to happen at 

the 8-16 cell stage (Lodde et al., 2008; Barnetova et al., 2012). MicroRNA-155 is a major 

miRNA induced at this time point and one of the major functional clusters identified in miR-155 

targets is the regulation of transcription from RNA polymerase II promoters, suggesting 

associations between the two processes. Other large clusters identified as targets include proteins 
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involved in RNA metabolic processes, broadly referring to any process involving transcripts at 

any level. This suggests that the molecular processes occurring during oocyte maturation and 

beyond are highly regulated by specific miRNAs.  

 

The functional cluster analysis presented in Figure 16 is generated based on data from 

previously-studied gene expression data in multiple tissues (Cline et al., 2007; Bindea et al., 

2009) and may not apply specifically to oocyte maturation. However, in the maturing oocyte 

several noteworthy pathways have strong potential to be repressed by miRNAs that are 

expressed, including: post-transcriptional regulation of gene expression and mRNA catabolic 

processes (miR-222); regulation of the activin receptor signalling pathway (miR-21); and 

regulation of the protein kinase cascade and metabolic processes (let-7d). Obviously further 

validation and investigation of these miRNAs and their targets will be necessary before 

definitive roles can be assigned.  

 

Specific targets of the miRNAs identified here have been demonstrated in other cell and 

tissue contexts such as cancer. For example, p53 is targeted by the let-7 family of miRNAs, and 

p53 is widely known to be involved in cell-cycle checkpoints (Huang et al., 1996) and to be 

present in the early bovine embryo (Matwee et al., 2000). Additionally, one of the confirmed 

mRNA targets of miR-155 is inositol 5-phosphatase 1 (INPP5D) (O'Connell et al., 2009)  and a 

decrease in INPP5D has been proven to increase AKT activity (Yamanaka et al., 2009), a 

pathway involved in bovine oocyte maturation (Tomek and Smiljakovic, 2005). While these 

targets have not been proven in this study, they provide important insight into potential links for 

the roles these might play in oocyte maturation. 
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In addition to the miRNAs discussed above, it is important to note that some miRNAs 

were highly abundant in oocytes at all stages of maturation examined. miR-148a was the most 

abundant miRNA with stable expression throughout the stages examined (Appendix I). The 

mean number of miR-148a reads in our pools of GV, MII and PZ was 904 472 which is 

equivalent to an average of approximately 1400 miR-148a transcripts per oocyte, miR-10a had a 

mean read number of 415 282 (640 per oocyte) and miR-21 had a mean of 172 010 (265 per 

oocyte) reads in our three sequenced stages. The predicted targets of miR-148a cluster to many 

different GO clusters, but the four functional clusters that account for over 75% of the total 

subgroups are: regulation of metabolic process (gene expression/transcription); multicellular 

organismal development (organ specific development); positive regulation of biological process 

(signalling pathways); and positive regulation of metabolic process (gene expression). We 

postulate that, through repression of the many transcription factors known or predicted to be 

targets of this miRNA, miR-148a contributes to the low level of general transcriptional activity 

(Paynton et al., 1988) in the maturing oocyte. Importantly, a study in Xenopus oocytes has 

demonstrated that Drosha processes pri-xtr-miR-148a more efficiently than other miRNAs 

(Muggenhumer et al., 2014) which may represent an additional factor contributing to the high 

level of this miRNA.  

 

While the present study has extensively evaluated the miRNAs present during oocyte 

maturation, it is important to note that some additional aspects such as the presence of isomiRs 

will be important to consider in future studies. IsomiRs are variant forms of mature miRNAs that 

are classified based on multiple possible nucleotide variations of a canonical miRNAs arising 
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from substitutions, shifts, and additions or deletion at either 5’ or 3’ ends (Cloonan et al., 2011; 

Neilsen et al., 2012). Due to the strict algorithmic criteria required for us to confidently classify 

read sequences as annotated miRNAs, some proportion of our unannotated reads may represent 

isomiRs with functional properties that we were unable to characterize. Variants of important 

miRNAs may have altered targeting effects, particularly if the variation occurs at the 5’ end (Tan 

et al., 2014). 

 

The dynamic pattern of expression of several miRNAs described in this study prompted 

us to investigate whether the increases in miRNA abundance observed between stages was 

associated with increased levels of primary miRNA (pri-miRNA) transcripts, which would 

suggest selective increases in transcription, or with decreased levels of pri-miRNAs, which 

would suggest increased miRNA processing. Interestingly, the expression of specific pri-

miRNAs varied despite consistent increases in the levels of their cognate mature miRNAs. 

Expression of pri-let-7d deceased as mature let-7d levels increased, suggesting that primary 

transcripts were stored in the oocyte and became subject to increasing levels of processing 

throughout oocyte maturation. In contrast, pri-miR-155 or -222 were not detected in GV oocytes, 

but were consistently present in presumptive zygotes and variably at the MII stage using standard 

RT-PCR. The absence of these primary RNAs in the GV stage precluded quantitative assessment 

as performed for pri-let7d. The observed increase in pri-miRNA levels suggests that the primary 

mechanism for the increase in miR-155 and -222 expression observed through maturation is an 

increase in transcription of the primary miRNA and subsequent processing. This extends the 

work of Mondou et al., (2012) who demonstrated transcription-dependent increases of specific 

miRNA precursors (miR-21, miR-130) during oocyte maturation and early embryogenesis. 
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Taken together, these findings suggest that pri-miRNAs are among the limited number of 

transcriptionally active loci in the maturing oocyte and that the cellular machinery necessary to 

process these transcripts becomes functional during the maturation process. 

 

The maturing oocyte and early embryo represent crucial stages in the development of 

eukaryotic organisms that demonstrate remarkably dynamic regulation of biologic processes 

including signalling pathways, the cell cycle, apoptosis and proliferation (Nebreda and Ferby, 

2000; Song and Wessel, 2005). The present study, combined with previous work by others, 

demonstrates the potential importance of microRNA populations in the control of gene 

expression that underlies these processes. Numerous relevant targets in these pathways have 

been characterized in other systems for the miRNAs identified here (Huang et al., 1996; Huang 

et al., 2012). Our observation that the maturing oocyte transcribes and processes these important 

regulators further supports their importance in the developmental context. Finally, our 

observation that miRNA targets compared predictably with oocyte and zygote proteome 

signatures (Deutsch et al., 2014) imply an ongoing functional role in the maturing oocyte and 

early embryo and suggest that miRNAs have important regulatory roles in the molecular 

processes driving development.  
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GENERAL DISCUSSION 

The primary objective of this thesis was to identify small RNAs present in the maturing 

oocyte and developing early bovine embryo and to investigate their potential roles in the 

regulation of telomere biology in that context. Although numerous studies have identified the 

importance of telomeres in embryo development, the regulation of telomere related proteins in 

this developmental period is largely uncharacterized. By initially performing telomere length 

analysis and telomerase activity assays at all stages of embryo development through to the 

blastocyst stage in cattle, the pattern of telomere elongation throughout these stages has now 

been characterized. The quantitative PCR based assays performed to measure telomere length 

and telomerase activity are more sensitive assays based off the principles of the previous 

techniques. Technological advancements have enabled a more sensitive assay allowing for more 

quantitative comparisons of samples in real-time with less starting material compared to the 

previous gel based assays. 

 

Transcript expression levels for two telomere-repeat binding factors (TERF1 and TERF2), 

the primary proteins of the shelterin complex, have also been determined for the first time at 

these stages. Although there was no significant change in the expression of TERF1 across 

embryonic stages, there was a significant decrease in TERF2 at the stage in which telomerase 

activity significantly increased (Figures 8C and 7, Chapter 1).  This corresponds with a 2013 

study demonstrating that t-loop formation is dependent on TERF2 (Doksani et al., 2013), and 

when telomerase is actively elongating the telomeric ends, a linear telomere for access to the 

single stand overhang is the probable conformation. The reduction in TERF2 transcript supports 

their suggestion that a decrease in demand for TERF2 protein exists during this time of active 
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telomere elongation. Our identification of changes in the expression level of these transcripts 

represents a first step in determining key regulatory molecules and where they may be active.  

 

In order to characterize the population of small RNAs with the potential to regulate 

events of telomere biology in oocytes and embryos, we commission next-generation sequencing 

on small RNAs isolated from multiple developmental stages. Due to technical limitations, we 

were not able to obtain sequencing data from all stages of embryo development covered in the 

telomere experiments. Successful sequencing data was obtained in GV oocytes, MII oocytes and 

presumptive zygote samples. From the results of the telomere study, the most prominent changes 

in telomere dynamics occur at the blastocyst stage and this coincides with previous reports of 

telomerase activity in bovine embryos (Betts and King, 1999). The lack of sequencing data from 

the later staged embryos corresponding to major telomere related events shifted our focus to the 

earlier stages where robust sequencing information was obtained. We then performed in silico 

analysis to correlate the expression of miRNAs with the potential to regulate bovine telomere 

dynamics with the expression of key targets.  

 

MicroRNAs predicted to target the transcripts of important telomere-related proteins 

were identified using TargetScanHuman v6.2 software and are presented in Table 2. The 

miRNAs listed were selected based on the presence of binding sites conserved between multiple 

species, as the probably of an interaction from this population were higher than the poorly 

conserved regions.  The corresponding miRNA expression patterns of the predicted miRNAs 

from GV oocytes to presumptive zygotes were also listed in Table 2. There is no clear 

correlation between expression of miRNAs expected to their predicted targets at least in GV or 
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MII oocyte, or zygote stages. Surprisingly, TERT has a poorly conserved 3’UTR across different 

species and does not have any conserve predicted miRNA targets sites. For example, the 

predicted miR-138 seed region binding site to hTERT as reported by Mitomo et al., (2008) in 

humans (5’-ACACCAGC-3’) is not conserved in the Bos taurus TERT 3’UTR, which is 

considerably smaller. This limits our ability to apply findings regarding direct miRNA-dependent 

telomerase regulation from human cancer cell line studies to bovine embryos. Telomerase is a 

functionally important gene involved with telomere-independent DNA repair processes 

(Majerská et al., 2011) that may have undergone different evolutionary pressures to account for 

the difference between human and cow TERT. TIN2 is the other telomere related protein that 

does not show conserved sites of miRNA binding.  

 

Other telomere related proteins that do have miRNAs predicted to bind to conserved 

regions of the 3’UTR do not follow the expected trends typical of miRNA-mediated regulation. 

TERF1 showed stable expression between GV, MII, and PZ, however miR-155, which 

suppresses TERF1 in other cell systems (Dinami et al., 2014), was significantly up-regulated in 

the MII oocytes and PZ, TERF2 expression tended to increase from GV, to MII and PZ, however, 

two potential regulatory miRNAs (miR-222 and miR-21) significantly increased across these 

stages. Many of the miRNAs targeting other important telomere-related transcripts (POT1, 

RAP1 and TPP1) were not detected, had stable expression (no change across stages) or were 

unlikely to participate in regulation from a quantitative perspective (had < 1 copy per oocyte or 

zygote) suggesting that miRNA dependent regulation of these transcripts is unlikely in this 

context. 
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Table 2 – The list of miRNA predicted to target the conserved sites of transcripts of 

telomere related proteins, and corresponding miRNA expression from the sequencing data 

presented in Chapter 2. Up-regulated: miRNA increase in expression in MII and PZ relative to 

GV. Down-regulated: miRNA decrease in expression in MII and PZ relative to GV. Stable: no 

change in expression (< 1 Log2 Fold Change). Non-factor: miRNA expression (< 650 reads or 1 

per oocyte). Not Detected: miRNA not present in sequencing data.  

 

Telomere 

Related 

Protein 

miRNA Predicted to 

target protein transcript 

Total 

Conserved 

Sites in Bos 

taurus 

miRNA Expression 

from Sequencing 

TERT 
No conserved miRNA 

binding sites 
0 - 

TERF1 miR-155 1 Up-regulated 

TERF2 

miR-101/101ab 1 Stable 

miR-221/222/222ab/1928 1 Up-regulated 

miR-21/590-5p 1 Up-regulated 

miR-338/338-3p 1 Non-factor 

POT1 
miR-568 1 Not Detected 

miR-2329-5p 1 Not Detected 

RAP1 

miR-19ab 1 Non-factor 

miR-24/24ab/24-3p 1 Non-factor 

miR-1ab/206/613 1 Non-factor 

miR-25/32/92abc/363/363-

3p/367 
1 

Down-regulated in 

MII only 

miR-26ab/1297/4465 1 Up-regulated 

miR-23abc/23b-3p 1 Down-regulated 

TPP1 

let-7/98/4458/4500 1 Up-regulated 

miR-

130ac/301ab/301b/301b-

3p/454/721/4295/ 3666 

1 Non-factor 

miR-148ab-3p/152 1 Stable 

TIN2 
No conserved miRNA 

binding sites 
0 - 

 

 

 Expanding out from the direct telomere related proteins, exonucleases that may account 

for the decrease in telomere length seen at the PZ stage may also be under miRNA-mediated 

regulation. The 5’ Apollo exonuclease (DCLRE1B) is a predicted target of miR-96, which has a 

decrease in expression in PZ. Poly(A)-specific ribonuclease (PARN) is another exonuclease 
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associated with telomere biology (Tummala et al., 2015) that is a predicted target of miR-135b 

and also has decreased expression in PZ. A decrease of these miRNAs at this stage may 

represent a link to regulation of telomere biology beyond the more directly related proteins, 

however other miRNAs targeting these exonucleases and others (Rat1p and miR-106 and miR-

17; PARN and miR-135a) have no change in expression so the effect of these miRNAs on 

exonuclease activity in oocytes and embryos remains unknown.  

 

Recent studies have correlated telomere biology and miRNAs in cancer cells through 

similar mechanisms to those proposed in our studies. A 2014 paper reported a phenocopying 

effect of RNAi knock-down of hTERT from miR-138, miR-498, miR-1207-5p, and miR-1266, 

however only miR-1266 appeared to have any clinical relevance (Schoeftner et al., 2014). As 

previously discussed, miR-138 is not a probable miRNA regulating bovine TERT expression and 

the other three identified in the report were not detected in our data set. A 2015 study screened 

553 miRNAs through a dual luciferase reporter assay to the 3’UTR of TERF2 and identifies 

miR-23a as candidate (Luo et al., 2015). This study reported telomere dysfunction via TERF2 

suppression after miR-23a over-expression in HEK-293 cells (Luo et al., 2015), but similarly to 

miR-138, the seed region binding site of the 3’UTR is not conserved in bovine. This provides a 

potential explanation concerning why miR-23a was not identified as a candidate in cattle as per 

the list in Table 2. These findings suggest that, despite the promising field of miRNA-mediated 

regulation of telomere biology in human cancer studies, the miRNAs we have identified do not 

appear to translate directly to the context of the bovine oocyte. Although our search for small 

RNAs that telomere biology in bovine embryos did not provide a solid list of potential 
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candidates, miRNAs associated with biological functions occurring at this time may be more 

functionally relevant to the oocyte and embryo biology. 

 

The miRNA expression profiles obtained from the sequencing data, in which many of the 

miRNAs were qRT-PCR validated, interesting sub-populations emerged within each 

developmental stage from which we obtained data. As miRNAs are known to have important 

biological implications in bovine oocyte biology (Tesfaye et al., 2009; Mondou et al., 2012), we 

modified the original hypothesis and suggest in the second chapter that small RNAs expressed 

during oocyte maturation correlate with post-transcriptional regulation of events required for 

successful development.  

 

To identify the possible roles of these miRNAs in regulating biological processes in 

oocyte maturation between the GV and MII phase oocytes, as well as fertilization events 

between MII oocytes and zygotes, we examined transcripts that contain miRNA seed sequences 

within the 3’UTR. As previously revealed, there may be a species dependent different in miRNA 

targeting transcripts with a poorly conserved 3’UTR, however the predicted targets identified in 

the second chapter are all bovine target transcripts. Predicted targets of our miRNAs that 

increase from GV to MII may involve the maintenance of prophase I arrest and subsequent 

progression of the meiotic cell cycle. Interestingly, p53 is a protein widely known to be involved 

in DNA damage response and, cell-cycle checkpoints (Huang et al., 1996) and it is a protein that 

is exclusively targeted by the let-7 family of miRNAs. Our data identified an increase in the let-7 

family, suggesting that it is likely that these small RNAs suppress p53 as the oocyte starts the 

maturation process.  
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Figure 17 – Functional Clusters Network Map of Predicted Targets of miR-155. The 

interaction of predicted miR-155 target clusters based on the ‘GO: Biological Processes’ filter in 

ClueGO plugin application within Cytoscape. Each node represents a biological function and the 

size of the node represents the number of predicted targets that fit to that particular process. The 

lines represent the interactions of the proteins of each node with other biological processes. 

 

Many of the predicted targets of miR-155 appear to be involved in transcriptional 

regulation as seen in Figure 17. This functional network map is an expansion of the biological 

groups seen in Figure 16A. This network is of importance as it indicates that the increase in miR-

155 in MII oocytes is repressing the translation of transcription factors and could be contributing 

to the transcriptional silencing that is observed during oocyte maturation. As this is a 

representation of a functional cluster network of only one miRNA, as the other miRNAs are 
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incorporated there will undoubtedly be overlap with many clusters and more complex 

interactions. This demonstrates the overall importance of how miRNAs can be regulating 

processes in oocyte maturation and embryo development. 

 

In addition to transcriptional regulation, there are many targets of miR-155 that appear to 

be involved in resuming meiosis as part of oocyte maturation. One confirmed target of miR-155 

is inositol polyphosphate-5-phosphatase (INPP5D) (O'Connell et al., 2009), which has been 

implicated in the AKT signalling cascade as a decrease in INPP5D leads to an increase in AKT 

activity in natural-killer (NK)-cell lymphomas/leukemias (Yamanaka et al., 2009). Other studies 

in B-cell lymphomas have linked miR-155 with AKT signalling regulation though p85α 

repression (Huang et al., 2012). AKT signalling activity has been shown to be critical for meiotic 

progression in both bovine and porcine oocytes (Tomek and Smiljakovic, 2005; Kalous et al., 

2009). Therefore the up-regulation of miR-155 in MII oocytes may represent an early event 

regulating the AKT-dependent molecular processes occurring at this time. 

 

In further support of this possibility, WEE1 and MYT1 are two checkpoint kinases 

involved in G2/M cell-cycle progression (Liang and Slingerland, 2003). WEE1 is inactivates 

cdc2 (part of the MPF) through phosphorylation of Tyr15 (McGowan and Russell, 1995), and 

can be inactivated by AKT (Katayama et al., 2005). WEE1 protein levels decreased in carcinoma 

cell lines when transfected with miRNA mimics of miR-155 and miR-16 (Pouliot et al., 2012), 

two up-regulated miRNAs from GV to MII in our data. miR-106a is another miRNA that is 

increased in MII oocytes in our sequencing data set that correlates with the timing of decreased 

WEE1 expression in bovine oocytes (Miles et al., 2012), and experimentally in stem cells 
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(Trompeter et al., 2011). Although many aspects of this pathway have been well established and 

can be activated or deactivated through phosphorylation, miRNAs can enhance these effects by 

regulating the amount of protein beyond the established active/inactive states. Many pathways 

may need to incorporate the possibility of novel new regulatory mechanisms involving miRNAs 

in signalling, particularly in the oocyte where large-scale changes in such RNAs occur.  

 

This sequencing data described and validated in this thesis may have even broader 

implications for oocyte and embryo biology beyond the molecular processes driving oocyte 

maturation. A study conducted in bovine oocytes and early embryos also reported a drop in miR-

212 expression in MII oocytes and discussed the impact on an oocyte-specific helix-loop-helix 

transcription factor (FIGLA) and its role in glycoprotein gene expression (Tripurani et al., 2013). 

Furthermore, the up-regulation of miR-34a and down-regulation of miR-34c (Appendix I) in MII 

oocytes confirms previous results with the miR-34 family in bovine gamete biology (Tscherner 

et al., 2014). When discussing the possible implications of all these predicted targets, it is 

important to acknowledge that these targets are transcripts with seed-region binding sites in the 

3’UTR. Not all transcripts may be required in oocytes or zygotes regardless of miRNA 

suppression. Therefore particular clusters presented in Figure 16 (Chapter 2) may not have equal 

relevance in the oocyte. However, it could be argued that, if particular proteins are not required 

at a given stage, miRNAs may systematically repress translation of the transcripts or the 

corresponding transcription factors until some later time when they are required for development.  

 

The results of pri-miRNA detection studies in GV, MII, and zygotes presented in Chapter 

2 demonstrate the dynamic and variable nature of miRNA biology in the oocyte. The data in 
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Figure 15A strongly suggest selective transcriptional activation of the functionally important 

miRNAs miR-155 and miR-222, whereas the increase in let-7d expression occurs without 

transcriptional events. The let-7 family of miRNAs are somewhat unique in that they are auto-

regulatory. The pri-miRNA transcript contains a 3’ site for let-7 mediated AGO binding to 

promote mature let-7 biogenesis in a positive-feedback loop (Zisoulis et al., 2012). If no 

transcription of the let-7 locus is occurring in the GV oocyte, the continuous decrease in primary 

transcript should correspond with the increase in mature let-7d. These findings illustrate the 

ability of the bovine oocytes to regulate miRNAs with the potential to impact the events required 

to proceed to the next stage of development. 

 

Another important observation from our sequencing data in Figure 9 (Chapter 2) 

concerns the large proportion of sequencing reads that were classified as ‘unannotated’. Those 

‘unannotated’ reads likely consist of novel miRNA sequences that we have been unable to 

annotated to date (based on available sequence data), endogenous small interfering RNAs 

(siRNAs), PIWI-interacting RNAs (piRNA) (Stewart Russell et al., unpublished data, University 

of Guelph), piRNA-like molecules (Stewart Russell et al., unpublished data, University of 

Guelph), and populations of other small non-coding RNAs that do not fit into the previous 

classifications. These non-coding RNAs may include the telomeric repeat containing RNA 

(TERRA/telRNAs) (Azzalin et al., 2007), which have been localized in human fetal oocytes 

(Reig-Viader et al., 2013), and are proposed to participate in telomere length regulation (Deng et 

al., 2009). TERRAs role in telomere regulation is not clearly defined as the binding to telomeric 

sequences can inhibit telomerase expression (Luke et al., 2008; Redon et al., 2010), increase t-

loop stability (Wang et al., 2015), and also increase the occurrence of ALT through TERF2 
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binding (Balk et al., 2013; Wang et al., 2015). Although TERRA is considered a large non-

coding RNA, tel-sRNAs are shorter oligonucleotides containing the TERRA sequence 

(UUAGGG) that are pi-like small RNAs and may be found within our data. Identification of 

such RNAs will require the development of novel computational algorithms. 

 

Confirmed within our data set are piRNAs (Stewart Russell et al., unpublished data, 

University of Guelph) that have emerging roles in many aspects of biology. piRNAs are 

primarily present in mammalian gametes and appear to repress transposable elements present 

within the genome and expressed during periods of demethylation (Mukherjee et al., 2014). 

Additional roles for these RNA molecules have emerged, one of which in Drosophila is piRNA-

mediated assembly of a protein complex that functions similarly to tel-sRNA in recruiting DNA-

binding telomere proteins (Shpiz and Kalmykova, 2011) adding yet another dimension to the 

complex network of small RNAs as they regulate biological systems, including telomere 

homeostasis.  

 

Although we were not able confirm our initial hypothesis concerning miRNA-dependent 

regulation of telomere biology in embryos during bovine development, other experimental 

approaches may clarify this issue further once resources are available. Importantly, these studies 

have effectively demonstrated that small RNA populations are present and dynamic in the 

maturing bovine oocyte and are likely to act post-transcriptionally to regulate important 

biological functions during oocyte maturation and embryo development. While the present 

studies have established these possible associations, further mechanistic studies involving the 

manipulation of these agents (i.e. mimics and antagomirs) and identifying the downstream 
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effects on development should dramatically increase our understanding of these processes and 

our ability to therapeutically manipulate them to improve animal fertility. 
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SUMMARY AND CONCLUSIONS 

 The experiments described in this thesis have examined different aspects of oocyte and 

embryo biology in cattle. Telomere reprogramming is one important aspect of successful embryo 

production pertaining to chromatin remodelling and genomic stability. Determining telomere 

length profiles, telomerase activity and expression patterns of telomere related transcripts in our 

oocyte and embryo stages using quantitative PCR approaches represented the first steps in 

establishing telomere dynamics in our system. Establishing these dynamics provided a basis by 

which stages where important regulatory events occur could be identified. As the mechanisms 

that regulate telomere-reprogramming events remain uncharacterized, it was hypothesized that 

telomere biology regulated post-transcriptionally by small RNAs expressed during development. 

MicroRNAs are small non-coding RNA molecules that influence gene expression post-

transcriptionally by repressing the translation of transcripts or target transcripts for degradation. 

MicroRNAs are present in bovine oocytes and embryos and have been identified as regulating 

molecular events in a stage-specific manner. 

 

 The studies described in chapter 1 revealed that both telomere length and telomerase 

activity increase significantly in blastocyst stage embryos and the expression patterns of bTERC 

and TERF1 followed a similar trend to the telomere length profiles. In contrast TERF2 

expression was inversely correlated with telomere length. The decrease in TERF2 expression 

when telomerase is most active corresponds with the open conformation of the telomeric ends 

during active telomerase mediated elongation. In order to identify the population of small RNAs 

present that might participate in telomere regulation, we commissioned next generation deep 

sequencing through multiple stages of oocyte maturation and embryo development. 
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Unfortunately, high quality miRNA reads were only obtained from two oocyte stages and from 

our sample of zygotes. The stages where the greatest changes in telomere reprogramming 

occurred were not among those where sequencing data was obtained. In silico analysis of the 

data did not reveal any miRNA candidates with strong potential to regulate telomere-related 

transcripts in bovine oocytes and zygotes.  

 

 While the sequencing data could not support a role for small RNAs in early regulation of 

telomere biology, the sub-populations of miRNAs present in GV oocytes, MII oocytes, and 

presumptive zygotes did suggest that the detected miRNAs have important regulatory roles in 

molecular events occurring during oocyte maturation and fertilization. Furthermore, the 

transcription of pri-miR-155 during oocyte maturation indicates that selective transcription is 

occurring for select miRNAs that are important for development. The dynamic expression 

patterns of miRNAs during oocyte maturation and fertilization suggest that the transcripts that 

these miRNAs are predicted to target play important roles in regulating biological functions 

associated with oocyte maturation and fertilization in cattle. These results expand our knowledge 

of the regulatory aspects of oocyte and embryo biology and may prove useful in the 

improvement of bovine fertility. 
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APPENDIX I – SUPPLEMENTAL MIRNA COUNTS 

 

S.Table 1.1: Presence of miRNA Exclusive to Each Stage from Figure 10. 

 

Exclusive to One Stage 

GV MII PZ 

bta-miR-1777b bta-miR-144 bta-miR-1287 

bta-miR-208a bta-miR-1603 bta-miR-154 

bta-miR-2284c bta-miR-1814b bta-miR-1584 

bta-miR-2284l bta-miR-190b bta-miR-2284j 

bta-miR-2307 bta-miR-219-5p bta-miR-2289 

bta-miR-2317 bta-miR-2284t bta-miR-2299-3p 

bta-miR-2320 bta-miR-2285d bta-miR-2300b-3p 

bta-miR-2338 bta-miR-2293 bta-miR-2372 

bta-miR-2350 bta-miR-2314 bta-miR-2377 

bta-miR-2365 bta-miR-2316 bta-miR-2379 

bta-miR-2370 bta-miR-2325c bta-miR-2380 

bta-miR-2376 bta-miR-2349 bta-miR-2388 

bta-miR-2382 bta-miR-2366 bta-miR-2394 

bta-miR-2390 bta-miR-2367 bta-miR-2428 

bta-miR-2399 bta-miR-2381 bta-miR-2437 

bta-miR-2401 bta-miR-2406 bta-miR-2438 

bta-miR-2409 bta-miR-2417 bta-miR-2447 

bta-miR-2422 bta-miR-2425 bta-miR-2448 

bta-miR-2431 bta-miR-2450b bta-miR-2452 

bta-miR-2442 bta-miR-2459 bta-miR-2479 

bta-miR-2443 bta-miR-299 bta-miR-410 

bta-miR-2450c bta-miR-29b bta-miR-432 

bta-miR-2454 bta-miR-29c bta-miR-433 

bta-miR-2462 bta-miR-29e bta-miR-544a 

bta-miR-346 bta-miR-329a bta-miR-599 

bta-miR-3604 bta-miR-345-5p bta-miR-664 

bta-miR-365-5p bta-miR-376a   

bta-miR-584 bta-miR-412   

bta-miR-628 bta-miR-449b   

bta-miR-876 bta-miR-491   

  bta-miR-541   

  bta-miR-582   

  bta-miR-615   

  bta-miR-885   

  bta-miR-935   
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S.Table 1.2: Presence of miRNA in Two Stage from Figure 10. 

 

Present in Two Stages 

GV-MII GV-PZ MII-PZ 

bta-miR-1225-3p bta-miR-1185 bta-miR-1224 

bta-miR-1256 bta-miR-1777a bta-miR-1249 

bta-miR-1296 bta-miR-18b bta-miR-181c 

bta-miR-1343 bta-miR-223 bta-miR-193a-3p 

bta-miR-1434 bta-miR-2304 bta-miR-211 

bta-miR-188 bta-miR-2343 bta-miR-2284w 

bta-miR-2284d bta-miR-2435 bta-miR-2310 

bta-miR-2284m bta-miR-380-3p bta-miR-2318 

bta-miR-2323 bta-miR-429 bta-miR-2325a 

bta-miR-2326 bta-miR-451 bta-miR-2339 

bta-miR-2330 bta-miR-544b bta-miR-2357 

bta-miR-2344   bta-miR-2421 

bta-miR-2361   bta-miR-2444 

bta-miR-2393   bta-miR-2461-5p 

bta-miR-2403   bta-miR-2474 

bta-miR-2408   bta-miR-301a 

bta-miR-301b   bta-miR-302b 

bta-miR-30b-3p   bta-miR-329b 

bta-miR-425-3p   bta-miR-369-3p 

bta-miR-449d   bta-miR-490 

bta-miR-487a     

bta-miR-493     

bta-miR-592     

bta-miR-758     
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S.TABLE 1.3: Presence of miRNA in All Three Stages from Figure 10. 

Detected in all three Stages 

GV-MII-PZ GV-MII-PZ GV-MII-PZ GV-MII-PZ GV-MII-PZ GV-MII-PZ GV-MII-PZ GV-MII-PZ 
bta-let-7a bta-miR-1307 bta-miR-1814c bta-miR-202 bta-miR-2311 bta-miR-26b bta-miR-345-3p bta-miR-497 

bta-let-7b bta-miR-130a bta-miR-181a bta-miR-204 bta-miR-2312 bta-miR-27a-3p bta-miR-34a bta-miR-499 

bta-let-7c bta-miR-130b bta-miR-181b bta-miR-205 bta-miR-2315 bta-miR-27a-5p bta-miR-34b bta-miR-500 

bta-let-7d bta-miR-132 bta-miR-181d bta-miR-206 bta-miR-2332 bta-miR-27b bta-miR-34c bta-miR-502a 

bta-let-7e bta-miR-133a bta-miR-182 bta-miR-20a bta-miR-2336 bta-miR-28 bta-miR-361 bta-miR-502b 

bta-let-7f bta-miR-135a bta-miR-183 bta-miR-20b bta-miR-2340 bta-miR-2885 bta-miR-362-5p bta-miR-504 

bta-let-7g bta-miR-135b bta-miR-1839 bta-miR-21 bta-miR-2373 bta-miR-2887 bta-miR-363 bta-miR-505 

bta-let-7i bta-miR-138 bta-miR-184 bta-miR-210 bta-miR-2387 bta-miR-2904 bta-miR-365-3p bta-miR-532 

bta-miR-1 bta-miR-1388-5p bta-miR-1843 bta-miR-212 bta-miR-23a bta-miR-296 bta-miR-370 bta-miR-543 

bta-miR-100 bta-miR-139 bta-miR-185 bta-miR-214 bta-miR-23b-3p bta-miR-29a bta-miR-374a bta-miR-653 

bta-miR-101 bta-miR-140 bta-miR-186 bta-miR-215 bta-miR-23b-5p bta-miR-30a-5p bta-miR-374b bta-miR-660 

bta-miR-103 bta-miR-141 bta-miR-187 bta-miR-216a bta-miR-24 bta-miR-30b-5p bta-miR-375 bta-miR-669 

bta-miR-105a bta-miR-142 bta-miR-18a bta-miR-216b bta-miR-24-3p bta-miR-30c bta-miR-378 bta-miR-671 

bta-miR-105b bta-miR-143 bta-miR-190a bta-miR-217 bta-miR-2404 bta-miR-30d bta-miR-379 bta-miR-677 

bta-miR-106 bta-miR-145 bta-miR-191 bta-miR-218 bta-miR-2411 bta-miR-30e-5p bta-miR-381 bta-miR-7 

bta-miR-106b bta-miR-1468 bta-miR-192 bta-miR-219-3p bta-miR-2415 bta-miR-30f bta-miR-382 bta-miR-708 

bta-miR-107 bta-miR-146a bta-miR-193a-5p bta-miR-22-3p bta-miR-2416 bta-miR-31 bta-miR-383 bta-miR-744 

bta-miR-10a bta-miR-146b bta-miR-193b bta-miR-22-5p bta-miR-2419 bta-miR-32 bta-miR-409 bta-miR-767 

bta-miR-10b bta-miR-147 bta-miR-194 bta-miR-221 bta-miR-2424 bta-miR-320 bta-miR-411 bta-miR-769 

bta-miR-122 bta-miR-148a bta-miR-1940 bta-miR-222 bta-miR-2427 bta-miR-323 bta-miR-421 bta-miR-873 

bta-miR-1248 bta-miR-148b bta-miR-195 bta-miR-224 bta-miR-2440 bta-miR-324 bta-miR-423-3p bta-miR-874 

bta-miR-125a bta-miR-150 bta-miR-196a bta-miR-2284a bta-miR-2463 bta-miR-328 bta-miR-423-5p bta-miR-877 

bta-miR-125b bta-miR-151 bta-miR-197 bta-miR-2284h bta-miR-2464-3p bta-miR-330 bta-miR-424 bta-miR-9 

bta-miR-126 bta-miR-152 bta-miR-199a-3p bta-miR-2284q bta-miR-2466-3p bta-miR-331 bta-miR-425-5p bta-miR-92b 

bta-miR-127 bta-miR-153 bta-miR-199a-5p bta-miR-2284r bta-miR-2473 bta-miR-335 bta-miR-449a bta-miR-93 

bta-miR-1271 bta-miR-155 bta-miR-199b bta-miR-2284x bta-miR-2476 bta-miR-338 bta-miR-450 bta-miR-95 

bta-miR-128 bta-miR-15a bta-miR-199c bta-miR-2285a bta-miR-2478 bta-miR-339 bta-miR-452 bta-miR-96 

bta-miR-1284 bta-miR-15b bta-miR-19a bta-miR-2285b bta-miR-2483 bta-miR-33a bta-miR-455 bta-miR-98 

bta-miR-129-3p bta-miR-16a bta-miR-19b bta-miR-2285c bta-miR-2484 bta-miR-340 bta-miR-484 bta-miR-99a 

bta-miR-1291 bta-miR-16b bta-miR-200a bta-miR-2296 bta-miR-2487 bta-miR-342 bta-miR-485 bta-miR-99b 

bta-miR-1298 bta-miR-17-3p bta-miR-200b bta-miR-2299-5p bta-miR-25 bta-miR-3431 bta-miR-486  

bta-miR-1306 bta-miR-17-5p bta-miR-200c bta-miR-2308 bta-miR-26a bta-miR-3432 bta-miR-495  
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S.TABLE 2.1 – Differential expression of miRNA between GV and MII Oocytes from 

Figure 11A 

 

Differential Expression: MII (+) Relative to GV (-) 

ID (Bta-) 
Log2 Fold-

Change 
ID (Bta-) 

Log2 Fold-

Change 
ID (Bta-) 

Log2 Fold-

Change 

miR-155 6.382 miR-338 1.198 let-7g 0.496 

miR-873 5.077 miR-2885 1.170 miR-191 0.490 

miR-212 4.669 let-7e 1.170 miR-2336 0.470 

miR-21 3.718 miR-20a 1.090 miR-424 0.444 

miR-222 3.368 miR-877 1.055 miR-30e-5p 0.432 

miR-2887 3.055 miR-138 1.041 miR-1284 0.429 

miR-671 2.599 miR-181b 1.001 miR-34b 0.413 

miR-2424 2.599 miR-421 0.962 miR-224 0.410 

miR-324 2.599 miR-17-3p 0.929 miR-99b 0.402 

miR-708 2.251 miR-7 0.870 miR-660 0.399 

miR-1434 2.114 miR-29a 0.849 miR-452 0.390 

miR-2315 2.114 miR-202 0.820 miR-30d 0.384 

miR-27a-3p 2.066 let-7f 0.811 miR-2285a 0.377 

miR-16b 1.979 miR-1839 0.796 miR-135a 0.377 

miR-2285b 1.962 miR-34a 0.792 miR-2416 0.377 

miR-221 1.851 miR-216a 0.792 miR-95 0.377 

miR-190a 1.792 miR-196a 0.792 miR-28 0.377 

miR-758 1.792 miR-301b 0.792 miR-24 0.377 

miR-216b 1.792 miR-486 0.792 miR-2466-3p 0.377 

miR-132 1.678 miR-493 0.792 miR-2340 0.350 

miR-2408 1.666 miR-126 0.792 miR-362-5p 0.344 

miR-106 1.520 miR-2483 0.792 miR-2312 0.315 

miR-147 1.492 miR-130a 0.730 miR-1248 0.314 

miR-146a 1.451 miR-499 0.714 miR-330 0.306 

miR-135b 1.377 miR-219-3p 0.699 miR-2464-3p 0.306 

miR-361 1.377 miR-19a 0.685 miR-96 0.306 

miR-107 1.377 miR-365-3p 0.666 miR-200c 0.303 

miR-1256 1.377 miR-153 0.599 miR-181a 0.299 

miR-142 1.377 miR-194 0.594 miR-206 0.294 

miR-2284a 1.377 miR-26b 0.580 let-7i 0.292 

miR-2330 1.377 miR-17-5p 0.552 miR-146b 0.278 

miR-2373 1.377 miR-26a 0.546 miR-323 0.277 

miR-425-3p 1.377 miR-16a 0.529 miR-103 0.274 

miR-186 1.345 miR-19b 0.510 miR-145 0.266 

miR-374b 1.277 miR-30b-5p 0.502 let-7a 0.262 

let-7d 1.229 miR-98 0.498 miR-30a-5p 0.250 
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S.TABLE 2.2 – Differential expression of miRNA between GV and MII Oocytes from 

Figure 11A 

 

Differential Expression: MII (+) Relative to GV (-) 

ID (Bta-) 
Log2 Fold-

Change 
ID (Bta-) 

Log2 Fold-

Change 
ID (Bta-) 

Log2 Fold-

Change 

miR-218 0.241 miR-22-3p 0.007 miR-2403 -0.208 

miR-217 0.232 miR-27b 0.007 miR-1225-3p -0.208 

miR-32 0.217 miR-9 0.004 miR-130b -0.208 

miR-125b 0.215 miR-185 0.002 miR-2284d -0.208 

miR-2487 0.211 miR-1271 -0.005 miR-2326 -0.208 

miR-2284h 0.207 miR-195 -0.022 miR-2393 -0.208 

miR-2427 0.207 miR-34c -0.034 miR-487a -0.208 

miR-30b-3p 0.207 miR-125a -0.053 let-7b -0.230 

miR-10b 0.206 miR-767 -0.064 miR-199b -0.248 

miR-543 0.183 let-7c -0.067 miR-140 -0.250 

miR-450 0.175 miR-2904 -0.068 miR-504 -0.251 

miR-2285c 0.174 miR-200b -0.071 miR-193a-5p -0.261 

miR-1814c 0.170 miR-141 -0.071 miR-150 -0.268 

miR-182 0.169 miR-101 -0.072 miR-423-3p -0.272 

miR-340 0.154 miR-99a -0.076 miR-2404 -0.311 

miR-345-3p 0.154 miR-3432 -0.092 miR-143 -0.312 

miR-335 0.154 miR-383 -0.101 miR-532 -0.316 

miR-15b 0.154 miR-23a -0.112 miR-2411 -0.340 

miR-455 0.148 miR-199a-3p -0.114 miR-1307 -0.351 

miR-31 0.136 miR-495 -0.132 miR-183 -0.363 

miR-106b 0.129 miR-2284x -0.136 miR-23b-3p -0.364 

miR-187 0.121 miR-152 -0.152 miR-127 -0.392 

miR-379 0.118 miR-25 -0.158 miR-331 -0.394 

miR-93 0.098 miR-381 -0.159 miR-425-5p -0.401 

miR-205 0.089 miR-24-3p -0.160 miR-192 -0.424 

miR-653 0.081 miR-423-5p -0.164 miR-2284q -0.425 

miR-129-3p 0.078 miR-215 -0.165 miR-1388-5p -0.431 

miR-497 0.070 miR-105a -0.168 miR-1306 -0.449 

miR-411 0.058 miR-122 -0.191 miR-10a -0.451 

miR-20b 0.055 miR-2478 -0.199 miR-15a -0.471 

miR-320 0.050 miR-188 -0.208 miR-409 -0.471 

miR-2484 0.049 miR-200a -0.208 miR-204 -0.474 

miR-30c 0.043 miR-100 -0.208 miR-199a-5p -0.495 

miR-3431 0.030 miR-2311 -0.208 miR-18a -0.498 

miR-128 0.020 miR-1 -0.208 miR-2476 -0.503 

miR-2332 0.014 miR-133a -0.208 miR-2387 -0.519 
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S.TABLE 2.3 – Differential expression of miRNA between GV and MII Oocytes from 

Figure 11A 

 

Differential Expression: MII (+) Relative to GV (-) 

ID (Bta-) 
Log2 Fold-

Change 
ID (Bta-) 

Log2 Fold-

Change 
ID (Bta-) 

Log2 Fold-

Change 

miR-592 -0.530 miR-33a -1.208   

miR-1468 -0.530 miR-374a -1.208   

miR-105b -0.536 miR-769 -1.279   

miR-151 -0.565 miR-2463 -1.308   

miR-363 -0.571 miR-744 -1.377   

miR-92b -0.585 miR-30f -1.431   

miR-181d -0.595 miR-449a -1.530   

miR-502a -0.603 miR-485 -1.530   

miR-378 -0.621 miR-197 -1.615   

miR-2323 -0.623 miR-1291 -1.659   

miR-2473 -0.623 miR-339 -1.793   

miR-1843 -0.623 miR-669 -1.793   

miR-505 -0.635 miR-1296 -1.793   

miR-139 -0.639 miR-2344 -1.793   

miR-1298 -0.643 miR-184 -1.830   

miR-210 -0.663 miR-449d -2.083   

miR-484 -0.679 miR-296 -2.105   

miR-375 -0.681 miR-2284m -2.208   

miR-1940 -0.694 miR-2296 -2.208   

miR-677 -0.694 miR-2308 -2.208   

miR-342 -0.757 miR-382 -2.208   

miR-2440 -0.765 miR-874 -2.530   

miR-502b -0.793 miR-2284r -2.793   

miR-214 -0.793 miR-370 -2.909   

miR-199c -0.852 miR-27a-5p -2.954   

miR-328 -0.866 miR-2361 -3.016   

miR-2415 -0.878 

  

  

miR-22-5p -0.886 

  

  

miR-148a -0.906 

  

  

miR-2419 -0.911 

  

  

miR-148b -0.949 

  

  

miR-2299-5p -0.986 

  

  

miR-500 -0.997 

  

  

miR-193b -1.115 

  

  

miR-1343 -1.208     

miR-23b-5p -1.208     
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S.TABLE 3.1 – Differential expression of miRNA between MII Oocytes and Zygotes from 

Figure 11B 

 

Differential Expression: PZ (+) Relative to MII (-) 

ID (Bta-) 
Log2 Fold-

Change 
ID (Bta-) 

Log2 Fold-

Change 
ID (Bta-) 

Log2 Fold-

Change 

miR-2284r 4.032 miR-495 1.332 miR-2325a 0.710 

miR-2296 3.032 miR-26b 1.287 miR-23b-5p 0.710 

miR-184 2.917 let-7a 1.285 miR-2421 0.710 

miR-130b 2.710 miR-2478 1.283 miR-2444 0.710 

miR-2474 2.710 miR-183 1.263 miR-2461-5p 0.710 

miR-369-3p 2.710 miR-219-3p 1.263 miR-33a 0.710 

miR-382 2.710 miR-2285b 1.241 miR-374a 0.710 

miR-323 2.488 miR-383 1.151 miR-409 0.710 

miR-181c 2.295 miR-107 1.126 miR-214 0.710 

miR-301a 2.295 miR-2416 1.126 miR-2311 0.710 

miR-15a 2.089 miR-200c 1.112 miR-2318 0.710 

miR-2357 2.032 miR-182 1.111 miR-370 0.710 

miR-486 2.032 miR-206 1.082 miR-874 0.710 

miR-340 1.933 miR-106 1.070 miR-34a 0.710 

miR-2483 1.920 miR-543 1.042 miR-105b 0.661 

miR-122 1.880 miR-199c 1.032 let-7b 0.660 

miR-141 1.836 miR-190a 1.032 miR-100 0.654 

miR-22-5p 1.781 miR-17-5p 0.967 miR-138 0.628 

miR-10b 1.763 miR-9 0.941 miR-1 0.611 

miR-1224 1.710 miR-421 0.933 miR-146b 0.609 

miR-211 1.710 miR-217 0.922 let-7c 0.604 

miR-2284w 1.710 miR-28 0.898 miR-128 0.582 

miR-2308 1.710 miR-335 0.898 miR-2904 0.570 

miR-2310 1.710 miR-16a 0.877 miR-2285c 0.570 

miR-329b 1.710 miR-345-3p 0.862 let-7e 0.563 

miR-302b 1.710 miR-93 0.845 miR-205 0.557 

miR-135a 1.710 miR-17-3p 0.836 miR-2284q 0.549 

miR-3432 1.658 miR-25 0.831 miR-2466-3p 0.541 

miR-499 1.628 miR-2476 0.827 miR-19a 0.534 

miR-10a 1.532 miR-1814c 0.817 miR-2284x 0.531 

miR-2284h 1.518 miR-139 0.811 miR-362-5p 0.524 

miR-375 1.453 miR-450 0.804 miR-2312 0.513 

miR-2424 1.447 miR-20b 0.804 miR-411 0.488 

miR-2373 1.447 miR-7 0.770 miR-216b 0.483 

miR-34b 1.433 miR-20a 0.737 miR-194 0.482 

let-7f 1.355 miR-1249 0.710 miR-2340 0.481 
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S.TABLE 3.2 – Differential expression of miRNA between MII Oocytes and Zygotes from 

Figure 11B 

 

Differential Expression: PZ (+) Relative to MII (-) 

ID (Bta-) 
Log2 Fold-

Change 
ID (Bta-) 

Log2 Fold-

Change 
ID (Bta-) 

Log2 Fold-

Change 

miR-98 0.457 miR-181a 0.116 miR-23b-3p -0.256 

miR-200a 0.455 miR-148a 0.097 miR-125a -0.270 

miR-200b 0.444 miR-150 0.077 miR-192 -0.279 

miR-16b 0.440 miR-484 0.056 miR-320 -0.283 

miR-26a 0.413 miR-1839 0.033 miR-2336 -0.290 

miR-152 0.391 miR-181b 0.025 miR-196a -0.290 

miR-103 0.379 miR-129-3p 0.021 miR-449a -0.290 

miR-105a 0.348 miR-423-5p 0.014 miR-485 -0.290 

miR-155 0.342 miR-126 0.010 miR-2404 -0.290 

miR-218 0.342 miR-191 -0.004 miR-30f -0.290 

miR-23a 0.341 miR-199a-5p -0.013 miR-216a -0.290 

miR-379 0.334 miR-27a-3p -0.042 miR-30c -0.308 

miR-27b 0.334 miR-2415 -0.049 miR-2487 -0.364 

miR-660 0.322 miR-215 -0.055 miR-338 -0.374 

miR-195 0.310 miR-34c -0.061 miR-331 -0.377 

miR-106b 0.295 miR-199b -0.067 miR-769 -0.389 

let-7g 0.279 miR-199a-3p -0.069 miR-2484 -0.393 

miR-30d 0.277 miR-2419 -0.085 miR-186 -0.401 

miR-204 0.274 miR-1284 -0.097 miR-181d -0.405 

miR-767 0.247 miR-2463 -0.097 miR-1298 -0.409 

miR-32 0.243 miR-2411 -0.097 miR-1306 -0.427 

miR-1468 0.241 miR-1248 -0.097 miR-92b -0.438 

miR-18a 0.241 miR-99a -0.098 miR-148b -0.462 

miR-425-5p 0.225 miR-19b -0.106 miR-29a -0.469 

miR-143 0.219 miR-328 -0.112 miR-324 -0.512 

miR-101 0.215 miR-125b -0.121 miR-363 -0.512 

miR-145 0.210 miR-197 -0.131 miR-224 -0.534 

miR-27a-5p 0.208 miR-24 -0.138 miR-877 -0.553 

miR-339 0.196 miR-2464-3p -0.152 miR-221 -0.576 

miR-187 0.183 let-7d -0.158 miR-222 -0.576 

miR-193a-5p 0.165 miR-24-3p -0.158 miR-30e-5p -0.593 

miR-146a 0.161 miR-30b-5p -0.196 miR-504 -0.633 

miR-133a 0.126 miR-185 -0.203 miR-374b -0.637 

miR-424 0.126 miR-151 -0.233 miR-502a -0.646 

miR-1291 0.126 miR-22-3p -0.246 miR-31 -0.685 

miR-30a-5p 0.121 let-7i -0.247 miR-1307 -0.692 
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S.TABLE 3.3 – Differential expression of miRNA between MII Oocytes and Zygotes from 

Figure 11B 

 

Differential Expression: PZ (+) Relative to MII (-) 

ID (Bta-) 
Log2 Fold-

Change 
ID (Bta-) 

Log2 Fold-

Change 
ID (Bta-) 

Log2 Fold-

Change 

miR-502b -0.705 miR-2332 -1.611   

miR-342 -0.722 miR-505 -1.705   

miR-365-3p -0.749 miR-140 -1.710   

miR-1940 -0.763 miR-210 -1.730   

miR-99b -0.766 miR-500 -1.749   

miR-532 -0.820 miR-653 -1.749   

miR-455 -0.830 miR-1388-5p -1.874   

miR-497 -0.855 miR-2285a -1.874   

miR-142 -0.874 miR-361 -1.874   

miR-2284a -0.874 miR-2387 -1.933   

miR-2473 -0.874 miR-1271 -1.957   

miR-669 -0.874 miR-2887 -1.968   

miR-95 -0.874 miR-2299-5p -2.097   

miR-135b -0.874 miR-2339 -2.097   

miR-1843 -0.874 miR-671 -2.097   

miR-212 -0.874 miR-132 -2.114   

miR-490 -0.874 miR-2885 -2.253   

miR-873 -0.874 miR-193b -2.290   

miR-147 -0.990 miR-15b -2.459   

miR-452 -1.097 miR-677 -2.574   

miR-153 -1.097 miR-708 -2.749   

miR-127 -1.120 miR-193a-3p -3.097   

miR-296 -1.141 

  

  

miR-21 -1.187 

  

  

miR-130a -1.228 

  

  

miR-202 -1.246 

  

  

miR-96 -1.290 

  

  

miR-2427 -1.290 

  

  

miR-3431 -1.311 

  

  

miR-744 -1.339 

  

  

miR-378 -1.377 

  

  

miR-423-3p -1.411 

  

  

miR-2440 -1.470 

  

  

miR-2315 -1.611 

  

  

miR-330 -1.611     

miR-381 -1.611     
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S.TABLE 4.1 – Differential expression of miRNA between GV Oocytes and Zygotes from 

Figure 11C 

 

Differential Expression: PZ (+) Relative to GV (-) 

ID (Bta-) 
Log2 Fold-

Change 
ID (Bta-) 

Log2 Fold-

Change 
ID (Bta-) 

Log2 Fold-

Change 

miR-155 6.725 miR-138 1.669 miR-98 0.955 

miR-873 4.203 miR-7 1.640 miR-9 0.945 

miR-2424 4.046 miR-15a 1.618 miR-186 0.944 

miR-212 3.795 miR-146a 1.612 miR-93 0.943 

miR-2285b 3.203 miR-3432 1.567 miR-2466-3p 0.917 

miR-190a 2.824 let-7a 1.547 miR-183 0.900 

miR-2373 2.824 miR-17-5p 1.520 miR-22-5p 0.894 

miR-486 2.824 miR-2416 1.502 miR-146b 0.887 

miR-222 2.792 miR-34a 1.502 miR-362-5p 0.868 

miR-323 2.765 miR-544b 1.502 miR-20b 0.858 

miR-2483 2.712 miR-380-3p 1.502 miR-2340 0.831 

miR-106 2.590 miR-200c 1.415 miR-1839 0.830 

miR-21 2.532 miR-16a 1.405 miR-2312 0.827 

miR-107 2.502 miR-206 1.377 miR-18b 0.824 

miR-130b 2.502 miR-182 1.281 miR-2296 0.824 

miR-16b 2.420 miR-221 1.275 miR-2435 0.824 

miR-499 2.342 miR-28 1.275 miR-338 0.824 

miR-216b 2.275 miR-2284r 1.239 miR-126 0.802 

let-7f 2.166 miR-543 1.226 let-7g 0.774 

miR-1185 2.087 miR-19a 1.218 miR-375 0.772 

miR-2343 2.087 miR-495 1.200 miR-2285c 0.743 

miR-340 2.087 miR-217 1.154 miR-660 0.721 

miR-324 2.087 miR-2304 1.087 miR-25 0.674 

miR-135a 2.087 miR-184 1.087 miR-30d 0.661 

miR-27a-3p 2.024 miR-2887 1.087 miR-103 0.652 

miR-10b 1.969 miR-2478 1.084 miR-205 0.647 

miR-219-3p 1.962 miR-10a 1.080 miR-374b 0.640 

miR-421 1.894 miR-194 1.076 miR-128 0.602 

miR-26b 1.867 let-7d 1.071 miR-218 0.582 

miR-34b 1.846 miR-335 1.052 miR-424 0.569 

miR-20a 1.827 miR-383 1.050 miR-411 0.547 

miR-141 1.765 miR-181b 1.026 let-7c 0.537 

miR-17-3p 1.765 miR-345-3p 1.017 miR-147 0.502 

let-7e 1.733 miR-1814c 0.988 miR-382 0.502 

miR-2284h 1.725 miR-450 0.979 miR-135b 0.502 

miR-122 1.690 miR-26a 0.959 miR-142 0.502 
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S.TABLE 4.2 – Differential expression of miRNA between GV Oocytes and Zygotes from 

Figure 11C 

 

Differential Expression: PZ (+) Relative to GV (-) 

ID (Bta-) 
Log2 Fold-

Change 
ID (Bta-) 

Log2 Fold-

Change 
ID (Bta-) 

Log2 Fold-

Change 

miR-196a 0.502 miR-2336 0.180 miR-125a -0.323 

miR-2284a 0.502 miR-199c 0.180 miR-2484 -0.343 

miR-2311 0.502 miR-105a 0.179 miR-99b -0.365 

miR-2315 0.502 miR-139 0.172 miR-202 -0.425 

miR-429 0.502 miR-2464-3p 0.154 miR-132 -0.436 

miR-671 0.502 miR-101 0.143 miR-2411 -0.436 

miR-877 0.502 miR-105b 0.125 miR-153 -0.498 

miR-2904 0.502 miR-2284q 0.124 miR-2308 -0.498 

miR-216a 0.502 miR-129-3p 0.099 miR-708 -0.498 

miR-191 0.486 miR-125b 0.094 miR-23b-5p -0.498 

miR-145 0.475 miR-451 0.087 miR-33a -0.498 

miR-32 0.460 let-7i 0.046 miR-361 -0.498 

miR-379 0.452 miR-133a -0.083 miR-374a -0.498 

miR-100 0.446 miR-214 -0.083 miR-95 -0.498 

let-7b 0.431 miR-365-3p -0.083 miR-130a -0.498 

miR-106b 0.424 miR-143 -0.093 miR-199a-5p -0.509 

miR-181a 0.416 miR-34c -0.095 miR-31 -0.549 

miR-19b 0.404 miR-193a-5p -0.096 miR-2404 -0.600 

miR-1 0.403 miR-224 -0.124 miR-23b-3p -0.620 

miR-2284x 0.394 miR-423-5p -0.150 miR-484 -0.622 

miR-29a 0.380 miR-2487 -0.153 miR-455 -0.682 

miR-200b 0.373 miR-30e-5p -0.161 miR-192 -0.703 

miR-30a-5p 0.371 miR-99a -0.174 miR-452 -0.707 

miR-27b 0.341 miR-425-5p -0.176 miR-331 -0.771 

miR-1284 0.332 miR-199a-3p -0.183 miR-497 -0.785 

miR-2476 0.324 miR-150 -0.191 miR-151 -0.798 

miR-30b-5p 0.306 miR-204 -0.200 miR-148a -0.809 

miR-187 0.304 miR-185 -0.201 miR-1306 -0.876 

miR-195 0.288 miR-215 -0.220 miR-504 -0.885 

miR-200a 0.247 miR-320 -0.233 miR-2415 -0.927 

miR-152 0.239 miR-22-3p -0.239 miR-328 -0.978 

miR-24 0.239 miR-18a -0.257 miR-96 -0.983 

miR-409 0.239 miR-30c -0.265 miR-2419 -0.995 

miR-23a 0.229 miR-1468 -0.289 miR-181d -1.000 

miR-1248 0.217 miR-199b -0.315 miR-92b -1.023 

miR-767 0.183 miR-24-3p -0.318 miR-1307 -1.043 
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S.TABLE 4.3 – Differential expression of miRNA between GV Oocytes and Zygotes from 

Figure 11C 

 

Differential Expression: PZ (+) Relative to GV (-) 

ID (Bta-) 
Log2 Fold-

Change 
ID (Bta-) 

Log2 Fold-

Change 
ID (Bta-) 

Log2 Fold-

Change 

miR-1298 -1.051 miR-15b -2.305   

miR-363 -1.083 miR-505 -2.339   

miR-2885 -1.083 miR-210 -2.393   

miR-2427 -1.083 miR-2387 -2.452   

miR-532 -1.136 miR-1777a -2.498   

miR-502a -1.249 miR-669 -2.668   

miR-3431 -1.281 miR-744 -2.716   

miR-330 -1.305 miR-500 -2.746   

miR-2463 -1.405 miR-27a-5p -2.746   

miR-148b -1.411 miR-2299-5p -3.083   

miR-1940 -1.457 miR-296 -3.246   

miR-342 -1.480 miR-677 -3.269   

miR-502b -1.498 miR-193b -3.405   

miR-223 -1.498 

  

  

miR-2285a -1.498 

  

  

miR-2473 -1.498 

  

  

miR-1843 -1.498 

  

  

miR-127 -1.511 

  

  

miR-1291 -1.533 

  

  

miR-2332 -1.597 

  

  

miR-339 -1.597 

  

  

miR-769 -1.668 

  

  

miR-653 -1.668 

  

  

miR-423-3p -1.684 

  

  

miR-30f -1.720 

  

  

miR-197 -1.746 

  

  

miR-381 -1.771 

  

  

miR-449a -1.820 

  

  

miR-485 -1.820 

  

  

miR-874 -1.820 

  

  

miR-140 -1.960 

  

  

miR-1271 -1.963 

  

  

miR-378 -1.998 

  

  

miR-370 -2.198 

  

  

miR-2440 -2.235     

miR-1388-5p -2.305     
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S.Table 5 – MicroRNA read count and expression fold-change from sequencing and qPCR validation results between GV 

and MII oocytes. 

Comparison miRNA (bta-) 

Small-

RNASeq 

Count (GV) 

Small-

RNASeq 

Count (MII) 

Small-

RNASeq Fold 

Change 

(Log2) 

Small-

RNASeq 

Expression 

qPCR 

Fold 

Change 

(Log2) 

qPCR 

Expression 

Validated/ Not 

Validated 

GV vs MII 

miR-155 143.05 11,933.33 6.382 Up 6.078 Up Validated 

miR-222 85.83 885.99 3.368 Up 10.306 Up Validated 

miR-21 25,873.25 340,546.97 3.781 Up 3.752 Up Validated 

miR-190a 3.18 11.01 1.791 Up -0.658 Down Not Validated 

miR-212 15.89 404.47 4.669 Up -0.247 Down Not Validated 

let-7a 6,090.82 7,302.53 0.262 Up 0.571 Up Validated 

let-7d 480.02 1,125.37 1.229 Up 1.041 Up Validated 

let-7g 3,735.23 5,266.40 0.496 Up 0.453 Up Validated 

let-7i 22,192.06 27,176.73 0.292 Up 0.657 Up Validated 

miR-2361 22.25 2.75 -3.016 Down 1.314 Up Not Validated 

miR-708 12.72 60.53 2.251 Up 0.615 Up Validated 

miR-744 1,064.94 409.98 -1.377 Down 0.131 Up Not Validated 

miR-677 2,733.87 1,689.43 -0.694 Down 0.604 Up Not Validated 

miR-27a-3p 273.39 1,144.63 2.066 Up 0.455 Up Validated 

miR-193a 47.68 22.01 -1.115 Down 0.215 Up Not Validated 

miR-138 168.48 346.69 1.041 Up -0.187 Down Not Validated 

miR-148a 1,289,234.30 688,195.60 -0.906 Down -0.216 Down Validated 

miR-148b 3,388.73 1,755.47 -0.949 Down 0.13 Up Not Validated 
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S.Table 6 – MicroRNA read count and expression fold-change from sequencing and qPCR validation results between MII 

oocytes and PZ. 

Comparison miRNA (bta-) 

Small-

RNASeq 

Count 

(MII) 

Small-

RNASeq 

Count (PZ) 

Small-RNASeq 

Fold Change 

(Log2) 

Small-

RNASeq 

Expression 

qPCR 

Fold 

Change 

(Log2) 

qPCR 

Expression 

Validated/ Not 

Validated 

MII vs PZ 

miR-155 11,933.33 15,128.19 0.341 Up 1.429 Up Validated 

miR-222 885.99 594.32 -0.576 Down 0.986 Up Not Validated 

miR-21 340,546.97 149,611.49 -1.187 Down 0.082 Up Not Validated 

miR-190a 11.01 22.51 1.032 Up -0.313 Down Not Validated 

miR-212 404.47 220.62 -0.874 Down -0.766 Down Validated 

let-7a 7,302.53 17,798.13 1.285 Up 0.333 Up Validated 

let-7d 1,125.37 1,008.55 -0.158 Down 0.795 Up Not Validated 

let-7g 5,266.40 6,388.96 0.279 Up -0.021 Down Not Validated 

let-7i 27,176.73 22,903.90 -0.247 Down 0.513 Up Not Validated 

miR-2361 2.75  -  - - 0.381 Up - 

miR-708-5p 60.53 9 -2.75 Down -0.05 Down Validated 

miR-744-5p 409.98 162.09 -0.339 Down 0.803 Up Not Validated 

miR-677 1,689.43 283.65 -2.574 Down 0.366 Up Not Validated 

miR-27a-3p 1,144.63 1,112.10 -0.042 Down -0.034 Down Validated 

miR-193-3p 38.52 4.5 -3.097 Down -0.395 Down Validated 

miR-138-5p 346.69 535.79 0.628 Up 0.157 Up Validated 

miR-148a-5p 688,195.60 735,986.41 0.097 Up 0.575 Up Validated 

miR-148b-5p 1,755.47 1,274.19 -0.462 Down 0.423 Up Not Validated 
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S.Table 7 – MicroRNA read count and expression fold-change from sequencing and qPCR validation results between GV 

oocytes and PZ. 

Comparison miRNA (bta-) 

Small-

RNASeq 

Count (GV) 

Small-

RNASeq 

Count (PZ) 

Small-RNASeq 

Fold Change 

(Log2) 

Small-

RNASeq 

Expression 

qPCR Fold 

Change 

(Log2) 

qPCR 

Expression 

Validated/ 

Not Validated 

GV vs PZ 

miR-155 143.05 15,128.19 6.725 Up 7.507 Up Validated 

miR-222 85.83 594.32 2.792 Up 11.292 Up Validated 

miR-21 25,873.25 149,611.49 2.532 Up 3.834 Up Validated 

miR-190a 3.18 22.51 2.824 Up -0.971 Down Not Validated 

miR-212 15.89 220.62 3.795 Up -1.013 Down Not Validated 

let-7a 6,090.82 17,798.13 1.547 Up 0.905 Up Validated 

let-7d 480.02 1,008.55 1.071 Up 1.836 Up Validated 

let-7g 3,735.23 6,388.96 0.774 Up 0.432 Up Validated 

let-7i 22,192.06 22,903.90 0.046 Up 1.17 Up Validated 

miR-2361 22.25  -  - - 1.695 Up - 

miR-708-5p 12.72 9 -0.498 Down 0.566 Up Not Validated 

miR-744-5p 1,064.94 162.09 -2.716 Down 0.934 Up Not Validated 

miR-677 2,733.87 283.65 -3.269 Down 0.97 Up Not Validated 

miR-27a-3p 273.39 1,112.10 2.024 Up 0.421 Up Validated 

miR-193-3p 47.68 4.5 -3.405 Down -0.179 Down Validated 

miR-138-5p 168.48 535.79 1.669 Up -0.03 Down Not Validated 

miR-148a-5p 1,289,234.30 735,986.41 -0.809 Down 0.358 Up Not Validated 

miR-148b-5p 3,388.73 1,274.19 -1.411 Down 0.553 Up Not Validated 
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S.TABLE 8 – Predicted protein targets of miRNAs present in the proteome signature from Deutsch et al. (2014) with 

corresponding fold change between MII and Zygotes. 

miR-155 miR-222 let-7d miR-21 miR-190a 

Predicted 

Targets 

Present in 

Proteome 

Proteome 

Log2Fold 

Change MII 

(-) vs PZ (+) 

Predicted 

Targets 

Present in 

Proteome 

Proteome 

Log2Fold 

Change 

MII (-) vs 

PZ (+) 

Predicted 

Targets 

Present in 

Proteome 

Proteome 

Log2Fold 

Change MII 

(-) vs PZ (+) 

Predicted 

Targets 

Present in 

Proteome 

Proteome 

Log2Fold 

Change 

MII (-) vs 

PZ (+) 

Predicted 

Targets 

Present in 

Proteome 

Proteome 

Log2Fold 

Change 

MII (-) vs 

PZ (+) 

Predicted 

Targets 

Present in 

Proteome 

Proteome 

Log2Fold 

Change 

MII (-) vs 

PZ (+) 

CREG1 -0.224 ARF4 0.131 CAP1 0.041 PGRMC1 -0.54 PCBP1 0.102 MYH10 -0.044 

TALDO1 -0.260 ARL6IP1 0.208 SLC25A4 0.895 MTMR3 -0.284 RAB11A -0.331 PITPNA 0.072 

RAB6A -0.534 PAIP1 -0.243 

SLC25A2

4 -0.129 GNS 0.003 STAT3 0.009 USP15 0.051 

DNAJB1 0.057 EIF3J 0.163 CALU -0.233 PGM2L1 -0.417 RAB6A -0.534 SPTBN1 -0.451 

RHEB 0.302 ITGA2 -0.703 CASP3 0.176 LIPT2 0.086 UQCRB 0.136 

KIAA103

3 0.104 

RAB5C 0.540 OLA1 -0.227 DDX19B -0.015 RALB -0.408 DNAJA2 -0.282 

  

RCN2 -1.080 

PAFAH1

B1 -0.086 DLST -0.046 RAB6B 0.038 RASA1 0.099 

  
TRIM32 -0.115 RAB1A -0.300 GLRX -0.15 SUCLG2 -0.298 TNPO1 -0.382 

  
LAMP2 -0.050 SKP1 0.010 NAP1L1 -0.067 STX17 -0.441 TRAPPC8 -0.069 

  
ANKFY1 -0.879 IGF2BP2 0.125 UBFD1 -0.231 TES -0.38 

    
ATP6V1C1 -0.276 HIP1 0.148 IGF2BP3 -0.185 IGF2BP2 0.125 

    
ATP6V1G1 -0.124 FMR1 -0.378 DPP3 0.028 SEC24C 0.837 

    

YWHAE -0.200 

RAB3GA

P2 -0.275 DLD -0.076 ATP2A2 0.571 

    
YWHAZ -0.079 VAPB -0.496 DKK3 -0.435 TMPO 0.091 

    

  

YWHAG -0.332 DNAJA2 -0.282 RAB3GAP2 -0.275 

    

    

UHRF1 0.721 ANKFY1 -0.879 

    

    

EIF4G2 -0.22 MYO5B -0.292 

    

    

GSPT1 -0.163 NPEPL1 -0.106 

    

    

IARS 0.059   
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APPENDIX II – DETECTION OF TSPY IN INDIVIDUAL BOVINE BLASTOCYSTS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure AII – TSPY Detection in Individual Bovine Blastocysts. Detection of the TSPY gene 

in individual bovine blastocysts in chapter 1 using qPCR. Postive controls were DNA isolated 

from male and female bovine leukocytes. Samples 113-118 were considered male blastocysts 

and sample 1-5 were classified as female blastocysts. 
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