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Abstract 
 

PADI6 is a maternal effect gene (MEG) that is expressed throughout oocyte 

maturation and appears to be critical for early embryo development and embryonic 

genome activation (EGA). It is described as the fifth member of the oocyte-specific 

subcortical maternal complex (SCMC), which is involved in transcription, epigenetic 

regulation and cytoskeletal organisation.  PADI6 is also essential for the maintenance 

of critical structures in the oocyte called cytoplasmic lattices that are believed to 

function as storage sites for maternal transcripts and proteins. It is hypothesised that 

PADI6 is involved in translational regulation in the oocyte in preparation for EGA. 

Experiments were conducted on bovine oocytes as a physiologically relevant model 

for functional investigations of the role of PADI6 and its interaction with the SCMC 

during human oocyte maturation and embryo development. 

 
Initial studies characterising the expression of PADI family genes in different bovine 

somatic tissues showed that PADI6 expression was restricted to the oocyte and early 

embryo. PADI6 expression patterns were mapped across bovine oocyte meiotic 

maturation following the in vitro maturation (IVM) of oocytes and during 

preimplantation embryogenesis in embryos derived following in vitro fertilisation and 

embryo culture to the blastocyst stage. Quantitative PCR analysis of Smart-seq2 

cDNA libraries from individual oocytes and embryos indicated that PADI6 was highly 

expressed in the germinal vesicle (GV) and metaphase II (MII) oocytes and embryos 

prior to EGA (8-16 cell stage in bovine) and thereafter was significantly reduced by 

the blastocyst stages. This expression pattern was in marked contrast to the tissue 

distribution of other members of the PADI family PADI1-4 which showed no 

expression in oocytes and early embryo development in the bovine model. The 

expression patterns of the other members of the SCMC – namely KHDC3L, NLRP5, 

OOEP and TLE6 were also mapped across oocyte maturation and preimplantation 

embryo development. 

 

Functional analysis of the role of PADI6 during bovine oocyte maturation was 

conducted using a validated system for the microinjection of double-stranded short-

interfering RNAs (dsiRNAs) into cumulus-enclosed GV oocytes (n=17) relative to 

duplex buffer injected (n=22) and scrambled siRNA (n=19) controls. Gene knockdown 

(KD) was assessed following 24 hr of IVM and was found to reduce the expression of 

PADI6 by an average of 74±3.6% (p<0.05). KD of PADI6 did not affect oocyte meiotic 

progression to metaphase II or cumulus expansion after IVM. However, targeted real-
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time PCR highlighted 7 transcripts (DNMT3A, DPPA3, PLAGL1, PRDX1, TRIM28, 

ZP1 and ZFP57) associated with oocyte and embryo developmental competence and 

epigenetic regulation that were significantly dysregulated in PADI6KD oocytes. Full 

transcriptome analysis by RNA sequencing was conducted on 6 individual PADI6KD 

MII oocytes and 12 controls. Bioinformatic analysis identified 452 differentially 

expressed genes (DEGs): 165 genes were downregulated and 287 genes were 

upregulated following PADI6 KD. Network analysis revealed that 61 DEGs were 

directly or indirectly linked to PADI6. A diverse number of transcripts were involved in 

RNA processing and translation. Genes from 7 downstream networks and 10 

downstream networks were associated with infertility and organisation of the 

cytoskeleton, respectively. Finally, KD of PADI6 appeared to impact oocyte 

metabolism as the regulation of 5 amino acids was altered in PADI6KD oocytes 

compared to controls. 
 
Overall, the results of this thesis suggest a role for PADI6 in translational control of 

maternal transcripts which may impact on oocyte developmental competence in the 

bovine. 
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Chapter 1 Introduction 
 

For females, the path to procreation begins many years prior to puberty during the 

specialisation of oocytes (female gametes) in the foetal ovary. Development of the 

oocyte (oogenesis) requires paracrine signalling from follicular somatic cells in a 

highly specialised unit of the ovary known as the follicle. Simultaneously, the oocyte 

and follicle grow and mature in response to intraovarian factors and endocrine 

signalling (Sanchez and Smitz, 2012). Oogenesis begins with the development of 

oogonia from pluripotent primordial germ cells (PGCs). Oogonia enter meiosis to 

become diploid primary oocytes and immediately arrest at the dictyate stage of 

prophase I, forming a germinal vesicle (GV) (Figure 1.1) (Virant-Klun, 2015). GV 

oocytes become enveloped by somatic precursor cells giving rise to primordial 

follicles. Although meiosis has stopped, GV oocytes are transcriptionally active and 

continue to grow within follicles. In cows, there are 4 GV chromatin configurations, 

GV0 to GV3. At GV0, uncondensed chromosomes are dispersed in the nucleoplasm. 

The transition of chromatin configurations through GV1 and GV2 is characterised by 

condensation of chromosomes until by GV3, there is a distinct focus of chromatin 

occupying a small region of the nucleus (Lodde et al., 2007). The GV chromatin state 

changes with follicle development as small antral follicles primarily have GV0 

configuration whereas medium antral follicles have a mixture of GV1-GV3 

configuration (Luciano and Sirard, 2018a). In the GV oocyte, maternal mRNAs are 

transcribed but many are translationally repressed for storage (Winata and Korzh, 

2018). The transition from GV0 to GV3 is associated with transcriptional silencing, 

changes to the epigenetic signature and acquisition of developmental competence 

(Luciano and Sirard, 2018a). At appropriate developmental time points, stored 

mRNAs are activated and translated into proteins for processes such as meiotic 

maturation or early embryo development. Primary oocytes are maintained in the ovary 

for many years until puberty begins. At puberty, cyclic gonadotrophins stimulate 

primary oocytes to complete meiosis I and extrude the first polar body giving rise to a 

secondary oocyte. The secondary oocyte arrests again at metaphase II (MII) meiosis 

II (Figure 1.1). For monoovular species, such as human and bovine, 15-20 follicles 

are recruited during each reproductive cycle but only 1 follicle, known as the dominant 

follicle, matures and is ovulated (Salha et al., 1998). Meiosis is only completed upon 

sperm entry and a second polar body is extruded. 
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Figure 1.1 Timeline for oocyte meiotic maturation in mouse, bovine and human species. 

The diploid primary oocyte arrests in dictyate stage of prophase I, forming a germinal 

vesicle, within a follicle. Cyclic gonadotrophins stimulate primary oocytes to undergo 

germinal vesicle breakdown and complete meiosis I to extrude the first polar body 

giving rise to a secondary oocyte. The secondary oocyte arrests again at metaphase 

II until fertilisation. 

Upon fertilisation, the sperm and oocyte pronuclei are processed and epigenetically 

reprogrammed by factors in the oocyte to produce a totipotent zygote (Biechele et al., 

2015). The development of a healthy embryo requires a plethora of male and female 

genetic, epigenetic and cellular factors that act in concert to enable cell division, 

epigenetic reprogramming and differentiation. Epigenetic modifications describe 

dynamic changes to gene expression without changing the DNA sequence. They are 

responsible for cell differentiation, X-chromosome inactivation and imprinting (Sasaki 

and Matsui, 2008). The genome must lose pre-existing somatic epigenetic marks, 

gain gamete-specific marks and subsequently undergo selective reprogramming to 

produce a successful embryo. To this end, maternal factors that have accumulated 

during oocyte maturation, known as maternal effect genes (MEGs), coordinate early 

embryonic processes (Fraser and Lin, 2016). The embryo is said to be under maternal 

control for the first few cleavage divisions until the embryonic genome is activated 

(EGA). Mutations in MEGs can have detrimental effects on embryo development and 

lead to a variety of human pathologies, including female infertility (Li et al., 2010a). 

 

Recently, a maternally derived multi-protein complex called the subcortical maternal 

complex (SCMC) was identified in the oocytes and embryos of mice and humans that 

appears to be fundamental to preimplantation embryo development. Individual 

members of the SCMC, KH domain containing 3 like (KHDC3L), transducin like 
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enhancer of split 6 (TLE6) and peptidylarginine deiminase 6 (PADI6), have been 

linked to female infertility characterised by early embryonic arrest (Alazami et al., 

2015; Parry et al., 2011; Xu et al., 2016). The function of the SCMC is currently 

unclear but research has recently led to the identification of key interactors and 

networks that will advance our study in this area. Better knowledge of the role of this 

supra-molecular complex and the biological mechanisms and pathways that it 

controls within the oocyte/embryo, may facilitate earlier diagnosis after failed in vitro 

fertilisation (IVF) cycles and add to our understanding of early developmental failure.  

 

It is worth noting that there are differences in oogenesis, fertilisation and 

preimplantation embryo development between the mammalian species. The mouse 

model is often used for research due to its small size, relatively short life span and 

ease of genetic manipulation to produce knockout offspring (Quinn and Horstman, 

1998; Taft, 2008). Although much research has been conducted in mice and has 

facilitated the development of assisted reproduction in humans, the mouse is not the 

most physiologically relevant animal to human oocyte maturation and embryo 

development (Santos et al., 2014). Firstly, the mouse is polyovulatory meaning that it 

releases multiple oocytes at each ovulation. There are also differences in gene 

expression, response to growth factors and timing of developmental stages between 

mice and humans. For example, activin enhances PGC proliferation in humans but 

inhibits it in mice (Martins da Silva et al., 2004; Richards et al., 1999). The timing of 

oogenesis and folliculogenesis also differ between human and mouse (Pepling, 

2006). However, the nature of implantation in humans is closely reflected in mouse 

(Taft, 2008). Alternatively, the bovine is a good model for human oocyte and 

preimplantation embryo development: it is monovulatory and has a similar gestation 

time and endocrine signalling (Adams and Pierson, 1995; Malhi et al., 2007). 

Likewise, the bovine and human oocyte are similar in their size and timings of 

development, and in the fine regulation of processes such as folliculogenesis, 

polyadenylation and metabolism (Menezo and Herubel, 2002). This review aims to 

provide an insight into the regulation of oocyte and follicle development as well as 

background literature on the SCMC and PADI6. Much of the work that is described 

originates from research in mice but efforts will be made to address human and 

bovine species throughout.  
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1.1 Specification of primordial germ cells  
 

PGCs are the germline precursor cells that enter meiosis to produce gametes. Much 

of the current knowledge about mammalian PGC specification stems from research 

in mice due to the ethical and logistical challenges that surrounds human embryo 

research (Nikolic et al., 2016; Tilgner et al., 2008). During gastrulation of the embryo, 

a small number of cells are set aside to become the germ cell population. Such PGCs 

display high alkaline phosphatase expression which has facilitated the identification 

and tracking of these cells through the embryo (Chiquoine, 1954; Ginsburg et al., 

1990). PGCs differentiate from the proximal epiblast as a result of signalling from 

transforming growth factor beta (TGF-β) superfamily ligands, bone morphogenetic 

proteins (BMP) (Lawson et al., 1999; Lawson and Hage, 1994). Specifically, BMP4 

and BMP8b, secreted from the extra-embryonic ectoderm, activate downstream 

signal mediator Smads that translocate to the nucleus to alter gene expression 

(Hayashi et al., 2002; Shi and Massague, 2003). BMP8b augments the action of 

BMP4 by antagonising anterior visceral endoderm development, which would 

otherwise inhibit PGC differentiation (Ying et al., 2000; Ying et al., 2001). Alongside 

BMP4, BMP2 signalling from the visceral endoderm has an additive effect on PGC 

specification (Ying and Zhao, 2001). Further, Wnt family member 3 (WNT3) signalling 

from the epiblast activates intracellular transcriptional factor T/Brachyury (Aramaki et 

al., 2013). PGC fate is determined by activation of transcriptional regulators B 

lymphocyte-induced maturation protein 1 (Blimp1) and PR domain zinc finger protein 

14 (Prdm14) in the epiblast (Ohinata et al., 2009; Saitou et al., 2005). In mouse and 

humans, BLIMP1 and PRDM14 repress somatic cell programming, such as 

homeobox genes, and upregulate PGC/pluripotency genes, such as sex determining 

region Y-box 2 (Sox2),  Nanog homeobox (Nanog), Octamer binding transcription 

factor 4 (Oct4), Nanos C2HC-type zinc finger 3 (Nanos3) and Developmental 

pluripotency associated 3 (Dppa3) (also known as Stella or Pgc7) (Kurimoto et al., 

2008a; Ohinata et al., 2005; Sato et al., 2002; Sybirna et al., 2019; Yamaji et al., 

2008). PGCs also undergo extensive genome-wide epigenetic reprogramming 

(Section 1.6.2) (Hackett et al., 2012; Seki et al., 2007). 

 

Proliferating PGCs migrate to the hindgut due to Kit Ligand (KL) signalling, where 

they occupy the gonadal ridge and differentiate to become male or female gametes 

(Chiquoine, 1954; Farini et al., 2007; Gu et al., 2009). PGC migration and survival is 

dependent upon C-X-C chemokine receptor type 4 (CXCR4)-stromal cell-derived 
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factor 1 (SDF1) signalling whereby PGCs expressing receptor CXCR4 are attracted 

to high levels of the ligand SDF1 in the gonadal ridge (Molyneaux et al., 2003). 

Downregulation of phospho-Smad159 was found to decrease the sensitivity of PGCs 

at the base of the allantois to Bmp signalling to maintain PGC identity in mice (Senft 

et al., 2019). In female gonads, PGCs become oogonia that undergo many rounds of 

mitosis before clustering to form a nest, or syncytium, connected to one another via 

cytoplasmic bridges (Oktem and Urman, 2010; Pepling and Spradling, 1998; Pepling 

and Spradling, 2001). Oogonia undergo pre-meiotic DNA synthesis, mediated by 

stimulated by retinoic acid 8 (STRA8), and enter meiosis to become primary oocytes 

(Baltus et al., 2006). Primary oocytes maintain meiotic arrest at diplotene of prophase 

I, meiosis I and only resume meiosis upon ovulation (Baker and Franchi, 1967; Picton 

et al., 1998). At this stage they are known as GV oocytes as the DNA is arranged in 

decondensed chromosomes packed within a nucleus called the GV. Primary oocytes 

become surrounded by somatic pre-granulosa cells (GCs) and enter folliculogenesis.  

 

In females, dogma states that there is a finite pool of oocytes that degenerate over 

time to a threshold level, at which time menopause occurs (Faddy et al., 1992; 

Lintern-Moore and Moore, 1979; Zuckerman, 1951). It has been suggested that in 

some species a subset of oocytes selectively die to provide cellular components, such 

as mitochondria, for other oocytes, similar to nurse cells in Drosophila (McNatty et al., 

2000; Pepling and Spradling, 2001). Meanwhile, pre-GCs invade the germ cell nest 

and envelop the remaining diploid primary oocytes to form PGCs (Pepling and 

Spradling, 2001). Although widely accepted since the work of Zuckerman (1951), the 

dogma of ovarian programming was challenged by numerous researchers who 

identified so called “postnatal ovogenesis” or “neo-oogenesis” in the adult ovaries of 

different species (David et al., 1974; Duke, 1967; Pansky and Mossman, 1953; 

Porras-Gomez and Moreno-Mendoza, 2017; Vermande-Van Eck, 1956). More 

recently, Johnson et al. (2004) published their discovery and isolation of female 

germline stem cells (FGSCs) from adult mice ovaries that formed follicles upon 

transplantation into the ovaries of adult wild-type mice. Further, Zou et al. (2009) were 

able to produce healthy offspring from isolated mouse FGSCs following implantation 

into chemotherapy-sterilised mice. Further proof of concept of the existence of 

FGSCs has been provided for other mammals, including human as FGSCs have been 

isolated from ovarian surface epithelium of adult ovaries (Parte et al., 2011; Virant-

Klun et al., 2008; White et al., 2012). The research surrounding so called FGSCs or 

oocyte stem cells has been heavily criticised, but with emerging data to support this 
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hypothesis, the general consensus may be changing (Clarkson et al., 2018; Johnson 

et al., 2005; Martin et al., 2019; Telfer et al., 2005).  

 

1.2 Folliculogenesis  
 

Female gametes require the support of somatic cells that envelop immature oocytes 

in the ovary of the developing foetus to form follicles. Communication between these 

cell types is essential for correct oocyte maturation and follicle growth (McNatty et al., 

2004; Russell et al., 2016). Somatic cell-derived factors act on the oocyte to regulate 

transcription and translation whilst oocyte-derived factors stimulate proliferation and 

differentiation of follicular somatic cells (Gilchrist et al., 2006). Previously it was 

thought that the oocyte developed passively as a result of somatic cell signalling. It is 

now understood that the oocyte is an active driver of its own development, and this 

continues after fertilisation as the embryonic genome is not activated until after the 

first few cleavage divisions (Eppig, 2001; Eppig et al., 2002). The 2 main somatic cell 

types are GCs and theca cells. They respond to growth factor signalling through a 

variety of receptors and later in folliculogenesis become gonadotrophin-dependent 

responding to follicle stimulating hormone (FSH) and luteinising hormone (LH) 

(Sanchez and Smitz, 2012). GCs are the primary supporting cells of oocyte growth 

from primordial follicle activation to post-ovulation. In the latter follicles, from 

secondary stages onwards, both cell types undergo steroidogenesis to produce 

progesterone, oestrogens and androgens (Channing, 1980; Haney and Schomberg, 

1981; McNatty et al., 1979; Rimon-Dahari et al., 2016; Skinner, 2005).  

 

Primordial follicles are considered the “resting pool” from which follicles can develop 

or be depleted by atresia (Skinner, 2005). They consist of a single primary oocyte 

surrounded by a layer of flattened GCs enclosed within a thin membrane. GCs 

differentiate into cuboidal GCs and proliferate to form primary follicles, which are 

considered the first stage of the “growing follicle pool” (Lintern-Moore and Moore, 

1979; Picton, 2001). Subsequently, cuboidal GCs proliferate and the theca interna 

and zona pellucida form, giving rise to the secondary follicle (Picton et al., 1998). The 

zona pellucida is a glycoprotein layer that separates the oocyte from GCs. Gap 

junctions form between GCs and the oolemma permitting communication with the 

growing oocyte (Anderson and Albertini, 1976; Conti et al., 2012). By the preantral 

follicle stage, there are 7-8 layers of GCs and a theca layer comprised of the theca 

internal and theca externa. The thecal cell layers provide an independent blood 
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supply to the growing follicle and signal transduction between GCs and the oocyte 

(McLaughlin and McIver, 2009). These early stages of folliculogenesis are not 

gonadotrophin-dependent. During the early antral and antral stages, fluid-filled 

spaces appear in the GCs.  When follicles reach a diameter of around 200-500µm, 

the antral cavity forms and is filled with follicular fluid providing the oocyte with 

oxygen, carbohydrates, amino acids (AAs), growth factors etc. (Picton et al., 1998; 

Sutton et al., 2003). Furthermore, GCs differentiate into mural GCs and cumulus cells 

to form the cumulus-oocyte complex (COC). The latter follicle stages from ~8-9mm in 

diameter in cow and humans become progressively more gonadotrophin-dependent 

(Rimon-Dahari et al., 2016). For monoovulatory species, a dominant follicle is 

selected to progress to ovulation in each reproductive cycle from puberty onwards, 

while other antral follicles undergo atresia (Hsueh et al., 1994). A preovulatory surge 

of LH triggers nuclear and cytoplasmic maturation of the oocyte and resumption of 

meiosis to a MII oocyte (Binelli and Murphy, 2010; Hsueh et al., 1994). Furthermore, 

the increase in LH induces expression of fibronectin in follicular walls and causes 

secretion of hyaluronic acid which results in granulosa mucification (Chen et al., 1993; 

Kitasaka et al., 2018). The follicle protrudes from the ovary and ruptures to release a 

secondary MII oocyte in preparation for fertilisation. After ovulation, the granulosa and 

theca cells undergo remodelling to become the corpus luteum (CL) which secretes 

progesterone and oestradiol until the placenta can support the pregnancy 

(Kwintkiewicz and Giudice, 2009).  

 

1.2.1 Primordial follicle formation 
 

Primordial follicle formation relies on the expression of a number of transcriptional 

regulators in the ovary: factor in the germ line alpha (FIGLA), newborn ovary 

homeobox (NOBOX), LIM-homeobox protein 8 (LHX8), spermatogenesis and 

oogenesis-specific basic helix-loop-helix transcription factor (SOHLH) 1 and SOHLH2 

(Choi et al., 2008a; Choi et al., 2008b; Pangas et al., 2006; Rajkovic et al., 2004; 

Soyal et al., 2000). Knockout studies in mice have shown that ablation of any 1 of 

these genes precludes primordial follicle formation and maintenance, and disrupts the 

regulation of additional genes in folliculogenesis (Lim and Choi, 2012). For example, 

Figla knockout female mice display normal PGC differentiation and migration, 

however, primordial follicles do not form and oocytes rapidly deplete resulting in 

female sterility (Soyal et al., 2000). FIGLA regulates the transcription of zona pellucida 

proteins (Zp1, 2 and 3), together with other key oocyte genes Oct4, Dppa3, Padi6 
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and nucleotide-binding, leucine-rich repeat and pyrin domain-containing protein (Nlrp) 

family (Joshi et al., 2007; Liang et al., 1997). Its expression is also maintained 

throughout folliculogenesis, suggesting it regulates downstream genes that are 

necessary for follicle formation (Choi and Rajkovic, 2006b). Similarly, Nobox knockout 

mice have impaired primordial follicle development, post-natal oocyte loss and 

downregulation of many critical oocyte genes including growth differentiation factor 9 

(Gdf9), Oct4 and Padi6 (Choi et al., 2010; Choi and Rajkovic, 2006a; Rajkovic et al., 

2004). Genetic ablation of Figla and Nobox shows a sexually dimorphic phenotype 

with male counterparts displaying normal fecundity.  

 

On the other hand, ovarian progesterone suppresses the formation of primordial 

follicles in the foetal ovary by inhibiting tumour necrosis factor α (TNF-α), which is 

responsible for the selective apoptosis of oocytes to allow other oocytes to be 

packaged into primordial follicles (Allen et al., 2016; Kezele and Skinner, 2003; 

Marcinkiewicz et al., 2002; McNatty et al., 2000; Nilsson and Skinner, 2009). Inhibitory 

factors such as tuberous sclerosis 1 (Tsc-1), Phosphatase and tensin homolog (Pten), 

Forkhead box O3a (Foxo3a), Cyclin-dependent kinase inhibitor 1B (Cdkn1b/p27) and 

Forkhead box L2 (Foxl2) prevent the primordial to primary follicle transition thereby 

maintaining the ovarian reserve (Oktem and Urman, 2010).   

 

1.2.2 Primordial to primary follicle transition  
 

A range of paracrine, autocrine and endocrine factors have been implicated in the 

transition from primordial to primary follicle. Firstly, GC-derived KL-2 acts on its 

receptor, c-Kit, expressed in developing oocytes and theca cells (Horie et al., 1993; 

Horie et al., 1991; Manova et al., 1993; Tuck et al., 2015). Depending on how the 

mRNA is spliced, KL can be expressed as either a soluble (KL-1) or membrane bound 

form (KL-2) (Huang et al., 1992). The balance between KL-1 and KL-2 expression is 

thought to be critical for correct oocyte development (Hutt et al., 2006). KL-2 was 

found to promote primordial to primary folliculogenesis through activation of the 

PI3K/AKT pathway and repression of FOXO3, as well as by stimulating stroma and 

theca cell proliferation and thecal androgen synthesis (Parrott and Skinner, 1999; 

Reddy et al., 2005; Yoshida et al., 1997). Further, basic fibroblast growth factor 

(bFGF) in oocytes increases granulosa-derived KL expression and stimulates theca 

and stroma cell growth (Nilsson et al., 2001; Nilsson and Skinner, 2004; van Wezel 

et al., 1995). Leukaemia inhibitory factor (LIF), augmented by endocrine-derived 
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insulin, also promotes primordial to primary follicle transition by inducing KL-2 

expression in GCs (Kezele et al., 2002a; Nilsson et al., 2002). Nerve growth factor 

(NGF) promotes the differentiation of flattened GCs into cuboidal GCs in preantral 

follicles (Dissen et al., 2001) but can inhibit meiotic maturation of oocytes in antral 

follicles if present at excessive levels (Zhai et al., 2018). Transcription factor, FOXL2, 

is expressed in pre-GCs and is believed to be necessary for their proliferation and 

differentiation (Schmidt et al., 2004; Uda et al., 2004). Many other factors have been 

identified that contribute to the development of primary follicles: TGF-α, activins, 

neurotrophins, Keratinocyte growth factor (KGF) and BMP4, 7 and 15, although some 

functional redundancy may exist (Choi and Rajkovic, 2006b; Ernst et al., 2017; Kezele 

et al., 2002b; Skinner, 2005). Interestingly, the regulation of the primordial to primary 

follicle transition also involves an inhibitory factor. Anti-Müllerian hormone (AMH), 

produced by the GCs of secondary, preantral and antral follicles, reduces primary 

oocyte apoptosis and inhibits follicle assembly as a form of negative feedback in all 

species (Durlinger et al., 1999; Gruijters et al., 2003; Nilsson et al., 2011; Visser and 

Themmen, 2005) (Gigli et al., 2005; Pankhurst, 2017). It is currently the only known 

negative growth factor involved in primordial follicle progression. It also appears to 

decrease the sensitivity of preantral follicles to FSH later in folliculogenesis (Durlinger 

et al., 2001).  

 

1.2.3 Primary to preantral follicle transition 
 

Oocyte-specific expression of TGF-β superfamily members, GDF9 and BMP15, is 

essential for primary to secondary follicle progression (Aaltonen et al., 1999; Dube et 

al., 1998; McGrath et al., 1995; Monniaux, 2016). Folliculogenesis does not progress 

past the primary stage and oocyte degeneration is evident in Gdf9 null mice, as GCs 

fail to proliferate and the theca layer does not develop (Dong et al., 1996). Likewise, 

in vivo treatment with GDF9 increases follicle activation (Vitt et al., 2000). BMP15 is 

also important in this transition, although Bmp15 null mice remain fertile (Yan et al., 

2001). BMP15 stimulates FSH-independent GC proliferation in preantral follicles 

(Otsuka et al., 2000). Furthermore, BMP15 may be involved a negative feedback loop 

with KL to regulate GC mitosis (Hutt and Albertini, 2007; Otsuka and Shimasaki, 

2002). Interestingly, sheep with heterozygous mutations in GDF9 and BMP15 are 

used in farming as they have an increased ovulation rate and can produce more 

offspring, however, homozygous mutations in ovine GDF9 and BMP15 cause 

infertility (Hanrahan et al., 2004). In bovine, GDF9 stimulates thecal proliferation but 
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inhibits steroidogenesis in early stage follicles (Spicer et al., 2008) and prevents 

cumulus cell apoptosis within the COC (Hussein et al., 2005). Juengel et al. (2009) 

demonstrated that immunisation of cattle against BMP15 resulted in either infertility 

or increased prolificacy while immunisation against BMP15 with GDF9 peptides 

increased ovulation rates. KD of BMP15 in pigs markedly reduced fertility by 

supressing FSH receptor expression and causing premature luteinisation of GCs (Qin 

et al., 2019). Moore et al. (2004) suggest that GDF9 and BMP15 determine ovulation 

quota. It has also been observed that theca-derived androgens, particularly 

testosterone, act on GCs of preantral follicles to promote follicular growth thereby 

decreasing the pool of primordial follicles (Steckler et al., 2005; Vendola et al., 1998). 

This is also true for early follicular development in the bovine species (Yang and 

Fortune, 2006). 

 

1.2.4 Antral follicle development and dominant follicle selection 
 

Activins and TGF-β appear to promote later stages of folliculogenesis characterised 

by continual proliferation of surrounding somatic cells and increasing volume of the 

oocyte (reviewed by Wijayarathna and de Kretser (2016). Granulosa-derived activin 

A induces antral follicle growth and suppresses early folliculogenesis (Liu et al., 

1998b) by promoting FSH and LH receptor expression, oestradiol synthesis, oocyte 

maturation and aromatase activity (Findlay, 1993). These molecular changes are 

critical as disruption to activin activity causes arrest of follicle development (Matzuk 

et al., 1995). TGF-β expressed from granulosa and theca cells in the early antral 

stages is also thought to increase FSH and LH receptor expression and stimulate 

progesterone and inhibin production (Chegini and Flanders, 1992; Matzuk et al., 

1996). Further, in all species, activin A, TGF-β, theca-derived BMP4 and 7 and 

oocyte-derived BMP6 induce aromatase activity and inhibit LH-induced androgen 

production in theca cells (Brankin et al., 2005; Glister et al., 2005; Knight and Glister, 

2006). As follicles mature and grow in size, there is a switch in expression in GCs 

from activin A to inhibin A (Yamoto et al., 1992). Inhibin A increases LH-induced 

androgen secretion from theca cells which increases oestrogen production during the 

preovulatory period whilst suppressing FSH secretion (Oktem and Urman, 2010). In 

addition, activin A has been shown to accelerate oocyte maturation and improve 

developmental competence whereas inhibin A can act as a meiotic inhibitor (Alak et 

al., 1998; Silva et al., 1999; Silva and Knight, 1998). 
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In monovulatory species, dominant follicle selection relies on sensitivity to FSH 

(Baerwald et al., 2012; Picton and McNeilly, 1991). Early folliculogenesis up to 

primary stages is not gonadotrophin-dependent and BMP15 inhibits the expression 

of FSH receptors in developing follicles (Otsuka et al., 2000). Later, follistatin prevents 

the inhibitory action of BMP15, allowing expression of FSH receptors on the 

surrounding GCs (Otsuka et al., 2001). High expression of follistatin has been 

observed in dominant follicles, showing that high granulosa FSH receptor expression 

alongside granulosa cell LH receptor and FSH-induced aromatase activity, is 

important in dominant follicle selection (Oktem and Urman, 2010). BMP15 and GDF9 

act in synergy to inhibit FSH-induced progesterone synthesis and therefore avoid 

premature luteinisation (McNatty et al., 2005; Vitt et al., 2000). Theca-derived BMP4 

and 7 also prevent early luteinisation by suppressing FSH-dependent progesterone 

production and enhancing FSH-dependent oestradiol production (Lee et al., 2001). In 

bovine, 2-3 waves of follicular development consisting of 3-6 antral follicles of >5mm 

in diameter occur per oestrous cycle in response to high levels of FSH (Ginther et al., 

2003; Ginther et al., 1996). A few days later, 1 follicle becomes larger (approximately 

8mm in diameter) than the other follicles, which are now called subordinate follicles, 

and continues to grow at a faster rate (Beg and Ginther, 2006).  Large antral follicles 

shift from requiring FSH to requiring LH (Campbell et al., 1995; Rodgers and Irving-

Rodgers, 2010). Under LH stimulation, the dominant follicle produces enough 

oestradiol to induce the preovulatory LH surge and cause ovulation of the oocyte from 

the dominant follicle and atresia of the subordinate follicles (Baird and McNeilly, 

1981). Figure 1.2 shows the stages of folliculogenesis from germ cell nest breakdown 

to ovulation of a mature MII oocyte and formation of the CL (Georges et al., 2014).  
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Figure 1.2 The stages of folliculogenesis adapted from Georges et al. (2014). Before birth, germ cell nests breakdown and primary oocytes become surrounded 

by flat GCs to form primordial follicles. As the follicle develops, the somatic cells differentiate into thecal cells, mural GCs and cumulus cells. At puberty, 

gonadotrophins stimulate resumption of meiosis, selection of the dominant follicle and ovulation of a mature MII oocyte. The red line shows the switch to 

gonadotropin-dependency.  

Germ cell nest 
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1.3 Oogenesis 
 

The complexity of female gamete production is partly demonstrated by the interplay 

between somatic cells and the oocyte during folliculogenesis (Figure 1.2). The 

process of oogenesis describes the nuclear and cytoplasmic maturation of an oocyte 

within a follicle to become developmentally competent. Nuclear, or meiotic, 

maturation describes the pausing and resumption of meiosis to create a haploid 

genome. Cytoplasmic maturation involves the production and storage of proteins and 

transcripts for fertilisation, resumption of meiosis, sperm processing, organelle 

redistribution, epigenetic reprogramming and early embryonic development. 

Oogenesis is a complex and tightly coordinated process that has been intensively 

studied for many years, with particular emphasis on meiosis. It is only more recently 

that researchers have recognised the importance of cytoplasmic maturation.  

 
1.3.1 Meiotic arrest and nuclear maturation of the oocyte 
 

The mechanisms used to maintain meiotic arrest and the resumption of oocyte 

nuclear and cytoplasmic maturation are increasingly well understood and generally 

conserved between mice, humans and bovine (reviewed by Pan and Li (2019). 

Oogonia undergo leptotene, zygotene and pachytene stages of prophase I before 

arresting as primary oocytes at diplotene. The DNA has been duplicated (2n, 4C) and 

genetic recombination/crossing over of parental chromosomes has occurred (Picton 

et al., 1998). Inhibitory signals must maintain meiotic arrest of oocytes for several 

years in large mammals (Mehlmann, 2005). One such signal, cyclic adenosine 3’,5’-

monophosphate (cAMP), is produced in the oocyte by conversion of adenosine 

triphosphate (ATP) by adenylyl cyclase (AC) in response to activation of G-protein 

coupled receptors on the plasma membrane (Mehlmann et al., 2002). Also produced 

in cumulus cells in response to FSH, cAMP is transferred to the oocyte through gap 

junctions (Byskov et al., 1997). High levels of cAMP in the oocyte prevent the 

progression of meiosis by activating protein kinase A (PKA) which activates 

phosphatases Wee1/Myt1. In turn, Wee1/Myt1 inactivate Cyclin-dependent kinase 1 

(Cdk1) of Cdk1/Cyclin B complex called maturation promoting factor (MPF), therefore 

precluding mitogen-activated protein kinase (MAPK) signalling (Duckworth et al., 

2002; Vaccari et al., 2008). Degradation of cAMP by phosphodiesterases (PDEs) 

releases meiotic inhibition (Conti et al., 2002; Masciarelli et al., 2004). Additional 

inhibitory signals, granulosa-derived hypoxanthine and cyclic guanosine 3′,5′-
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monophosphate (cGMP), inhibit PDE3A thereby protecting elevated levels of 

intraoocyte cAMP (Downs et al., 1985; Eppig and Downs, 1987; Sirard and Bilodeau, 

1990; Vaccari et al., 2009). Moreover, a feedback pathway involving natriuretic 

peptide precursor type C (NPPC) from mural GCs and its receptor natriuretic peptide 

receptor 2 (NPR2) on cumulus cells has been observed. Binding of NPPC to NPR2 

activates guanylyl cyclase activity in cumulus cells to produce cGMP, which enters 

the oocyte through gap junctions, maintaining meiotic arrest. To this end, oocytes 

upregulate the expression of NPR2 in cumulus cells, which further sensitises cumulus 

cells to NPPC (Zhang et al., 2010). Figure 1.3a shows a simplified mechanism for 

maintaining meiotic arrest of primary oocytes. 

 

Resumption of meiosis occurs due to preovulatory activation of LH receptors on mural 

GCs (Peng et al., 1991). During germinal vesicle break down (GVBD), the first polar 

body is extruded, and the chromatin condenses. Prior to GVBD, chromatin exists in 

an open state allowing maximal transcription for oocyte growth. During maturation, 

chromatin condenses into heterochromatin around the nucleolus, termed surrounded 

nucleolus (SN) in mice, and the oocyte becomes transcriptionally inactive in 

preparation for the resumption of meiosis for the second time (Christians et al., 1999). 

This is consistent with the observed decrease in transcripts in MII oocytes compared 

with GV oocytes. Chromatin condensation appears to be required for developmental 

competence (Lodde et al., 2007). Cumulus-oocyte communication, involving cAMP 

signalling, is key to chromatin remodelling as denuded oocytes remain 

transcriptionally active (De la Fuente and Eppig, 2001; Luciano et al., 2011b). In 

bovine, premature removal of cAMP resulted in immediate condensation of 

chromosomes into GV2/GV3 configuration and resulted in lower cleavage and 

blastocyst rates (Luciano et al., 2011a). 
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Figure 1.3 a) Meiotic arrest of primary oocytes at prophase I of meiosis I. cAMP activates PKA which activates phosphatases Wee1/Myt1 and Cdc25 

leading to inactivation of MPF. FSH stimulation of mural GCs causes production of NPPC that acts on NPR2 on cumulus cells. Activation of NPR2 

causes production of cGMP in cumulus cells which enters the oocyte through gap junctions. cGMP inhibits PDE3A activity and hydrolysis of cAMP, so 

cAMP levels remain high. b) Resumption of meiosis I by LH stimulation. LH stimulates the production of EGF-like factors in mural GCs which act on 

cumulus cells to inhibit expression of NPR2. As a result, GMP production decreases and PDE3A hydrolyses cAMP to 5’-AMP thereby releasing the 

inhibition of MPF and resuming meiosis. Adapted from Liu et al. (2013). 
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The way in which LH indirectly promotes meiotic maturation is unclear. One 

mechanism proposes that LH causes expression of epidermal growth factor (EGF)-

like proteins from GCs that act on cumulus cells to promote cumulus expansion and 

oocyte maturation (Downs et al., 1988; Panigone et al., 2008; Park et al., 2004). EGF 

signalling disrupts cumulus-oocyte gap junctions by MAPK-induced phosphorylation 

of connexin-43, the principal gap junction protein in oocytes (Kanemitsu and Lau, 

1993; Norris et al., 2008). In the absence of gap junctions, the influx of cGMP from 

cumulus cells stops, PDE3A hydrolyses intraoocyte cAMP and MPF is active (Figure 

1.3b) (Norris et al., 2009). In support of this, Cotterill et al. (2012) identified induction 

of an EGF-like ligand, amphiregulin (AREG), in sheep COCs and mural GCs after 

gonadotrophin exposure in vitro. LH also causes release of paracrine growth factors 

that may act on cumulus cells to produce steroids and follicular fluid-derived meiosis-

activating sterol (FF-MAS) that promote meiotic maturation (Jamnongjit and 

Hammes, 2005). 

 

Following resumption of meiosis I, oocytes progress to MII (1n, 2C) where they arrest 

again until fertilisation. MII arrest is dependent upon the action of so-called cytostatic 

factor (CSF) activity, now known to be that of Mos and early meiotic inhibitor 2 (Emi2) 

(Masui and Markert, 1971; Reimann et al., 2001; Tung et al., 2005). Interestingly, 

much of this research was carried out in Xenopus oocytes. In a phosphorylation 

cascade, Mos activates MAPK  kinase (MEK1), upstream of MAPK signalling (Posada 

et al., 1993). In turn, MEK1 activates MAPK, which phosphorylates a ribosomal 

protein S6 kinase (p90Rsk). p90Rsk increases cyclin B synthesis, thereby stabilising 

MPF. MAPK signalling is essential for arrest at the spindle assembly checkpoint 

(SAC) which prevents missegregation of sister chromatids (Minshull et al., 1994). 

Activation of SAC proteins by p90Rsk inhibits degradation of MPF and of sister 

chromatid adhesion protein, cohesin, by the anaphase promoting complex (APC) to 

maintain cell cycle arrest at metaphase (Tunquist and Maller, 2003). It is noteworthy 

that unlike in Xenopus oocytes, p90Rsk is not the downstream CSF of MAPK 

signalling in the mouse (Dumont et al., 2005).  

 

Emi1 was suggested as a CSF due to its mitotic inhibition of APC-activator, cell 

division cycle 20 (Cdc20) (Reimann et al., 2001). However, MII arrest by Emi1 does 

not require MAPK signalling nor is it released by calcium exposure (Ohsumi et al., 

2004). Instead, research into family member, Emi2, identified a suitable candidate for 

CSF activity. Emi2 is phosphorylated by MAPK, inhibits the APC, stabilises MPF and 

is degraded by polo-like kinase 1 (Plk1) in response to calcium signalling (Tung et al., 
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2005). It is suggested that the Mos pathway maintains MPF therefore MII arrest while 

the Emi2 pathway acts as a switch for completion of meiosis in response to 

fertilisation (Madgwick and Jones, 2007; Tiwari and Chaube, 2017).  

 

1.3.2 Cytoskeleton dynamics during meiosis  
 

Meiosis in females is asymmetric, yielding 1 viable oocyte and 3 redundant polar 

bodies (Sun and Kim, 2013). Moreover, oocytes of many species, including humans 

and bovine, lack centrosomes and instead, rely on microtubule nucleation to 

coordinate spindle dynamics (Roeles and Tsiavaliaris, 2019; Sathananthan, 1997; 

Szollosi et al., 1972). In the GV oocyte, microtubules are found in close proximity to 

the chromosomes and actin filaments occupy the cortical regions (Figure 1.4) (Li et 

al., 2005). At GVBD, microtubules associate with the meiotic spindle in the centre of 

the oocyte, forming the metaphase plate (Albertini, 1992). The chromosomes move 

towards the cortex, a process which defines the so-called animal pole of the oocyte 

where the polar bodies will be extruded (Marlow, 2018). Meiotic spindle positioning is 

eccentric to maintain the maximal volume of cytoplasm in the oocyte. GVBD and 

meiotic spindle formation in meiosis I is microtubule-dependent but eccentric cortical 

meiotic spindle positioning is mediated by actin filaments (Sun and Schatten, 2006; 

Verlhac et al., 2000). Mutations in actin-binding proteins such as Formin-2 (Fmn2) 

and Myosin-2 cause aneuploidy in mouse oocytes due to central spindle positioning 

(Schuh and Ellenberg, 2008). Spindle migration appears to occur in 2 distinct 

movements: a slow random initial movement, followed by a fast and directed 

movement (Yi et al., 2013). The first movement is thought to be mediated by Fmn2-

induction of F-actin nucleation as spindle movement in Fmn2-/- mouse oocytes is 

disrupted. Conversely, the second movement coincides with a phenomenon called 

cytoplasmic streaming whereby the cytoplasm is drawn away from the cortical region 

to the opposite pole before returning to the centre of the oocyte, which pushes the MI 

spindle towards the cortex. It has been suggested (Yi et al., 2013) that the slow 

chromosome movement towards to cortical stimulates localisation and activation of 

actin-related protein 2/3 complex (Arp2/3) which induces actin nucleation and 

cytoplasmic streaming. Moreover, Arp2/3 are responsible for the formation of a thicker 

cortical region called the subcortex (Namgoong and Kim, 2016). Inhibition of Arp2/3 

in porcine oocytes prevented meiotic maturation (Wang et al., 2014a). 
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Figure 1.4 Distribution of cytoplasmic organelles and the cytoskeleton during oocyte 

maturation. In GV oocytes, the ER is a fine network, Golgi fragments are found in 

stacks and cortical granules and microtubules are diffuse in the cytoplasm. 

Intermediate filaments accumulate in the subcortex. Following GVBD, mitochondria 
surround the metaphase I spindle, the ER migrates towards the oocyte cortex and 

Golgi stacks disperse into smaller clusters. At MI, microtubules form the meiotic 

spindle and cortical granules translocate to the cortical regions along actin filaments. 

By MII arrest, the first polar body has been extruded, the meiotic spindle has formed, 

ER clusters are seen in the cortical regions away from the MII spindle and 

mitochondria are more diffusely spread in the oocyte. Figure from Mao et al. (2014).  

As the chromosomes segregate during anaphase I, both microtubules and actin 

filaments are observed around the chromosomes. Actin is thought to be necessary 

for assembly of kinetochore fibres (K-fibres) consisting of microtubule bundles and 

associated proteins attached to chromosome kinetochores that facilitate chromosome 

segregation (Mogessie and Schuh, 2017). Furthermore, actin filaments in spindles 

appears to be conserved between species (Mogessie and Schuh, 2017). Research 

in Xenopus oocytes suggests that the association of actin and K-fibres is mediated 

by the actin-binding protein, Nabkin (Samwer et al., 2013). It is observed that 

eccentric positioning of the GV and meiotic spindle coincides with enrichment of gap 

junctions with cumulus cells (Barrett and Albertini, 2010). Interestingly, an increased 

number of microtubules and actin filaments associate with the chromosome set that 

is destined for the polar body (Li et al., 2005). The MII spindle is also maintained at 

the periphery by cytoplasmic streaming through the action of Arp2/3 complex (Yi et 

al., 2011). In mouse oocytes, chromosomes at the periphery initiate formation of an 

actin cap surrounded by a ring of Myosin-2 which facilitates extrusion of the polar 

bodies (Brunet and Verlhac, 2011; Maro et al., 1986). It is believed that formation of 
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the actomyosin cap and cytoplasmic streaming by Arp2/3 occurs through a cascade 

of events mediated by Ras-related nuclear protein (Ran) signalling (Coticchio et al., 

2015; Deng et al., 2007). Recently, an abundance of actin was identified near the 

spindle in the cortex of MII oocytes but not GV oocytes in humans (Coticchio et al., 

2014). Interestingly, the same study recognised a reduction in actin abundance and 

polymerisation with increasing maternal age.  

 

1.3.3 Cytoplasmic maturation of the oocyte 
 

Less well documented are the dynamic processes surrounding cytoplasmic or 

molecular maturation. These processes facilitate fertilisation, sperm DNA processing, 

resumption of meiosis, epigenetic reprogramming and early embryo development 

(Ajduk et al., 2008). Furthermore, cytoplasmic maturation involves stockpiling all the 

necessary transcripts and proteins for overseeing the oocyte to embryo transition 

(Picton et al., 1998). A large number of MEGs have been identified whose sole 

purpose is to facilitate early embryo development (discussed in Section 1.7) (Li et al., 

2013). It is critical for the cytoskeleton to be dynamic throughout meiosis and oocyte 

maturation. The cytoskeleton is not only responsible for correct alignment and 

segregation of chromosomes but also the reorganisation and trafficking of organelles 

and proteins within the oocyte (Coticchio et al., 2015). Figure 1.4 shows the changes 

in distribution of cytoplasmic organelles and cytoskeleton during oocyte maturation. 

 

1.3.3.1 Reorganisation of the endoplasmic reticulum 
 

At fertilisation, sperm entry triggers IP3-induced oscillations of Ca2+ from the smooth 

endoplasmic reticulum (ER), which in turn causes cortical granule release and 

resumption of meiosis (Ducibella et al., 2006). In preparation, the ER undergoes 

drastic reorganisation during oocyte maturation. In mouse GV oocytes the ER is a 

fine network in the cytoplasm (Figure 1.4) (Coticchio et al., 2015). After GVBD, the 

ER and Formin-2 (Fmn2) assemble into a dense ring surrounding the chromosomes 

in the centre of the oocyte (Yi et al., 2013). This co-localisation is critical for spindle 

migration to the cortex. ER redistribution is mediated by microtubules and its motor 

protein, dynein (FitzHarris et al., 2007). During maturation, the ER associates with the 

meiotic spindle apparatus and migrates towards the oocyte cortex. Experimental 

disruption to ER localisation causes dispersion of Fmn2 around the spindle and 

inhibits spindle migration in mouse oocytes (Yi et al., 2013). By MII arrest, the ER 

rings are no longer present and instead, fine ER clusters are seen in the cortical 
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regions away from the MII spindle (Mehlmann et al., 1995; Shiraishi et al., 1995). 

Alongside this, IP3 receptors become enriched in cortical regions and localise in ER 

clusters (Fujiwara et al., 1993; Mehlmann et al., 1996). In bovine, reorganisation of 

the ER is slightly different as the ER is predominantly cortical in GV oocytes and 

becomes dispersed in small clusters in MII oocytes (Payne and Schatten, 2003). 

Intracellular stores of Ca2+ increase during the GV to MII transition (Tombes et al., 

1992) (Coticchio et al., 2012). As a result of oocyte maturation, the ER is sensitised 

and poised for sperm entry. Following resumption of meiosis and polar body 

extrusion, the ER clusters disassemble and calcium signalling stops (Stricker, 2006). 

Interestingly, Kim et al. (2014) demonstrated abnormalities in ER redistribution and 

Ca2+ oscillations in mouse oocytes with partial loss of function mutations in Mater 

gene (see Section 1.7.2.1). 

 

1.3.3.2 Redistribution of mitochondria 
 

Oocyte growth demands an increased production of ATP to facilitate maturation 

processes and ultimately, early embryo development (Stojkovic et al., 2001). Correct 

mitochondrial functioning, copy number and distribution are required for metabolic 

pathways to ensue. At fertilisation, ATP is necessary for Ca2+ oscillations, which in 

turn increases mitochondrial production of ATP (Dumollard et al., 2004). In mouse 

GV oocytes, mitochondria are positioned peripherally but upon GVBD, they surround 

the metaphase I (MI) spindle (Figure 1.4) (Dalton and Carroll, 2013). At this stage, 

there is also an increase in mitochondrial membrane potential that is dependent upon 

meiotic progression (Al-Zubaidi et al., 2019). Mitochondria remain positioned by the 

meiotic spindle and ER as the chromosomes migrate to the periphery along 

microtubules (FitzHarris et al., 2007). After extrusion of the first polar body they are 

found diffusely spread in the cytoplasm and associated with lipid droplets (Fair et al., 

1997b). In MII oocytes, mitochondria are more diffusely spread in the oocyte but 

again, distribute around the pronuclei in the cytoplasm of the zygote to meet the 

increased energy requirements of spindle apparatus (Van Blerkom et al., 2000). It 

has been noted that a subpopulation of highly polarised and functionally active 

mitochondria reside in the subcortical region of the MII oocyte, possibly in preparation 

for fertilisation (Van Blerkom et al., 2002; Yu et al., 2010). Redistribution of 

mitochondria in bovine and human oocytes is similar to mouse oocytes (Hyttel et al., 

1997; Van Blerkom, 2004).  

 



 
 

21 

 

Large numbers of mitochondria are critical for oocyte competence as it ensures 

sufficient production of ATP and redistribution of organelles in the oocyte and 

developing embryo (Zeng et al., 2009). Mitochondrial DNA (mtDNA) copy number in 

human MII oocytes has been estimated between 20,000 and 800,000 copies (Van 

Blerkom, 2004). Cotterill et al. (2013) showed that there was an increase in mtDNA 

copy number of >1000 fold from primordial follicle to antral follicle stage in sheep. An 

increase in oocyte metabolism coinciding with antrum formation has also been 

documented in mice (Harris et al., 2007; Harris et al., 2009). Furthermore, oocyte-

derived Gdf9 and Bmp15 have been shown to stimulate cumulus metabolism in 

mouse oocytes at this stage (Sugiura et al., 2007). Mitochondrial distribution and ATP 

content in bovine oocytes positively correlated with increased blastocyst rate in in 

vitro produced embryos (Hashimoto et al., 2019; Stojkovic et al., 2001). With 

increasing maternal age, mitochondrial copy number and ATP production is reduced 

in mice, hamsters, sheep and humans while mitochondrial abnormalities and 

mutations are increased (Rambags et al., 2014; Rebolledo-Jaramillo et al., 2014; 

Simsek-Duran et al., 2013).  

 

After fertilisation, mitochondrial activity is said to be intermediate during early embryo 

development to reduce toxicity by reactive oxygen species (ROS) produced as a by-

product of mitochondrial metabolism (Ferreira et al., 2009). In bovine and porcine, 

mtDNA replication does not take place in the preimplantation embryo until after the 

morula stage as mtDNA replication factors are not expressed (May-Panloup et al., 

2005; Spikings et al., 2007). As a result, the mtDNA copy number in each blastomere 

decreases with each embryonic cleavage event. At the blastocyst stage, upregulation 

of mtDNA replication factors such as polymerase gamma A (POLGA) in the 

trophectoderm causes an increase in both mtDNA copy number and ATP production 

by oxidative phosphorylation (St John, 2012; St John et al., 2010) while the inner cell 

mass maintains low levels of mtDNA to support undifferentiated cell division (St John 

et al., 2017).  
 

 

1.3.3.3 Redistribution of cortical granules and the Golgi apparatus 
 

In somatic cells, the Golgi apparatus functions in the post-translational modification 

and packaging of proteins for intracellular trafficking and extracellular secretion. 

During mitosis, the Golgi associates with the centrosome at interphase and 

subsequently fragments upon centrosome duplication at S phase to distribute equal 
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amounts of the organelle into both daughter cells (Huang and Wang, 2017). The 

distribution of the Golgi complex in meiosis is not clear as the centrosomes are lost 

during early oogenesis. Likewise, its role in extracellular protein secretion is not 

required in the oocyte, however it is necessary for the production of cortical granules 

(Coticchio et al., 2015).  

 

In mouse and bovine GV oocytes, Golgi fragments are found in stacks, known as 

“mini-Golgis” in the cytoplasm with moderately more stacks residing in the centre than 

in the periphery (Hyttel et al., 1986; Moreno et al., 2002). At GVBD, the stacks 

disperse into smaller clusters with homogenous distribution throughout the 

cytoplasm. In bovine, the distinct clusters associate with ER vesicle export regions, 

not the meiotic spindle as observed in mitosis (Figure 1.4) (Payne and Schatten, 

2003). This is believed to prevent loss of Golgi complex to polar bodies upon 

cytokinesis. The Golgi structure contains various proteins including cis-Golgi matrix 

protein, GM130 (Nakamura, 2010). Phosphorylation of GM130 by Cyclin B-CDC2 is 

believed to cause dispersion of the Golgi into fragments – a necessary step in Golgi 

redistribution during oocyte maturation (Racedo et al., 2012). The same study found 

that Golgi localisation and anchoring of the Golgi at GVBD was dependent upon 

dynein and microtubules, respectively. Moreover, GM130 is thought to play a role in 

spindle dynamics in the mouse oocyte as gene knockdown (KD) disrupted spindle 

migration and resulted in extrusion of a large polar body (Zhang et al., 2011).  

 

The function of the Golgi in the oocyte is elusive, however in mouse oocytes, inhibition 

of trafficking from the ER to the Golgi reverses meiotic maturation (Moreno et al., 

2002). This suggests that membrane trafficking and post-translational modification of 

proteins by the Golgi is necessary for meiotic progression. In support of this, ablation 

of different glycosyltransferases in the Golgi negatively impacts oogenesis (Akintayo 

and Stanley, 2019). In addition, the Golgi complex is necessary for the production of 

cortical granules during oocyte development (Coticchio et al., 2015). Cortical granules 

release proteolytic enzymes into the perivitelline space that modify zona pellucida 

protein, ZP2, thereby inhibiting sperm entry (Sun, 2003). In GV oocytes, cortical 

granules are diffuse in the cytoplasm but translocate to the cortical regions along actin 

filaments upon maturation (Figure 1.4) (Cran and Cheng, 1985; Wessel et al., 2002). 

This redistribution is essential in preparation for fertilisation as the cortical reaction is 

critical to block polyspermy – the fertilisation of an oocyte by >1 sperm which is 

detrimental to the embryo (Snook et al., 2011). In response to Ca2+ signalling by the 

ER after fertilisation (described in Section 1.4), cortical granules fuse with the plasma 
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membrane in a vesicle exocytosis mechanism that is believed to be mediated by 

soluble NSF-attachment receptor (SNARE) proteins (Liu, 2011; Tsai et al., 2011).  

 
1.3.3.4 Accumulation of maternal transcripts and polyadenylation  
 

After resumption of meiosis, gene expression ceases until the embryonic genome is 

activated. Maternally-derived transcripts that accumulated during prophase I must be 

carefully stored and temporally translated during oocyte maturation and early embryo 

development (Lodde et al., 2017). Inactive transcripts are incorporated into 

ribonucleoprotein (RNP) structures to prevent mRNA from degradation (Davidson, 

1976). Translation of dormant maternal mRNAs can be regulated by polyadenylation 

(Reyes and Ross, 2016). Polyadenylation describes the addition of adenine (A) to the 

3’ end of the mRNA by polyA polymerase. Long polyA tails are generally found on 

translationally active mRNAs whereas short polyA tails render transcripts inactive and 

may precede mRNA degradation (Curtis et al., 1995). Transcripts for storage have a 

cytoplasmic polyadenylation element (CPE) in the 3’ untranslated region (UTR) that 

is bound by cytoplasmic polyadenylation element binding proteins (CPEB) (Paris and 

Richter, 1990). CPEB proteins function as both repressors and promoters of 

polyadenylation depending upon the phosphorylation status. End-to-end 

communication has been observed between the 3’ UTR and 5’ regulatory cap of 

mRNA (Dreyfuss et al., 1996). In the repressive state, 3’ CPEB and 5’ translation 

initiation complex eIF-4E become bound by maskin and polyA specific ribonuclease 

(PARN) which inhibits protein synthesis (Stebbins-Boaz et al., 1999). In contrast, 

upon re-entry into meiosis, phosphorylation of CPEB releases inhibition and allows 

polyadenylation of mRNA leading to protein synthesis (Kim and Richter, 2006). This 

mechanism is responsible for the translational activation of dormant transcripts, Mos 

and cyclin B1 of MPF, during oocyte maturation (Reyes and Ross, 2016). At GVBD, 

there is an increase in polyadenylation of transcripts which continues until MII arrest. 

Consequently, an increase in protein synthesis is observed from GVBD to MI but this 

ceases by MII stage, suggesting a mechanism of polyA mRNA translational 

repression (Tomek et al., 2002b). It has been demonstrated that polyadenylation is 

essential for meiotic progression of bovine oocytes (Traverso et al., 2005). With the 

advancement of RNA sequencing (RNA-seq) technologies, Reyes et al. (2015) have 

recognised changes in polyA tail length during bovine oocyte maturation which might 

have been previously missed or described as changes in gene expression. With this, 

new information can be gathered about the translational silencing of mRNAs by 

deadenylation. 
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Recently, a novel regulatory mechanism involving RNA methylation was recognised 

in Xenopus and mouse oocytes (Ke et al., 2015; Qi et al., 2016). Mapping of N6-

methyladenosine (m6A) in the mammalian transcriptome showed that it is a prevalent 

mRNA modification that is enriched at stop codons and within 3’ UTRs (Ke et al., 

2015; Meyer et al., 2012). In Xenopus oocytes, m6A was identified in >4000 

transcripts and after integrating the data with transcriptomic data, m6A was detected 

in 1030 mRNAs. During the GV to MII oocyte transition, m6A decreased in all 1030 

transcripts. When combined with proteome data, Qi et al. (2016) found that transcripts 

with high levels of m6A had low corresponding protein levels and vice versa. 

Furthermore, m6A in the coding DNA sequence (CDS) correlated with lower protein 

levels while m6A in 3’ UTR corresponded to higher protein expression. It was 

suggested that RNA methylation in CDS regions might suppress mRNA translation 

during oocyte maturation. In support of this, m6A writers, Mettl3 and Mettl14, and m6A 

eraser, Alkbh5, were detected at high levels in growing mouse oocytes (Pan et al., 

2005). Moreover, knockout of Ythdf2, an m6A reader that destabilises m6A-containing 

transcripts, caused infertility in female mice characterised by embryonic arrest at the 

2-cell stage (Ivanova et al., 2017). They found that ~200 additional transcripts were 

present in Ythdf2-/- MII oocytes compared to control MII oocytes and concluded that 

YTHDF2 is necessary to regulate transcript dosage during oocyte maturation.  

 

Finally, non-coding RNAs (ncRNAs) such as long ncRNAs (Section 1.6 and 1.6.1) 

and microRNAs (miRNAs) have a significant role in post-transcriptional gene 

regulation in development. miRNAs bind to target mRNA, reduce translation and 

cause transcript degradation through an endogenous RNA-induced silencing 

pathway (Section 4.1). There are now >12000 known miRNA sequences that are 

believed to regulate approximately 1/3 of protein-coding genes (Krol et al., 2010). 

miRNAs do not require complete complementarity to repress transcripts however the 

degree of similarity is thought to determine the mode of silencing (Hayder et al., 

2018). To this end, miR-145 was found to regulate multiple key factors, IGF1R, 

EGFR, IRS1 and ERK, within a pathway involved in trophoblast proliferation (Forbes, 

2013). The importance of gene regulation by miRNAs is highlighted by knockout 

experiments of miRNA-processing factors including Dicer, Dgcr8, Drosha and Ago2 

that result in embryonic loss and infertility in mice (Park et al., 2010). miRNAs are 

critical in regulating every stage of development from folliculogenesis, oocyte 

maturation, placentation and development in utero (Tesfaye et al., 2018). miR-21 was 

found to have an anti-apoptotic effect in granulosa cells of mouse preovulatory 

follicles (Carletti et al., 2010) and inhibition of miR-21 reduced the percentage of 



 
 

25 

 

porcine oocytes that progressed to the MII oocyte stage and negatively impacted 

preimplantation embryo development (Wright et al., 2016). It is interesting to note that 

many of the 3’ UTRs enriched in m6A also contained miRNA binding sites, suggesting 

there might be a functional link between m6A and miRNA in transcript regulation 

(Meyer et al., 2012). In support of this, it is believed that the addition of m6A to primary 

miRNAs by METTL3 enables recognition by DiGeorge Critical Region 8 (DGCR8), 

which enables cleavage into precursor miRNA by DROSHA (Alarcon et al., 2015). 

Finally, another group of small ncRNAs, piwi-interacting RNAs (piRNAs), have been 

identified in non-murine mammalian oocytes and preimplantation embryos (Roovers 

et al., 2015). piRNAs are essential for germ line development (Ketting, 2011) as they 

mediate silencing of transposable elements and repetitive sequences in the genome 

(Saito and Siomi, 2010).  

 

1.3.3.5 Redistribution of ribosomes  
 

Oocyte maturation is important for producing and storing all the components 

necessary for early embryo development. To this end, protein synthesis is critical. In 

bovine GV oocytes, the nucleolus is granular, and no ribosome or protein synthesis 

is observed (Ferreira et al., 2009). Following GVBD and in concordance with 

increased polyadenylation of mRNAs, there is a substantial increase in protein 

synthesis, characterised by the presence of a fibrillogranular nucleolus (Fair et al., 

1997a; Fair et al., 2001). In bovine, this is coupled with phosphorylation of eukaryotic 

translation initiation factor 4E (EIF4E) which binds to the 5’ cap of mRNAs and 

supports the binding of the small ribosomal subunit to promote translation (Tomek et 

al., 2002a). By the MII stage, the nucleolus has dissolved, protein synthesis has 

slowed, and ribosome levels are low (Tomek et al., 2002b). Despite this, EIF4E 

remains phosphorylated which led to the identification of an EIF4E repressor 4E-BP1 

that is believed to suppress EIF4E in both bovine and porcine MII oocytes (Ellederova 

et al., 2006; Tomek et al., 2002a). The change in abundance of ribosomal 

components coincides with the changing requirements for growth and protein 

synthesis throughout oocyte maturation (Jansova et al., 2018). Genome-wide 

transcriptome analysis has shown that mRNAs for ribosomal components are 

degraded during maturation and replaced by embryonic transcripts after EGA (Susor 

and Kubelka, 2017). 
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During oocyte maturation large cytoskeletal structures known as cytoplasmic lattices 

(CPLs) accumulate. They are characteristic of growing mammalian oocytes and 

remain present in the early embryo (Schlafke and Enders, 1967). There are several 

proposed functions of CPLs but evidence shows that they provide a necessary 

storage site for ribosomes in the mature oocyte (Bachvarova et al., 1981). The 

formation of CPLs requires expression of MEG PADI6 (Wright et al., 2003). In mouse 

oocytes, knockout of Padi6 and subsequent loss of CPL structures caused an 

increase in free ribosomes in the cytoplasm (Yurttas et al., 2008). This also resulted 

in reduced levels and aberrant localisation of ribosomal S6 protein and RNA 

polymerase II which was accompanied by global decrease in protein synthesis in 

Padi6-/- mouse embryos. The structure and significance of CPLs is discussed in more 

detail in Section 1.7.3.2. 
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1.4 Fertilisation and oocyte activation  
 

Once ovulated the secondary oocyte is arrested in MII and will only complete meiosis 

and become activated upon fertilisation. In order for fertilisation to occur, the sperm 

must undergo a form of physiological maturation within the female reproductive tract, 

known as capacitation (Puga Molina et al., 2018). During capacitation, sperm gain 

greater motility and become able to penetrate the egg via the acrosome reaction (AR) 

(Ickowicz et al., 2012). Efflux of cholesterol increases the membrane permeability to 

Ca2+ and bicarbonate, which consequently stimulates cAMP production and PKA 

activation (Visconti et al., 1995; Visconti et al., 1999). Resultant tyrosine 

phosphorylation causes F-actin polymerisation and PLC is translocated to the plasma 

membrane (Spungin et al., 1995; Swann and Lai, 2016). PKA activation also causes 

hyperactivated sperm motility allowing sperm to swim vigorously to the oocyte (Ho 

and Suarez, 2001). This may be controlled by progesterone signalling from cumulus 

cells (Lishko et al., 2011). Fertilisation of intact cumulus-oocyte complexes is more 

efficient than that of oocytes alone (Jin et al., 2011). Cumulus-derived progesterone 

acts as a chemo-attractant for directing sperm motility (Oren-Benaroya et al., 2008). 

Furthermore, cumulus cells are enriched in hyaluronic acid (HA) which enables sperm 

progression to the oocyte due to hyaluronidases, such as SPAM1, on the sperm 

surface (Kimura et al., 2009). It is also believed that sperm hyaluronidases breakdown 

cumulus-HA into HA fragments which activate toll-like receptors (TLR2 and TLR4) on 

cumulus cells. In turn, cumulus cells produce chemokines that facilitate sperm 

capacitation creating a regulatory feedback loop (Shimada et al., 2008).  

 

Once capacitated the sperm must penetrate the zona pellucida via the AR. The 

oocyte plasma membrane fuses to the outer acrosomal membrane of the sperm and 

hydrolytic enzymes, principally acrosin, are released from the sperm head (Hedrick 

et al., 1989; Rahman et al., 2017). The AR was originally thought to occur as a result 

of sperm binding to ZP proteins but studies have since shown completion of the AR 

prior to sperm-zona interactions (Jin et al., 2011). Nevertheless, gamete binding is 

facilitated by zona pellucida proteins, ZP1-4 in humans, although the precise 

mechanism is not clear. There are 2 theories: 1) ZP3 glycan release model and 2) 

ZP2 cleavage model (Avella et al., 2013). The latter is more widely accepted as 

mutant ZP2 that cannot be cleaved allows binding of more than 1 sperm, even after 

cortical granule release (Gahlay et al., 2010). Likewise, mammalian sperm-oocyte 

fusion depends on the interaction of cell surface proteins: Juno/Izumo1r on the oocyte 



 
 

28 

 

and Izumo1 on the sperm (Bianchi et al., 2014; Inoue et al., 2005). Genetic ablation 

of these genes causes female and male infertility, respectively, as gamete fusion is 

prevented. Further, oocyte cell surface protein, CD9 antigen, is thought to facilitate 

this interaction by organising Juno expression within the oolemma, thereby regulating 

sperm adhesion sites on the oocyte (Chalbi et al., 2014).   

 

Upon entry, a sperm oocyte-activating factor, argued to be either phospholipase C 

zeta 1 (PLCzeta) or post-acrosomal sheath WW domain-binding protein (PAWP), 

induces 1,4,5-inositol triphosphate (IP3) -dependent waves of Ca2+ from the ER 

(Amdani et al., 2015; Miyazaki et al., 1993; Yoon, 2019). Ca2+ signalling causes the 

release of CSF and activates the APC via calmodulin-dependent protein kinase II 

(CaMKII) (Lorca et al., 1993; Lorca et al., 1991). The APC triggers degradation of 

cyclins and cohesin leading to inactivation of MPF and separation of sister 

chromatids, respectively (Sagata, 1996; Sanders and Swann, 2016). MAPK signalling 

terminates as Mos protein is degraded and maternal Mos mRNA is deadenylated 

(Tunquist and Maller, 2003). Furthermore, Emi2 is degraded by Plk1. Progression 

through anaphase and extrusion of a second polar body upon sperm entry completes 

meiosis. Ca2+ signalling also prevents polyspermy as it triggers cytoplasmic release 

of cortical granules that lead to hardening of the zona pellucida and digestion of ZP 

proteins (Horner and Wolfner, 2008). Ovastacin from cortical granules causes 

cleavage of ZP2 to stop further sperm-zona binding (Bleil et al., 1981; Burkart et al., 

2012). Premature cleavage of ZP2 by ovastacin is prevented by fetuin-B produced by 

the liver (Dietzel et al., 2013). Moreover, polyspermy may also be avoided by the 

vesicular export of Juno from the oocyte following fertilisation to inhibit sperm-oocyte 

fusion (Bianchi et al., 2014).  

 

Karyogamy describes the fusing of the sperm and oocyte pronuclei after fertilisation 
to give way to a newly formed zygote. The sperm genome is highly condensed, 
packaged around protamines and is transcriptionally inactive (Miller, 2015). As the 
oocyte completes meiosis, the sperm genome is remodelled in a series of 
phosphorylation events; the nuclear membrane is dissolved by phosphorylation of 
lamin B, protamines are exchanged for histones, potentially through the action of 
nucleoplasmins and a new nuclear envelope is produced by the ER to complete the 
male pronucleus (Imschenetzky et al., 2003; Inoue et al., 2011a; McLay and Clarke, 
2003). The paternal DNA undergoes extensive epigenetic remodelling; removal of 
protamines facilitates chromatin decondensation and incorporation of histone variants 
that are compatible with the female pronucleus and global DNA demethylation 



 
 

29 

 

triggers minor zygotic genome activation (Sections 1.5.1 and 1.6) (Okada and 
Yamaguchi, 2017). Both the male and female genomes undergo epigenetic 
reprogramming after fertilisation to create a totipotent zygote (discussed in Section 
1.6.3). The sperm-derived centriole associates with maternal proteins to become a 
centrosome and astral microtubules reach for the female pronucleus (Schatten, 
1994). The male and female pronuclei migrate towards one another, and the nuclear 
membranes dissolve to reveal duplicated chromosomes in prophase (Clift and Schuh, 
2013). The first mitotic spindle assembles and mitosis ensues. Numerous studies 
have reported the importance of delivery of sperm RNA to the oocyte upon fertilisation 
(Boerke et al., 2007; Guo et al., 2017; Jodar, 2019). Research using sperm from 
Dicer- and Drosha-mutant mice revealed that sperm deliver small RNAs into the 
oocyte that improve developmental potential (Yuan et al., 2016). Further, studies have 
shown that sperm from fathers that have experienced stress transfer altered 
phenotypes to their offspring (Jodar, 2019). 
 
 

1.5 Preimplantation embryo development 
 

Following fertilisation, the 1-cell zygote enters mitosis which marks the start of 

embryonic cell divisions. Pluripotency of the embryo is maintained during the first 

cleavage divisions by expression of master transcriptional regulators OCT4, SOX2 

and in turn, NANOG (Rodda et al., 2005). Johnson et al. (1995) showed that, unlike 

in other model animals, the 4 blastomeres of a 4-cell bovine embryo could develop 

into 4 calves, demonstrating the totipotency of the bovine 4-cell embryo (De Paepe 

et al., 2014). As detailed in Section 1.3.3, MEGs are transcribed during oocyte 

maturation and stored alongside translational machinery until after fertilisation. In the 

zygote, maternal mRNAs are translated to coordinate early embryo development until 

the embryonic genome is activated. The conventional view of timing of EGA was 

observed to vary among species: at the 2-cell stage in mice, 4-8 cell stage in humans 

and 8-16 cell stage in bovine (Telford et al., 1990) (Table 1.1). There are many genes 

implicated in EGA that will be discussed in Section 1.5.1. 
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Table 1.1 Developmental time points, including EGA, in mouse, human and 

bovine species 

Species Developmental time points 
Oocyte 

IVM 
1st embryonic 

cleavage after IVF 
Cell stage at 

EGA 
Blastocyst 
formation 

Mouse 12-18 hr 24-32 hr 2-4-cell Day 3-4 
Human 24-30 hr 18-24 hr 4-8-cell Day 5-6 
Bovine 24-26 hr 18-24 hr 8-16-cell Day 7 

 

 

Around the 8-16 cell stage, the embryo undergoes compaction to form a morula (Clift 

and Schuh, 2013). Blastomeres flatten and adhere to one another while microvilli and 

plasma membrane components redistribute away from areas of cell-cell contact 

(Nikas et al., 1996). In mouse, contact asymmetry in 8-cell embryos has been shown 

to induce apical-basal polarity, a key determinant of lineage specialisation in the 

blastocyst stage (Johnson and Ziomek, 1981). Furthermore, correct expression of E-

cadherin is thought to be necessary during this stage as knockout of E-cadherin 

affects cell polarity and trophectoderm (TE) formation in mouse embryos (Watson et 

al., 2004). After compaction, a fluid-filled cavity called a blastocoel appears in the 

embryo, which is now termed a blastocyst (Fleming et al., 2001). Expression of Na/K-

ATPase on the basolateral membrane of the TE mediates fluid movement across the 

TE to fill the blastocoel cavity (Madan et al., 2007). The embryo differentiates to give 

rise to the first cell lineages which will become the embryo and extra-embryonic 

structures: the inner cell mass (ICM) and TE, respectively (Johnson and Ziomek, 

1981). In mouse, cell fate appears to be dependent upon the position of the cell in the 

embryo as peripheral cells become TE while inner cells become the ICM (Tarkowski 

and Wroblewska, 1967). Movement of cells from the periphery to the centre of the 

blastocyst causes a switch in cell fate to ICM. This appears to be caused by the apical 

polarisation of cells at the 8-cell stage (Korotkevich et al., 2017). Random allocation 

of blastomeres to TE and ICM has also been recognised in bovine (Sepulveda-Rincon 

et al., 2016).  
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Early embryo patterning is determined by the differential expression of lineage-

specific genes. In mouse, caudal type homeobox 2 (CDX2)-restriction of pluripotency 

genes, Oct4 and Nanog, in the TE is responsible for lineage segregation from the 

ICM (Strumpf et al., 2005; Wu and Scholer, 2014), although prolonged colocalisation 

of OCT4 and CDX2 has been observed in the TE of bovine and human blastocysts 

but not mouse (Berg et al., 2011). Pluripotency gene Sox2 is also necessary for TE 

formation by regulating TE –specific genes such as transcription enhancer factor 

family 4 (TEAD4) and its coactivator Yes-associated protein 1 (YAP1) which are 

required for zygotic CDX2 expression (Gasperowicz and Natale, 2011). Single-

blastocyst sequencing (Wei et al., 2017) showed that alongside CDX2, keratin 8 

(KRT8), ATPase H+/K+ transporting non-gastric alpha2 subunit (ATP12A), msh 

homeobox 2 (MSX2), disabled homolog 2 (DAB2), transcription factor AP-2 alpha 

(TFAP2A) were highly expressed in TE while goosecoid homeobox (GSC), platelet 

derived growth factor receptor alpha (PDGFRA), hepatocyte nuclear factor 4 alpha 

(HNF4A), signal transducer and activator of transcription 3 (STAT3), runt related 

transcription factor 1 (RUNX1), PRDM14, LIFR, FGFR4, and NANOG were markers 

of ICM in bovine. FGF/MAPK signalling influences differentiation of the ICM into the 

primitive endoderm (PE) and the epiblast (EPI) (Rossant and Tam, 2009) by 

expression of PE- and EPI-specific transcription factors, Gata6 and Nanog, 

respectively (Chazaud et al., 2006). SOX17 also causes PE specification by inducing 

GATA binding protein 6 (Gata6) and Gata4 expression and inhibiting pluripotency-

related genes (Gasperowicz and Natale, 2011). Single-embryo sequencing has 

revealed that developmental heterogeneity of blastomeres is apparent prior to lineage 

specification (Lavagi et al., 2018; Wei et al., 2017). NANOG transcripts were identified 

in the 8-cell bovine embryo (Graf et al., 2014) and expression of SOX2 was observed 

from the 16-cell stage in bovine embryos before becoming restricted to the ICM 

alongside OCT4 (Goissis and Cibelli, 2014). The blastocyst continues to expand until 

the embryo hatches from the zona pellucida and implants into the endometrium (Clift 

and Schuh, 2013; Forde and Lonergan, 2012).  

 
1.5.1 Embryonic genome activation  
 

Embryonic genome activation (EGA) is necessary for preimplantation 

embryogenesis. It is characterised by the production of embryonic transcripts and 

removal of maternal factors, signifying the transition from maternal to embryonic 

control (Tsukamoto and Tatsumi, 2018). Until this point the competence of the oocyte 

is pivotal (Zhang and Liu, 2015). EGA was first characterised in mice when the 
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inhibition of RNA polymerase II and III prevented zygotic genes from being 

transcribed, leading to arrest of development at the 2-cell stage – known as the ‘2-

cell block’ (Goddard and Pratt, 1983; Golbus et al., 1973; Latham and Schultz, 2001).  

 

The developmental stage at which EGA is said to occur describes the major wave of 

embryonic activation, however EGA is thought to begin after fertilisation (Hamatani et 

al., 2004; Jukam et al., 2017). In mice, 3 distinct waves of EGA have been recognised: 

minor EGA after fertilisation, major EGA around the 2-4-cell stage and mid-

preimplantation gene activation (MGA) around the 4-8-cell stage (Figure 1.5) (Wang 

and Dey, 2006). Zygotic transcripts have been recognised as early as the 2-cell 

embryo stage in humans (Vassena et al., 2011). Minor EGA is required for zygotic 

genome activation as inhibiting transcription at this stage reduced developmental 

progression past the 2-cell stage in mice (Abe et al., 2018). High throughput 

sequencing has shown that minor EGA is genome-wide and consists of low-level 

transcriptional activation in mouse 1-cell embryos (Abe et al., 2015). It is also believed 

that H3K4 methylation of the paternal pronucleus is required for minor genome 

activation (Aoshima et al., 2015). Vassena et al. (2011) demonstrated that each 

developmental stage was associated with distinct phases of gene expression. For 

example, the first wave of gene expression (~2-cell stage) was associated with 

upregulation of protein synthesis machinery while genes involved in transcriptional, 

translational and post-translational regulation were upregulated during the 4-8-cell 

stages (Vassena et al., 2011). MGA upregulates intracellular adhesion molecules 

prior to compaction and blastocyst formation (Hamatani et al., 2004). Global 

transcriptome assessment of normal versus EGA-inhibited 8-16-cell bovine embryos 

identified 2459 transcripts of embryonic origin that functioned in embryo patterning 

and development (Bogliotti et al., 2019). Alternatively, the maternal transcripts related 

to silencing gene expression and the shared transcripts were involved in epigenetic 

regulation. Wei et al. (2017) found that DNMT1 and DNMT3B were downregulated 

during the 8-16 cell transition in bovine which is likely to facilitate EGA. Importantly, 3 

embryonic transcription factors (KLF4, KLF5 and KLF9) were identified that targeted 

~50% of the embryonic genes to direct reprogramming during bovine EGA (Bogliotti 

et al., 2019). Finally, differences in alternate splicing of transcripts have been 

observed at different developmental stages in humans (Yan et al., 2013).  

 

As detailed in Section 1.3.3, the maternal contribution to the embryo is organised 

during oocyte maturation in preparation for driving early preimplantation 

embryogenesis prior to EGA. Many maternally-derived factors from the oocyte have 
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been implicated in the control of the maternal-zygotic transition (MZT) including Ago2, 

Ctcf, oocyte-specific DNA methyltransferase 1 (Dnmt1o), Dppa3, Heat shock factor 1 

(Hsf1), Nlrp5, Oct4, Padi6, Zygote arrest 1 (Zar1) and Zfp36l2 (Table 1.2) (Li et al., 

2013; Minami et al., 2007). The functions of such genes vary, from roles in meiosis 

and transcriptional activation to epigenetic regulation and maternal mRNA 

degradation (Li et al., 2010a). Disruption to any of these genes prevents embryonic 

cleavage and results in developmental arrest, often at the time of EGA. For example, 

Zar1 appears to function before EGA as most Zar1-/- mouse embryos arrest at the 1-

cell stage displaying 2 distinct parental nuclei. A small number arrest at the 2-cell 

stage but no embryos progress past the 4-cell stage (Wu et al., 2003). Defective 

zygotic transcription in Zar1-/- mice was defined by the absence of the transcription 

requiring complex (TRC), a marker of EGA (Conover et al., 1991).   

Figure 1.5 Changes in gene expression during mouse preimplantation embryo 

development. Degradation of maternal mRNAs is necessary for EGA. 3 distinct waves 

of EGA can be observed: minor EGA, major EGA and mid-preimplantation gene 

activation (MGA). Figure from Wang and Dey (2006). In bovine, the changes in gene 

expression are similar to mouse, however the process of EGA is slower as the 

embryonic genome becomes active at the 8-16-cell stage.   

After fertilisation, post-transcriptional regulation of maternal mRNAs coordinates EGA 

(Section 1.5.1). Degradation of maternal transcripts and proteins is an essential step 

in the transition to embryonic control (Clegg and Piko, 1983; Schier, 2007). Maternal 

components and zygotic miRNAs facilitate mRNA degradation while ubiquitin-



 
 

34 

 

dependent pathways and autophagy coordinates the removal of maternal proteins 

(Giraldez, 2010; Tsukamoto and Tatsumi, 2018). Argonaute (Ago2) is involved in 

mRNA degradation, specifically RNA silencing in response to double-stranded RNA 

(dsRNA) species (Meister and Tuschl, 2004). Ablation of Ago2 in mouse embryos 

results in developmental arrest at the 2-cell stage, stabilisation of a set of maternal 

transcripts and reduced transcription of specific zygotic mRNAs. Further, embryonic 

miRNAs have been identified that target specific maternal transcripts, activate AGO2 

of the RNA-induced silencing complex (RISC) and result in their degradation (Lykke-

Andersen et al., 2008). For example, miRNA-212 represses FIGLA mRNA in bovine 

4-8-cell embryos (Tripurani et al., 2013). RNA methylation has been implicated in 

maternal mRNA stability and clearance in the embryo. 5-mC has been recognised in 

mRNAs and found to regulate mRNA stability alongside 5-mC binding proteins Ybx1 

and Pabpc1a in zebrafish (Yang et al., 2019). Loss of Ybx1 decreased maternal 

mRNA transcript abundance and caused developmental arrest. Inactivation of ythdf2 

in zebrafish resulted in reduced clearance of m6A-modified maternal mRNAs which 

disrupted EGA and caused long term developmental delay of the larvae (Zhao et al., 

2017). They showed that the removal of transcripts was enhanced by the m6A mark. 

Moreover, an enzyme called Wispy was identified in Drosophila that adenylates 

miRNAs, interacts with Ago2 and is believed to facilitate clearance of maternal 

miRNAs during EGA (Lee et al., 2014b). Similarly, disruption to Zfp36l2 stabilises a 

subset of maternal transcripts and inhibits embryonic progression past the 2-cell 

stage (Ramos et al., 2004). Like transcription, degradation of maternal mRNAs occurs 

in waves that correspond to zygotic transcription and the metabolic processes of the 

embryo in humans (Vassena et al., 2011). It is now understood that paternally 

transcribed RNAs also play a major role in EGA (Jodar et al., 2015). 5 sperm RNAs 

were identified in mice that are thought to function alongside maternal components to 

coordinate mRNA and protein clearance (Ntostis et al., 2017).  
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Table 1.2 Genes involved in MZT and their biological functions (C. – 

chromosome; SCMC – subcortical maternal complex) 

 

EGA is regulated in part through reorganisation of the chromatin structure which 

modulates promoter activity and controls gene expression (Bogliotti and Ross, 2015; 

Schultz, 2002). Replacement of sperm protamines with maternally-derived histones 

that are more highly acetylated enhances expression of the paternal genome (Adenot 

Gene Location Function Source 
Ago2 
Argonaute 2  

Mouse C.15 
Bovine C. 14 

A member of the RNA-induced 
silencing complex which inhibits 
gene expression through RNA 
interference. 

(Lykke-
Andersen 
et al., 
2008) 

Ctcf 
CCCTC-binding 
factor 

Mouse C.8 
Bovine C. 18 

A regulatory factor that functions as 
both a transcriptional repressor and 
activator by binding various 
elements of DNA. 

(Wan et al., 
2008) 

Dnmt1o 
DNA 
methyltransferase 1 
oocyte-specific  

Mouse C.9 
Bovine C. 7 

An oocyte-specific, truncated form 
of DNMT1 responsible for 
maintaining methylation marks and 
regulating transcription. 

(Doherty et 
al., 2002) 

Dppa3 
(Pgc7/Stella) 
Developmental 
pluripotency 
associated 3  

Mouse C.6 
Bovine C.5 

A multi-functional, essential factor in 
preimplantation development. 
Protects the maternal genome and 
a subset of the paternal genome 
from demethylation. 

(Nakamura 
et al., 
2007) 

Hsf1 
Heat shock factor 1 

Mouse C.15 
Bovine C.14 

A transcriptional regulator that binds 
to heat shock elements on target 
genes in response to stress, e.g. 
heat and oxidative damage. 

(Bierkamp 
et al., 
2010) 

Nlrp5 
(Nalp5/Mater) 
NLR-family pyrin 
domain 5 

Mouse C.7 
Bovine C.18 

A member of the SCMC in the 
oocyte and critical for early embryo 
development beyond EGA. 

(Tong et 
al., 2000) 

Oct4 
Octamer-binding  
transcription 
factor 4 

Mouse C.17 
Bovine C.23 

An embryonic stem cell pluripotency 
transcription and regulatory factor. 

(Foygel et 
al., 2008) 

Padi6 
Peptidylarginine 
deiminase 6 

Mouse C.4 
Bovine C.2 

An enzyme that converts arginine to 
citrulline in proteins, a member of 
the SCMC, critical for oocyte CPL 
formation and embryonic 
progression past EGA.  

(Yurttas et 
al., 2008) 

Zar1 
Zygote arrest 1 

Mouse C.5 
Bovine C.6 

An oocyte-specific, cytoplasmic 
factor which appears to function in 
the maternal to zygotic transition. 

(Wu et al., 
2003) 

Zfp36l2 
Zinc finger protein 
36-like 2 

Mouse C.17 
Bovine C.11 

RNA-binding protein that binds to 
AU-rich elements causing 
deadenylation and destabilisation of 
transcripts.  

(Ramos et 
al., 2004) 

Zfp57 
Zinc finger protein 
57 

Mouse C.17 
Bovine C.23 

DNA-binding protein that is 
responsible for methylation 
maintenance and transcriptional 
repression. 

(Li et al., 
2008c) 
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et al., 1997; Zhou and Dean, 2015). Research in mice suggests that maternal factors 

initiate the MZT and subsequently, chromatin combines with newly-synthesised 

somatic histones and condenses into a repressive state to regulate zygotic gene 

expression (Latham and Schultz, 2001). In support of this, EGA does not occur in the 

absence of chromatin remodelling factors, Brahma-related gene 1 (BRG1) and 

Transcription intermediary factor 1 alpha (TIF1α) (Bultman et al., 2006; Torres-Padilla 

and Zernicka-Goetz, 2006). DNA replication is also crucial for the expression of genes 

involved in EGA. Prevention of the first round of replication in mouse embryos does 

not inhibit EGA but results in decreased levels of TRC and eukaryotic initiation factor, 

eIF-1A (Davis et al., 1996; Wiekowski et al., 1991). Inhibition of the second round of 

replication suppresses HSP70 expression, in addition to TRC and eIF-1A (Christians 

et al., 1995). In part, this may be due to disruption of replication-mediated 

demethylation of parental genomes (Shen et al., 2014).  

 

1.6 Epigenetics 
 

Epigenetics describes chemical modifications of DNA or histones, known as 

epigenetic marks, or RNA-mediated epigenetic control which alters the way a gene is 

read by the transcriptional machinery thereby influencing its expression (Handy et al., 

2011). As cells possess the same DNA content, epigenetic mechanisms are 

responsible for determining different somatic cell phenotypes by switching on or off 

subsets of genes (Rakyan et al., 2008). Epigenetic mechanisms also regulate X 

chromosome inactivation in female embryos as a form of dosage compensation 

(Lyon, 1999; Riggs, 1975). Changes in the epigenome can be deleterious, however, 

for embryo development to occur the epigenome must be erased, reprogrammed and 

subsequently maintained in a time-dependent manner (Eggermann et al., 2015; Reik 

et al., 2001). A subset of genes that are epigenetically marked or imprinted in a 

parent-specific manner escape reprogramming during development (Glaser et al., 

2006). These imprinted regions of parental chromosomes are functionally non-

equivalent and have specific roles during development (Section 1.6.1) (McGrath and 

Solter, 1984; Reik and Walter, 2001b). It is worth noting that in vitro culture of embryos 

has been associated with epigenetic changes and imprinting disorders (Lazaraviciute 

et al., 2014).  

 

There are various modifications which constitute epigenetic marks including DNA 

methylation and covalent histone modifications, such as methylation, acetylation, 
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ubiquitination, phosphorylation, citrullination in addition to other modifications 

(Holliday and Pugh, 1975; Kouzarides, 2007). Epigenetic modifications are stable and 

heritable, yet also reversible. In different ways, epigenetic marks alter the folding, 

accessibility and interactions of the DNA with regulatory factors to control gene 

expression (Table 1.3) (Handy et al., 2011). For example, DNA methylation at 

promoters silences gene expression whereas histone acetylation promotes gene 

transcription (Canovas and Ross, 2016; Keshet et al., 1986; Kuo and Allis, 1998). 

DNA methylation, specifically 5-methylcytosine (5-mC), is the most studied epigenetic 

modification (Tomizawa et al., 2012). There are specific groups of enzymes that 

control the establishment and removal of epigenetic marks. DNA methyltransferases 

(DNMTs) are the primary DNA methylating enzymes that commonly methylate 

cytosines of cytosine-guanine dinucleotides (CpGs) at stretches of the genome 

known as differentially methylated regions (DMRs) within imprinting control regions 

(ICRs) (Goll and Bestor, 2005). This family of enzymes regulate dynamic changes in 

the DNA methylome during gametogenesis and preimplantation embryogenesis. 

During development, 5-mC can be readily converted into 5-hmC by ten eleven 

translocation (TET) enzymes which leads to demethylation of the DNA (Rasmussen 

and Helin, 2016). Expression of a number of different proteins is necessary to protect 

methylation marks at parent-of-origin imprinted loci (Messerschmidt, 2012). This will 

be discussed further in the following sections. 

 

Histone modifications are regulated by many different proteins and can have different 

effects based on their location on the histone as detailed in Table 1.3 (Bannister and 

Kouzarides, 2011). Moreover, epigenetic factors often recruit DNMTs to chromatin 

locations to promote further methylation (Canovas and Ross, 2016). For example, 

ZFP57 binds to a specific sequence of the DNA and recruits TRIM28 which facilitates 

binding of a heterochromatin-inducing complex containing H3K9me3 histone 

methyltransferase, SET Domain Bifurcated Histone Lysine Methyltransferase 1 

(SETDB1), heterochromatin protein 1 (HP1) and DNMTs (Messerschmidt, 2012). 

This mechanism is crucial for maintaining genomic imprints during development 

(Section 1.6.3.1). Finally, epigenetic gene regulation also occurs through post-

transcriptional RNA-associated gene silencing by short non-coding RNAs (ncRNAs) 

such as miRNAs, as described in Section 1.3.3.4 (Holoch and Moazed, 2015). 

miRNAs that target pericentromeric DNA repeat regions are known to promote 

heterochromatin formation and H3K9 methylation (Volpe et al., 2002; Yu et al., 

2014a). Similarly, long ncRNAs that are transcribed from the genome coat the 

complementary chromosomal location and recruit silencing factors like polycomb 
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repressive complex 2 (PRC2) H3K27 methyltransferase (Kung et al., 2013). The most 

characterised long ncRNA is the X-inactivation transcript, Xist, that is transcribed from 

the X chromosome that will become inactive (Holoch and Moazed, 2015). Moreover, 

many imprinted clusters contain protein-coding genes and antisense long ncRNAs.  

 
Table 1.3 Types of epigenetic marks and their effects on gene expression. 

(DNMT-DNA methyltransferase; HAT-Histone acetyltransferase; KAT-Lysine 

acetyltransferase; HDAC-Histone deacetylase; HMT-Histone methyltransferases; 

PRMT-arginine methyltransferase; K-Lysine; S-Serine). 

Epigenetic mark Effectors Main target 
sites 

Effect on gene 
expression 

DNA methylation DNMTs CpG 
dinucleotides 

Promoter = 
silencing; Intragenic 
region = activation 

Histone 
acetylation 

HATs 
KATs 
HDACs 

H3 K5,8,12,16 
H4 K9,14 

Gene activation 

Histone 
methylation 

HMTs 
Histone 
demethylases 

H3 K4me2/3; 
     K36me3; 
     K79me2 

Gene activation 

H3 K9me3;  
     K27me3 
H4 K20me3 

Gene silencing 

PRMT5 
PRMT1 

H4 Rme2 Gene silencing 

Histone 
phosphorylation 

Aurora B H3 S10,28 Gene activation 

Long ncRNA RNA 
polymerase II 

Complementary 
transcript 

Transcription 
repression 

Small ncRNA RNA 
polymerase II 
Dicer 
AGO2 

Complementary 
transcript 

Transcription 
repression 

 
1.6.1 Parent-of-origin imprinting 
 

Genomic imprinting is the phenomenon in which 1 parental allele of an imprinted gene 

is expressed in the offspring while the other is silenced, as a form of gene expression 

control (Monk et al., 2019; Reik and Walter, 2001b). Research has shown that 

embryos that are experimentally produced with either 2 maternal pronuclei or 2 

paternal pronuclei do not develop to term (Surani and Barton, 1983). This is not due 

to aberrant genetic contribution but functional non-equivalence between parental 

chromosomes – now known to be the result of genomic imprinting (McGrath and 

Solter, 1984). Genes that are paternally expressed are often involved in the growth 

and development of extra-embryonic structures while genes that are maternally 
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expressed coordinate early preimplantation embryo development (Barton et al., 

1984). There are over 200 known imprinted genes in humans that are often clustered 

together in ~1 megabase DNA regions (Huntriss et al., 2018). They are controlled by 

CpG-rich cis-acting sequences called ICRs (Bartolomei and Ferguson-Smith, 2011). 

The majority of imprinted genes receive epigenetic marking upon passing through the 

female germline (Wilkins et al., 2016). In 1991, one of the first imprinted genes 

identified was the maternally methylated Igf2r cluster (Barlow et al., 1991). Unlike 

paternally methylated ICRs which reside in intergenic regions, maternally methylated 

ICRs are located in promoters (Bartolomei and Ferguson-Smith, 2011). Within the 

second intron of Igf2r lies the Airn promoter (Figure 1.6a) (Braidotti et al., 2004). At 

the maternal locus, the CpG island in the Airn promoter is methylated which allows 

maternal expression of Igf2r (Stoger et al., 1993; Wutz et al., 1997). On the paternal 

chromosome, it is unmethylated and the Airn promoter is activated. Airn is a non-

coding RNA (ncRNA) that is transcribed in the anti-sense direction to Igf2r to repress 

its expression (Lyle et al., 2000; Zwart et al., 2001). 2 genes downstream of Igf2r, 

Slc22a2 and Slc22a3, are also repressed on the paternal chromosome as a result of 

Airn – a mechanism known as cis spreading (Nagano et al., 2008). Cis spreading 

describes the silencing of distant genes through interaction with their promoter and 

recruitment of histone modifying factors (Marcho et al., 2015). Other examples of cis 

spreading include: Kcnq1, Snrpn and Gnas clusters (Bartolomei and Ferguson-Smith, 

2011).  

 

Another mechanism of genomic imprinting regulation is described at the Igf2-H19 

gene locus, which regulates a variety of genes in embryogenesis, primarily those 

involved in placental development (Figure 1.6b) (Constancia et al., 2002). The locus 

is under the control of an intergenic ICR upstream of H19 and shares enhancer 

sequences downstream of H19 (Nordin et al., 2014; Tremblay et al., 1997). The 

parent-specific methylation status of the ICR determines the expression of either Igf2 

or H19. On the maternal chromosome, the DMR is unmethylated and transcriptional 

regulator, CCCTC-binding factor (CTCF), can bind (Kim et al., 2015b). CTCF blocks 

the binding of enhancers to the Igf2 promoter and inhibits its expression (Bell and 

Felsenfeld, 2000; Gabory et al., 2009). As a result, enhancers bind to the H19 ncRNA 

promoter downstream and H19 is expressed. Interestingly, miR-675 was identified 

within the first exon of H19 ncRNA whose function is to suppress placental growth 

(Keniry et al., 2012). On the paternal chromosome, the DMR is imprinted so CTCF 

cannot bind. Subsequently, enhancers activate Igf2 promoter and Igf2 is expressed 
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(Bartolomei and Ferguson-Smith, 2011). This mechanism of imprinting regulation is 

known as CTCF-dependent chromatin insulation (Ishihara et al., 2006). 

 

Figure 1.6 Mechanisms for differential gene expression from imprinted loci. a) Cis-

spreading at Airn-Igf2r locus: At the maternal locus, the Airn ICR is methylated so Airn 
is silenced allowing Igf2r to be expressed. The paternal locus is unmethylated so Airn 

is expressed which represses Igf2r expression (red lines). b) CTCF-dependent 

chromatin insulation at the Igf2-H19 locus: At the paternal locus, the H19 ICR is 

methylated so H19 is silenced and Igf2 is expressed. At the maternal locus, the H19 

ICR is unmethylated so CTCF can bind and H19 is expressed. black circles and blue 

arrows show methyl marks and gene activation, respectively. Figures redrawn from 

a) Abramowitz and Bartolomei (2012) and b) Gabory et al. (2009). 
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1.6.2 Epigenetic reprogramming of the germ line 
 

Epigenetic reprogramming of the germ line is necessary for gamete production and 

succeeding embryo development (Hill et al., 2018). PGCs undergo active global DNA 

demethylation and chromatin remodelling, followed by precise re-methylation in a 

parent-specific manner during gametogenesis (Allegrucci et al., 2005; Li et al., 2004; 

Reik et al., 2001). Upon migration of PGCs to the gonadal ridge, the methylome is 

similar to that of the parental somatic cells (Hajkova et al., 2002). Once at the gonadal 

ridge, the chromatin landscape changes dramatically: DNA is largely demethylated 

and many histone modifications are lost. Initially, DNA demethylation is thought to 

occur by replication-dependent dilution (Ohno et al., 2013). During replication, 

UHRF1 recognises hemi-methylated DNA and recruits DNMT1 to methylate CpGs on 

the newly replicated DNA strand (Bostick et al., 2007). However, downregulation of 

Uhrf1 during early PGC specification prevents methylation maintenance by DNMT1 

and leads to dilution of DNA methylation with each replication event (Kurimoto et al., 

2008b). The second stage of DNA demethylation is coordinated by TET enzymes 

which catalyse the oxidation of 5-mC to 5-hmC (Monk et al., 2019). Tet1 and Tet2 

expression increases during PGC specification reaching peak levels around day 

E10.5-11.5 in mouse while Tet3 is not detected (Hackett et al., 2013). As DNMTs 

cannot recognise 5-hmC, DNA methylation is lost during DNA replication (Figure 

1.7a) (Inoue et al., 2011b). With this, an overall upregulation of gene expression was 

observed following global demethylation of DNA (Yamaguchi et al., 2013). This shows 

the biological importance of epigenetic changes in the germline for reprogramming 

PGCs prior to meiosis. Furthermore, Yamaguchi and colleagues recognised the 

presence of stable pericentric 5-hmC marks in both male and female PGCs that were 

catalysed by TET1 (Yamaguchi et al., 2013; Yamaguchi et al., 2012). Loss of Tet1 in 

mouse PGCs increased the expression of major satellite repeats that are usually 

silenced in the germ line (Magaraki et al., 2017; Yamaguchi et al., 2013).   
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Figure 1.7 TET-mediated DNA demethylation followed by a) passive replication-

dependent dilution: 5-mC is converted to 5-hmC by TET enzymes. As 5-hmC is not 

recognised by DNMT1, DNA methylation is gradually lost during each DNA replication 

event; and b) thymine DNA glycosylation (TDG) and base excision repair (BER): 5-
mC is converted to 5-hmC and subsequently, 5-formylcytosine (5-fC) and 5-

carboxylcytosine (5-caC) by TET enzymes. TDG excises 5-fC and 5-caC from the 

DNA to leave an abasic site which is repaired by BER enzymes. Figure redrawn from 

Kohli and Zhang (2013). 

 

 

Hajkova and colleagues observed extensive chromatin decondensation in germ cells, 

which might enable demethylases to access and erase methylation marks (Hajkova 

et al., 2008; Hill et al., 2014). For instance, they observed a permanent loss of the 

early PGC repressive chromatin mark, dimethylation of arginine 3 on histone H2A 

and H4 tails, which they speculate could be due to citrullination by peptidylarginine 

deiminase 4 (PADI4) (Ancelin et al., 2006; Wang et al., 2004). This was dismissed for 

various reasons, including lack of PADI4 expression in their single-cell PGC data. 

This mechanism may now be worth re-visiting in light of the fifth PADI family member, 

PADI6, which is expressed primarily in the oocyte and is essential for embryonic 
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genome activation (Section 1.7.3.1) (Wright et al., 2003; Yurttas et al., 2008). Instead, 

Hajkova et al. (2008) suggests that there is an active mechanism of histone 

replacement that is not facilitated by replication. This model may relate to a DNA 

repair imprinting mechanism co-ordinated by DNA glycosylase Demeter that was 

previously reported in plants (Choi et al., 2002). It suggests that a DNA repair protein 

with the ability to remove 5-mC recognises modified bases and induces chromatin 

structural changes and histone replacement (Gehring et al., 2006; Gong et al., 2002). 

Interestingly, thymine DNA glycosylase (TDG) in mammals has been implicated in 

chromatin remodelling (Tini et al., 2002). Oxidation of 5-mC to 5-hmC by TET 

enzymes also produces 5-formylcytosine (5-fC) and 5-carboxylcytosine (5-caC) (Ito 

et al., 2011). It is thought that 5-fC and 5-caC are substrates for TDG which excises 

the modified cytosines from the DNA (He et al., 2011; Maiti and Drohat, 2011) and 

the resultant abasic site is repaired by the endogenous base excision repair (BER) 

pathway in a tightly coordinated mechanism (Figure 1.7b) (Weber et al., 2016). In 

support of this, disruption to Tdg in mouse embryos results in lethality and failure to 

establish proper DNA methylation (Cortellino et al., 2011).  

 

Re-methylation of the paternal genome occurs prior to birth whereas re-methylation 

of the maternal genome occurs during oocyte maturation and is fully established by 

MII stage (Lucifero et al., 2002; Pan et al., 2012). Imprinting establishment in the 

oocyte is progressive and stage-specific for each imprinted gene, for example: Snrpn 

is imprinted during the primordial to primary follicle transition; Peg3 in the secondary 

follicle; Mest during the tertiary to early antral follicle transition; and Impact in the 

antral oocyte in mice (Obata and Kono, 2002). It is thought that there is a switch in 

transcription start sites of many imprinted genes between germ cells and growing 

oocytes and that this may correspond with the expression of specific transcription 

factors and transcription events that traverse germline DMRs (gDMRs) (Tomizawa et 

al., 2012). This would explain the asynchronous establishment of methylation at 

imprinted gene loci. In bovine, increased methylation of imprinted genes, SNRPN, 

PEG10 and PLAGL1, coincided with expression of DNMT3 proteins during oocyte 

growth (O'Doherty et al., 2012). DNMT3A and DNMT3B are the de novo 

methyltransferases responsible for laying down imprints in oocytes and 

preimplantation embryos (Kaneda et al., 2010; Okano et al., 1999). Human DNMT3A 

and DNMT3B are expressed throughout folliculogenesis, oocyte maturation and 

preimplantation development to the blastocyst stage (Huntriss et al., 2004). Knockout 

of either Dnmt3a or its cofactor Dnmt3l in the mouse embryo results in cell death 

whereas ablation of Dnmt3b yields viable offspring (Kaneda et al., 2004). It is 
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therefore proposed that DNMT3A and DNMT3L are essential for methylation of 

gDMRs of imprinted loci in germ cells.  

 

Imprinting establishment by de novo DNMTs is thought to depend upon CpG 

sequences, histone modifications and transcription (Bartolomei and Ferguson-Smith, 

2011). gDMRs are comprised of CpG repeats, known as CpG island-like elements, 

that cover up to a few kilobases of DNA (Tomizawa et al., 2011). Jia and colleagues 

resolved the crystal structure of the DNMT3A-DNMT3L complex to find that optimal 

methyltransferase activity required regular spacing of 8-10 CpGs along the DMR (Jia 

et al., 2007). They observed this CpG spacing in twelve maternally imprinted gDMRs 

but not in 3 paternally imprinted gDMRs or 10 control CpG islands. Despite this, the 

DNMT3A-DNMT3L complex is likely to function by recognising modified histones 

(Messerschmidt et al., 2014). For example, DNMT3L interacts with the N terminus of 

histone H3 to methylate DMRs (Ooi et al., 2007). It is suggested that histone H3 lysine 

4 (H3K4) methylation and histone H3 acetylation disrupts this interaction and can 

therefore protects DMRs from methylation (Figure 1.8) (Delaval et al., 2007; Fournier 

et al., 2002). At the U2af1-rs1 locus, it appears that methyl-CpG-binding-domain 

(MBD) proteins recruit chromatin remodelling factors to the maternally methylated 

gDMR resulting gene silencing (Fournier et al., 2002). The paternal allele, however, 

is protected from silencing as a result of H3K4 methylation and H3 acetylation 

(Farhadova et al., 2019). This has also been observed at the Igf2r locus (Vu et al., 

2004). In support of this, gDMRs of certain imprinted genes do not become 

methylated in oocytes lacking H3K4 demethylase Kdm1 (Ciccone et al., 2009).  

 

Finally, epigenetics can be regulated through transcription. In some promoter regions, 

CpG islands remain unmethylated due to high GC skew, which enables R loops to 

form during transcription (Ginno et al., 2012). These DNA:RNA structures exclude 

DNMTs, specifically DNMT3B1, from methylating promoter regions and silencing 

gene expression (Ginno et al., 2012). This method of protection from methylation 

relies on transcriptional activity and therefore, occurs in the promoters of actively 

transcribed genes such as regulatory and housekeeping genes (Bird, 2002; Saadeh 

and Schulz, 2014). On the other hand, at some gDMRs, transcription is necessary to 

maintain an open chromatin state to allow DNMTs to lay down de novo epigenetic 

marks (Chotalia et al., 2009). For example, in growing oocytes, the NESP55 

promoter, which is upstream of 2 gDMRs of the CpG island promoter for imprinted 

gene GNAS, is actively transcribed and transcription continues through the GNAS 
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gDMRs (Frohlich et al., 2010). When NESP55 promoter regions are deleted or 

transcription is ablated, the gDMRs fail to become methylated (Bastepe et al., 2005). 

 

Figure 1.8 De novo DNA methylation by DNMT3A-DNMT3L complex is dependent upon 

the methylation status of histone H3 lysine 4 (H3K4). a) H3K9 is unmethylated so 

DNMT3A-DNMT3L can methylate (blue circles) the DNA (black line). b) H3K9 is di- 

or tri-methylated so DNMT3A-DNMT3L cannot methylate the DNA. Histone H3 is 

represented by a large yellow circle. Figure redrawn from (Tomizawa et al., 2012). 

1.6.3 Epigenetic reprogramming of the preimplantation embryo  
 

Following fertilisation, the zygotic genome undergoes extensive reprogramming and 

activation to pluripotency (Clift and Schuh, 2013; Morgan et al., 2005). As the haploid 

paternal genome is tightly packaged around protamines, in place of histones, the 

paternal genome undergoes sperm chromatin remodelling while the maternal 

genome completes meiosis (Miller, 2015; Santos et al., 2002). By the blastocyst 

stage, embryos are devoid of almost all DNA methylation. However, through the 

chromatin reorganisation and global DNA demethylation, parent-specific imprinted 

loci are maintained (Monk et al., 1987; Reik et al., 2001).  

 

In the mammalian zygote, demethylation of parental genomes is asynchronous 

(Inoue and Zhang, 2011). The paternal DNA is actively and rapidly demethylated 

through TET3-mediated conversion of 5-mC to 5-hmC before the first mitotic division 

followed by replication-dependent passive dilution (Figure 1.9) (Iqbal et al., 2011). 

The role of TET3 was discovered as oxidative derivatives of 5-mC were 

asymmetrically enriched on the paternal chromosomes (Wossidlo et al., 2011). In 

mice, maternal Tet3 mRNA accumulated during oocyte growth and subsequently, the 

protein was localised at the paternal pronucleus in the zygote (Gu et al., 2011; 
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Sakashita et al., 2014). Furthermore, oxidation of 5-mC in the paternal genome was 

not observed following KD of Tet3 in mouse zygotes (Gu et al., 2011; Sakashita et 

al., 2014). DNA demethylation is biologically important for the transcriptional 

activation of zygotic genes from the paternal genome (Aoki, 1997; Reik and Walter, 

2001a). In support of this, ablation of Tet3 disturbed the demethylation and therefore 

transcription of paternal pluripotency genes, Oct4 and Nanog, and markedly reduced 

embryo development in both mice and bovine species (Cheng et al., 2019; Gu et al., 

2011). It was believed that the maternal genome was mostly demethylated in a 

replication-dependent manner as methylation maintenance protein DNMT1 is 

prevented from entering the nucleus until the 8-cell stage (Figure 1.9) (Branco et al., 

2008; Carlson et al., 1992). However, recent methylation profiling has shown that 5-

hmC is present in the mammalian maternal pronucleus which suggests that there is 

active demethylation of the maternal genome by TET3-mediated oxidation, albeit at 

a lesser extent than that of the paternal genome (Guo et al., 2014; Wossidlo et al., 

2011). Both maternally-derived, oocyte-specific DNMT1o and zygotic somatic 

DNMT1 (DNMT1s) are necessary to maintain methylation marks by recognising and 

binding hemi-methylated DNA (Figure 1.10c) (Hirasawa et al., 2008; Howell et al., 

2001; Kurihara et al., 2008). Methylation maintenance at imprinted loci is essential for 

correct development as disruption to Dnmt1o cannot be tolerated and results in 

embryonic failure (Howell et al., 2001; Li et al., 1992; Petrussa et al., 2014).  

 

Whole genome bisulphite sequencing (WGBS) has facilitated further investigation 

into methylation patterns during embryonic reprogramming in bovine (Duan et al., 

2019; Jiang et al., 2018; Salilew-Wondim et al., 2018). After fertilisation, global 

demethylation caused CpG methylation to decrease from ~73% in sperm and ~30% 

in oocytes to ~27% in 4-cell bovine embryos (Duan et al., 2019). Methylation was at 

its lowest level (~15%) in 8-cell embryos and subsequently doubled (~32%) in 16-cell 

embryos – concordant with major EGA in bovine. It is suggested that changes to the 

methylome reflect changes in the expression of epigenetic regulators such as DNMTs 

(Duan et al., 2019). On the other hand, non-CpG methylation showed the inverse 

effect with highest methylation observed at the 8-cell stage, suggestive of a regulatory 

role in pluripotency (Jiang et al., 2014). Finally, it is important to note that differences 

in DMRs were observed between in vitro and in vivo matured oocytes which confirms 

the association between imprinting abnormalities and in vitro derived embryos 

(Hattori et al., 2019; Jiang et al., 2018). 
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Figure 1.9 Changes in methylation during preimplantation embryo development and 

postimplantation from Messerschmidt et al. (2014). After fertilisation, the paternal 

genome is actively demethylated (blue line), however DPPA3 binds to H3K9me2 sites 

to protect imprinted loci from TET-mediated demethylation. With each embryonic 

cleavage event the maternal genome is passively demethylated (red line) but both 

parental imprints are maintained. To this end, ZFP57 recruits TRIM28, SETDB1 and 
DNMT1 to the DNA at H3K9me2 sites which causes further methylation of the histone 

and prevents demethylation of imprinted loci in the reprogramming embryo. The 

dotted blue lines show the increase in intermediate products, 5-hmC and 5-fC/5-caC, 

formed by oxidation of 5-mC. 



 
 

48 

 

Figure 1.10 a) Protection of imprinted loci by STELLA/DPPA3. DPPA3 binds to DMRs to 

prevent TET3-mediated demethylation. In the absence of DPPA3, TET3 converts 5-
mC to 5-hmC which is repaired by BER leading to loss of methylation. b) Protection 

of imprinted loci by TRIM28, ZFP57, DNMT1 and NP95/UHRF1. ZFP57 binds to 

DMRs and recruits TRIM28, NP95 and DNMTs which maintains methylation at these 

loci. c) DNA methylation maintenance by NP95/UHRF1 and DNMT1. NP95 binds to 

hemimethylated DNA and recruits DNMT1 to maintains methylation at imprinted loci.  

Figure redrawn from Messerschmidt et al. (2014).  
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1.6.3.1 Protecting imprinted loci from demethylation 
 

Despite demethylation of the parental genomes, imprinted genes DMRs remain 

methylated (Clift and Schuh, 2013; Morgan et al., 2005). WGBS confirmed that 5 

maternally and 3 paternally imprinted genes were protected from global 

demethylation during embryonic reprogramming (Jiang et al., 2018). Trans-acting 

factors have been identified that prevent demethylation of imprinted loci during 

essential reprogramming events. DPPA3 protects many maternal imprints and a 

subset of paternal imprints from demethylation in the zygote by inhibiting TET3-

mediated 5-mC oxidation and consequent DNA demethylation (Figure 1.10a) (Bian 

and Yu, 2014; Gu et al., 2011; Nakamura et al., 2007). DPPA3 functions by binding 

to a consensus sequence on the DNA and H3K9me2, a histone mark that is enriched 

in the maternal genome, which alters the chromatin structure and prevents TET3 

activity (Bian and Yu, 2014; Nakamura et al., 2012; Santos et al., 2005). Loss of 

Dppa3 activity in mouse zygotes causes loss of 5-mC from both pronuclei and 

increased 5-hmC staining in the maternal genome (Wossidlo et al., 2011). As well as 

protecting imprinted loci from demethylation, DPPA3 also prevents hypermethylation 

of the DNA at inappropriate loci by DNMT1 (Li et al., 2018). DPPA3 regulates the 

subcellular localisation of UHRF1 in mouse oocytes, thereby controlling methylation 

by DNMT1. Loss of Dppa3 results in aberrant localisation of UHRF1 in the nucleus 

and hypermethylation of the oocyte methylome which markedly impaired embryonic 

development.  

 

Similarly, zinc finger protein 57 (ZFP57) maintains methylation at a subset of both 

maternally and paternally imprinted genes in the mouse preimplantation embryo 

(Figure 1.10b) (Li et al., 2008c; Riso et al., 2016). ZFP57 binds to the DNA in a 

sequence- and methylation-dependent manner and recruits TRIM28 to the 

methylated allele of ICRs where it acts as a scaffold for chromatin-modifying proteins 

such as nucleosome remodelling and deacetylase (NuRD) complex, SETDB1 and 

DNMTs to induce a heterochromatic state such as H3K9me3 (Quenneville et al., 

2011; Zuo et al., 2012). Loss of both maternal and zygotic Zfp57 displays a maternal-

zygotic lethal effect due to disruption of multiple imprinted loci (Li et al., 2008c). 

Mutations in ZFP57 result in human imprinting disorders including transient neonatal 

diabetes mellitus caused by aberrant imprinting of PLAGL1 (Mackay et al., 2008). 

Similarly, in mouse embryos, loss of maternal Trim28 is lethal and there is high 

variability in embryonic phenotypes due to the mosaicism of imprinting abnormalities 
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that arise (Messerschmidt et al., 2012). In contrast, CXXC-type zinc finger protein 1 

(CXXC1), a CpG binding protein of unmethylated CGs, is proposed to maintain the 

hypomethylation status of CpG islands in order to sustain the activation of genes that 

are essential in peri-implantation development (Carlone and Skalnik, 2001; van de 

Lagemaat et al., 2018).  

 
1.7 Maternal effect genes involved in epigenetic regulation 

of the oocyte and preimplantation embryo 
 

Genes that are transcribed from the maternal genome and are critical to the 

functioning of the oocyte and early embryo prior to EGA are termed MEGs (Li et al., 

2010a). Mater/NLRP5 was one of the first MEGs to be identified in mice, and later 

found to be an essential component of the subcortical maternal complex (SCMC) 

alongside KHDC3L, OOEP, TLE6, PADI6, NLRP2 and NLRP7 (Li et al., 2008a; Tong 

et al., 2000; Zhu et al., 2015).  

 
1.7.1 NLRP- gene family  
 

The NLRP- gene family are known for their roles in inflammasome assembly during 

the innate immune response (Martinon et al., 2007). However, the discovery that 

NLRP- genes were highly expressed in the oocyte and early embryo suggested a 

novel role for NLRPs in embryonic development (Amoushahi et al., 2019; Zhang et 

al., 2008). 

 

1.7.1.1 NLRP7 
 

Mutations in NLRP7/NALP7 were identified in a congenital imprinting disorder called 

familial biparental hydatidiform mole (FBHM) (Table 1.4) (Hayward et al., 2009). 

FBHM is a maternal-effect, autosomal recessive condition caused by defective 

maternal imprinting of the oocyte thereby mirroring the presence of paternal DNA only 

(Van den Veyver and Al- Hussaini, 2006). It is characterised by embryonic failure and 

the presence of masses of hyper-proliferated, extra-embryonic trophoblastic tissue 

clinically known as moles. Mutations in NLRP7/NALP7 were first discovered using 

linkage analysis in affected families and individuals with recurrent hydatidiform mole 

(HM) (Moglabey et al., 1999; Murdoch et al., 2006). Since then, approximately 60 

homozygous and compound heterozygous mutations have been identified in NLRP7 
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(Reddy et al., 2016). NLRP7 belongs to the NLRP family of CATERPILLER proteins, 

which play a role in inflammation, establishment of the trophoblast and 

preimplantation development (Mahadevan et al., 2014; Messaed et al., 2011; Zhang 

et al., 2008). Investigation into the structure and function of NLRP7 did not reveal 

DNA binding or methyltransferase activity, making it unlikely to be directly involved in 

imprinting (Murdoch et al., 2006). However, the presence of the evolutionary 

conserved leucine-rich repeat (LRR) region indicates that NLRP7 is involved in 

protein binding. Considering this, several deleterious mutations in NLRP7 reside in 

the LRR region, suggesting that protein-protein interactions are essential for its 

function (Kou et al., 2008). Mahadevan and colleagues searched for NLRP7 

interactors and succeeded in pulling down a protein, Yin-yang 1 (YY1), that binds to 

the DMRs of imprinted genes, depending on their methylation status (Kim, 2008; 

Mahadevan et al., 2014). They continued to knock down NLRP7 transcripts in human 

embryonic stem cells (hESCs), and subsequently stimulate their differentiation to 

trophoblastic lineages to model FBHM (Schulz et al., 2008). They discovered that 

NLRP7KD cells had significantly higher expression of trophoblastic markers and 

increased secretion of human chorionic gonadotrophin – histopathological 

characteristics of FBHM. Moreover, they observed changes in the CpG island 

methylation status of over 200 genes, 15 of which are targets of YY1 (Mahadevan et 

al., 2014). It must be noted that there is no mouse orthologue of NLRP7 so although 

hESCs do not maintain the same imprints as embryos they can provide useful tools 

for looking at MEGs (Rugg-Gunn et al., 2007).  

 

Analysis of NLRP7-defective FBHM moles by Nguyen et al. (2014) showed that the 

completeness of the mole was positively correlated with the severity of the NLRP7 

mutation and the expression of maternally-expressed CDKN1C (Hatada and Mukai, 

1995). It seems that moles with missense mutations in NLRP7 had low expression of 

CDKN1C which resulted in a partial mole phenotype, containing embryonic tissue of 

ICM origin and minor trophoblastic proliferation. Alternatively, moles with truncated 

NLRP7 had no expression of CDKN1C which resulted in complete moles with no 

remnants of embryonic tissue. Here, they suggest that NLRP7 is involved in 

controlling the switch from trophoblastic proliferation to differentiation therefore, loss 

of function of NLRP7 results in hyperproliferation of the trophoblast – distinctive of 

HM (Nguyen et al., 2014). Furthermore, it appears that NLRP7 is involved in the 

process of implantation of the blastocyst in the uterus. During peri-implantation 

development, interleukin 1-beta (IL-1β) is responsible for modulating the protease 

network that facilitates correct invasion of the embryo into the endometrium 
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(Karmakar and Das, 2002). NLRP7 negatively regulates IL-1β to control the extent to 

which the trophoblast can invade (Murdoch et al., 2006). Deregulation of this process 

by NLRP7 mutants may explain the varying phenotypic consequences on 

development, as described in Table 1.4 (Slim and Mehio, 2007). It is also postulated 

that deregulation of inflammatory pathways in the zygote and early embryo may 

interrupt the factors responsible for epigenetic reprogramming (Deb et al., 2004; 

Messaed et al., 2011; Reddy et al., 2013). Nevertheless, mutations in NLRP7 do not 

account for all cases of FBHM, signifying heterogeneity in the condition.  

 

1.7.1.2 NLRP2 
 

Another NLRP family member, NLRP2, has been linked to an imprinting congenital 

disorder in humans called Beckwith-Wiedemann Syndrome (BWS) (Table 1.4) 

(Meyer et al., 2009). Interestingly, it is believed that NLRP7 evolved from NLRP2 as 

a result of duplication events in primates and some livestock animals (Duenez-

Guzman and Haig, 2014; Tian et al., 2009b). Similarly to NLRP7, mutations in NLRP2 

affect the LRR region and protein binding but have a milder effect on reproductive 

outcome as they can produce viable offspring (Meyer et al., 2009). KD of Nlrp2 in 

mice inhibits embryonic progression past the 2-cell stage, proving it to be essential 

for the MZT (Peng et al., 2012). Studies suggest that NLRP2 localises to the 

subcortical regions of the oocyte but has the ability to be chaperoned into the nucleus 

through nuclear pores, which is concordant with a possible role in imprinting 

establishment or maintenance (Mahadevan et al., 2017; Peng et al., 2012). This 

differs to the observed cytoplasmic localisation of other NLRP family members 

(Sanchez-Delgado et al., 2015; Tong et al., 2004). Interestingly, NLRP2 interacts with 

SCMC proteins at the subcortex and Nlrp2-/-  oocytes exhibit abnormal localisation of 

TLE6 – a member of the essential, multifaceted SCMC of the oocyte (Section 1.7.2) 

(Mahadevan et al., 2017).  KD of Nlrp2 in mice also affects the localisation of 

methylation maintenance enzyme, DNMT1, further suggesting its involvement in 

epigenetic regulation. Overexpression of Nlrp2 has no effect on EGA or trophoblast 

lineage differentiation but increases apoptosis in the blastocyst (Peng et al., 2012). 

This may be due to the presence of the pyrin domain, which is now a recognised 

member of the death-domain superfamily involved in apoptosis signaling (Kohl and 

Grutter, 2004). Furthermore, it is proposed that NLRP2 plays a role in preventing 

rejection of the embryo by the maternal immune system through the regulation of 
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human leukocyte antigen C (HLA-C) expression and nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-ƙB) activation (Tilburgs et al., 2017).  

 
Table 1.4 Mutations in SCMC associated factors that result in human female 

infertility characterised by imprinting defects of the embryo. The developmental 

consequence of knockout in mouse is also shown. SNS – single nucleotide 

substitution; MLID – Multilocus Imprinting Disorder; IUGD – intrauterine growth 

defects; EA – early embryonic arrest. 

Gene Gene 
Location 

No. of 
mut. 

Types 
of mut. 

Pathogenic 
phenotype 

Mouse 
knockout 
phenotype 

Source 

KHDC3L 6q13 6 SNS 
Deletion 

FBHM Arrest of 
50% of 
embryos by 
morula 
stage 

(Parry et al., 
2011; Rezaei 
et al., 2016) 

NLRP2 19q13.42 1 Deletion BWS 
MLID 

No knockout 
Knockdown 
causes early 
embryonic 
arrest 

(Meyer et al., 
2009) 

NLRP5 19q13.43 8 SNS 
Deletion 
Duplicat
ion 
CNV 

MLID 
Infertility 
Molar 
pregnancy 

Embryonic 
arrest at 2-
cell stage 

(Docherty et 
al., 2015) 

NLRP7 19q13.42 60 SNS 
Deletion 
 

FBHM  
Miscarriage 
Still birth 
IUGD 

No mouse 
ortholog 

(Murdoch et 
al., 2006; 
Reddy et al., 
2016; 
Soellner et 
al., 2017) 

PADI6 1p36.13 14 SNS 
 
 

EA 
Infertility 

Embryonic 
arrest at 2-
cell stage 

(Maddirevula 
et al., 2017; 
Qian et al., 
2018; Wang 
et al., 2018a; 
Xu et al., 
2016; Zheng 
et al., 2019) 

TLE6 19p13.3 1 SNS 
  

EA 
Infertility 

Embryonic 
arrest at 2-
cell stage 

(Alazami et 
al., 2015) 

 

 

1.7.2 Subcortical maternal complex 
 

In 2008, a critical oocyte complex named the SCMC was identified in mice, and later, 

in humans (Figure 1.11) (Li et al., 2008a; Zhu et al., 2015). The SCMC is composed 

of Maternal antigen that embryos require (Mater)/NLRP5, Filia/KHDC3L, Factor 

located in oocytes permitting embryo development (Floped)/Oocyte expressed 
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protein (OOEP) and Tle6/TLE6 in mice and humans, respectively, although the 

complex is predicted to be larger than 4 proteins, with Nlrp2/NLRP2, Nlrp7/NLRP7 

and Padi6/PADI6 as suggested members (Li et al., 2010a; Mahadevan et al., 2017). 

Loss of any of these proteins leads to premature embryonic arrest, primarily at the 

stage of EGA (Li et al., 2008a; Zhu et al., 2015). As its name suggests, the SCMC 

appears to be localised to the subcortex of the oocyte and becomes excluded from 

areas of cell-to-cell contact in the embryo of mice and humans (Li et al., 2008a; Zhu 

et al., 2015). It may play a role in embryo cleavage by interacting with F-actin and 

regulate translation of the embryonic genome via co-ordination of oocyte CPLs 

(Wright et al., 2003; Yu et al., 2014b).  

 

1.7.2.1 Mater/NLRP5 
 

Mater was one of the first MEGs to be characterised and subsequently, identified as 

a member of the SCMC in mice (Tong et al., 2000). Initially, it was recognised as an 

antigen in a mouse model of autoimmune premature ovarian failure (Tong and 

Nelson, 1999). Since then, mutations in NLRP5 have been associated with multilocus 

imprinting disorders and reproductive losses in humans (Table 1.4) (Docherty et al., 

2015). Like NLRP2, NLRP5 is thought to regulate NF-ƙB via its pyrin domain. In 1999, 

an in vitro study in mice using NF-ƙB inhibitors showed that its activation was required 

for early embryonic cleavage events but had no effect after the 2-cell stage (Nishikimi 

et al., 1999). This is concordant with the expression and function of NLRP5 during 

EGA.  Further research in female mice revealed that Mater/NLRP5 is not necessary 

for folliculogenesis, oocyte maturation, ovulation or fertilisation (Tong et al., 2004). 

Instead, it was shown to have a predominantly cytoplasmic localisation which adds 

confusion to its potential role in EGA.  
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Figure 1.11 Schematic representation of the hypothesised structure of the SCMC and 

localisation within the MII oocyte based on experimental protein interaction studies. 

This figure has been adapted from Bebbere et al. (2016) to include NLRP2 and 
NLRP7 (Akoury et al., 2015; Mahadevan et al., 2017; Qian et al., 2018). Located at 

the subcortex of the oocyte, the complex binds to both the F-actin network via cofilin 

and CPLs via PADI6.  

1.7.2.2 Filia/KHDC3L 
 

Investigations into Mater led to the discovery of an interaction partner, Filia, whose 

protein expression relies on the presence of MATER (Ohsugi et al., 2008). FILIA-

MATER co-localise with F-actin at the subcortical region of the mouse oocyte but after 

embryonic cleavage, are excluded from regions of cell-to-cell contact. Removal of 

calcium from the media was able to disrupt E-cadherin blastomere adhesion and 

reverse FILIA-MATER localisation to the subcortical regions (Ohsugi et al., 2008). 

Moreover, FILIA-MATER was found only in the TE and not the ICM at the blastocyst 

stage. This suggests it may either play a role in maintaining totipotency or driving 

polarisation of the embryo. Unlike other SCMC members, loss of Filia does not cause 

sterility but slows blastomere cleavage and has been associated with increased 

aneuploid embryos, suggesting a role in mitotic events such as spindle 

morphogenesis (Zheng and Dean, 2009). Indeed, removal of Filia disrupted the 

localisation of AURKA, RhoA, PLK1 and MAD2.  

Besides NLRP7 mutations, the second predisposing gene for FBHM is KHDC3L, the 

human orthologue of Filia (Table 1.4) (Parry et al., 2011). It belongs to a cluster of 

TLE6 

NLRP2 

PADI6 

NLRP7 

FILIA 

MATER 
FLOPED 

F-ACTIN 
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genes on chromosome 6 that are only found in eutherian mammals; Khdc31, Dppa5, 

Khdc3l and Ooep, respectively (Pierre et al., 2007). This is not surprising given that 

reproductive genes are known to be under immense evolutionary pressure (Tian et 

al., 2009a). Khdc3l contains an atypical K homology domain which is associated with 

RNA binding, however some changes to the AA sequence suggest that this is no 

longer the case for Khdc3l (Pierre et al., 2007). Like defects in NLRP7, FBHM with 

KHDC3L mutations display aberrant expression of maternally expressed imprinted 

transcripts including CDKN1C (Fallahian et al., 2013). Hayward et al. (2009) 

suggested the effect was not widespread across the embryo as normal methylation 

of maternal imprints, such as those that regulate the PEG10 gene, was been 

observed. However, Demond et al. (2019) observed genome wide methylation loss 

after bisulphite sequencing of oocytes from a patient with an inactivating KHDC3L 

mutation. Akoury et al. (2015) and colleagues recognised co-localisation of KHDC3L 

and NLRP7 at the cytoskeleton and cortical regions in growing human oocytes. To 

add to this, co-localisation of KHDC3L and NLRP7 was also observed in transfected 

haematopoietic cells, further supporting their overlapping function (Reddy et al., 

2013).  

 

1.7.2.3 Floped/OOEP 
 

A KHDC3L-related MEG and SCMC member, Floped/OOEP, was identified in mice 

in 2008 (Li et al., 2008a). As suggested by the name, FLOPED is required for 

progression of embryo development past the 2-cell stage and, like MATER, is 

necessary for the formation of the SCMC (Tashiro et al., 2010). Co-

immunoprecipitation using anti-FLOPED antibodies confirmed the presence of the 

supramolecular complex and identified TLE6 as another member of the SCMC (Li et 

al., 2008a). Mouse knockout of Tle6 mirrors that of other MEGs and disrupts the 

formation of the SCMC, demonstrating that it is necessary for the complex disposition 

(Yu et al., 2014). Recently, a causative mutation in TLE6 was identified in cases of 

human infertility (Table 1.4) (Alazami et al., 2015). The serine to tyrosine substitution 

interrupts a phosphorylation site that facilitates the binding of TLE6 to the SCMC. This 

supports the notion that a complete and stable SCMC is required during EGA. To add 

to this, Tle6-/- embryos display spindle abnormalities which leads to asymmetrical 

embryonic cleavage (Yu et al., 2014b). F-actin supports spindle dynamics therefore 

the relationship between F-actin and the SCMC was explored (Chew et al., 2012). It 

was found that there was no change in F-actin abundance in Tle6-/- oocytes but 
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significant disruption in zygotes. Investigation into the known regulators of actin 

revealed abnormal localisation and decreased phosphorylation of cofilin in Tle6-/- 

oocytes and embryos (Bernstein and Bamburg, 2010).  A similar result was also 

observed in Mater-/- and Floped-/- embryos (Li et al., 2008a; Yu et al., 2014b). Further 

study showed that cofilin localises at the subcortex and interacts with SCMC 

members, MATER and TLE6 (Ma et al., 2009). This indicates that the SCMC 

regulates F-actin embryonic cleavage via interaction with cofilin at the early stages of 

development. 

 

1.7.3 PADI- gene family 
 

The PADI family of enzymes convert arginine residues to citrulline in the presence of 

Ca2+ (Rogers et al., 1977). This post-translational modification (PTM) alters the 

charge of the residue, resulting in a change in protein folding (Vossenaar et al., 2003). 

The family consists of 5 proteins, PADI1-4 and PADI6, that each has different tissue-

specific expression patterns, therefore distinct substrates and functions (Mechin et 

al., 2007). Padi6 was first identified through investigations into the downstream 

targets of Figla and subsequently, found to interact with FLOPED in co-

immunoprecipitation experiments (Joshi et al., 2007; Li et al., 2008a). PADI6 is 

primarily expressed in the oocyte and peripheral blood leukocytes (PBLs) (Chavanas 

et al., 2004; Zhang et al., 2008). PADI1, 3 and 4 are mainly expressed in the 

epidermis, hair follicles and immune cells (neutrophils and eosinophils), respectively 

(Vossenaar et al., 2003). PADI2 is more ubiquitously expressed with observed 

detection in skeletal muscle, secretory glands, brain and spleen. The PADI family is 

highly conserved, both in terms of sequence similarity between PADIs and between 

mammalian species (Chavanas et al., 2004). Interestingly, multiple PADI family 

members have been associated with disease phenotypes; PADI1 is involved in 

psoriasis, PADI2 has been linked to multiple sclerosis and both PADI2 and PADI4 

have been implicated in rheumatoid arthritis and a variety of cancers (Gyorgy et al., 

2006; Lange et al., 2017).  

 

PADI4 has been well studied and is understood to catalyse the conversion of histone 

arginine to citrulline to decondense chromatin (Wang et al., 2009; Zhai et al., 2017). 

It is the only PADI gene known to have a nuclear localisation signal (Nakashima et 

al., 2002). It can also citrullinate methylarginines found on histone tails, further 

implying a role in gene regulation (Di Lorenzo and Bedford, 2011; Wang et al., 2004). 



 
 

58 

 

Further, PADI4 has been shown to citrullinate DNMT3A, which specifically increases 

its activity (Deplus et al., 2014).  

 

1.7.3.1 PADI6 
 

So far, the link between the SCMC and epigenetic regulation is unsolved; however, it 

may be that PADI6 can bridge the gap. Firstly, the citrullinating activity of PADI6 is 

under debate. Enzymatic assays comparing the activities of PADI4 and PADI6 in vitro 

revealed that PADI6 did not citrullinate the substrates in question (Raijmakers et al., 

2007). Choi et al. (2010) suggests that PADI6, regulated by the oocyte-specific 

transcription factor newborn ovary homeobox (NOBOX), has its own substrates that 

are critical for folliculogenesis (Choi et al., 2010). They also showed that KD of 

NOBOX impacts Padi6 expression, which is consistent with the known role of NOBOX 

as a master regulator of MEGs in the oocyte. Further, fertilisation mediates an influx 

of Ca2+ which would align well with the activation of PADI6, decondensation of 

chromatin and EGA in theory (Whitaker, 2006). However, comparative analysis of 

Padi genes suggests that the calcium binding region of PADI6 is missing but the 

catalysis side chain is still present (Arita et al., 2004; Raijmakers et al., 2007). PADI6 

is said to be under positive selection so favourable AA changes will be selected for, 

while other PADIs are under purifying selection so changes are removed from the 

population (Chavanas et al., 2004). Snow and colleagues suggest that the loss of 

Padi6 calcium binding is necessary to prevent widespread epigenetic changes 

following fertilisation (Snow et al., 2008).  

 

Like other SCMC genes, knockout of Padi6 in mice does not affect oocyte 

development, maturation or fertilisation (Esposito et al., 2007). Padi6-null mice are 

phenotypically normal and male mice are fertile. Female Padi6-null mice have normal 

hormone levels and menstruation cycles but cannot produce offspring. Instead, 

embryo development arrests at the 2-cell stage, suggesting a role for Padi6 in EGA. 

Since 2016, mutations in human PADI6 have been identified in females experiencing 

recurrent embryonic arrest and infertility (Table 1.4) (Maddirevula et al., 2017; Wang 

et al., 2018a; Xu et al., 2016; Zheng et al., 2019). Padi6 expression is observed from 

the primordial follicle stage and during oocyte maturation in mouse (Wright et al., 

2003). Cytoskeletal structures such as the CPLs accumulate during oocyte growth 

and are maintained in the preimplantation embryo. PADI6 attracts interest as it co-

localises to CPLs and appears to be necessary for their formation (Esposito et al., 
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2007; Wright et al., 2003). Fellow SCMC members, FLOPED/OOEP and 

MATER/NLRP5 also localise to CPLs and are required for their precise formation 

(Kim et al., 2010; Tashiro et al., 2010). This indicates that there is a much wider role 

for the SCMC in the preimplantation embryo.  

 

1.7.3.2 Oocyte cytoplasmic lattices 
 

First described in 1971, the conserved cytoskeletal structures in the oocyte have long 

been recognised as a critical component for oocyte competence (Burkholder et al., 

1971; Gallicano et al., 1992). CPLs are a network of intermediate filaments, namely 

keratin, with a proteinaceous and RNA component. They are found only in the oocyte 

and embryo (Capco et al., 1993). It is thought that they support the storage of 

ribosomal components and RNAs in anticipation of protein synthesis following EGA 

(Bachvarova et al., 1981; Sternlicht and Schultz, 1981). They undergo reorganisation 

at specific time points in the presumptive zygote and embryo, such as fertilisation, 

compaction and blastocyst formation (Capco and McGaughey, 1986). The discovery 

that PADI6 localises to CPLs and is necessary for their presence is intriguing (Wright 

et al., 2003). Cytokeratin is a proposed substrate of PADI activity, which suggests 

that citrullination of keratin may be necessary to hold the lattice in formation (Senshu 

et al., 1999). Snow and colleagues suggest that PADI6 activity is dependent upon its 

phosphorylation status (Snow et al., 2008). This was suggested after they showed 

that PADI6 was phosphorylated during oocyte maturation, which specifically enabled 

interaction with Tyrosine 3-Monooxygenase/Tryptophan 5-Monooxygenase 

Activation (YWHA) proteins in MII oocytes but not GV oocytes. YWHA proteins 

modulate the subcellular localisation, stability and interactions of bound proteins in a 

phosphorylation-dependent manner (Morrison, 2009). This finding could unveil a 

potential mechanism for activation of PADI6 activity. There are many kinases 

expressed throughout oocyte maturation that could phosphorylate PADI6. Protein 

kinase C is both localised to CPLs and able to phosphorylate PADI6, supporting this 

as a possible form of regulation of PADI6 (Wright et al., 2003).  

 

Around 50 years ago, researchers discovered that a sudden decrease in ribosomes 

coincided with the formation of CPLs in mature oocytes (Garcia et al., 1979). Since 

then, it is understood that CPLs provide a storage site for ribosomes in the oocyte. 

More recent studies confirmed this after knockout of Padi6 and loss of CPL structures 

caused an increase in free ribosomes in the cytoplasm (Yurttas et al., 2008). Padi6-/- 

embryos also had reduced levels and aberrant localisation of ribosomal S6 protein 
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and RNA polymerase II which was accompanied by a global reduction in protein 

synthesis. It has previously been discussed that EGA requires protein synthesis 

(Wang and Latham, 1997). Concurrently, not only does ablation of the SCMC cause 

embryonic arrest at EGA, it also results in a decrease in mRNA and protein synthesis 

measured by lower levels of the TRC (Tong et al., 2000; Yurttas et al., 2008). 

Furthermore, SCMC members, NLRP5 and OOEP, are thought to be essential for the 

formation of CPLs and it is suggested that the SCMC is involved in RNA metabolism 

and transcription due to the known RNA binding abilities of KHDC3L and OOEP and 

aberrant localisation of RNA polymerase II in Padi6-/- oocytes (Kim et al., 2010; Pierre 

et al., 2007; Tashiro et al., 2010; Wang et al., 2012a; Yurttas et al., 2008). Bebbere 

et al. (2016) proposed that the SCMC, localised at CPLs, compartmentalises 

translation as a form of post-transcriptional regulation. In the oocyte, the SCMC 

localises to the subcortex and following embryonic cleavage, is restricted from areas 

of cell-cell contact (Li et al., 2008a). It is subsequently excluded from inner cells after 

a few cleavage events. Furthermore, blastomeres destined for TE lineage 

specification have lower H3R26me levels and increased Cdx2 transcripts (Jedrusik 

et al., 2008; Torres-Padilla et al., 2007). It is suggested that the SCMC may therefore 

play a role in sequestering transcripts in the outer cells (Johnson and McConnell, 

2004). This might elucidate the mechanism behind the first cell lineage specialisation 

into the ICM and TE and explain the characteristic TE hyperproliferation that is 

observed in FBHM. Another protein, Y-box binding protein 2 (MSY2), is believed to 

localise to CPLs and protect maternal transcripts from degradation by RNA masking 

(Liu et al., 2017). Interestingly, its activity is dependent upon its phosphorylation 

status and may be regulated in parallel to PADI6 to regulate translation of maternal 

mRNA prior to EGA (Yu et al., 2001). Rong et al. (2019) found that KO of Zar1 also 

caused a reduction in maternal mRNAs, protein synthesis and EGA. They concluded 

that ZAR1 bound mRNAs and interacted with MSY2 and CPLs to regulate translation 

in the oocyte.  Further, they showed that ZAR1 bound PADI6 and MATER when co-

expressed in HeLa cells which proposes a new role for ZAR1 in the oocyte. 

 

It is also suggested that CPLs may be responsible for reorganisation of organelles 

such as the ER and mitochondria in the oocyte. Organelle transport and redistribution 

relies upon the action of motor proteins and tubulin acetylation (Friedman et al., 2010; 

Hirokawa et al., 1998). PADI6 has been shown to co-localise with alpha-tubulin in 

cytoplasmic microtubules at CPLs of both mouse and human oocytes (Kan et al., 

2011). Cytoplasmic alpha-tubulin acetylation is reduced in Padi6 knockout oocytes, 

but spindle alpha-tubulin is unaffected. Further, loss of PADI6 causes aberrant 
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organelle positioning during oocyte maturation. In wild-type oocytes, mitochondria 

and ER move with the dynamic meiotic spindle whereas in Padi6-/- oocytes, 

organelles reside in the cortical regions or diffusely spread in the cytoplasm (Kan et 

al., 2011; Mehlmann et al., 1995). As a result, it is proposed that CPLs provide a site 

for formation of stable microtubules or act as a scaffold for their post translational 

modification.  

 

1.8 Summary 
 

This literature review has highlighted the complexity and importance of oocyte 

maturation for developmental competence of the embryo. Furthermore, it has shown 

the variety of MEGs and epigenetic regulators that are necessary for embryonic 

development prior to EGA. Of these, the SCMC and PADI6 are critical in coordinating 

processes in the oocyte and early embryo; however, their functions are still not clear. 

Considering the involvement of such genes in human imprinting pathologies, a 

relationship between the SCMC and epigenetic mechanisms has not yet been 

defined. PADI6 poses an interesting candidate for this role: it is an oocyte- and 

embryo-specific gene; it interacts with the SCMC; it is necessary for the formation of 

CPLs that sequester maternal transcripts and ribosomes; it has been implicated in 

transcriptional and translational regulation; it is required for embryonic development 

past EGA; it coordinates distribution of organelles in the oocyte; and it has potential 

citrullinating activity. The question remains: through which role(s) is PADI6 

functioning in the oocyte? On the basis of the published literature it is hypothesised 

that PADI6 functions in regulating maternal transcripts in the oocyte in preparation for 

early embryo development prior to EGA. Further, this role may include the regulation 

of transcripts involved in epigenetic mechanisms. 
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1.9 Aims and objectives 
 

Much of the research into the SCMC and PADI6 has been conducted in mouse 

oocytes and preimplantation embryos but less is known about these factors in the 

development of monovulatory species such as human and bovine. It is understood 

that correct expression of the SCMC is a critical determinant of oocyte developmental 

competence as dysregulation to complex members is associated with a variety of 

imprinting disorders. PADI6 is an oocyte and embryo-specific gene that is necessary 

for embryonic development past EGA, however, evaluation of PADI6 gene function 

during oocyte maturation and preimplantation embryo development in monovulatory 

species such as the cow and human has not yet been investigated. With the 

hypothesis of this thesis stating that PADI6 functions in regulating maternal transcripts 

in the oocyte, the objectives of this research were as follows: 

 

1. To characterise the tissue distribution and expression patterns of PADI6 and 

associated MEGs across all stages of bovine oocyte maturation and 

preimplantation embryo development using real-time PCR analysis 

2. To evaluate the function of PADI6 during bovine oocyte maturation in vitro by 

studying the impact of targeted PADI6 gene KD by microinjection of dsiRNA 

on parameters such as: i) meiotic maturation, ii) cumulus mucification and 

expansion and iii) gene expression pathways. 

3. To evaluate the impact of PADI6 KD in GV oocytes on the transcriptome of 

bovine MII oocytes. 

4. To evaluate the impact of PADI6 KD on a number of functional indices 

including: i) PADI6 protein expression, ii) amino acid metabolism and iii) 

bovine preimplantation embryo development in vitro.  
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Chapter 2 Materials and methods 
 

2.1 In vitro production of mature bovine oocytes  
Medias were prepared from the stock solutions detailed in Appendix I. All culture 

media and additives were made as appropriate in sterile, tissue culture grade, embryo 

tested H2O. 

 

2.1.1 Bovine ovary collection 
 

Female bovine reproductive tracts were collected from the abattoir (J.C. Penny and 

sons, Rawdon, Leeds, UK) and placed in an insulated carrier at room temperature 

(RT) before being transported to the laboratory. The methods for ovine tissue 

collection and IVM of ovine oocytes have been described previously (Cotterill, 2008; 

Cotterill et al., 2012; Danfour, 2001). On arrival to the laboratory, ovaries were cut 

from the reproductive tracts and placed in pre-warmed ovary wash medium (Table 

2.1) in an autoclaved glass beaker (Scientific Laboratory Supplies (SLS), Yorkshire, 

UK). The ovary wash medium was composed of phosphate buffered saline (PBS), 

which was made by dissolving 1 PBS tablet (18912014, GibcoTM Life Technologies, 

Netherlands) in 1L dH2O. PBS was autoclaved at 180oC before penicillin, 

streptomycin and fungazone were added in sterile conditions according to Table 2.1a. 

Before use, it was incubated overnight in a non-gassed, 39oC incubator (Stuart 

hybridisation oven, Staffordshire, UK).  

 

The isolated ovaries were washed twice in pre-warmed ovary wash medium and 

briefly washed twice in 70% (v/v) ethanol before being held at 39oC in follicle isolation 

medium (FIM) until the cumulus-oocyte complexes (COCs) were aspirated. The 

composition of FIM is shown in Table 2.1b. The solution was sterilised using a 0.2 µM 

cellulose acetate rapid vacuum filtration system (Techno Plastic Products (TPP), 

Switzerland) and left to equilibrate overnight in a non-gassed, 39oC incubator prior to 

use. Excess medium was stored at 4oC for up to 1 week.  
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Table 2.1 Composition of a) ovary wash medium and b) follicle isolation 

medium (FIM). *BSA: Bovine serum albumin, fraction V cell culture grade. 

 

2.1.2 Isolation of oocytes 
 

Cumulus oocyte complexes (COCs) were aspirated from antral follicles of 

approximately 2-5 mm in diameter on the washed ovaries using a 19 gauge needle 

(Terumo UK Ltd, Surrey, UK) and 10 ml syringe (BD PlastipakTM, Drogheda, Ireland), 

which was pre-filled with 1 ml oocyte holding medium (H199+). The composition of 

H199+ is detailed in Table 2.2.  Before adding heparin and stock BSA, the osmolality 

of the medium was measured by inputting a sample into the osmometer (Model 3320, 

Advanced Instruments Inc., USA). The osmolality was adjusted to ~285 mOsm/kg by 

adding either dH2O or 10 X PBS if the osmolality was too high or low, respectively. 

To finish, the solution was sterilised using a 0.2 µM cellulose acetate rapid vacuum 

filtration system and left to equilibrate overnight in a non-gassed, 39oC incubator prior 

to use. Excess medium was stored at 4oC for up to 1 week.  

 

Each follicle in the ovary cortex was punctured and the follicular fluid removed by 

aspiration. The contents of the syringe were emptied into a sterile 30 ml universal and 

placed in a non-gassed, 39oC incubator for 15 min to allow the oocytes to sediment. 

The supernatant was removed using a Pasteur pipette until there was a volume of 

approximately 5 ml remaining. This was transferred into a sterile 90 mm plastic Petri 

dish (Thermo Scientific Ltd, Newport, South Wales) with a scored base allowing the 

COCs to be visualised easily under the stereomicroscope (Olympus Ltd, Middlesex, 

UK) fitted with a heated stage that was held at 39oC (Tokai Hit Co. Ltd, Japan). COCs 



 
 

65 

 

were collected using a 20 µl pipette and transferred to a 35 mm embryo tested 

NUNCTM IVF Petri dish (150255, Thermo Scientific Ltd) containing fresh H199+ 

medium. Ovaries and oocytes were held in their respective pre-warmed media on a 

hotplate at 39oC throughout the isolation process. 

 

Table 2.2 Composition of oocyte holding medium (H199+). The composition of 

each stock solution can be found in Appendix I. *BSA: Bovine serum albumin, 

fraction V cell culture grade. 

Components Stock Volume Final concentration 
Embryo tested (ET) water 
SIGMA W3500   192.5 ml  - 
M199 10x  
GIBCO 21180-021               25 ml  1x 
Bicarbonate stock 250 mM  4 ml  4 mM 
HEPES stock 250 mM 21 ml  4 mM 
Penicillin/Streptomycin 
SIGMA P4333  Pen: 10000 IU/ml  

Strep: 10 mg/ml 
2.5 ml  Pen: 100 IU/ml  

Strep: 0.1 mg/ml  
Check osmolality:  ~ 285 mOsm/kg     
Heparin 5000U/ml  152 µl 0.02mg/ml  
*BSA 
SIGMA A9418 20x 5ml  4mg/ml  

 

 

2.1.3 In vitro maturation of COCs in group culture 
 

50 COCs were transferred into sterile 4-well dishes (176740, NUNCLON Surface, 

NUNC) containing 500 µl of serum-free in vitro maturation (IVM) medium prepared 

according to Table 2.3 (Danfour, 2001). The osmolality was measured and adjusted 

to 285 mOsm/kg. Media was sterile filtered through a 0.2 µM cellulose acetate syringe 

filter (GVS Filter Technology, USA) and stored at 4oC for up to 1 week. IVM plates 

were made the previous day and placed in a 39oC, 5% CO2 incubator to equilibrate 

overnight. Following aspiration, groups of 50 COCs were washed 3 times in 500 µl of 

serum-free IVM media before being placed into a well containing fresh media.  COCs 

were cultured for 24 hours in a 5% CO2 humidified incubator at 39oC. The 

methodology for IVM of bovine oocytes has been extensively validated by (Hemmings 

et al., 2012).   
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Table 2.3 Composition of serum-free IVM medium. The composition of each 

stock can be found in the Appendix I.  

 

2.2 In vitro fertilisation of bovine oocytes 
 

2.2.1 Preparation of fertilisation medium 
Fertilisation and washing plates were prepared the day before IVF by adding 250 

µl/well of fertilisation Tyrode’s medium base, albumin, lactate and pyruvate (F-TALP) 

(Table 2.5) to a 4-well NUNC dish. The dishes were placed in a 5% CO2 humidified 

incubator at 39oC to equilibrate overnight before use. 

 

2.2.2 Preparation of Percoll® Gradient 
In order to separate the spermatozoa from other elements of the semen, a 

discontinuous gradient of 45% and 90% Percoll® (Amersham plc, UK) was 

established. 90% Percoll® was made in a 50 ml conical centrifuge tube (Corning®, 

USA) according to Table 2.4. The pH was adjusted to pH 7.3 using 5M NaOH and 

the osmolality to 285-295 mOsm/kg (Parrish et al., 1995). 45% Percoll® was made by 

mixing 1ml of 90% Percoll® with 1ml of sperm washing medium HEPES Tyrode’s 

medium base, albumin, lactate and pyruvate (H-TALP) (Table 2.5) at a ratio of 1:1 in 

a 2.5 ml universal tube. The gradient was prepared by pipetting 2 ml of 90% Percoll® 

into a 15 ml conical centrifuge tube (Corning®, USA). Following this, 2ml of 45% 

Percoll® was slowly pipetted onto the side of the tube to ensure that the 2 layers did 

Components Stock Volume Final 
concentration 

αMEM  
SIGMA M4526 

 9ml  - 

L-Glutamine   
SIGMA G7513 200 mM 100 µl 2 mM 
Pyruvate Stock 
SIGMA P4562  47 mM 100 µl 0.47 mM 
Bovine Holo-transferrin  
SIGMA T1283 5 mg/ml  10 µl 5 µg/ml  
Na-selenite 
SIGMA S9133 

50 µg/ml  1 µl 5 ng/ml  

Bovine Insulin 
SIGMA I1882 

10 mg/ml  10 µl 10 ng/ml  

Ovine FSH 
SIGMA F8174 2 IU/ml  3 µl 0.0006 IU/ml  
Ovine LH 
SIGMA L5269 2 IU/ml  1.5 µl 0.0003 IU/ml  
Penicillin/Streptomycin 
SIGMA P4333  

Pen: 10000 IU/ml  
Strep: 10 mg/ml 15 µl Pen: 15 IU/ml  

Strep: 15 µg/ml  
Long-R3 IGF-1 
SIGMA I1271 100 µg/ml  1 µl 10 ng/ml  
BSA FAF stock 
SIGMA A6003 200 mg/ml  200 µl 4 mg/ml  
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not mix. The gradient was freshly prepared 2 hours before fertilisation and put to 39oC 

in a non-gassed incubator.  

 

Table 2.4 Composition of 90% Percoll® solution. The composition of stock A 

and lactate stock can be found in Appendix I.  

Components  Stock Volume Final concentration 
Percoll 
Amersham, UK   44.5 ml  90% 
HEPES (free acid)   126 mg 10.5 mM 
HEPES sodium salt 
SIGMA H3784   137 mg 10.5 mM 
Stock A  NaCl 1.07 mM 

KCl 71.6 mM 
KH2PO4 11.09 mM 
MgSO4.7H2O 7.4 mM 
Na-Lactate 70 mM 

5 ml  0.107M 
7.16 mM 
1.19 mM 
0.74 mM 
7 mM 

Lactate stock 
  170 mM 0.5 ml    
NaHCO3 
SIGMA S6297 

  96 mg 22 mM 

 

2.2.3 Sperm preparation 
 

Cryopreserved straws of bull semen were purchased from GENUS Breeding, LTD, 

Nantwich, UK. Semen from the same bull (Classic) was used for all experiments. 

Straws were taken from liquid nitrogen and immediately put into warm water to thaw. 

Following plug removal, the semen was layered over the previously prepared Percoll® 

gradient and centrifuged at 2100 rpm at RT for 30 min. The supernatant was 

discarded and 4 ml of pre-warmed H-TALP medium (Table 2.5) was added to wash 

the sperm pellet. The sperm were centrifuged at 1200 rpm at RT for 10 min. Again, 

the supernatant was discarded and the sperm were resuspended in 200 µl of pre-

warmed fertilisation medium (F-TALP) (Table 2.5) and held at 39oC in a non-gassed 

incubator until fertilisation. 
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Table 2.5 Composition of H-TALP and F-TALP. The composition of each stock 

can be found in Appendix I. BSA FrV: Bovine serum albumin, fraction V; BSA 

FAF: Bovine serum albumin, fatty acid free; Pen/Hyp: Penicillamine and 

hypotaurine stock. 

 

 

2.2.4 Sperm counting 
 

Sperm were diluted 20-fold in dH2O to immobilise the cells for counting. An undiluted 

sample was also analysed to assess sperm motility. Sperm were counted using a 

haemocytometer whereby 1 set of 16 corner squares represents 1 x 104 cells/ml. 5 

squares of the haemocytometer were counted and the average sperm count was 

calculated to a final concentration of 1x106/ml. The 20-fold dilution and 

haemocytometer grid were factored into the total sperm/ml in the following equation: 

 

Total sperm count/ml = Average sperm count x dilution factor x 10
4  
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2.2.5 Fertilisation of COCs in group culture 
 

Groups of 50 COCs were washed 3 times in sterile 4-well dishes containing 500 µl F-

TALP.  Following this, COCs were transferred in a 50 µl volume to a previously 

prepared 4-well NUNC dish containing 250 µl F-TALP/well. 1 x 106 sperm/ml F-TALP 

were added to the 50 COCs and the total volume was made up to 500 µl using F-

TALP. The dish was then incubated at 39oC, 5% CO2 for 18 hours 

 

2.3 Bovine embryo culture 
 

2.3.1 Preparation of embryo culture media 
 

Embryo culture media, HEPES synthetic oviductal fluid (H-SOF) and synthetic 

oviductal fluid supplemented with AAs and bovine serum albumin (SOFaaBSA), were 

made a day prior to embryo culture according to Table 2.6. H-SOF was placed in a 

non-gassed, 39oC incubator overnight. 40 µl wash drops and 20 µl culture drops of 

SOFaaBSA (Table 2.6) were pipetted onto a 35 mm embryo tested NUNCTM IVF Petri 

dish before covering with prewashed, embryo tested, mineral oil (M5310, Sigma, 

Dorset, UK). Dishes were incubated in MINCTM benchtop incubators (MINC-1000, 

COOK Medical, Brisbane, Australia) at 39oC, 6% CO2, 5% O2 and 89% N2 overnight.  

 

2.3.2 Zygote denudation and embryo culture 
 

~18 hours after IVF incubation, all embryos were transferred to a sterile 5 ml round 

bottom FalconTM tube (Corning®, USA) containing 1 ml of pre-warmed H-SOF (Table 

2.6). The tube was vortexed for 2 min at 35 Hz to mechanically remove the cumulus 

cells. Embryos were then transferred in H-SOF to a 35 mm embryo tested NUNCTM 

IVF Petri dish and the remaining cumulus cells removed using a 130 µm EZ-Tip and 

EZ-Grip denudation and handling pipettor (RI, Denmark). Denuded embryos were 

washed 3 times in SOFaaBSA before being put into the culture drops. Embryos were 

first washed through the 40 µl wash drops before being transferred in a minimal 

volume to the 20 µl culture drops. 20 embryos were cultured per 20 µl drop. Culture 

dishes were incubated for up to 9 days at 39oC, 6% CO2, 5% O2 and 89% N2 in a 

MINC incubator. Embryos were imaged at different stages of development using a 

Nikon Eclipse Ti inverted microscope (Nikon Instruments, Amstelveen, Netherlands) 

fitted with a heated stage at 39°C and a Watec WAT-221S camera (Camtronics BV, 
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Eindhoven, Netherlands). Research Instruments (RI) viewer software was used to 

examine the images on the computer. Figure 2.1 shows the experimental workflow of 

bovine oocyte collection, IVM, IVF and embryo culture. 

 

 

Table 2.6 Composition of H-SOF and SOFaaBSA. The composition of each 

stock can be found in Appendix I. NEAA: Non-essential amino acid; EAA: 

Essential amino acid; BSA FrV: Bovine serum albumin, fraction V; BSA 

FAF: Bovine serum albumin, fatty acid free.  
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Figure 2.1. Experimental workflow of bovine oocyte collection, IVM, IVF and embryo 

culture.  

  

Viability, maturation and 

morphological assessment 

Media and plate preparation 

COC collection from abattoir-

derived ovaries 

In vitro maturation – 24 hr 

Gene expression analysis 
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Embryo culture (1-9 days) 
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2.4 cDNA synthesis 
 

2.4.1 Cell lysis 
 

Prior to cDNA synthesis, oocytes/embryos were washed 3 times in Dulbecco’s 

calcium (Ca2+) and magnesium (Mg2+) free PBS (DPBS, 14190, GibcoTM, UK). Single 

oocytes/embryos were placed into sterile 0.5 ml PCR tubes (STARLAB International, 

Germany) containing 2 µl of RNAGEM™ lysis solution (RNAGEM™ Tissue PLUS, 

RTP0100, ZyGEM, Southampton, UK) (Table 2.7a) and immediately put on ice. 

Oocytes/embryos were stored in RNAGEM™ lysis solution at -80oC until further use.  

 

Table 2.7 Composition of a) RNAGEM™ lysis solution; b) DNase solution (1x). 

 

2.4.2 Removal of DNA contamination 
 

Oocytes/embryos in RNAGEM™ lysis solution were taken from the -80oC freezer and 

heated to 75oC for 10 min to lyse the cells. The thermal cycler was cooled to 37oC 

and 0.5 µl of DNase solution (RNAGEM™ Tissue PLUS, RTP0100, ZyGEM) (Table 

2.7b) was added. Samples were incubated at 37oC for 5 min to permit DNA 

degradation. The temperature was then increased to 75oC for 5 min to denature the 

DNase 1 enzyme (Table 2.8). On completion, the samples were put to ice.  

 

Table 2.8 Thermal program for DNA degradation. 

  

 
Step Temperature (oC) Time (min) 
Lysis 75 10 
DNA degradation 37 5 
DNase1 degradation 75 5 
Hold 4 ∞ 
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2.4.3 Smart-seq2 reverse transcription 
 

The Smart-seq2 cDNA synthesis protocol was taken from Picelli et al. (2014). 

Reagents and samples were kept on ice throughout the process. After DNA 

degradation, a 1:1 master mix of oligo-dT primer and dNTP mix was made and 2 µl 

was added to each sample (Table 2.9). The tubes were vortexed and centrifuged 

briefly. Samples were incubated at 72oC for 3 min to allow the primer to bind to the 

mRNA polyA tail. A reverse transcriptase (RT) master mix was prepared according to 

Table 2.10. 5.7 µl of the RT mix was added to each sample and mixed by pipetting. 

The samples were centrifuged again and put to the thermal program shown in Table 

2.11.  

 
Table 2.9 Oligo-dT primer and dNTP mix (1x). *Biomers.net, Ulm, Germany. 

Table 2.10 Smart-seq2 reverse transcriptase master mix (1x). *Invitrogen Ltd. 

Table 2.11  Thermal program for Smart-seq2 reverse transcription 

 
Component Volume (µl) 
Oligo-dT30VN primer (10 µM) 
Biomers.net* 5’-AAGCAGTGGTATCAACGCAGAGTACT30VN-3’ 

1  

dNTP mix (10 µM each) 
Thermo Scientific™ R0192 

1  

Total volume 2  

Cycles Step Temperature 
(oC) 

Time 
(min) 

1 Reverse transcription and template-
switching 

42 90 

2-11 Unfolding of RNA secondary structures 
Continuation of reverse transcription 
and template-switching 

50 
 

42 
2 
 

2 

12 Enzyme inactivation 70 15 
13 Hold 4 ∞ 

 
Component Volume (µl) Final 

concentration 

SuperScript II reverse transcriptase (200 U  

µl
-1

) 
Invitrogen*  18064-014 

0.50 100 U 

RNase inhibitor (40 U µl
-1

) 
Invitrogen 15518-012 

0.25 10 U 

SuperScript II first-strand buffer (5x) 
Invitrogen  18064-014 

2.00 1x 

DTT (100 mM) 
Invitrogen 18064-014 

0.50 5 mM 

Betaine (5 M) 
Sigma B0300 

2.00 1 M 

MgCl2 (1 M) 
Sigma M1028 

0.06 6 mM 

LNA-containing TSO (100 µM)  
5’-AAGCAGTGGTATCAACGCAGAGTACATrGrG+G-3’  
Exiqon, Qiagen, West Sussex, UK.  

0.10 1 µM 

Nuclease-free water 0.29 - 
Total volume 5.70 - 
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2.4.4 Smart-seq2 cDNA amplification 
 

Following reverse transcription, the cDNA was amplified by polymerase chain 

reaction (PCR). A master mix was made according to Table 2.12a and of this, 15 µl 

was added to the first-strand reaction. The tubes were vortexed and centrifuged 

briefly before putting to the Veriti® 96 well thermal cycler (Applied Biosystems, Foster 

City, USA). The thermal program is detailed in Table 2.12b. After cycling, the 

amplified cDNA concentration was measured using a spectrophotometer (ND-1000, 

NanoDrop Technologies, USA) and subsequently stored at -20oC until further use. 

Before PCR experiments, cDNA was diluted 1:1000 using nuclease-free water to a 

concentration of approximately 1 ng/µl. Figure 2.2 shows the flowchart for Smart-seq2 

cDNA synthesis and verification of cDNA libraries by PCR for housekeeping genes 

adapted from Picelli et al. (2014).  

 

Table 2.12 Smart-seq2 cDNA amplification a) master mix (1x). *KAPA 

Biosystems, Cape Town, South Africa and b) thermal cycling program. 
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Figure 2.2. Flowchart of Smart-seq2 cDNA synthesis and verification of cDNA libraries 

by PCR for housekeeping genes. Figure was adapted from Picelli et al. (2014). 

RNAgem cell lysis 

 

Verification of cDNA libraries by 

PCR for housekeeping genes 



 
 

76 

 

2.5 Polymerase chain reaction 
 

The successful construction of each cDNA library was verified using specific 

housekeeping primers. For primer design, the sequences of bovine genes of interest 

were obtained from either the Ensembl database (https://www.ensembl.org/ 

Bos_taurus/Info/Index) or National Centre for Biotechnology Information (NCBI) 

(https://www.ncbi.nlm.nih.gov/). The obtained sequences were inserted into the 

PrimerQuest primer design tool on Integrated DNA Technologies (IDT, USA) website 

to produce different sets of primers. Widely expressed housekeeping genes with 

stable expression in both somatic and gametic cells at the relevant stages of oocyte 

and embryo development were used for the experiments detailed in the thesis. These 

included Glyceraldehyde 3-Phosphate Dehydrogenase (GAPDH), Histone H2A 

(H2A) and Tyrosine 3-Monooxygenase/Tryptophan 5-Monooxygenase Activation 

Protein Zeta (YWHAZ). Primarily, GAPDH is an enzyme that catalyses the oxidative 

phosphorylation of glyceraldehyde-3-phosphate during glycolysis (Ercolani et al., 

1988). It has commonly been used as a housekeeping gene because it is highly 

expressed in all cell types due to its vital function, and readily produces a single, sharp 

band after PCR amplification (Suzuki et al., 2000). Histones are also used as 

reference genes as they are necessary for the formation of chromatin and are 

therefore abundant in most cell types. H2A has been demonstrated as the most stable 

of housekeeping genes across a variety of cell types, including bovine preimplantation 

development (Jeong et al., 2005; Robert et al., 2002; Yan et al., 2014). Finally, 

YWHAZ gene encodes a 14-3-3 adapter protein that recognises phosphoserine- or 

phosphothreonine-containing proteins to mediate a variety of cellular activities such 

as signal transduction, metabolism, apoptosis and cell cycle regulation (Morrison, 

2009).  Alongside GAPDH, another study found that YWHAZ was among the most 

stable reference genes across bovine preimplantation embryo stages (Goossens et 

al., 2005).  

 

The primer sequences are detailed in Table 2.13. All primers were diluted to a working 

concentration of 10 µM with dH2O. Figure 2.3 shows the expression levels of 

housekeeping genes, GAPDH and YWHAZ, in a range of bovine somatic tissues 

(lung, liver, brain, heart, kidney, muscle prepared in-house by Hemmings et al. 

(2012)) and ovary, ovarian cortex (OC), oviduct, uterus and CL prepared according 

to Section 3.2.3. This figure highlights the consistent expression of GAPDH and 
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YWHAZ across different cell types in the bovine and verifies their use in the evaluation 

of the expression of candidate genes.  

 

Table 2.13  Primer sequences of bovine housekeeping genes for PCR and real-

time PCR verification of cDNA library generation (F: forward primer; R: reverse 

primer). 

Figure 2.3. Gel electrophoresis of PCR amplification of housekeeping genes, GAPDH 

and YWHAZ, in a range of bovine somatic tissues: lung, liver, brain, heart, kidney, 

muscle, ovary, OC, oviduct, uterus and CL. GV oocyte and negative control (N) are 

also shown. Expected product sizes are displayed. A 100 bp DNA ladder (not shown) 

was used to verify the expected product sizes. 

The controls set up alongside the test samples included 0.5 µl of dH2O as a negative 

control and 0.5 µl of a previously verified GV cDNA library containing a single oocyte 

as a positive control. PCR was performed according to the Taq DNA polymerase 

manufacturers protocol (Invitrogen) in a final reaction volume of 12.5 µl. To perform 

the PCR experiment, a master mix was made in a 1.5 ml Eppendorf tube using 

recombinant Taq polymerase (Invitrogen). The cDNA was not included in the master 

mix and instead, 0.5 µl was added to each tube individually. Table 2.14 shows the 

PCR master mix and thermal program. The PCR reaction was performed using the 

Veriti® 96 well thermal cycler.  

 

 

Gene Primer sequences (5’à3’) Product 
size 
(bp) 

Reference 

GAPDH 
Bovine 

F: GAAACCTGCCAAGTATGATGAG 
R: CAGCATCGAAGGTAGAAGAGTG 

143 
ENSBTAT00000037753 

H2A 
Bovine 

F: GAGGAGCTGAACAAGCTGTTG 
R: TTGTGGTGGCTCTCAGTCTTC 

104 
XM_002686087.4 

YWHAZ 
Bovine 

F: GAGAAAGCCTGCTCTCTTGC 
R: CAGCTTCGTCTCCTTGGGTA 

157 
XM_025001430.1 
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Table 2.14 a) PCR master mix (1x) and b) thermal cycling program. 

 

 

2.6 Agarose gel electrophoresis 
 

On completion of PCR, agarose gel electrophoresis was performed to separate out 

the resultant PCR products by size. The agarose gel was prepared by adding 100 ml 

of 1 x tris-borate ethylenediaminetetraacetic acid (TBE) buffer, pH 8.3 (Appendix II) 

to 1.5 g molecular grade agarose powder (Bio-41025, Bioline Ltd, UK) in a glass 

beaker, resulting in a final concentration of 1.5% (w/v). The beaker was then heated 

for 2 min in a 750 V microwave oven until the agarose was dissolved. The beaker 

was cooled by running it under cold water and subsequently, 5 µl of GelRed (41003, 

Biotium, USA) was added to allow for visualisation of the DNA. The gel was poured 

into a gel clamp (Bio-Rad Laboratories Ltd, Hertfordshire, UK) containing a 15 or 20 

well comb to allow regular spacing of each test sample and the gel was allowed to 

set at RT for 30 min. 1x loading buffer (G7654, Sigma) was added to each sample 

and the samples were mixed by pipetting. Once the gel was set it was placed into a 

Sub Cell GT Tank with Powerpac 300 (Bio-Rad) covered in 1 x TBE buffer and the 

comb was removed. The samples were loaded into the wells alongside a 100 bp DNA 

ladder (N0551S, NEB). Gel electrophoresis was performed at 100 V for 60 min at RT. 
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Using an ultraviolet transilluminator (Gel Doc XR+ system, Bio-Rad), PCR products 

were visualised in the form of bands. 

 

2.7 Real-time polymerase chain reaction 
 

Real-time PCR is a sensitive technique that can accurately quantify relative transcript 

abundance of genes of interest in multiple samples at the same time (Heid et al., 

1996). It can provide information about gene expression patterns during 

preimplantation embryo development. Furthermore, coupled with Smart-seq2 cDNA 

synthesis, it can be used to analyse mRNA levels in single oocytes and embryos 

(Kimble et al., 2018; Picelli et al., 2014). Housekeeping genes provide internal 

endogenous controls to which genes of interest can be normalised. This is based on 

the assumption that the efficiency of cDNA synthesis is the same for all transcripts 

and between all samples (Livak and Schmittgen, 2001). Many studies have 

investigated the expression of common housekeeping genes across embryo 

development to determine which gene is the most stable for use as an internal control 

for real-time PCR (Goossens et al., 2005; Jeong et al., 2005; Mamo et al., 2007; 

Robert et al., 2002). One study showed that expression of GAPDH and YWHAZ was 

consistent in all stages of bovine preimplantation development while another showed 

that H2A was the most stable (Goossens et al., 2005; Robert et al., 2002). As a result, 

GAPDH, H2A and YWHAZ were chosen as internal references for real-time PCR 

experiments in this thesis. Calculation of the geometric mean of 3 stable 

housekeeping genes is optimal as it controls for small expression differences 

(Goossens et al., 2005). Figure 2.5 shows the real-time PCR expression results of 

internal reference genes, GAPDH, H2A and YWHAZ, across bovine preimplantation 

development. Plotted in panel D of Figure 2.5 are the geometric means of each 

housekeeping gene across all oocyte and embryo stages. The results show that 

GAPDH, H2A and YWHAZ expression fluctuates significantly between the different 

stages of bovine preimplantation development (p<0.05). For H2A and YWHAZ, there 

was an increase in Ct values in the later embryo stages whereas GAPDH expression 

fluctuated throughout development. However, the geometric means of the 3 

housekeeping genes did not significantly change between developmental stages, 

except for the 16-cell embryo stage. It is likely that this is caused by the low number 

of samples here with only 3 individual embryos collected at this stage. This finding 

demonstrates the importance of using the geometric mean of at least 3 housekeeping 

genes as an internal reference for normalisation of the expression of genes of interest.  
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For real-time PCR experiments, SYBR green technology (Applied Biosystems) was 

used to quantify the total amount of each transcript. SYBR green is an asymmetrical 

cyanine dye that intercalates between the bases of dsDNA and emits fluorescence 

that is proportional to the amount of dsDNA present (Zipper et al., 2004). Primers 

were purchased from IDT as described in Section 2.5 and diluted to a working 

concentration of 10 µM with dH2O. Primers were designed with a desired amplicon 

size of around 100 bp and poly-base runs of ≤3 consecutive, repeat bases. Primer 

specificity for each gene was verified by the formation of 1 clean product of the correct 

size on the gel electrophoresis image. The real-time PCR master mix was prepared 

in a sterile 1.5 ml Eppendorf tube according to Table 2.15. 14 µl of master mix was 

loaded to a clear 96-well plate (E1403-8200, Starlab) and 1 µl of cDNA (1 ng/µl) was 

added to each well. The samples were run in triplicate to minimise error and increase 

the stability of the results. Furthermore, 3 negative controls were included for each 

real-time PCR to ensure there was no contamination in the reagents or PCR plate. 

The plate was run according to the thermal program in Table 2.16. A dissociation 

stage was included at the end of every real-time PCR experiment to exclude the 

formation of non-specific PCR products. To this end, the sample is slowly heated to 

denature the dsDNA and dissociate the SYBR green from the DNA. Upon cooling, 

the DNA anneals once again and the association of SYBR green to the PCR products 

is detected. If the primers are highly specific, only 1 PCR product will form and only 1 

peak will be present on the dissociation curve (Figure 2.4). The real-time PCR 

experiments were run on an ABI PRISM 7900HT real-time PCR machine (Applied 

Biosystems).  

 

In order to obtain accurate relative quantification of a target mRNA, the expression of 

3 endogenous control transcripts, GAPDH, H2A and YWHAZ, where also obtained in 

triplicate. The Ct measurements from triplicate repeats were averaged for both the 

genes of interest and housekeeping genes. The geometric mean of the housekeeping 

genes was then calculated for each sample. The ΔCt of the chosen gene compared 

to the geometric mean of 3 housekeeping genes was calculated for each 

developmental stage. This was named the relative mRNA levels measured in arbitrary 

units. The data must be converted into a linear form by taking the log base 2 of ΔCt 

(2-ΔCt) (Livak and Schmittgen, 2001). If this was not performed, highly expressed 

genes would have lower values and less abundant genes would have higher values. 

The arithmetic mean was then taken for each group and the resultant values were 

plotted on a histogram. The standard error of the mean (SEM) was displayed as error 

bars.  
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Figure 2.4. Example of a representative dissociation curve following real-time PCR 

experiment. This dissociation curve shows the amplicon from GAPDH housekeeping 

primers in 6 individual GV oocytes. The presence of only 1 peak demonstrates that 

the primers are highly specific to the gene as only 1 PCR product has formed.  
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Figure 2.5. Real-time PCR quantification of housekeeping gene expression, A) GAPDH, B) H2A and C) YWHAZ, across oocyte maturation and 

preimplantation embryo development stages: germinal vesicle (GV) and metaphase II (MII) oocytes, 2-cell, 4-cell, 6-cell, 8-cell, 16-cell, morula, 

blastocyst (B) and expanded blastocyst (EB) embryos. Individual bars show the mean ±SEM for n = 6 single oocytes/embryos for each developmental 

stage except 16-cell where n = 3. D) The geometric mean of the 3 housekeeping genes at each stage of preimplantation development. This value was 

used to calculate the DCt between the internal reference and gene of interest to normalise expression levels. Different letters or * on the bar denote 

significant differences between means (p<0.05) determined by one-way ANOVA.     
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Table 2.15 Real-time PCR master mix (1x) 

 

Table 2.16 Real-time PCR thermal program 

 
 

2.8 Statistical analysis 
 

Data generated in the thesis were processed using Microsoft Excel. All statistical 

analyses were performed by GraphPad Prism 7. The D’Agostino-Pearson test was 

used to test data for normality. Data containing ‘0’ was transformed by √(x + 0.5). 

Statistical analyses were performed on transformed data. Culture data and real-time 

PCR data were analysed using one-way analysis of variance test (ANOVA) or 

unpaired t-test for normally distributed data. Kruskal-Wallis or Mann-Whitney U tests 

were performed on data that were not normally distributed. In all analyses, p values 

of <0.05 were considered to be statistically significant. Untransformed data were 

plotted. Letters or an asterisk (*) were used to denote significant differences between 

means where p<0.05: if no significant differences between means were observed, 

bars were annotated with the same letter. Conversely, bars were annotated with 

different letters or * where significant differences between means were observed. 

Further information about the statistical tests that were used is detailed in each 

chapter-specific methods sections. 

Component Volume (µl) Final concentration 
SYBR green PCR master mix  
Applied Biosystems 4309155 

7.5 1x 

Forward primer (10 µM) 0.5 330 nM 
Reverse primer (10 µM) 0.5 330 nM 
Nuclease-free water 5.5 - 
Total volume 14 - 

 

 Cycles Step Temperature (oC) Time 
1 Denaturing 95 10 min 
2-41 Denaturing 

Annealing 
Extension 

95 
60 
72 

15 s 
30 s 
1 min 

42 Dissociation stage 95 
60 
95 

15 s 
15 s 
15 s 

43 Hold 4 ∞ 
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Chapter 3 Characterisation of PADI6 and maternal effect 
genes across bovine oocyte maturation and 

preimplantation embryo development 
 

3.1 Introduction 
 

In oogenesis, asymmetric meiotic cell divisions unevenly distribute cytoplasm to the 

oocyte allowing maximal retention of cytoplasmic factors and production of 2 

redundant polar bodies (Coticchio et al., 2015). Essential meiotic pauses enable 

reorganisation and accumulation of cytoplasmic components, protein synthesis and 

cytoskeletal rearrangements as described in Chapter 1. With specific emphasis on 

the GV to MII transition, the oocyte undergoes cytoplasmic maturation to gain 

competence for fertilisation, pronucleus formation and early embryogenesis, prior to 

EGA. Complex genomic reorganisations and epigenetic changes must occur to open 

the chromatin state and allow for zygotic transcription (Luciano and Sirard, 2018a). 

The many factors involved in these processes are transcribed from the maternal 

genome and are therefore termed MEGs. The majority of MEGs appear to be critical 

for developmental competency of the embryo and defective expression of these 

genes may result in female infertility at various stages. Among these MEGs are those 

that are important within the SCMC including NLRP genes. Interest in these genes 

stemmed from the involvement of NLRP7 and KHDC3L in familial biparental 

hydatidiform mole (FBHM) (Murdoch et al., 2006; Parry et al., 2011). FBHM is a 

maternal imprinting disorder that causes recurrent miscarriage of the embryo and 

hyperproliferation of the trophoblastic tissues (Judson et al., 2002). There are 

intriguing questions as to how mutations in NLRP7 and KHDC3L cause global 

imprinting abnormalities in the oocyte as they have no known role in imprinting 

mechanisms.  

 

Investigation of the functional role of SCMC genes has shed some light on novel 

regulatory proteins that are essential for early embryogenesis. The SCMC was 

discovered after an investigation into the downstream targets of oocyte-specific 

master transcriptional factor, Figla (Soyal et al., 2000). The SCMC is believed to 

function in epigenetic regulation, organelle distribution, translation, EGA and spindle 

positioning (Bebbere et al., 2016; Yu et al., 2014b). FBHM-associated gene KHDC3L, 

together with NLRP5, OOEP, PADI6 and TLE6 constitute the core members of the 
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SCMC. Ablation of these genes precludes complex formation and embryo 

development, suggesting that a complete inventory is required for correct functioning 

of the SCMC (Li et al., 2008a). Mutations in PADI6 and TLE6 have been associated 

with human infertility characterised by early embryonic arrest (Alazami et al., 2015; 

Xu et al., 2016). Similarly, mutations in NLRP5 have been associated with MLID 

(Docherty et al., 2015). The SCMC is proposed to contain more protein components 

than its 5 known members, adding the possibility that other NLRP genes are involved. 

Considering this, mutations in NLRP2 and -7 have been identified in human imprinting 

pathologies: BWS and MLID, and FBHM, respectively (Meyer et al., 2009; Murdoch 

et al., 2006).  

 

SCMC proteins are abundant in the mammalian oocyte and early embryo but begin 

to diminish once the embryonic genome is activated. The SCMC has been primarily 

studied in the mouse model so much of the literature that will be discussed in this 

thesis was discovered in mice. The SCMC is localised to the subcortex of the oocyte 

but is excluded from regions of cell-to-cell contact in the embryo and absent from the 

ICM of the blastocyst (Li et al., 2008a). Similarly, mouse NLRP2 and NLRP7 are also 

cortically distributed in the oocyte and restricted from cell-to-cell contact in the embryo 

(Akoury et al., 2015; Mahadevan et al., 2017). Protein interaction studies showed that 

NLRP5 binds OOEP, TLE6 and PADI6 and interacts independently with KHDC3L (Li 

et al., 2008a; Ohsugi et al., 2008). Moreover, it has been observed that NLRP7 

interacts with KHDC3L and PADI6 while NLRP2 interacts with KHDC3L, NLRP5, 

OOEP and TLE6 (Akoury et al., 2015; Mahadevan et al., 2017; Qian et al., 2018). 

Consequently, it is therefore likely that Nlrp2 and -7 are members of the SCMC. To 

add to this, it is understood that SCMC proteins NLRP5, OOEP and PADI6 are 

necessary for the formation of CPLs in the oocyte and early embryo (Kim et al., 2010; 

Tashiro et al., 2010; Wright et al., 2003). Studies have also observed localisation of 

NLRP7 and KHDC3L to CPLs (Akoury et al., 2015). Figure 1.11 shows a schematic 

representation of the hypothesised structure of the SCMC according to the 

aforementioned physical interactions that have been described for individual SCMC 

proteins. This figure was adapted from Bebbere et al. (2016) to include likely SCMC 

members, NLRP2 and NLRP7. Collectively, this strongly suggests a tight relationship 

between the SCMC and CPLs. 
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Still, the question of how the SCMC regulates imprinting establishment or 

maintenance remains. The cytoplasmic localisation of the SCMC negates a direct role 

for the complex in genomic imprinting. It could be that the SCMC coordinates the 

spatial and temporal localisation of epigenetic regulators (Monk et al., 2017). The 

expression and function of Dnmt1, Dnmt3a, Dnmt3b, Dppa3, Trim28 and Zfp57 has 

been interrogated in mouse preimplantation embryo development. Dppa3, Trim28 

and Zfp57 are essential for maintaining imprints in the embryo (Section 1.6.2 and 

1.6.3). DPPA3 prevents demethylation of specific maternal imprints after fertilisation 

by binding to an enriched maternal histone mark, H3K9me2, to block TET3-mediated 

5-mC oxidation (Figure 1.9) (Nakamura et al., 2007; Nakamura et al., 2012). Similarly, 

ZFP57 is required for establishment of some maternal imprints in the oocyte and for 

maintenance of both maternal and paternal imprints during reprogramming of the 

embryo (Li et al., 2008c). ZFP57 recruits TRIM28 to the methylated allele of ICRs 

where it acts as a scaffold for chromatin-modifying proteins to induce a 

heterochromatic state (Quenneville et al., 2011; Zuo et al., 2012). Specifically, 

TRIM28 recruits methylation maintenance protein, DNMT1, to ICRs and disruption to 

this process results in loss of germline methylation (Figure 1.9) (Alexander et al., 

2015). Both maternal and zygotic DNMT1 are required for maintaining parental 

imprints (Hirasawa et al., 2008). Interestingly, knockout of Nlrp2 in mice resulted in 

abnormal localisation of DNMT1, suggesting a potential role for the SCMC in 

subcellular localisation of epigenetic factors (Mahadevan et al., 2017). DNMT3A and 

-3B display distinct expression patterns in the mouse oocyte and embryo. It seems 

that DNMT3A is maternally expressed in the oocyte and early embryo whereas 

DNMT3B is not expressed until after EGA (Hirasawa et al., 2008). In mouse, DNMT1 

appears to be essential for maintaining methylation in the embryo while DNMT3A is 

required for establishment of maternal and paternal imprints in the oocyte and 

spermatozoa, respectively (Kaneda et al., 2004). In humans, high levels of DNMT3A 

were also observed in the oocyte from the early primary follicle stage, throughout 

oocyte maturation and in preimplantation embryo development to the blastocyst stage 

(Huntriss et al., 2004). High expression of DNMT3B was observed in the maturing 

oocyte and preimplantation embryo while DNMT1 was highly expressed in the mature 

oocyte and early embryo but reduced in the blastocyst stage.  
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Most of the research into SCMC gene expression has been conducted in mice or 

humans but recently, the presence and developmental importance of the SCMC was 

confirmed in the ovine species (Bebbere et al., 2014). The SCMC appears to be highly 

conserved between mammalian species, which facilitates cross-species 

investigations (Lu et al., 2017). Characterisation of all SCMC genes across bovine 

oocyte maturation and preimplantation development has not yet been performed, 

though Pennetier et al. (2004) have characterised expression of NLRP5 in cattle. 

Finally, knowledge of how MEGs are expressed in normal development will enable 

researchers to observe changes in expression that occur as a result of genetic 

manipulation.   

 
3.1.1 Aims and objectives 
 

The aim of this study was to characterise the expression and tissue distribution of 

PADI6 in the cow and during human folliculogenesis. This study represents the first 

step towards investigating the expression pattern and the function of this gene in a 

monovulatory animal model that is physiologically relevant to human. The cow is 

considered a good model of oogenesis and preimplantation embryo development 

because it shares many similarities to human in terms of ovarian function and follicular 

physiology (Adams and Pierson, 1995; Adams et al., 2012; Baerwald et al., 2003a; 

Baerwald et al., 2003b; Ginther et al., 2001; Rovani et al., 2017). Both cows and 

humans are monovulatory, carry their young for approximately 9 months and have 

similar length reproductive cycles i.e. 28 days (Adams and Pierson, 1995). As an 

experimental model, IVM, IVF and embryo culture is widely used in the bovine embryo 

transfer industry and for research (Menezo and Herubel, 2002). Bovine oocytes and 

embryos are a similar size and have a similar developmental time frame to humans. 

They also express key oocyte genes and have enabled the study of mRNA and 

protein profiles during oocyte maturation and early embryogenesis (Bonnet et al., 

2008; Vallee et al., 2005).  

 

The primary aim of the current experiments was to map the expression pattern of 

PADI6 in bovine oocytes during the final stages of Graafian follicle development and 

maturation in vitro and in IVF-derived preimplantation embryo stages by interrogating 

cDNA libraries from all stages of development by real-time PCR. The work also aimed 

to characterise the tissue distribution pattern of PADI6 and other PADI family 

members (PADI1-4) across a range of bovine somatic tissue cDNA libraries by PCR. 
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Finally, associated MEGs, SCMC members and epigenetic regulators were 

characterised across bovine oocyte and embryo development by real-time PCR, with 

the objective of comprehensively mapping linked gene expression patterns across 

bovine and human oocyte maturation and preimplantation development. 
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3.2 Materials and methods 
 

3.2.1 Oocyte and embryo isolation 
 

The methods used for bovine oocyte isolation and in vitro embryo culture have been 

described and validated previously (Hemmings et al., 2012). As detailed in Chapter 

2, bovine ovaries were isolated from reproductive tracts and GV oocytes were 

obtained following aspiration of COCs from 2-5 mm follicles. A subset of GV oocytes 

were denuded from the surrounding cumulus cells using hyaluronidase immediately 

following oocyte harvest. Sterile 4-well dishes were prepared by pipetting 500 µl of 

300 µg/ml hyaluronidase into the first well and 500 µl of H199+ (Table 2.2) into the 

other 3 wells. In groups of 10, oocytes were transferred into the hyaluronidase well 

for 30 sec using an EZ-Grip denudation and handling pipettor attached to a 170 μm 

pipette tip. Oocytes were then transferred to a fresh H199+ well and mechanically 

denuded. To ensure that all the cumulus cells were removed, the pipette tip was 

changed to a 140 μm diameter pipette tip and gentle pipetting was continued. For 

generation of MII oocytes, 50 COCs were subjected to IVM for 24 hours in serum-

free IVM medium (Table 2.3) at 39oC in a 5% CO2 humidified incubator (Hemmings 

et al., 2012) as described in Section 2.1. After maturation, subsets of 10 COCs were 

denuded in hyaluronidase as described above, and oocyte meiotic status was 

confirmed by detection of the presence of the first polar body using an inverted 

microscope. Oocytes were washed twice in a sterile 4-well dish containing 500 µl of 

DPBS. Oocytes were individually placed into 0.5 ml Eppendorf tubes containing 2 µl 

of RNAGEM lysis buffer and frozen at -80oC (Section 2.4.1). For generation of 

preimplantation embryos, 50 COCs were fertilised following 24 hours in serum-free 

IVM medium and cultured in groups of 20 in 20 µl SOFaaBSA media as described in 

Section 2.2 and 2.3 (Hemmings et al., 2012). Embryo developmental stage was 

assessed using an inverted microscope. Embryos were washed twice in a sterile 4-

well dish containing 500 µl of DPBS. Oocytes were individually placed into 0.5 ml 

Eppendorf tubes containing 2 µl of RNAGEM lysis buffer and frozen at -80oC (Section 

2.4.1). Oocytes and embryos were imaged using a Nikon Eclipse Ti inverted 

microscope (Nikon Instruments, Amstelveen, Netherlands) fitted with a heated stage 

at 39°C and a Watec WAT-221S camera (Camtronics BV, Eindhoven, Netherlands). 

Research Instruments (RI) viewer software was used to examine the images on the 

computer. 
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To assess the rates of oocyte maturation, embryo cleavage and blastocyst formation 

in vitro, 3 discrete cultures were conducted. For each culture, aspirated COCs were 

placed into a 4-well dish containing 500 µl of IVM media in groups of 50 for 24 hours 

as detailed in Section 2.1.3. After IVM a representative subset of 10-15 COCs was 

removed from each culture and oocytes were denuded in hyaluronidase as described 

above. Oocyte viability was measured by incubation with NR dye. NR dye is a widely 

used viability stain as it can be applied to living cells without killing them and be 

visualised using standard light microscopy (Borenfreund and Borrero, 1984; Repetto 

et al., 2008). NR dye diffuses through the plasma membrane and is taken up by 

lysosomes in living cells (Triglia et al., 1991). The uptake and retention of NR by a 

cell depends on the cell’s ability to maintain pH gradients (Repetto et al., 2008). When 

a cell dies or becomes damaged, the cell loses this ability and cannot uptake NR dye. 

As a result, live oocytes stain red while dead oocytes remain unstained so distinct 

oocyte populations can be counted. This staining method was validated previously 

for use on ovarian tissue and GCs (Campbell et al., 1996; Chambers et al., 2010). 

Moreover, 1 µl of 50 µg/ml of neutral red (NR) dye was added to each 20 µl microdrop 

of oocytes and allowed to incubate for 15-20 min. The numbers of live and dead 

oocytes were recorded. Oocyte maturation was determined by the extrusion of a polar 

body after 24 hours in IVM media using an inverted microscope. Next, COCs were 

fertilised and cultured in groups of 20 in drops of SOFaaBSA medium as detailed in 

Sections 2.2 and 2.3. Embryonic cleavage was recorded by the presence of 2-cell 

embryos 24-36 hours after sperm were added (Day 1-2). From Day 2-4, 4-16 cell 

embryos were recorded, and around Day 5, embryos started to compact and form the 

morula. Finally, blastocyst rates were documented on Day 7 or 8 (Figure 3.1). 

 

Finally, the aim of this isolation was to generate 6-12 cDNA libraries of individual 

oocytes or embryos for each developmental stage: GV and MII oocytes, 2-cell, 4-cell, 

6-cell, 8-cell, 16-cell, morula, blastocyst and expanded blastocyst embryos. For GV 

and MII stages, oocytes were generated over 2 discrete cultures. 6 individual oocytes 

were frozen per culture to give a total of 12 oocytes per stage for cDNA synthesis. 

For the generation of embryos at each developmental stage, 5 discrete cultures were 

performed, and individual embryos were frozen based on their developmental stage 

until 6-12 individual embryos were collected for each developmental stage (Figure 

3.1). 
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Figure 3.1 Generation of embryos at each developmental stage. 50 COCs were subject 

to IVM, IVF and embryo culture as described in Chapter 2. At the appropriate 

developmental time point, a subset of embryos was removed from the culture dish 

and embryos were individually frozen for cDNA synthesis. This was repeated over 5 

discrete cultures until 6-12 embryos were collected for each developmental stage.  

3.2.2 cDNA synthesis  
 

Before cDNA synthesis, samples were subject to a DNA degradation protocol to 

remove contaminating DNA, as detailed in Section 2.4.1. In brief, the samples were 

heated to 75oC for 10 min to lyse the cells. The thermal cycler was cooled to 37oC 

and 0.5 µl of DNase solution (Table 2.7b) was added. Samples were incubated at 

37oC for 5 min to permit DNA degradation. The temperature was then increased to 

75oC for 5 min to denature the DNase 1 enzyme. Following DNA degradation, full-

length cDNA synthesis was performed for individual oocytes and embryos according 

to Smart-seq2 cDNA synthesis protocol described in Picelli et al. (2014) as described 

in Section 2.4. A 1:1 oligo-dT primer and dNTP mix was added to each sample (Table 

2.9) and samples were incubated at 72oC for 3 min to allow the primer to bind to the 

mRNA polyA tail. 5.7 µl of the RT mix (Table 2.10) was added to each sample and 

samples were put to the thermal program shown in Table 2.11. Following reverse 

transcription, the cDNA was amplified by polymerase chain reaction (PCR) as 

detailed in Section Table 2.11. Finally, cDNA was diluted 1:1000 using nuclease-free 

water to a concentration of approximately 1 ng/µl and stored at -20oC until further use.  

 
3.2.3 RNA extraction from fresh bovine tissues 
 

RNA extraction and cDNA synthesis were performed on fresh bovine abattoir-derived 

tissue (J.C. Penny and sons, Rawdon, Leeds, UK). Bovine reproductive tracts were 

received from the abattoir and 0.1-0.15 g cross-sections were cut through the ovary, 

oviduct, uterus and corpus luteum. The tissue was placed into 2 ml Safe-Lock 
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microcentrifuge tubes (0030120094, Eppendorf®, Germany) alongside 5mm stainless 

steel beads (69989, Qiagen Ltd) and 1 ml of TRIzolTM (15596026, InvitrogenTM Ltd). 

The tissue was homogenised in a TissueLyser system (Qiagen Ltd). Once the 

majority of tissue was homogenised, the supernatant was transferred by pipetting into 

sterile 1.5 ml Eppendorf tube.  

 

RNA extraction was performed in accordance with the TRIzolTM manufacturer 

recommendations (InvitrogenTM Ltd). 0.5 ml of isopropanol was added to each sample 

and allowed to incubate for 10 min. The samples were then centrifuged at 12,000 x g 

for 10 min at 4oC. The supernatant was removed by pipetting and discarded. The 

RNA pellet was resuspended by pipetting in 1 ml of 75% ethanol. The samples were 

vortexed briefly before centrifuging at 7500 x g for 5 min at 4oC. Again, the 

supernatant was removed by pipetting and discarded. The RNA pellet was left to air-

dry for 10 min. Finally, RNA was resuspended by pipetting in 50 µl of RNase-free 

water. RNA was quantified using a spectrophotometer (ND-1000, NanoDrop 

Technologies, USA). The spectrophotometer was washed 3 times with 1 µl dH2O 

before calibrating a blank measurement using 1 µl dH2O. Each RNA sample was 

measured by adding 1 µl of sample to the spectrophotometer. The results were 

recorded and approximately 1 µg of RNA was used as starting material for cDNA 

synthesis.  

 

cDNA synthesis from the range of fresh bovine tissue RNA was performed according 

to Smart-seq2 cDNA synthesis protocol described in Picelli et al. (2014) (Section 2.4). 

Additionally, cDNA synthesis was performed on archived RNA preparations of bovine 

somatic abattoir-derived tissues (J.C. Penny and sons, Rawdon, Leeds, UK) 

prepared by Dr Karen Hemmings (Leeds Institute of Cardiovascular and Metabolic 

Medicine, University of Leeds). These included bovine lung, liver, brain, heart, kidney 

and muscle RNA. Only 1 RNA sample was available for each tissue and Smart-seq2 

cDNA synthesis was repeated twice. 
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3.2.4 Molecular evaluation of the bovine developmental series 
 

Real-time PCR was used to quantify the changes in PADI6 expression over bovine 

development (GV, MII, 2-cell, 4-cell, 6-cell, 8-cell, 16-cell, morula, blastocyst and 

expanded blastocyst) compared to housekeeping genes GAPDH, H2A and YWHAZ 

(Table 2.13). 6 samples were analysed per developmental stage and each sample 

was performed in triplicate. The PADI6 primer sequences are shown in Table 3.1. 

The real-time PCR experiments were conducted as detailed in Section 2.7. Figure 3.2 

shows the experimental workflow from oocyte isolation and in vitro embryo culture to 

Smart-seq2 cDNA synthesis and real-time PCR analysis. Bovine somatic libraries 

were also analysed for expression of PADI genes including PADI6 by PCR to evaluate 

the bovine tissue distribution patterns of members of the PADI family. PCR was 

performed as detailed in Section 2.5 and the PADI primer sequences are shown in 

Table 3.1. Following the PCR analysis, 12 µl of each sample was run alongside a 100 

bp DNA ladder on a 1.5% (w/v) agarose gel at 100 V for 1 hour as described in Section 

2.6. 

Table 3.1 PCR primer sequences for bovine PADI family genes  

Gene Primer sequences (5’à3’) Product 
size 

Reference  

PADI1  F: CCCTCTTTCCTTTACCAGCTAC 

R: CCGAGTTTCCTTGTCCTGATT 
108 bp 

ENSBTAT00000015977.6 

PADI2 F: CTACAGCAAGGAAGACCTGAAG 

R: AGTCCGACATGGAGATGTAGA 
110 bp 

ENSBTAT00000004411.6 

PADI3 F: GAACTGCGACAGAGACAGTATG 

R: CCGCAGAATCATCACAGACA 
103 bp 

ENSBTAT00000015978.6 

PADI4 F: TGACTGACCTTGACTCCTTTG 

R: GTAACCGCTGTCTCCAATGA 
104 bp 

ENSBTAT00000015991.6 

PADI6 
 

F: AAAAAGGACTTCCGGCTGCT 

R: GAGCTGGTCCTTCCTAAGCC 

120 bp XM_002685797.5 

 

 

The cDNA libraries representing developmental stages from the GV oocyte to the 

blastocyst embryo were also interrogated against multiple MEGs including KHDC3L, 

OOEP, TLE6, NLRP2, NLRP5, NLRP7, FIGLA, DNMT1, DNMT3A, DNMT3B, 

DPPA3, TRIM28 and ZFP57 by real-time PCR. The primer sequences for MEGs are 

shown in Table 3.2. For each developmental stage, 6-12 independent oocyte or 

embryo cDNAs were analysed by real-time PCR (Section 2.7). It is worth noting that 

differences in oocyte/embryo numbers (n) may exist as analyses of gene expression 

for individual samples were excluded from the final analyses if the real-time PCR 
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experiment failed. dH2O was used as a negative control in each real-time PCR 

reaction to check for contamination. Ct measurements from triplicate repeats were 

averaged for both the genes of interest and housekeeping genes as detailed in 

Section 2.7. The geometric mean of the housekeeping genes was then calculated for 

each sample. The ΔCt of the chosen gene compared to the geometric mean of 3 

housekeeping genes was calculated for each developmental stage. The arithmetic 

mean was taken for each group and presented as a histogram displaying the mean 

±SEM for the number of observations shown. 

 

Table 3.2 RT-PCR primer sequences for bovine MEGs 

Gene Primer sequence (5’à3’) Product 
size 

Reference 

DPPA3 F: GAGCCTACAGCATCACCTTC 

R: GGTCCAGGTTGGGTTATCTTC 

104 bp NM_001111108.2 

DNMT1 F: ACCGTATTGGCCGCATAAA 

R: GGGTAGACTTGTGTGTGTTCTC 

123 bp NM_182651.2 

DNMT3A F: CGAGGTAGTGACACAAGGTTAAA 

R: CTTCTGGGTGCTGATACTTCTC 

98 bp NM_001206502.2 

DNMT3B F: CTCCGAGATTCCAGCAGATAAG 

R: GTACATGGCCTTCCTGTAAGAG 

103 bp NM_181813.2 

FIGLA F: ACGAGACCCCGATCATCAGA 

R: GGGGAATCTATCCACTGCCA 

161 bp NM_001281920.1 

KHDC3L F: GACTACAGCATGGCCTCTCCC 

R: GATGAACGTGAAGCAGGGTC 

241 bp ENSBTAT00000081682.1 

NLRP2 F: GTGCGAGGCTTTGAAGAAAC 

R: TTACTCCACTGGACCCCAAG 

164 bp ENSBTAT00000074039.1 

NLRP5 F: AAATAAGGTGGCGGACCAGG 

R: GTCCTCGCACAGAAGGTTCA 

385 bp NM_001007814.2 

NLRP7 F: GATCTCACTGCAGGTAGGAAAG 

R: CCCAGAGTTGGAGAGAATGATG 

110 bp ENSBTAT00000062990.2 

OOEP F: GTCGAAGTCACCGTTTTCGC 

R: CTCACGCTCCTGACAACACT 

196 bp ENSBTAT00000077348.1 

PADI6 F: TGCTCTTTGAAGGGCTTAGG 

R: TCATTCTGCTTCCTCATCTTCTC 

103 bp XM_002685797.5 

TLE6 F: ATCCTCTGTCATGTGCTGTG 

R: CTCAGTATGTGAGCTGGTACAC 

95 bp XM_010807029.3 

TRIM28 F: GCTCTCCAAGAAGCTGATCTAC 

R: CGTTGAGGTCCCACTGAAAT 

104 bp ENSBTAT00000008424.6 

ZFP57 F: CTCAGTTGCTGGAAGGTAGATAG 

R: CTTCTCTTCCATGCTGTCTCTT 

102 bp XM_010818393.3 
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Figure 3.2 Experimental workflow of bovine oocyte maturation and embryo culture in 

vitro followed by Smart-seq2 cDNA synthesis and real-time PCR analysis. 
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3.2.5 Molecular evaluation of the human developmental series 
 

Primers were also designed against human PADI6 gene for analysis of PADI6 in 

previously verified, human archived cDNA samples from Dr John Huntriss (Huntriss 

et al., 2006). The samples included 1 x pool of 10 primordial follicles, 1 x individual 

samples of GV and MII oocytes, 4-cell, morula and 2 x individual blastocyst embryos 

that were donated by patients under ethically approved protocols licensed by the 

Human Fertilisation and Embryology Authority (HFEA). Human PADI6 and 

housekeeping gene GAPDH primer sequences are shown in Table 3.3. PADI6 primer 

sequences were previously used in Chavanas et al. (2004). PCR was performed in 

accordance with the manufacturer’s recommendations for GoTaq® Hot Start 

Polymerase (Promega, USA). The reaction was made in a 20 μl volume consisting of 

1 x buffer, 0.2 mM each dNTP, 2.5 mM MgCl2, 0.5 μM each primer, 1.25 units 

polymerase, <500 ng template DNA and dH2O. 12 µl of each sample was run on a 

1.5% (w/v) agarose gel at 100 V for 1 hour as described in Section 2.6.  

 

Table 3.3 Primer sequences for human PADI6 and GAPDH for PCR.  

 

 
3.2.6 Statistical analysis 
 

Real-time PCR results were analysed by calculating the ΔCt of the chosen gene 

compared to the geometric mean Ct value of 3 housekeeping genes, GAPDH, H2A 

and YWHAZ for each developmental stage. The arithmetic mean was taken for each 

group and presented as a histogram displaying the mean ±SEM. For oocyte 

maturation, fertilisation and blastocyst rates, the arithmetic mean was calculated 

across replicate cultures and presented as a histogram displaying the mean ±SEM. 

Data were tested for normality using the D’Agostino-Pearson test. Data containing ‘0’ 

was transformed by √(x + 0.5) and one-way analysis of variance tests (ANOVA) or 

unpaired t-test were used for data that was normally distributed data and Kruskal-

Wallis or Mann-Whitney U tests were performed on data that was not normally 

Gene Primer sequence (5’à3’) Product size Reference 
PADI6 
Human 

F: GGCAAGAACCTGGGGATCC  

R: GGTGACAGTGGGCCATCCA  

270 bp Chavanas et al. (2004) 

GAPDH 
Human 

F: ACAACAGCCTCAAGATCATCAG 

R: GGTCCACCACTGACACGTTG  

312 bp ENST00000396856 
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distributed. p values of <0.05 were considered to be statistically significant. 

Untransformed data were plotted.  



 

 

 

98 

3.3 Results  
 

3.3.1 In vitro production of mature bovine oocytes and embryos 
 

Mature bovine oocytes and embryos were produced in vitro using the IVM, IVF and 

embryo culture system previously validated by Hemmings et al. (2012) . Figure 3.3 

shows representative images of the different stages of bovine preimplantation 

development. Oocyte maturation, embryonic cleavage and blastocyst rates were 

recorded at appropriate time points to validate the methods for IVM and embryo 

culture (Figure 3.4). Maturation rates were calculated based on the subset of oocytes 

that were denuded for each culture replicate. Cleavage rates were expressed as the 

percentage of COCs that were inseminated and blastocyst rates as the percentage 

of cleaved embryos that progressed to the blastocyst stage. The table shows the raw 

data across 3 discrete culture weeks (Figure 3.4a) and the mean ±SEM was 

calculated for each developmental rate (Figure 3.4b). The results showed that 83% 

(n = 201/242) of GV oocytes matured to MII stage in vitro (Figure 3.4 – maturation 

rate). Of 150 oocytes that were fertilised in vitro and transferred to embryo culture, 

69% (n = 104/150) cleaved into 2-cell embryos (Figure 3.4 – cleavage rate) and 31% 

(n = 46.5/150) developed into blastocysts (Figure 3.4 – blastocyst rate).  

Figure 3.3 Representative images of the different stages of bovine preimplantation 

embryo development: (A) MII oocyte showing 1 polar body (arrow head); (B) 2-cell 

embryo; (C) 4-cell embryo; (D) 8-cell embryo; (E) compacting morula; (F) blastocyst; 

(G) expanding blastocyst; (H); hatching blastocyst. The scale bar represents 40 µm 

(200X magnification).   

A B C D 

E F G H 
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Repeat No. 

COCs 

for 

IVM 

Maturation 

rate (%) 
No. 

COCs 

for IVF 

No. COCs 

for embryo 

culture 

Cleavage 

rate (%) 
Blastocyst 

rate (%) 

1 75 81 60 52 54 32 

2 120 90 100 78 82 30 

3 47 78 38 20 70 30 

Mean  
±SEM 

83% 
±3.6% 

 69% 
±8.1% 

31% 
±0.7% 

Figure 3.4 a) Raw data of the developmental rates of bovine oocytes and embryos over 

3 discrete repeats. Maturation rate was calculated for a representative sample from 

each culture. b) Developmental rates of bovine oocytes and embryos. The mean 

oocyte maturation, embryo cleavage and blastocyst rates are plotted ±SEM for 3 

discrete cultures. n = 242 oocytes for maturation rate of which 150 embryos were 

inseminated for cleavage and blastocyst rates.  

 

  

a) 

b) 
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3.3.2 Characterisation of the PADI family gene expressions in bovine 
somatic tissues 

 

The profile of PADI6 expression was analysed in 11 bovine somatic tissues: lung, 

liver, brain, kidney, muscle, heart, oviduct, OC, uterus, ovary and CL. A single GV 

oocyte was analysed alongside somatic tissues as a positive control and 

housekeeping gene, GAPDH, was used as an internal control. PCR and gel 

electrophoresis were repeated 3 times, obtaining the same result each time. PADI6 

gene expression was not detected in bovine lung, liver, brain, kidney, muscle, heart, 

oviduct, uterus, ovary and CL samples (Figure 3.5a). PADI6 was, however, expressed 

in the bovine OC, albeit at a lower level than in the GV oocyte positive control. These 

consistencies verify that PADI6 gene expression is restricted to the oocyte so 

confirming that PADI6 is an oocyte-specific gene in the bovine. GAPDH expression 

was constant across bovine somatic tissues.  

 

Following the confirmation of the oocyte-specific expression pattern of bovine PADI6, 

the expression of other PADI family members was characterised across bovine 

somatic tissues (lung, liver, brain, kidney, muscle, heart, oviduct, OC, uterus, ovary 

and CL) and GV oocyte by PCR. The PCR was repeated twice, obtaining the same 

result each time. Housekeeping genes, GAPDH and YWHAZ, were used to ensure 

that the cDNA libraries were of sufficient quality for the determination of gene 

expression. The results are shown in Figure 3.5b. PADI1 was barely detected in any 

bovine somatic tissue, although very low expression may have been present in lung 

and brain samples. PADI2 was highly expressed in both lung and brain tissues and 

moderate gene expression was detected in the liver. In addition, low expression of 

PADI2 gene was present in muscle. PADI3 appeared to be the most ubiquitously 

expressed with expression detected in lung, liver, brain, heart, oviduct and uterus 

tissues, albeit at low levels. PADI4 was highly expressed in the liver, and low 

expression was detected in the heart and muscle samples. cDNA smears were 

observed in PADI4 lung and uterus samples. In comparison to PADI6, low expression 

of PADI3 and 4 was detected in the GV oocyte sample and no expression of PADI1 

and 2 was observed. These results strongly suggest that PADI6 is the most readily 

detectable PADI family member in the bovine oocyte using these methods.  
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Figure 3.5 Representative gel showing a) PADI6 gene expression and b) other PADI 

family members, PADI1, 2, 3 and 4, across bovine somatic tissues: lung, liver, brain, 

kidney, muscle, heart, oviduct, OC, uterus, ovary and CL. A GV oocyte sample served 

as a positive PADI6 control and GAPDH was used as a loading control. Expected 

product sizes are displayed. A 100 bp DNA ladder (not shown) was used to verify the 

expected product sizes.  
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3.3.3 Characterisation of PADI6 expression across bovine oocyte 
maturation and preimplantation embryo development 

 

In light of the observed oocyte-restricted PADI6 expression shown in Figure 3.5a, the 

expression profiles of bovine PADI6 in the maturing oocyte and preimplantation 

embryo were analysed by real-time PCR (Figure 3.6). 6-12 independent oocyte or 

embryo cDNA libraries were analysed in triplicate for each developmental stage. 

PADI6 expression was at its highest in GV oocytes but sharply decreased by almost 

10-fold from GV to MII oocyte transition (p<0.05). PADI6 mRNA persisted at moderate 

levels in the early embryo until the 8-16 cell stage (EGA in the bovine), after which 

little to no expression was observed in the morula and blastocyst stages. Figure 3.10 

shows a corresponding gel electrophoresis image that corroborates the presence of 

PADI6 prior to EGA and subsequent lack of PADI6 in the blastocyst stage. Overall, 

PADI6 gene expression appears to exist at moderate levels in the bovine oocyte in 

comparison to the other MEGs that were assessed. Considering this, PCR was 

performed on archived human preimplantation samples: primordial follicle, GV and 

MII oocyte and 4-cell, morula and blastocyst embryos (Figure 3.7). The results 

showed that human PADI6 is highly expressed in the GV and MII oocyte and early 

embryo but absent from blastocyst stages of development, as observed in bovine.  

Unfortunately, there was no further human cDNA available for real-time PCR. 
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Figure 3.6 Real-time PCR quantification of PADI6 expression across bovine oocyte 

maturation and preimplantation embryo development stages: GV (n=12) and MII 

oocytes (n=12), 2-cell (n=12), 4-cell (n=12), 6-cell (n=6), 8-cell (n=10), 16-cell (n=6), 

morula (n=11), blastocyst (B) (n=12)  and expanded blastocyst (EB) (n=10) embryos. 

Data were standardised against GAPDH, H2A and YWHAZ housekeeping mRNA 

levels to give the relative mRNA level in arbitrary units. Individual bars show the mean 

±SEM. Different letters on the graph were used to denote significant differences 

between means (p<0.05). EGA is shown by the red dotted line.     

 

Figure 3.7 PADI6 gene expression in human oocyte and preimplantation development: 

primordial follicle, germinal vesicle (GV) and MII oocyte, 4-cell, morula and blastocyst 

embryos after PCR and DNA fragment separation by gel electrophoresis.  

  

PADI6 
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3.3.4 Characterisation of SCMC and NLRP gene expression across 
bovine oocyte maturation and preimplantation embryo 
development 

 

Although the focus of this research was on PADI6, the oocyte is a highly dynamic cell 

that relies on the coordinated functions of multiple genes. Specifically, PADI6 

interacts with the SCMC and possibly with epigenetic regulators to carry out its 

function. Therefore, in this study, the expression profiles of a number of MEGs were 

analysed across bovine oocyte and preimplantation development. Like PADI6, SCMC 

and NLRP genes demonstrated the characteristic expression pattern that is typical of 

a MEG. For each of these transcripts, expression was at the highest level in the 

oocyte and early embryo but little to no expression was detectable after EGA. For 

KHDC3L, transcript abundance doubled from GV to MII oocyte stages, although this 

was not significant (p>0.05) (Figure 3.8b).  Further, KHDC3L expression increased 

further to peak around the 2-cell stage, after which it started to decline until it was 

barely detected after embryonic compaction (morula stage).  Overall, KHDC3L was 

detected at levels that were 10-fold lower than that of PADI6 (Figure 3.6), suggesting 

that it is a less prominent transcript in the oocyte.  

 

OOEP gene expression was high in both GV and MII oocytes and no distinct changes 

in transcript abundance were observed during oocyte maturation (p>0.05) (Figure 

3.8c). There was a significant decrease in OOEP expression post-fertilisation in the 

2-cell embryo (p<0.05). OOEP was constantly expressed at higher levels than PADI6 

(Figure 3.6) in the early embryo until EGA. Little to no OOEP expression was 

observed in morula and blastocyst stages. Relatively, TLE6 transcript abundance was 

lower than that of OOEP and comparable to that of NLRP5 and -7 (Figure 3.9b and 

c). TLE6 gene expression was also unchanged during the GV to MII transition and 

present throughout early embryo development (p>0.05). After the 16-cell stage there 

was a sharp decline in TLE6 expression and transcripts were barely detected in the 

blastocyst stage embryo (p<0.05). Figure 3.10 shows that OOEP and TLE6 

transcripts in the blastocyst were visible on a DNA agarose gel, despite low detection 

in real-time PCR. 

  

Similarly, FIGLA expression was highest in GV oocytes (p<0.05) and decreased by 

almost 10-fold from the GV to MII oocyte transition (Figure 3.8a). From MII to 16-cell 

embryo, FIGLA expression remained very low and no detection was observed after 
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EGA. Figure 3.10 shows a decline in FIGLA expression from GV oocyte to 8-cell 

embryos and complete absence of FIGLA detection in blastocysts. 

 

NLRP2, -5 and -7 exhibited very similar expression patterns across oocyte maturation 

and preimplantation embryo development (Figure 3.9a-c). Although there were no 

significant differences in NLRP5 expression between the developmental stages, the 

pattern of expression was similar to that of NLRP2 and NLRP7. NLRP2, -5 and -7 

were all detected at their highest levels in GV oocytes. Likewise, they all exhibited a 

sharp decrease in transcript abundance from GV to MII oocyte transition (p<0.05 for 

NLRP2 and NLRP7). Further, low gene expression was observed in the early embryo 

and little to no gene expression was detectable after EGA. Overall, NLRP2 (Figure 

3.9a) was the most abundant of the NLRP family members that were assessed in the 

GV oocyte. However, in the early embryo, all NLRPs were expressed at similarly low 

levels. The expression patterns observed across the developmental series do not 

reflect RNA degradation as development progresses as the quality of all samples 

were checked against housekeeper gene expression levels using gel electrophoresis 

as illustrated in Figure 3.10.   
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Figure 3.8 Real-time PCR quantification of a) FIGLA, b) KHDC3L, c) OOEP and d) TLE6 expression across bovine oocyte maturation and preimplantation 

embryo development stages: GV and MII oocytes, 2-cell, 4-cell, 6-cell, 8-cell, 16-cell, morula, blastocyst (B) and expanded blastocyst (EB) embryos. 
Data were standardised against GAPDH, H2A and YWHAZ mRNA levels to give the relative mRNA level in arbitrary units. Individual bars show the 

mean ±SEM.  Different letters or * denote significant differences between means or relative to other stages analysed, respectively (p<0.05). EGA is 

shown by the red dotted line.     

b) a) 

TLE6 OOEP 

FIGLA KHDC3L 
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Figure 3.9 Real-time PCR  quantification of a) NLRP2, b) NLRP5 and c) NLRP7 

expression across oocyte maturation and preimplantation embryo development 

stages: GV (n=12) and MII (n=12) oocytes, 2-cell (n=9), 4-cell (n=12), 6-cell (n=6), 8-

cell (n=6), 16-cell (n=3), morula (n=6), blastocyst (B) (n=12) and expanded blastocyst 

(EB) (n=12) embryos. Data were standardised against GAPDH, H2A and YWHAZ 

mRNA levels to give the relative mRNA level in arbitrary units. Individual bars show 

the mean ±SEM.  Different letters or * were used denote significant differences 

between means or relative to other stages analysed, respectively (p<0.05). EGA is 

shown by the red dotted line.     

a) 

c) 

b) 

NLRP7 

NLRP5 

NLRP2 
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Figure 3.10 Expression of PADI6, FIGLA, KHDC3L, NLRP2, NLRP5, NLRP7, OOEP and 

TLE6 in the germinal vesicle (GV) oocyte and preimplantation embryos: 2-cell, 4-cell, 

8-cell and blastocyst (B) embryos after real-time PCR and DNA fragment separation 

by gel electrophoresis. MII, 6-cell and EB stages were omitted for convenience. 

Negative control (N) and expected PCR product sizes are displayed.  
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3.3.5 Characterisation of the expression of epigenetic regulators 
across bovine oocyte maturation and preimplantation embryo 
development 

 

Epigenetic regulators, DNMT1, DNMT3A, DNMT3B, DPPA3, TRIM28 and ZFP57, 

were characterised across bovine oocyte maturation and preimplantation embryo 

development by real-time PCR. Firstly, the expression of DNA methyltransferases 

was investigated. DNMT1 was detected at low levels in the oocyte and early embryo 

(Figure 3.11a). There were no significant changes in expression during oocyte 

maturation and embryo development to the 8-cell stage. However, there was a 

significant decrease (p<0.05) in expression from the 8-cell embryo to the blastocyst 

embryo, coinciding with EGA. Conversely, DNMT3A and DNMT3B displayed low 

expression in the oocyte and early embryo and higher expression after EGA (Figure 

3.11b and c). For both genes, there was a peak in expression at the onset of EGA at 

the 16-cell embryo stage relative to expression in the GV oocyte. This was significant 

for DNMT3A (p<0.05) but not significant for DNMT3B. After EGA, expression of 

DNMT3B significantly decreased (p<0.05) in the morula stage relative to the 2-cell, 

6-cell and 8-cell embryo stages. On the other hand, DNMT3A expression increased 

to reach its highest level in the expanded blastocyst embryo (p<0.05).  
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Figure 3.11 Real-time PCR quantification of a) DNMT1, b) DNMT3A and c) DNMT3B 

expression across oocyte maturation and preimplantation embryo development 

stages: GV and MII oocytes, 2-cell, 4-cell, 6-cell, 8-cell, 16-cell, morula, blastocyst (B) 

and expanded blastocyst (EB) embryos. Data were standardised against GAPDH, 

H2A and YWHAZ mRNA levels to give the relative mRNA level in arbitrary units. 

Individual bars show the mean ±SEM. Different letters or * were used denote 

significant differences between means or relative to other stages analysed, 

respectively (p<0.05). EGA is shown by the red dotted line.     

 

DNMT3A 

DNMT3B 

DNMT1 
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Additional epigenetic regulators that are known to be important in the process of 

maintaining embryonic imprints, DPPA3, TRIM28 and ZFP57 were investigated 

(Figure 3.12a-c). DPPA3 expression was very high in the oocyte and there was no 

change in transcript abundance during the GV to MII transition (p>0.05) (Figure 

3.12a). From the 2-cell to 8-cell embryo stages, DPPA3 expression slowly increased 

but after EGA, expression drastically declined (p<0.05). On the other hand, TRIM28 

was expressed in all stages of preimplantation development (Figure 3.12b).  From 

GV to MII oocyte, there was no change in TRIM28 expression (p>0.05) and 

expression remained consistent until the 8-cell stage. At the morula stage, TRIM28 

expression increased significantly, relative to the 8-cell stage, to its highest level in 

the preimplantation embryo (p<0.05). However, by the blastocyst stages TRIM28 

expression had returned to its previous level.  

 

Unlike DPPA3 and TRIM28, ZFP57 expression was barely detected in the oocyte and 

early embryo, before EGA (Figure 3.12c).  At the 16-cell stage, a sharp peak in ZFP57 

expression was observed but this was not significant. After EGA, ZFP57 transcript 

abundance was significantly increased (p<0.05) in morula and blastocyst stages 

compared to the MII oocyte and 2-cell embryo stages. Overall, expression of DPPA3 

was very high in comparison to other MEGs analysed, with approximately 10 times 

more transcripts detected by real-time PCR, relative to housekeeping genes. Figure 

3.13 shows a composite figure of DNMT3A, DNMT3B, TRIM28 and ZFP57 

expression across preimplantation development to enable comparisons between 

genes. A distinct peak in expression of all 4 genes was observed at the 16-cell stage 

around the time of EGA. Furthermore, at this stage, the standard error of the mean 

was greater than at other stages, indicative of more variation in gene expression 

between embryos.   
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Figure 3.12 Real-time PCR quantification of a) DPPA3, b) TRIM28 and c) ZFP57 

expression across oocyte maturation and preimplantation embryo development 

stages: GV and MII oocytes, 2-cell, 4-cell, 6-cell, 8-cell, 16-cell, morula, blastocyst (B) 

and expanded blastocyst (EB) embryos. Data were standardised against GAPDH, 

H2A and YWHAZ mRNA levels to give the relative mRNA level in arbitrary units. 

Individual bars show the mean ±SEM.  Different letters or * were used denote 

significant differences between means or relative to other stages analysed, 

respectively (p<0.05). EGA is shown by the red dotted line. Please note the different 

scale for DPPA3.    

ZFP57 

TRIM28 

DPPA3 
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Figure 3.13 Composite figure showing expression of bovine DNMT3A, DNMT3B, TRIM28 

and ZFP57 in GV and MII oocyte and 2-cell, 4-cell, 6-cell, 8-cell, 16-cell and morula 

embryo stages. Data were standardised against GAPDH, H2A and YWHAZ mRNA 

levels to give the relative mRNA level in arbitrary units. Individual bars show the mean 

±SEM.
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3.4 Discussion 
 

3.4.1 In vitro production of mature bovine oocytes and embryos  
 

Mature bovine oocytes and embryos were successfully produced in vitro using the 

culture system that was previously validated by Hemmings et al. (2012). In this thesis, 

the average oocyte maturation rate was comparable to that of Hemmings et al. (2012) 

with 83% and 85% of oocytes progressing to MII, respectively. The embryo cleavage 

rate that was observed here was around 10% lower than that of Hemmings et al. 

(2012) (69% vs 80%, respectively). This may be caused by the sperm that were used 

as sperm from different bulls have different capacities to fertilise the oocyte. 

Furthermore, Hemmings et al. (2012) used a different approach and culture medium 

for sperm preparation as well as a procedure for immobilising and separating 

presumptive zygotes. Finally, the rate of blastocyst formation (31%±0.7%) that was 

achieved in this thesis was similar to other studies that report bovine blastocyst rates 

of 26.67±1.05% (Wang et al., 2014b) and 37.9±4.9% (Cagnone et al., 2012). Bovine 

blastocyst rates of 20-40% have been reported in the literature (Lonergan et al., 1997; 

Sirard, 2018; Sirard et al., 1988; Sturmey et al., 2009) but it is worth noting that 

differences in oocyte maturation, IVF and culture media greatly affect development of 

the embryo to the blastocyst stage.  

 

3.4.2 Bovine PADI6 expression  
 

Bovine PADI6 gene expression was not detected in the majority of somatic tissues 

that were analysed in this study by PCR (Figure 3.5a). It is worth noting that the 

archived RNA samples that were used for cDNA synthesis were relatively old and 

might have been subjected to repeated freeze-thaw cycles which could cause RNA 

degradation. There was also only 1 RNA sample available for each tissue type so it 

is possible that a problem with the sample could preclude our findings. However, the 

expression of GAPDH indicated that cDNA synthesis was successful, and that the 

integrity of the RNA was satisfactory in all samples, except the kidney sample where 

the PCR product for GAPDH was slightly smaller. PADI6 was strongly detected in the 

bovine GV oocyte, suggesting that bovine PADI6 expression is restricted to the 

oocyte and preimplantation embryo before EGA. This is concordant with other studies 

that have shown that Padi6 is primarily expressed in the oocyte (Chavanas et al., 

2004; Zhang et al., 2004). Likewise, PADI6 was absent from the corpus luteum 



 
 

115 

 

formed from remodelling of the somatic follicle granulosa and theca cells following 

ovulation, which would be expected if PADI6 is oocyte and embryo specific as this 

tissue defines the post-ovulatory state. Furthermore, PADI6 expression was observed 

at low levels in the OC. This tissue is likely to contain some very early stage follicles, 

such as primordial and primary follicles, which would account for the positive result 

(Newton, 1998). Indeed, studies have detected Padi6 expression as early as the 

primordial follicle stage in mice which may therefore explain the detection of PADI6 

expression in this tissue sample (Wright et al., 2003). The absence of PADI6 

expression from the bovine ovary library could be due to a lack of oocytes in the 

ovarian sections that were taken or due to major dilution of oocyte RNA species such 

as PADI6 transcripts relative to more prominently expressed genes in the ovary.  

 
3.4.3 Tissue-specific gene expression patterns of other PADI family 

members in the bovine 
 

It has been well documented that Padi family members display distinct tissue-specific 

expression patterns (Mechin et al., 2007). In light of this, bovine somatic tissues were 

explored for expression of PADI1-4 (Figure 3.5b). Bovine PADI1 was barely detected 

in the samples tested. This may be expected as PADI1 is thought to be expressed in 

the epidermis, prostate, testis, placenta, spleen and thymus, none of which were 

included in the somatic cell series tested here (Chavanas et al., 2004). PADI2 is 

known to be ubiquitously expressed in a variety of tissues. Here, it appeared to be 

strongly expressed in bovine lung and brain tissues and moderately expressed in liver 

tissues. The observed localisation of PADI2 in the brain supports its known 

pathogenic role in multiple sclerosis and Alzheimer disease (Ishigami and Maruyama, 

2010; Musse et al., 2008). Low expression was detected in bovine muscle samples, 

but no expression was observed in the reproductive tissues or GV oocyte. Bovine 

PADI3 displayed faint expression in most of the somatic tissues that were analysed 

except the OC. However, low expression was detected in the GV oocyte. Finally, 

bovine PADI4 was highly expressed in the liver and some detection was observed in 

the heart. Padi4 is thought to be primarily expressed in immune cells such as 

neutrophils (Li et al., 2010b). Neutrophils originate from haemopoietic stem cells in 

the bone marrow, travel around the body in the blood stream and play a role in the 

innate inflammatory response (Borregaard, 2010). They are known to accumulate in 

the liver upon inflammation or injury, possibly explaining the presence of PADI4 in the 

bovine liver tissue (Freitas-Lopes et al., 2017). Likewise, PADI4 expression in the 
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bovine heart may be a result of neutrophil accumulation in response to ischemic injury 

(Mehta et al., 1989). Like PADI3, low expression of PADI4 was detected in the GV 

oocyte. This suggests that there may be some expression of other PADI family 

members in the oocyte, albeit at lower levels than PADI6. Research in mice has 

identified expression of PADI1-4 proteins throughout oocyte maturation and 

preimplantation development and suggest that PADI1 citrullines histones in the 

embryo (Zhang et al., 2016). Similarly, PADI4 has been detected in oocytes and 

embryos of both mice and pigs (Brahmajosyula and Miyake, 2013). RNA-seq analysis 

(Chapter 5) may elucidate more about the expression of other PADI family members 

in the bovine oocyte and preimplantation embryo. 

 

Although there was negative expression of many of the PADI family members in 

bovine somatic tissues, the results are not definitive. There is the possibility that the 

chosen primers do not effectively bind and amplify the transcripts, thereby giving a 

negative or reduced gene expression result. In order to circumvent this issue, many 

primers need to be tested under different melting temperatures (Tm) to find the most 

effective pair for amplification. Furthermore, the effectiveness of primer design 

depends on the integrity of the inputted cDNA sequence and understanding of splice 

variants. There may be characteristics of target transcripts that are not yet known 

which preclude their amplification. Conversely, primers could preferentially bind to off-

target genes, leading to amplification of the wrong product. For example, the smears 

observed in PADI4 lung and uterus samples (Figure 3.5b) could be due to non-

specific primer binding leading to multiple PCR products. Finally, protein studies are 

necessary to investigate the presence of PADI proteins in GV and MII oocytes and 

the ovary.  
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3.4.4 Bovine PADI6, SCMC and NLRP gene expression patterns  
 

The GV oocyte is known to be transcriptionally active and to accumulate mRNA in 

preparation for oocyte maturation and early embryo development (Fair et al., 1995). 

At GVBD in mouse, the oocyte nucleus changes from a decondensed state (non-

surrounded nucleolus) to a condensed state (surrounded nucleolus) and 

transcriptional quiescence ensues until EGA (Mattson and Albertini, 1990) (Liu and 

Aoki, 2002). This is also observed in humans, and similarly, in bovine during transition 

from GV0 to GV3 chromatin configurations (Luciano and Sirard, 2018b). MEGs are 

characteristically present at high levels in the oocyte, with expression reduced to 

moderate levels in the early embryo and degraded after EGA in mouse (Li et al., 

2010a). Mapping of PADI6, SCMC and NLRP genes across bovine oocyte maturation 

and preimplantation embryo development confirmed that these are maternally-

derived genes (Sections 3.3.3 and 3.3.4). PADI6, FIGLA, OOEP, TLE6, NLRP2, -5 

and -7 were mostly highly expressed in GV oocytes and were not transcribed again 

after EGA. Similarly, KHDC3L expression was highest in MII oocytes and 2-cell 

embryo, but was not present after EGA, supporting its maternal origin.  

 

Many of the MEGs analysed here displayed a sharp decrease in relative transcript 

abundance from GV to MII oocyte transition (Figure 3.6, Figure 3.8 and Figure 3.9). 

This observation is a recognised phenomenon. In the cow, almost 2000 transcripts 

have been shown to decrease in abundance from GV to MII stages, compared to 500 

transcripts that increase in this time frame (Reyes et al., 2015). In agreement with the 

present study, Reyes et al. (2015) also observed a reduction in transcript abundance 

of NLRP5 during this transition. One explanation for the decrease in transcripts in MII 

oocytes could be the translation of mRNAs to proteins in order to facilitate the 

intracellular signalling required to support meiotic maturation (Kim et al., 2011). 

Another possibility is the degradation of maternal transcripts, although this mainly 

appears to be true for transcripts that facilitate oocyte maturation, for example, during 

the GV to MII oocyte transition in mice, there is dramatic degradation of transcripts 

that are involved in the production of ATP by oxidative phosphorylation (Paynton et 

al., 1988; Su et al., 2007). It is suggested that the degradation of such transcripts 

correlates to the decrease in ATP consumption that was required to maintain meiotic 

arrest at the GV stage (Su et al., 2007). Further, it is also likely explained by 

deadenylation of transcripts for storage. Both Reyes and the current study used oligo-

dT primers to obtain only translationally active mRNA, classified as mRNA with a 
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polyA tail length of 18 adenines or more. Therefore, the loss of transcript abundance 

that was observed here may demonstrate mRNA deadenylation and/or our inability 

to detect transcripts of short polyA tail length using this method. Through the use of 

random-hexamer priming, Reyes et al. (2015) showed that for most genes transcript 

abundance did not change in GV to MII oocytes therefore the principal explanation 

for this change must be transcript deadenylation. It is worth noting that cDNA 

synthesis using oligo-dT priming may also preclude the detection of active transcripts 

with short polyA tails, resulting in incomplete cDNA libraries. Unlike other MEGs, 

KHDC3L transcript abundance increased from GV to MII (Figure 3.8b). KHDC3L 

mRNA may be either polyadenylated during the meiotic transition, which would give 

the appearance of increased expression, or KHDC3L may be continually transcribed, 

although the latter is unlikely given the changes in chromatin state that occur during 

meiotic progression. 

 

In the early embryo, PADI6 and the NLRP family transcript abundance appeared to 

increase slightly from MII to 2-cell stage (Figure 3.6 and Figure 3.9), perhaps 

reflective of mRNA polyadenylation and the necessity for translationally active 

transcripts for embryo development. KHDC3L and TLE6 transcript abundance were 

unchanged and OOEP expression decreased significantly (p<0.05) in the 2-cell 

embryo (Figure 3.8). Generally, from the 2-4 cell stage, transcript abundance slowly 

decreased until it was no longer detectable in morula or blastocyst stages. Decreased 

transcript abundance is likely to be indicative of translation and protein synthesis of 

maternal mRNAs. Supporting research in sheep showed that protein synthesis was 

high during the first few embryonic cleavage divisions but decreased at EGA. Further, 

protein synthesis was not inhibited by a-amanitin showing that proteins were coded 

for by maternal transcripts (Crosby et al., 1988). Expression of OOEP and TLE6 was 

observed at the blastocyst stage on the gel electrophoresis (Figure 3.10) despite little 

to no expression observed by real-time PCR (Figure 3.7). This can be explained as 

the gene expression on the gel electrophoresis was not normalised to housekeeping 

genes as in the real-time PCR analysis.   

 

For all of the MEGs analysed here, gene expression was barely detected after the 8-

16 cell stage – the time of EGA in the bovine. This data strongly suggests that there 

is no zygotic expression of such genes and that there is depletion of maternal-effect 

transcripts. It is well understood that maternal mRNA degradation is necessary for 

EGA and inhibition of this precludes embryo development (Schier, 2007). Despite 
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degradation of the mRNA, it is possible that the protein persists in the embryo until 

blastocyst stages. This has been confirmed for NLRP5, NLRP7 and OOEP proteins 

in human blastocysts (Poli et al., 2015). Interestingly, the PCR data for human PADI6 

reflects that of bovine PADI6 expression (Figure 3.7). Analysis of human PADI6 was 

included to investigate the differences in PADI6 expression between species. Human 

PADI6 could not be detected in the primordial follicle sample; however, considering 

the unusually low GAPDH expression for this sample, the result is inconclusive, not 

least as the sample was old, depleted and had been subject to repeated freeze-

thawing. Nevertheless, like in bovine, PADI6 expression in human GV and MII 

oocytes was high. Expression was retained in the early cleavage embryo (4-cell) and 

in the morula whereas bovine PADI6 is not detected after the 8-16 cell stage. This 

highlights a potential discrepancy between human and bovine PADI6 expression, 

suggesting a delayed or accelerated mechanism of maternal mRNA degradation in 

humans and bovine, respectively. Finally, PADI6 expression was not detected in 

blastocyst stage embryos in either human or bovine.  

 

In terms of overall abundance in the oocyte, it appears that OOEP is a highly 

expressed maternal gene (Figure 3.8c). This result is supported by published studies 

in mice that showed high levels of Ooep mRNA expression in primary to antral follicles 

(Tashiro et al., 2010). NLRP2 and PADI6 seem to be moderately expressed relative 

to OOEP whereas KHDC3L, NLRP5, NLRP7 and TLE6 appear to be weakly 

expressed relative to OOEP. It may be that transcript abundance of genes like NLRP5 

is higher in early stage follicles and NLRP5 protein is more prominent in the GV oocyte 

(Tong et al., 2004). Likewise, FIGLA is a principal activator of oocyte genes and 

genetic ablation of Figla in mice inhibits primordial follicle formation, therefore 

expression of Figla mRNA is also likely to be observed earlier in folliculogenesis 

(Huntriss et al., 2002; Joshi et al., 2007; Soyal et al., 2000). Investigation of MEG 

protein expression would provide a more comprehensive understanding of the 

changes in transcript abundance that are observed during oocyte maturation and 

preimplantation development. Altogether, this data confirms that PADI6, SCMC and 

the NLRPs are maternally-derived transcripts with specific roles in the oocyte and 

early embryo, prior to EGA, after this developmental milestone they are no longer 

required for embryonic development and destroyed.  

  



 
 

120 

 

3.4.5 Epigenetic regulator expression patterns across bovine 
preimplantation development 

 

As the role of the SCMC in imprinting remains to be demonstrated, the expression of 

a number of genes or key epigenetic regulators was investigated across bovine 

preimplantation development. The importance of the DNMTs has been proven across 

different species by multiple studies that showed their genetic ablation caused 

embryonic defects or lethality (Hirasawa et al., 2008; Huan et al., 2015; Uysal et al., 

2015; Wei et al., 2011; Yamanaka et al., 2011). In this study, DNMT1 was expressed 

at relatively low levels in the oocyte and preimplantation embryo prior to EGA (Figure 

3.11a). DNMT1 is critical for imprinting maintenance. After fertilisation, the maternal 

and paternal pronuclei are exposed to reprogramming factors to alter the chromatin 

state to totipotency (Tsukamoto and Tatsumi, 2018). To avoid reprogramming of 

parental imprints, specific epigenetic mechanisms involving DNMT1, as well as 

DPPA3, TRIM28 and ZFP57, protect imprinted loci (Zhang and Smith, 2015). There 

are 2 forms of Dnmt1 in mouse oocytes: oocyte-specific Dnmt1o and somatic Dnmt1s 

(Howell et al., 2001). It has been observed in mice that most of the DNMT1 protein 

present in the preimplantation embryo is of maternal origin (Hirasawa et al., 2008). In 

support of this, it is likely that the low expression of DNMT1 detected throughout 

bovine preimplantation development reflects translation of the mRNA to protein to 

protect maternal imprints from demethylation. Furthermore, Dnmt1s is thought to 

function in methylation maintenance after transcription from the zygotic genome 

(Hirasawa et al., 2008). EGA occurs around the 8-16-cell stage in bovine. This could 

explain the significant reduction in DNMT1 transcript from 8-cell to blastocyst embryo 

stage in this study.  

 

Despite the understanding that DNMT3A is responsible for establishing maternal 

imprints in the oocyte, bovine DNMT3A mRNA was detected at low levels prior to 

EGA (Figure 3.11b) (Kaneda et al., 2004). It is possible that maternal DNMT3A mRNA 

was translated into protein earlier in folliculogenesis so leading to the observed 

lowering of transcript levels. In support of this idea, high DNMT3A protein expression 

has been observed across preimplantation development in the mouse (Uysal et al., 

2017). Furthermore, expression of DNMT3A in blastocyst stages in this study 

suggests that DNMT3A was transcribed from the zygotic genome after EGA for 

establishment of methylation in the embryo. DNMT3B was expressed at low levels 

throughout preimplantation development but a sharp increase was observed at the 
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16-cell stage only (Figure 3.11c). In cattle, this is the time of EGA. It is known that 

EGA requires changes to the chromatin state to allow zygotic transcription, followed 

by chromatin condensation to regulate gene expression (Latham and Schultz, 2001). 

It may be that DNMT3B is highly transcribed in preparation for establishment of 

zygotic methylation marks. Furthermore, Golding and Westhusin (2003) studied the 

expression of DNMT1, -3A and -3B across bovine preimplantation development by 

RT-PCR and concluded that all DNMTs were expressed from the 2-cell embryo to 

blastocyst stages.  

 

DPPA3, TRIM28 and ZFP57 are also recognised as key epigenetic regulators in 

preimplantation embryo development, since loss of any of these genes is detrimental 

to the embryo (Cammas et al., 2000; Payer et al., 2003; Zuo et al., 2012). Like 

DNMT1, these genes are essential in maintaining imprinted loci during 

preimplantation development (Marlow, 2010). From GV oocytes to 16-cell embryos, 

bovine DPPA3 expression was consistently high (Figure 3.12a). This is anticipated 

as DPPA3 is known to protect maternal imprints from TET3-mediated oxidation in the 

preimplantation embryo (Nakamura et al., 2007). The observed decrease in DPPA3 

transcript abundance after EGA (16-cell stage) is consistent with that of a maternally-

derived mRNA but it is probable that DPPA3 protein remains until the blastocyst 

stage, as observed in mice (Payer et al., 2003). The same results were observed by 

(Bakhtari and Ross, 2014). TRIM28 was expressed throughout bovine 

preimplantation development with highest expression displayed at the morula stage 

(Figure 3.12b). This observation may be expected as TRIM28 is responsible for 

recruiting methylation maintenance enzymes to imprinted regions in the 

preimplantation embryo (Alexander et al., 2015). The increase in expression at the 

morula stage might represent zygotic transcription of TRIM28 for continual 

methylation maintenance after EGA. In agreement, zygotic Trim28 has been 

recognised post-EGA in the 4-cell mouse embryo and is required for sustaining 

imprints in the preimplantation embryo (Alexander et al., 2015; Messerschmidt et al., 

2012). Finally, bovine ZFP57 expression was only detected after EGA at the 16-cell 

stage in this study (Figure 3.12c). It is documented that both maternal and zygotic 

Zfp57 are required to maintain imprints during preimplantation development in the 

mouse (Li et al., 2008c). It could be that the maternal transcripts of ZFP57 have been 

translated into protein and a switch to zygotic control is being observed here. In this 

study, DNMT3A, DNMT3B, TRIM28 and ZFP57 increase in transcript abundance at 

the 16-cell stage (Figure 3.13). In bovine, EGA occurs around the 8-16 cell stage. It 

is known that TRIM28 and ZFP57 recruit DNMTs to imprinted loci to maintain DNA 
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methylation (Figure 3.14) (Zuo et al., 2012). At EGA, dynamic changes in chromatin 

structure allow transcription from the zygotic genome (Bogliotti and Ross, 2015). It is 

therefore hypothesised that DNMT3A, DNMT3B, TRIM28 and ZFP57 are upregulated 

around the time of EGA to protect parental imprints from being lost.   

Figure 3.14 Hypothetical model for recruitment of DNMTs to the DMR of imprinted loci by 

ZFP57 and TRIM28. Figure from Zuo et al. (2012). 

Hamatani et al. (2004) analysed global gene expression changes throughout mouse 

preimplantation development and evidently described some of the genes that were 

investigated here. In their study (Hamatani et al., 2004), Zfp57 was identified as 

transcribed from the zygotic genome. Likewise, Dppa3 was recognised as an early 

zygotic gene with peak expression around the time of EGA in the mouse. For Dnmt1 

and Dnmt3b genes, their data showed degradation of maternal transcripts followed 

by zygotic transcription. Finally, Mater/NLRP5 was identified as an abundant oocyte 

transcript that was degraded during preimplantation development. This global 

analysis by Hamatani et al. (2004) confirms many of the expression profiles observed 

in this study and verifies the importance of the genes that were analysed.  

 

Reflecting on the real-time PCR results, there were some ‘0’ data points that had to 

be accounted for in the statistical analysis. For the most part, results of ‘0’ were 

considered undetectable levels of PCR product, therefore little to no expression of 

the transcript. Although this is likely to be true because cDNA libraries were verified 

using housekeeping genes, it could be that the primers for the genes of interest were 

not efficient in amplifying the gene product (Green et al., 2015). Furthermore, some 

genes such as ZFP57 were detected at low levels in the oocyte and throughout 

preimplantation development. This may not be a true result but could be caused by 

inefficient primer binding and amplification which affects the perceived abundance of 

transcripts. To further characterise the expression of MEGs in the bovine oocyte and 

TRIM28 
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embryo, it is necessary to look at the protein expression level by western blotting. 

This would provide information on the abundance of MEGs throughout 

preimplantation development and the relationship between transcript and protein 

levels. 

 

 
3.4.6 Conclusion 
 

This work has for the first time mapped the expression pattern of PADI6 in bovine 

oocyte and preimplantation embryo development and confirmed the oocyte-restricted 

expression of PADI6 by analysing 11 bovine somatic tissue cDNA libraries.  It has 

also interrogated the tissue distribution of other PADI genes in the bovine, which 

aligns with previously published data on PADI1-4 expression patterns and suggests 

that PADI6 is the predominant PADI gene in the bovine oocyte. Finally, the expression 

profiles of important MEGs have also been mapped across bovine preimplantation 

development to indicate that the 16-cell stage is likely to be a key phase in bovine 

preimplantation embryo development with respect to imprinting 

maintenance/regulation. The data reported here provides a reference for the 

expression patterns of key transcripts following PADI6 KD experiments which will be 

explored in the later chapters of this thesis. With the majority of research into Padi6 

and the SCMC established in mice, the current experimental work documents the 

initiation of PADI6 investigations in an animal model than is more physiologically 

relevant to human oocyte and preimplantation embryo development.  
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Chapter 4 Validation of PADI6 gene knockdown by 
microinjection of siRNA species into bovine GV oocytes 

undergoing IVM 
 

4.1 Introduction 
 

The importance of the SCMC is highlighted by its role in female infertility and 

imprinting disorders. NLRP7 and KHDC3L are causative genes in FBHM while TLE6 

mutations cause the earliest human embryo lethality that has been recorded (Alazami 

et al., 2015; Murdoch et al., 2006; Parry et al., 2011). In addition, a number of different 

PADI6 mutations have recently been identified in females experiencing infertility 

(Maddirevula et al., 2017; Qian et al., 2018; Wang et al., 2018a; Xu et al., 2016; Zheng 

et al., 2019). Similarly, Padi6-null mice cannot bear offspring as their embryos arrest 

around the time of EGA (Esposito et al., 2007). The significance of PADI6 has been 

recognised for some time. First linked to the SCMC in 2008, interest in Padi6 

stemmed from its potentially multi-faceted functionality and its unique oocyte-

restricted expression pattern (Li et al., 2008a). Moreover, Padi6 bridged the gap 

between the SCMC and CPLs, revealing a new possible function for these supra-

molecular structures (Kim et al., 2010; Tashiro et al., 2010; Wright et al., 2003).   

 

Expressed downstream of master oocyte regulators Figla and Nobox, Padi6 is 

evidently crucial in the oocyte but its function remains enigmatic (Choi et al., 2010; 

Joshi et al., 2007). Firstly, PADI6 is part of a family of enzymes that can post-

translationally modify proteins by citrullination (Vossenaar et al., 2003). Although its 

enzymatic activity is under debate, it can potentially alter protein function and 

interactions by changing the secondary structure of target substrates (Raijmakers et 

al., 2007). The understanding that histones are substrates for citrullination may 

explain the role of the SCMC in imprinting disorders. Secondly, Padi6 is necessary 

for the formation of CPLs in the oocyte and early embryo (Esposito et al., 2007). CPLs 

have been implicated in regulating protein synthesis by storing ribosomes and 

maternal transcripts (Bachvarova et al., 1981; Sternlicht and Schultz, 1981). 

Moreover, CPLs and PADI6 co-localise with MSY2 – a protein that protects maternal 

transcripts from degradation (Liu et al., 2017). It is worth noting that keratin is thought 

to be both a component of CPLs and is therefore a proposed substrate of Padi6 (Snow 
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et al., 2008). Overall, Padi6 may coordinate factors in the oocyte via CPLs in 

preparation for early embryo development.  

 

For the most part, the functions of novel genes can be determined by observing the 

consequences of their genetic ablation. This is generally achieved by gene knockout 

in mice which involves creating chimeras and crossing heterozygotes for the knockout 

to produce a homozygous knockout (Hall et al., 2009). This is a slow and laborious 

process that often results in lethality and/or off target effects which masks any effects 

of gene knockdown (KD). Furthermore, this strategy is not suitable as a means to 

generate gene knockouts in larger mammals as their life span and gestation periods 

are too long. In 1997, Fire and colleagues discovered that dsRNA could effectively 

and specifically disrupt endogenous target mRNA in C. elegans, thereby inhibiting 

gene expression (Fire et al., 1998). A few years later, the finding was replicated in 

mouse embryos, showing it to be an effective method for gene silencing in mammals 

(Wianny and Zernicka-Goetz, 2000). RNA interference (RNAi) describes the post-

transcriptional, sequence-specific degradation of mRNA through the use of RNA 

molecules. Its mechanism of action relies on a number of key proteins. Figure 4.1 

shows the RNAi pathway that occurs upon the introduction of dsRNA into a cell. 

Firstly, dsRNA is processed by ribonuclease III, Dicer, into 21-23 nucleotide long 

fragments with a 2-nucleotide 3’ overhang, known as double-stranded short-

interfering RNAs (dsiRNA) (Bernstein et al., 2001; Vermeulen et al., 2005; Zamore et 

al., 2000). The siRNA strand with a less stable 5’, known as the guide strand, is 

integrated into the RNA-induced silencing complex (RISC) while the other strand, the 

passenger strand, is degraded (Siomi and Siomi, 2009). The guide strand targets the 

RISC to the homologous mRNA where RISC-member and endonuclease, Argonaute 

(AGO2), cleaves the mRNA (Hammond et al., 2000). The cleaved mRNA is focussed 

into cytoplasmic processing bodies (P-bodies), which contain enzymes involved in 

mRNA turnover and degradation (Sen and Blau, 2005).  
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Figure 4.1 The RNAi pathway upon the introduction of dsRNA into a cell. Dicer cleaves 

the dsRNA into dsiRNAs. The guide strand is incorporated into the RISC complex and 

targeted to the endogenous mRNA. AGO2 of the RISC cleaves the mRNA at the 

target site and the mRNA is degraded by additional exonucleases in P bodies. 
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It is now understood that RNAi evolved for fulfilling various biological functions. First 

discovered in plants, RNAi was established as a defence mechanism against viral 

infection (Baulcombe, 1996). Many plant viruses have an RNA genome which is 

replicated through a dsRNA intermediate (Roth et al., 2004). The RNAi pathway 

recognises dsRNA and viral replication is halted. Interestingly, RNAi has the ability to 

spread within the plant, from the initial site of viral infection to neighbouring cells, via 

the mobile silencing signal, thereby preventing a systemic viral infection from 

occurring (Mlotshwa et al., 2002; Palauqui et al., 1997). Plant viruses have evolved 

to inhibit almost every stage of RNAi pathway through the expression of proteins 

known as viral suppressors of RNAi (VSRs) (Roth et al., 2004). The RNAi immune 

response is also apparent in Drosophilia and C. elegans but its role in mammals is 

debated (Sagan and Sarnow, 2013; Wang et al., 2006; Wilkins et al., 2005).  

 

RNAi may play a role in suppressing mobile elements and transposons within the 

genome of plants and C. elegans. It is proposed that both strands of DNA in a 

transposable region can be transcribed to produce dsRNA (Plasterk, 2002). This 

triggers the RNAi pathway to destroy dsRNA and such regions are prevented from 

moving within the genome. To support this, loss of function mutations in genes 

involved in RNAi are positively correlated with an increase in active transposable 

elements in C. elegans (Ketting et al., 1999). Furthermore, an RNAi-like mechanism 

was recognised in eukaryotes that plays a critical role in regulating protein synthesis 

(Lee et al., 1993). Similar to siRNAs, short endogenous RNAs, named miRNAs 

(miRNAs), bind homologous mRNA and trigger its degradation or prevent translation 

to proteins (Carrington and Ambros, 2003). miRNAs are now known to be very 

important in development (Section 1.3.3.4) and contribute to various disease states, 

such as cancer (Ardekani and Naeini, 2010).  

 

RNAi is widely used as a tool in research to KD a gene of interest. dsiRNA is 

chemically synthesised and introduced into a cell where it triggers RNAi and causes 

degradation of the endogenous mRNA sequences (Elbashir et al., 2001a). RNAi was 

first used in mouse germinal vesicle (GV) oocytes and embryos to KD maternal 

mRNAs, Mos, and Plat, and zygotically expressed, E-cadherin (Svoboda et al., 2000; 

Wianny and Zernicka-Goetz, 2000). Both studies showed that RNAi was specific to 

the gene of interest, was time- and concentration-dependent and resulted in the same 

phenotype as a complete gene knockout, thereby establishing it as a suitable 

technique for exploration of novel gene function in mammals. Since then, RNAi has 

been widely used for functional gene analysis in different species across 
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development. With prior knowledge that Padi6 knockout results in embryonic lethality 

in mice, RNAi-mediated gene KD was deemed a more suitable choice for this 

strategic and directed genetic manipulation. Furthermore, bovine oocytes and 

embryos were used as a model for studying gene function in human oocytes and 

preimplantation development as the bovine is more physiologically relevant to human 

than mouse (Adams and Pierson, 1995; Bettegowda et al., 2008; Menezo and 

Herubel, 2002). KD of PADI6 using targeted dsRNAi may help to elucidate its roles in 

oocyte maturation, fertility and preimplantation embryo development, and so shed 

light on the mechanisms by which it functions in monovulatory species.   

 

4.1.1 Aims and objectives 
 

The aim of this chapter was to identify effective dsiRNAs, develop microinjection 

methods and expertise therein to bring about effective KD of transcripts of the PADI6 

gene in bovine GV oocytes to determine the function of this gene in the mammalian 

oocyte. The chosen method for administering dsiRNA into individual oocytes was 

microinjection. The methodology used was based on the microinjection technique that 

was previously validated by Cotterill (2008), however cumulus-enclosed GV oocytes 

were microinjected instead of denuding GV oocytes prior to injection. This strategy 

improved oocyte health, reduced the oocyte culture time from 2 days to 1 day and 

removed the need for co-culture of injected oocytes with oocytectomised cumulus 

cells. The process of dsiRNA injection into bovine COCs have previously been 

validated in our laboratory by Berenyi (2019). The efficacy of PADI6 gene KD was 

determined by real-time PCR following 24 hours of maturation in serum-free IVM 

medium. Concurrently, data were collected on oocyte viability, meiotic maturation and 

morphology to study the effects of KD on: 

1. Oocyte meiotic progression 

2. Cumulus mucification and expansion 

 

Finally, expression of the PADI1-4 genes was evaluated by real-time PCR to see if 

PADI6 dsiRNAs were also capable of targeting KD of other PADI gene family 

members.  
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4.2 Materials and methods 
 

This experimental system used the serum-free IVM system that was previously 

developed for bovine oocytes by Hemmings et al. (2012). Tissue was obtained from 

the abattoir and COCs were harvested as described in Section 2.1. Media was 

prepared the day before use and culture dishes were prepared a minimum of 3 hours 

before use and allowed to equilibrate at 39°C under appropriate incubation 

conditions. Oocyte recovery and micromanipulation was conducted on a microscope 

fitted with heated stage at 39°C. Only COCs with an intact cytoplasm and more than 

3 layers of cumulus cells were selected for microinjection. The micromanipulation 

system consisted of a Nikon Eclipse Ti inverted microscope (Nikon Instruments, 

Amstelveen, Netherlands) fitted with a heated stage at 39°C, Integra3 

micromanipulator system (Research Instruments Ltd, Cornwall, UK), a Watec WAT-

221S camera (Camtronics BV, Eindhoven, Netherlands) and FemtoJet® 

Microinjector (Eppendorf Ltd, Stevenage, UK). 

 

4.2.1 Experiment 1: Validation of microinjection methodology 
 

Before starting, it was important to consider the best parameters for injection of bovine 

GV oocytes using the FemtoJet® microinjector system. The objective was to 

introduce a small but effective volume of dsiRNA without damaging or killing the 

oocyte. The variable parameters included injection time (Pt), injection pressure (Pi) 

and compensation pressure (Pc). Compensation pressure ensured that liquid is not 

lost from the injection pipette into the medium and that medium was not drawn up into 

the injection pipette from the dish. It was altered by the viscosity and surface tension 

of the injecting liquid. The optimal compensation pressure allowed small volumes of 

liquid to flow out of the injection pipette when injection pressure was applied. Injection 

pressure and time determined the volume of liquid that was administered to the 

oocyte with each injection. For Femtotip II injection pipettes (930000043, Eppendorf), 

injection pressures of 50 to 500 hPa for 0.3 to 1.5 sec was recommended by the 

FemtoJet® operating manual. If the injection pressure was too high or the injection 

time was too long, it would cause the oocyte to burst. On the other hand, if the 

injection pressure was too low, liquid would not be forced out of the injection pipette.  

To this end, COCs were transferred to a 50 mm intracytoplasmic sperm injection 

(ICSI) dish (353655, Falcon®, UK) containing 20 µl drops of H199+ media under 

mineral oil. These dishes facilitate microinjection as they have lowered sides which 
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allows movement of the injection and holding pipette. ICSI-Plus™ Holding 25o 

pipettes were adjusted to an angle of 25o to hold oocytes in place during injection (7-

71-IH 25/20, Research Instruments Ltd). 10 µl of 50 µg/ml neutral red (NR) dye was 

backloaded using microloader tips (5242956003, Eppendorf) into the Femtotip II 

injection pipette and adjusted to an angle of 25o. Following adjustment of the tips so 

the pipettes were at the same level as the injection plate, the pipettes were lowered 

into the plate. The magnification of the microscope was then increased from low 

power (40X) to high power magnification (200X) to obtain better visualisation of the 

oocyte, alignment of the pipettes to the same plane and optimal control of the injection 

process. Firstly, to determine the correct compensation pressure, the Femtotip II 

injection pipette containing NR dye was put into a 20 µl drop of H199+ media that did 

not contain oocytes. Starting with a high compensation pressure, the pressure was 

gradually decreased until there was no leaking of NR dye out of the injection pipette 

(Pc = 10 hPa). Next, to determine the injection parameters, the injection pipette was 

moved into a 20 µl drop of H199+ media that contained 10 oocytes. An injection 

pressure of 400 hPa for 1 second was chosen as a starting point. Individual oocytes 

were held by the holding pipette by applying negative pressure by turning the air 

syringe system. The correct pressure was applied when the oocyte was attached to 

the holding pipette without distorting the oocyte. Care was taken not to apply too much 

negative pressure to the oocyte so as not to damage the oocyte. The initial 

parameters that were chosen caused the oocyte to swell or burst. The parameters 

were gradually decreased until only a small displacement of cytoplasm could be 

observed (Pi = 100 hPa; Pt = 0.1s). The exact injection volume was difficult to 

determine as the volumes were too small to accurately measure using the available 

equipment. In an attempt to do so, approximately 600 pl of NR dye (50 mg/ml) was 

pipetted into a drop. The compensation pressure was gradually decreased to allow 

the NR dye to flow into the injection pipette. Once the drop had been aspirated, the 

compensation pressure was returned to 10 hPa and the solution was ejected 

according to the chosen parameters (Pi = 100 hPa; Pt = 0.1s; Pc = 10 hPa). The 

number of ejections taken to deplete the NR dye from the injection pipette were 

counted. A total of 30 ejections were recorded, thereby estimating each ejection 

volume to be around 20 pl. This method of determining injection volume does not 

consider the internal cell pressure of the oocyte which acts against the injecting 

pressure. Internal cell pressure has been estimated to reduce the injected volume by 

up to 30% (Wang et al., 2018b). Furthermore, internal cell pressures differ between 

cell types so injection parameters must be tailored according to which cells are being 

manipulated.  
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To learn and optimise the technique of microinjection without killing oocytes, PBS was 

used to inject 55 bovine cumulus-enclosed GV oocytes over 3 replicate cultures. 

Following serum-free IVM for 24 hours according to Section 2.1.3, oocyte viability and 

meiotic maturation were assessed. Cotterill (2008) and Liperis (2013) used NR dye 

to confirm viability of ovine oocytes following microinjection. To this end, 1 µl of 50 

µg/ml NR dye was added to each 20 µl microdrop of oocytes and allowed to incubate 

for 15-20 min. The numbers of live and dead oocytes were recorded. Oocyte meiotic 

maturation was assessed by the presence of a polar body under a stereomicroscope. 

Oocytes were imaged using a Nikon Eclipse Ti inverted microscope fitted with a 

heated stage at 39°C and a Watec WAT-221S camera (Camtronics BV, Eindhoven, 

Netherlands). Research Instruments viewer software was used to examine the 

images on the computer. 

 

4.2.2 Experiment 2: Optimisation of PADI6 KD using siRNA and IVM of 
bovine oocytes 

 

4.2.2.1 Design of dsiRNAs and primers for targeted KD of PADI6 gene 
expression in bovine oocytes 

 

DsiRNAs were designed and purchased from IDT. The bovine PADI6 cDNA 

sequence from Ensembl database (ENSBTAT00000002772) was inputted as the 

target template for KD of PADI6. Previous work from our lab accrued RNA-seq data 

in sheep (Lu, J., Iles, D., Huntriss, J. and Picton, H.M., unpublished data) (Figure 4.2). 

Analysis of ovine PADI6 in this data suggested that the 3’ of PADI6 transcript was 

highly represented and therefore may be an effective region to target with dsiRNAs. 

Although specifically designed so that the dsiRNAs should KD a gene of interest, in 

practice various limitations can prevail. For example, secondary structures in the 

mRNA and mismatches between the mRNA and dsiRNA sequences can preclude 

dsiRNA binding. With this in mind, exons 9 and 13 were chosen as target regions for 

RNAi and tested for their ability to effectively KD PADI6 gene expression in bovine 

oocytes (Table 4.1).     

 

RNAi injection species were resuspended in 20 µl of sterile distilled water (W3500, 

Sigma) to a stock concentration of 100 µM. 2 µl of stock was diluted in 500 µl of duplex 

buffer (11-01-03-01, IDT) to a working concentration of 400 nM. A range of 

concentrations from 10 µM to 375 µM were published for use in bovine oocytes and 
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embryos (Fu et al., 2017; Lee et al., 2014a; O'Meara et al., 2011; Wang et al., 2012b; 

Yun et al., 2015) while IDT recommended a concentration of 100 pM to 10 nM. The 

optimal dsiRNA concentration aims to produce an efficient gene KD without causing 

concentration-dependent, off-target effects (Persengiev et al., 2004). In this thesis a 

dsiRNA concentration of 400 nM was used. This dose of dsiRNA was found not to 

limit oocyte viability or maturation but caused KD of the gene of interest and was 

therefore deemed suitable for RNAi in bovine oocytes in the current experimental 

series. A scrambled dsiRNA (Table 4.2) at the same concentration was also 

microinjected into a group of oocytes to control for any off-target effects that might 

have occurred from the introduction of exogenous siRNA into the oocyte. 

 

In addition to dsiRNA design, primers were designed to flank the dsiRNA target 

regions to identify KD of PADI6 transcripts (Table 4.3). Researchers have shown that 

primers must be designed in the 5’ of the target mRNA or flanking the siRNA cleavage 

site to detect transcript KD (Holmes et al., 2010; Mainland et al., 2017). Targeting the 

3’ end of the transcript can often produce a false negative result. This is not an artefact 

of oligo-dT priming during cDNA synthesis but because the 3’ fragment is often not 

degraded after RNAi cleavage. Therefore, 3 primers pairs were designed to span 

exons 9-10 to detect PADI6 KD in exon 9 by dsiRNAs 13.15, 13.23 and 13.28, and 4 

primer pairs were designed to span exons 12-14 to detect PADI6 KD in exon 13 by 

dsiRNAs 13.1 and 13.3. Figure 4.3 shows the bovine PADI6 gene and its constituent 

exons, target sites for RNAi and primer positions for detection of PADI6 KD.  
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Figure 4.2 Ovine PADI6 mRNA tracks from RNA-seq data inputted into UCSC genome 

browser (https://genome.ucsc.edu/) to show exon reads corresponding to the 

reference ovine PADI6 genomic landscape (Lu, J., Iles, D., Huntriss, J. and Picton, 

H.M., unpublished data). Oar_v4.0/oviAri4 assembly was used for genomic building 

of the ovine RNA-seq data.  

  

Exon 1 Exon 16 
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Figure 4.3 Bovine PADI6 gene structure showing exons (blue rectangles) and target 

sites (red) for RNAi for KD of PADI6. Exon (E) 9 is targeted by dsiRNAs 13.15, 13.23 

and 13.28 and E13 by dsiRNAs 13.1 and 13.3 (red). E9 and 10 are expanded in the 

black box to show the cDNA sequence at the nucleotide level. The dsiRNA target 

region is highlighted in red while PADI6 primer set B can be seen flanking the site in 

pink.  

 

Reverse 

strand 

E1 
E15 

dsiRNAs 
13.15, 13.23 
& 13.28 

dsiRNAs 
13.1 & 13.3 

E9 E13 

EXON 9:  GATGAAATGGCTTTCTGCTATACCCAGGCTCCCCACAA 
GACTGTCTCCTTGGTCCTGGACACCCCTCGGGTCGCC

 AAGCTTGACGATTTCCCCATGAAATACTCACTG 
EXON 10:  AGCCCTGGGGTTGGCTACCTGACTCTGCACACCCAGG
  ACCACACGGTGGCCAGCATAGATGTCGTTGGGAAACT
  GATGGTGTCCCCCCCTGTGAAGGCCCAAGGAAGAGAG
  TACCCTCTGGGCAGGGTCCTCATTGGCAGCAGCTTTTA 

CCCCAG 
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Table 4.1 Sequences of dsiRNAs for KD of PADI6 gene expression. 

DsiRNA 
number 

Sequences (5’à3’) Position 
(bp)   
 
Exon no. 

13.1 Sense: 
rGrArCrGrArGrArArGrArUrGrArGrGrArArGrCrArGrArATG 
Antisense: 
rCrArUrUrCrUrGrCrUrUrCrCrUrCrArUrCrUrUrCrUrCrGrUrCrArG 

1636-1661 
 
Exon 13 

13.3 Sense: 
rGrArGrArArGrArUrGrArGrGrArArGrCrArGrArArUrGrACT 
Antisense: 
rArGrUrCrArUrUrCrUrGrCrUrUrCrCrUrCrArUrCrUrUrCrUrCrGrU 

1639-1664 
 
Exon 13 

13.15 Sense:  
rArGrCrUrUrGrArCrGrArUrUrUrCrCrCrCrArUrGrArArATA 
Antisense:  
rUrArUrUrUrCrArUrGrGrGrGrArArArUrCrGrUrCrArArGrCrUrUrG 

1133-1158 
 
Exon 9 

13.23 Sense:  
rGrCrUrUrGrArCrGrArUrUrUrCrCrCrCrArUrGrArArArUAC 
Antisense:  
rGrUrArUrUrUrCrArUrGrGrGrGrArArArUrCrGrUrCrArArGrCrUrU 

1134-1159 
 
Exon 9 

13.28 Sense:  
rCrArArGrCrUrUrGrArCrGrArUrUrUrCrCrCrCrArUrGrAAA 
Antisense:  
rUrUrUrCrArUrGrGrGrGrArArArUrCrGrUrCrArArGrCrUrUrGrGrC 

1131-1156 
 
Exon 9 

 

Table 4.2 Sequence of scrambled dsiRNA (SCR) used as the siRNA control in 

PADI6 KD experiments. 

  
  

DsiRNA Sequences (5’à3’) 
Scrambled 

dsiRNA 

Sense: CUUCCUCUCUUUCUCUCCCUUGUGA 

Antisense: UCACAAGGGAGAGAAAGAGAGGAAGGA 
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Table 4.3 Primer sequences for detection of bovine PADI6 gene KD 

Primer 
set 

Position  Primer sequences (5’à3’) PCR product 
size (bp) 

9A PADI6  
Exon 9 – 10 

F: TTCTGCTATACCCAGGCTCC 
R: CAACGACATCTATGCTGGCC 

163 

9B PADI6  
Exon 9 – 10 

F: TATACCCAGGCTCCCCACAA 
R: TCCCAACGACATCTATGCTG 

152 

9C PADI6  
Exon 9 – 10  

F: GCTATACCCAGGCTCCCCA 
R: ATCTATGCTGGCCACCGTG 

160 

13A PADI6  
Exon 12 – 14 

F: TGCTCTTTGAAGGGCTTAGG 
R: TCATTCTGCTTCCTCATCTTCTC 

103 

13B PADI6  
Exon 12 – 14 

F: CGAGAAGATGAGGAAGCAGAATG 
R: GGGATGATGTCCTCCTCCTG 

102 

13C PADI6  
Exon 12 – 14 

F: CGAGAAGATGAGGAAGCAGAAT 
R: CAGGCAGAAGAGCTGTGG 

124 

13D PADI6  
Exon 12 – 14 

F: GCTCTTTGAAGGGCTTAGGA 
R: AGTCATTCTGCTTCCTCATCTT 

104 

 

 

The efficacy of dsiRNAs in providing KD of PADI6 gene expression was assessed in 

2 cultures: 1 culture for dsiRNAs targeting exon 9 and the other for dsiRNAs targeting 

exon 13 of PADI6. Freshly aspirated COCs were placed into prepared 50 mm ICSI 

dishes containing 20 µl drops of H199+ media (Table 2.2) under mineral oil for each 

injection group. The first culture assessed dsiRNAs in exon 13 by injecting 10 oocytes 

per group with either dsiRNA 13.1 or 13.3 or an equal mixture of both dsiRNAs, as 

well as duplex buffer as an injection control (IDT, USA). The equal mixture of dsiRNAs 

was prepared by adding 10 µl of each 400 nM dsiRNA to a sterile 0.5 ml Eppendorf. 

The second culture assessed dsiRNAs in exon 9 by injecting 10 oocytes per group 

with either dsiRNA 13.15, 13.23, 13.28 or an equal mixture of all 3 dsiRNAs, as well 

as duplex buffer. The injection parameters detailed in Section 4.2.1 were used in the 

preliminary testing of dsiRNA species. The RNAi system used here was based on an 

extensively validated 2-day culture system by Cotterill (2008), however Cotterill had 

previously injected denuded GV oocytes which meant that there was a need for co-

culture with freshly harvested cumulus cells on day 1-2 to allow for in vitro maturation 

of oocytes. Cumulus-enclosed GV oocytes were injected here and COCs were put 

straight into serum-free IVM medium after microinjection, resulting in a 1-day culture 

system. The following protocol was used: 
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4.2.2.2 Day 1: Microinjection of cumulus-enclosed GV oocytes 
 

Oocytes were collected from abattoir-derived ovaries as described in Section 2.1. 

Following aspiration, 10-20 COCs were placed into prepared 50 mm ICSI dishes 

containing 20 µl drops of H199+ media (Table 2.2) under mineral oil for each injection 

group. Up to 30 oocytes were transferred to injection dishes for each group per 

culture, based on the availability of good quality COCs. The final parameters were set 

as follows: 100 hPa injection pressure, 0.1 second injection time and 10 hPa 

compensation pressure. Each injection pipette was backloaded with 10 µl of the 

injection species, either PADI6 dsiRNA, scrambled siRNA (siRNA control – Table 4.2) 

(IDT, USA) or duplex buffer (injection control), using microloader tips. A different 

injection pipette was used for each injection species. Microinjection was conducted 

as in Section 4.2.1. Multiple dsiRNAs were tested in 2 cultures to determine the most 

effective species for PADI6 KD (Table 4.1).  

 

After injecting all 20 COCs in the dish, COCs were transferred to a fresh 35 mm 

embryo tested NUNCTM IVF Petri dish and washed in 50 µl drops of serum-free IVM 

media (Table 2.3) under mineral oil. They were then transferred to prepared 35 mm 

NUNCTM IVF Petri dishes containing 10 µl drops of fresh IVM media/COC under 

mineral oil and cultured in a humidified atmosphere at 39oC, 5% CO2 for 24 hours. 
Figure 4.4 shows the experimental work flow. 

 

 
4.2.2.3 Day 2: COC assessment and oocyte freezing  
 

After in vitro maturation for 24 hours (Section 2.1.3), oocytes were assessed for 

morphology, viability and meiotic maturation. Morphological indices of cumulus mass 

(CM) and expansion (CE) were evaluated qualitatively, according to the maturity 

grading of COCs from 0-2 in Wynn et al. (1998) and Smitz et al. (2007). Table 4.4 

and Table 4.5 describe the classifications for cumulus mass and expansion grading. 

COCs and oocytes were photographed before and after denudation. Oocytes were 

denuded in 300 µg/ml hyaluronidase using a 130 µm EZ-Tip and EZ-Grip denudation 

and handling pipettor. Oocyte viability was then measured by incubation with 50 µg/ml 

NR dye for 15-20 min. Oocytes that did not stain red were unviable and discarded. 

Oocyte maturation was determined by the presence of a polar body under the 

stereomicroscope (200X magnification). Live oocytes were washed in 500 µl of DPBS 

in a 4-well dish before individual oocytes were transferred to a sterile 0.5 ml 
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microcentrifuge tube containing 2 µl RNAGEM lysis buffer and put to ice (Section 

2.4.1). Samples were frozen and stored at -80oC for molecular analysis.  
 

Table 4.4 Cumulus mass (CM) grading (Wynn et al., 1998).  

Cumulus mass classification Grade 
 ≤3 layers of cumulus cells CM 0 

<3 but <10 layers of cumulus cells CM 1 

≥10 layers of cumulus cells CM 2 

 

Table 4.5 Cumulus expansion (CE) grading (Wynn et al., 1998).  

Cumulus expansion classification Grade 
Tight, dense cumulus cells CE 0 

Moderate expansion of cumulus cells CE 1 

Fully expanded cumulus cells CE 2 
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Figure 4.4 Experimental workflow for dsiRNA KD of PADI6 gene expression. 

Media and plate preparation 
and equilibration overnight at 

39oC, 5% CO2 

COC collection from abattoir-
derived ovaries and transfer 
to 20 µl H199+ drops at 39oC 

Microinjection of individual 
COCs 

Duplex buffer 
(Injection control) 

  

Scrambled siRNA 
(dsiRNA control) 

  

Knockdown  
dsiRNA 

Transfer to in vitro maturation media – 24 hours 

Denudation in 300 µg/ml 
hyaluronidase 

Viability (NR stain), 
maturation (polar body) and 
morphological assessment 
(cumulus mass/expansion) 

Smart-seq2 cDNA synthesis (Section 
2.4) and gene expression analysis by 

real-time PCR (Section 2.5) 

PBS wash and transfer of 
individual live MII oocytes 
into 2 µl RNAGEM lysis 

buffer for storage at -80oC 
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4.2.2.4 Molecular evaluation of PADI6 KD 
 

Individual oocytes for each PADI6 siRNA KD species alongside their respective 

controls of duplex buffer and scrambled siRNA were thawed on ice and subject to 

DNase treatment and Smart-seq2 cDNA synthesis as detailed in Section 2.4. Real-

time PCR was used to quantify the transcript level of bovine PADI6 relative to 

housekeeping genes, GAPDH, H2A and YWHAZ for each group (Section 2.7). The 

primer sequences that were used for PADI6 are detailed in Table 4.3. Real-time PCRs 

were run in triplicate for each sample. Statistical analyses were performed using 

GraphPad Prism 7 as in Section 2.8. The siRNA species that provided the highest 

levels of PADI6 KD in comparison with the respective controls were selected for 

subsequent molecular analysis.  

 

4.2.2.5 Molecular evaluation of PADI1-4 expression after PADI6 KD  
 

Following KD of PADI6 gene expression, it was important to assess the expression 

of other PADI genes. The PADI genes are conserved (Chavanas et al., 2004; 

Vossenaar et al., 2003) which poses the question of whether dsiRNAs against PADI6 

may also KD other PADI members. To this end, primers for PADI1-4 were designed 

and tested using real-time PCR in control-injected (n = 3) and PADI6 KD MII oocytes 

(n = 3). Real-time PCR was conducted as detailed in Section 2.7. Multiple primers 

were tested for each PADI gene but only the working primer sequences are shown in 

Table 4.6. Unsuccessful primer pairs that were tested are detailed in Appendix III -

Table III.I.  
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Table 4.6 Primer sequences for detection of bovine PADI1-4. 

 

Gene Primer sequences (5’à3’) Product 
size (bp) 

Reference 

PADI1 F: CCCTCTTTCCTTTACCAGCTAC 

R: CCGAGTTTCCTTGTCCTGATT 
108 

ENSBTAT00000015977.6 

PADI2 F: CTACAGCAAGGAAGACCTGAAG 

R: AGTCCGACATGGAGATGTAGA 
110 

ENSBTAT00000004411.6 

PADI3 F: GAACTGCGACAGAGACAGTATG 

R: CCGCAGAATCATCACAGACA 
103 

ENSBTAT00000015978.6 

PADI4 F: TGACTGACCTTGACTCCTTTG 

R: GTAACCGCTGTCTCCAATGA 
104 

ENSBTAT00000015991.6 

    

 

4.2.3 Statistical analysis  
 

Real-time data for each gene was compared to the geometric mean of 3 

housekeeping genes, GAPDH, H2A and YWHAZ, as detailed in Section 2.7. For 

oocyte survival and maturation, the arithmetic mean was calculated across replicate 

cultures and presented as a histogram displaying the mean ±SEM. All data were 

tested for normality using the D’Agostino-Pearson test. Data containing ‘0’ was 

transformed by √(x + 0.5). Statistical analyses were performed on transformed data. 

One-way ANOVA was used for normally distributed data. p values of <0.05 were 

considered to be statistically significant. Untransformed data were plotted. Values 

presented for real-time data are arithmetic means ±SEM for the number of 

observations shown. 
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4.3 Results 
 

4.3.1 Experiment 1: Pilot evaluation of microinjection methodology 
 

A total of 55 COCs were injected with PBS over 3 repeat cultures during training of 

the microinjection procedure. The aim of this was to evaluate the user technique of 

microinjection. Although microinjection can inflict mechanical stress on the oocyte, 

viability and maturation should not be drastically affected by the procedure. It was 

therefore important to show the impact of microinjection on COCs to differentiate 

between the effects of microinjection and the phenotypic consequences of RNAi. 

Following PBS injections, COCs were allowed to mature for 24 hours before oocytes 

were denuded and stained with NR dye (50 µg/ml).  Table 4.7 shows the resultant 

viability and maturation of PBS-injected oocytes. On average, 72% (±8.3%) of 

oocytes survived PBS injections. From culture 1 to 3, oocyte viability improved by 

around 28%, suggesting that there was an improvement in operator technique during 

the course of microinjection training. Oocyte maturation was determined by extrusion 

of the 1st polar body. On average, 81% of oocytes had visible polar bodies and were 

deemed as mature MII oocytes. Figure 4.5 shows examples of oocytes from PBS 

injection repeat 2. After validating the methodology and user technique, microinjection 

was deemed a suitable choice for administering dsiRNA into bovine COCs. 

 

Table 4.7 Oocyte survival and meiotic maturation after injection with PBS for 

microinjection training. The results are shown in percentage form for 3 discrete 

cultures and the average oocyte survival and maturation rate to MII was 

calculated alongside the SEM.  

Repeat no. No. of oocytes injected Survival Maturation 
1 15 60% 83% 
2  30 69% 89% 
3  10 88% 71% 

Average (±SEM) 72% (±8.3%) 81% (±5.3%) 
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Figure 4.5 Examples of oocytes after microinjection with PBS followed by 24 hours in 

IVM media. A) NR staining differentiates dead (unstained – denoted with a black 

arrow) from live (red – denoted with an asterisk) oocytes (40X magnification). B) A 

NR stained MII oocyte with a polar body shown by the arrow head (200X 

magnification). The scale bar represents 40 µm.  

 
4.3.2 Experiment 2: Optimisation of PADI6 KD using dsiRNA and IVM 

of bovine oocytes 
 

Following validation of the microinjection methodology, dsiRNAs and primers were 

tested for their ability to KD and detect PADI6 KD, respectively. In concordance with 

ovine RNA-seq data, dsiRNAs were designed in exon 9 and 13 in an attempt to 

achieve effective KD of PADI6 gene expression in bovine. A concentration of 400 nM 

was chosen according to the literature as described in Section 4.2.2.1. Preliminary 

experiments were performed to test 5 dsiRNAs, 3 in exon 9 and 2 in exon 13 (Table 

4.1). COCs were injected, matured and lysed for molecular analysis as described in 

the Sections above. Multiple primers were examined by real-time PCR to ascertain 

the best pair to detect PADI6 KD (Table 4.3). 

 

  

A B 

* 
* 
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4.3.2.1 Evaluation of PADI6 dsiRNAs targeting exon 13 
 

The purpose of these preliminary cultures was to select the best dsiRNA species for 

PADI6 KD compared to controls. Firstly, dsiRNAs were designed and tested in exon 

13. According to ovine PADI6 RNA-seq data, exon 13 is highly represented and 

therefore likely to be a good target region for dsiRNA design. In the culture, 

approximately 40 COCs were injected with either duplex buffer (control), dsiRNA 

13.1, 13.3 or a mix of both dsiRNAs (13.1 and 13.3), giving an average of 10 COCs 

per group. The results are shown in Figure 4.6a. Although the number of oocytes 

were very low, there was no significant KD of PADI6 gene expression between the 

different injection groups (p>0.05). Furthermore, multiple primer pairs, 13A, 13B, 13C 

and 13D, were tested to see if the primer characteristics may have precluded 

detection of PADI6 KD (Figure 4.6b). Different primers failed to detect a PADI6 KD, 

suggesting that the dsiRNAs designed to target exon 13 were not successful. In the 

interest of time the culture was not repeated again as dsiRNAs in exon 9 displayed 

more promising KD results (see Figure 4.7).  
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Figure 4.6 Real-time PCR quantification of bovine PADI6 after injection with a) duplex 

buffer (DB) (n=3) or dsiRNA species, 13.1 (n=6), 13.3 (n=4) or a mixture of both 

dsiRNAs (mix) (n=5) targeting exon 13 using primer set 13A to detect PADI6 mRNA 

levels. b) Duplex buffer (DB) or a mix of dsiRNAs (red) using different primer sets 

(13A-D) to detect PADI6 mRNA levels. The data were standardised against GAPDH, 

H2A and YWHAZ housekeeping mRNA levels. Individual bars show the mean ±SEM. 

n = 3-6 single oocytes for each injection group as shown. No significant differences 

were observed (p>0.05). 
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4.3.2.2 Evaluation of PADI6 dsiRNAs targeting exon 9 
 

Simultaneously, 3 dsiRNAs in exon 9 were tested for their ability to KD PADI6 gene 

expression. In the culture, approximately 50 COCs were injected with either duplex 

buffer (control), dsiRNA 13.15, 13.23, 13.28 or a mix of dsiRNAs (13.15, 13.23 and 

13.28), giving an average of 10 COCs per group. 3 primer pairs, 9A, 9B and 9C, 

spanning exons 9 and 10 were tested for their ability to detect a reduction in PADI6 

transcript abundance. Figure 4.7a, b and c show PADI6 transcript abundance in 

different injection groups using primer pair 9A, 9B and 9C, respectively. Primer set 

9A detected no significant changes in PADI6 gene expression between the different 

injection species (p>0.05) (Figure 4.7a). PADI6 transcript abundance even appeared 

to increase in the PADI6 dsiRNA mix injection group, although this was not significant 

(p>0.05). It is worth noting that high levels of variability in the data as reflected by 

large standard error bars were obtained with primer set 9A. Overall, there was no 

apparent change in PADI6 gene expression between different injection groups using 

primer set 9A.  

 

Primer set 9B also detected no significant differences in PADI6 transcript abundance 

between injection species, but qualitative differences were observed for injection 

species 13.28 and mixed injection (p>0.05) (Figure 4.7b). Both 13.28 and mixed 

dsiRNA groups showed a decrease in PADI6 transcript abundance compared to DB 

control. Moreover, the SEM for the PADI6 dsiRNA mix injection group was remarkably 

smaller than the other groups, and other primer sets that were tested. Finally, primer 

set 9C also failed to detect significant differences in PADI6 transcript abundance 

between injection species (p>0.05) (Figure 4.7c). Relative expression of PADI6 in DB 

control group was much lower than expected from our data in non-injected MII 

oocytes (Figure 3.6) and other primer sets (Figure 4.7a and b). Further, no qualitative 

decreases in PADI6 expression were observed between different dsiRNA groups.  
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Figure 4.7 Real-time PCR quantification of PADI6 after injection with duplex buffer (DB) 

(n=2) or dsiRNA species, 13.15 (n=5), 13.23 (n=4), 13.28 (n=3) or a mixture of all 3 

siRNAs (Mix) (n=4) targeting exon 9 using a) primer set 9A, b) primer set 9B and c) 
primer set 9C. The data were standardised against GAPDH, H2A and YWHAZ 

housekeeping mRNA levels. Individual bars show the mean ±SEM. No significant 

differences were observed (p>0.05). 
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In conclusion, exon 9 dsiRNAs and primer set 9B were chosen to take forward to the 

dsiRNA validation stage. Although no significant differences were observed, the 

decrease in PADI6 transcript abundance tended to be greater in oocytes injected with 

dsiRNAs targeting exon 9 than those targeting exon 13. Primer set 9B was chosen 

as the level of PADI6 gene expression in DB control oocytes was similar to that of MII 

oocytes in the developmental series (Figure 3.6), showing a level of consistency in 

transcript detection. Furthermore, primer set 9B results had smaller standard errors 

with regard to PADI6 expression levels and suggested that KD of PADI6 was 

achieved after injection with mixture of dsiRNAs, although this was not significant.   

 
4.3.3 Validation of siRNAs for KD of PADI6 gene expression 
 

The experiments described in Section 4.3.2 identified that targeting exon 9 of PADI6 

appeared to be the most effective means of achieving gene KD and that primer set 

9B seemed to be the best means to detect decreases in PADI6 transcript abundance. 

From here on, only primer set 9B was used to detect PADI6 KD. The next aim was to 

determine which dsiRNA species targeting exon 9 would achieve the highest KD of 

PADI6 gene expression. Additional microinjections were performed as follows: for 

each culture, approximately 10-15 COCs were microinjected with dsiRNA (13.15, 

13.23, 13.28 or a combination of all 3, Mix), duplex buffer or scrambled dsiRNA. 3 

discrete cultures were performed and the data were pooled. There was no significant 

difference in PADI6 gene expression after injection with DB, SCR, 13.15 and 13.28 

dsiRNAs (p>0.05).  13.23 dsiRNA caused a small decrease in PADI6 transcript 

abundance, although this was not significant compared to controls (p>0.05). In 

contrast, injection with a mix of dsiRNAs caused a significant reduction in PADI6 gene 

expression compared to both duplex buffer and scrambled dsiRNA injections (p<0.05) 

(Figure 4.8). In conclusion, the combination of 3 dsiRNAs (13.15, 13.23 and 13.28) 

achieved the highest PADI6 gene KD and was therefore chosen for use in all future 

experiments (p<0.05). 
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Figure 4.8  Real-time PCR quantification of PADI6 after injection with duplex buffer (DB), 

scrambled dsiRNA (SCR), or PADI6 dsiRNA species, 13.15, 13.23, 13.28 or a mixture 

of all 3 siRNAs (Mix). The data were standardised against GAPDH, H2A and YWHAZ 

housekeeping mRNA levels. Individual bars show the mean ±SEM.  n = 17-22 single 

injected oocytes for each group as shown. Different letters on the bar denote 

significant differences between means (p<0.05).     

 

The 20 oocytes with the highest PADI6 KD were plotted against control injected 

oocytes (Figure 4.9). A mean PADI6 KD of 74±3.6% (0.03 ±0.004 arb. units, n = 20) 

was achieved in these oocytes using the mix of dsiRNAs compared to the duplex 

buffer (0.11 ±0.016 arb. units, n = 11) and scrambled dsiRNA (0.12 ±0.014 arb. units, 

n = 10) control-injected oocytes (p<0.05). Molecular real-time PCR analysis in 

Chapter 5 was performed on all 20 PADI6 KD samples in Figure 4.9 while RNA 

sequencing was performed on a subset of 6 of these samples due to the high cost of 

RNA sequencing. 
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Figure 4.9 Real-time PCR quantification of PADI6 in oocytes with the greatest PADI6 

gene KD after injection of mix of dsiRNAs (KD). The average relative reduction in 

bovine PADI6 gene expression was 74±3.6% compared to control-injected oocytes, 

duplex buffer (DB) and scrambled dsiRNA (SCR). The data were standardised against 

GAPDH, H2A and YWHAZ housekeeping mRNA levels. Individual bars show the 

mean ±SEM. For PADI6 KD, 20 repeat cDNA libraries were analysed in triplicate. 

Each cDNA library contained a single oocyte. The PADI6 dsiRNA mix injected oocytes 

exhibited a statistically significant reduction in PADI6 mRNA levels (* = p<0.05) when 

compared to both groups of control-injected oocytes. 

 

4.3.3.1 Assessment of the impact of PADI6 KD on bovine oocyte 
maturation and cumulus expansion in vitro 

 

PADI6 gene KD was achieved by targeting exon 9 and appeared to be most effective 

when dsiRNAs 13.15, 13.23 and 13.28 were used in combination. Consequently, it 

was important to assess the effects of microinjection of this dsiRNA combination on 

oocyte survival and maturation. The data were pooled from 3 discrete cultures where 

approximately 10-15 COCs were microinjected for each group per culture. Oocyte 

survival was assessed 24 hours following injection and culture in serum-free IVM 

media by NR staining. Oocyte viability was around 70-80% after microinjection for 

each group (Figure 4.10a). Therefore, our results indicated that microinjection of 

dsiRNA had no effect on oocyte viability compared to controls, duplex buffer (DB) and 
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scrambled dsiRNA (SCR) (p>0.05). Furthermore, viability was not significantly 

different in the efficacious PADI6 KD group (mix of dsiRNAs – red), suggesting that 

PADI6 KD does not cause bovine oocyte death.  

 

Next, the developmental competence of oocytes following microinjection and IVM 

was assessed by evaluating MII progression of oocytes after 24 hours in serum-free 

IVM media. Meiotic maturation was assessed by the extrusion of a polar body. The 

raw counts for each injection group over 3 discrete cultures are shown in Figure 

4.10b. Overall, there were no significant differences in meiotic maturation between 

injection groups (p>0.05) (Figure 4.10c). There was more variation in maturation rate 

after injection with a mixture of PADI6 dsiRNAs (red) as shown by the large SEM, 

however the raw counts in Figure 4.10b show that the number of oocytes that 

progressed to MII in this group in culture 2 was very low compared to other injection 

groups and culture weeks. This may be due to an unidentified issue with this particular 

plate. Nevertheless, 59-77% of oocytes matured in vitro after microinjection and no 

significant differences in maturation rates were observed between injected oocytes 

and non-injected oocytes (yellow) (p>0.05). This suggests that the microinjection 

technique and dsiRNAs used in this study do not disturb meiotic maturation. Finally, 

maturation was not significantly different in the efficacious PADI6 KD group, 

suggesting that PADI6 per se does not contribute to oocyte maturation.    
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Figure 4.10  Impact of microinjection of GV oocytes on a) oocyte survival (%), and b-c) 

oocyte progression to MII after 24 hours in IVM media: b) raw counts of viable MII 

oocytes and c) maturation (%) for each injection group.  Injection species included 

duplex buffer (DB), scrambled siRNA (SCR) or 13.15, 13.23, 13.28 or mixture of all 3 

(mix) dsiRNA species. Individual bars show the mean ±SEM from 3 discrete cultures. 

No significant differences were observed (p>0.05). Oocyte maturation without 

injection (No Inj.) is displayed on the yellow bar. 
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COCs from each injection group were photographed before microinjection, after 24 

hours in IVM media, after denudation and after NR staining (Figure 4.11). The 

morphology of cumulus-oocyte complexes (COCs) were qualitatively assessed in 

terms of cumulus mass and expansion after microinjection and 24 hours IVM, 

according to Table 4.4 and Table 4.5. The data were pooled from 3 discrete repeats 

and the mean ±SEM calculated. The results showed that there were no significant 

differences in cumulus mass after in vitro maturation between the 3 injection groups 

(p>0.05) (Figure 4.12a). There was a higher number of oocytes with >3 layers of 

cumulus cells (CM0) in the KD group compared to control groups, but this was not 

significant (p>0.05). Similarly, there were no significant differences in cumulus 

expansion between the 3 injection groups (p>0.05) (Figure 4.12b). It is noteworthy 

that no oocytes had fully expanded cumulus cells (CE2) after in vitro maturation for 

24 hours so this was excluded from the graph. Full expansion to CE2 only occurs in 

in vivo matured COCs. Examples of oocytes with designated cumulus mass and 

expansion scores are displayed in Figure 4.13 in accordance with Wynn et al. (1998).  
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Figure 4.11  Examples of cumulus-oocyte complexes (COCs) microinjected with duplex buffer, scrambled dsiRNA or PADI6 dsiRNA mix at different stages 

of the microinjection procedure: A) COCs prior to injection; B) Injected COCs after IVM; C) Denuded MII oocyte; D) NR stained MII oocyte. Oocytes in 

columns A/B, and C/D were photographed at 40X and 200X magnification, respectively. Polar body is highlighted by an arrowhead. Scale bar = 40 µm.   
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Figure 4.12  Effect of PADI6 KD on a) cumulus coverage score and b) cumulus expansion 

score after IVM for 24 hours (KD), compared to duplex buffer (DB) and scrambled 

dsiRNA (SCR) control-injected COCs. Individual bars show the mean percentage of 

oocytes in each category ±SEM from 3 discrete cultures. n = 22-30 single injected 

oocytes for each group. No significant differences were observed (p>0.05). 

 

 

a) 
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Figure 4.13  Examples of COCs prior to microinjection (Time: 0 hr) and after 

microinjection and IVM (Time: 24 hr). The designated cumulus mass (CM) and 

expansion (CE) scores are displayed for each oocyte.  Oocytes were photographed 

at 40X magnification and scale bars represent 40 µm.  
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4.3.3.2 Evaluation of PADI1-4 expression after PADI6 KD  
 

As discussed in Section 3.3.2, expression of other PADI family members in the bovine 

oocyte was very low or not detected. PCR experiments showed that there was faint 

expression of PADI3 and 4 in the GV oocyte but could not detect expression of PADI1 

or 2 (Figure 3.5b). Following KD of PADI6, expression of PADI1-4 was investigated 

to evaluate the effect of PADI6 dsiRNAs on the expression of other PADI genes. To 

this end, real-time PCR was performed for PADI1-4 in a subset of duplex buffer 

control (n=3) and PADI6 dsiRNA mix KD samples (n=3). Multiple primers were tested 

for each PADI gene, but the majority of primer pairs failed to produce a Ct value in 

real-time PCR experiments due to the very low levels of expression. The Ct level of 

PADI6 expression in control-injected bovine oocytes was 0.10-0.12 relative to 

housekeeping genes (Figure 3.5). However, data were collected for other PADI gene 

family members and the successful real-time PCR results are shown in Figure 4.14. 

Due to the high expression of PADI6, a split y axis was used in Figure 4.14 to enable 

visual comparison of PADI gene expression. 

 

PADI1 gene expression was detected in both DB and KD MII oocytes at low levels, 

although PADI1 was not detected in 1 of the KD MII oocytes so the n value was 

reduced to 2 oocytes. There was no difference in PADI1 expression between DB and 

KD MII oocytes. For PADI2, expression was barely detected in MII oocytes with only 

1 DB oocyte sample displaying a resultant Ct value from real-time PCR experiments. 

In concordance with Figure 3.5b, PADI3 was detected in the bovine oocyte from both 

DB and KD injection groups. However, there was no difference in PADI3 expression 

between DB and KD MII oocytes. Finally, PADI4 was detected at very low levels in 

both DB and KD MII oocytes with at least 1 of the triplicate repeats failing to produce 

a Ct value for each sample. Further, there was no difference in PADI4 expression 

between DB and KD MII oocytes. It was not possible to conduct meaningful statistical 

analyses on this data as a very low number of samples were analysed. However, 

coupled with the PCR results in Figure 3.5b, these results suggest that PADI6 is the 

most highly expressed PADI gene in the bovine oocyte and that KD of PADI6 is 

unlikely to affect the expression of other PADI family members. RNA-seq experiments 

in Chapter 5 may enable further investigation of PADI gene expression in the bovine 

oocyte. 
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Figure 4.14  Real-time PCR quantification of PADI1-4 in PADI6KD MII oocytes, compared 

to DB control-injected MII oocytes (n = 3 individual oocytes). Expression of PADI6 in 

PADI6KD and DB oocytes is also shown for comparison (*p<0.05) – please note the 

split y axis as PADI6 expression was much higher than the other PADI genes. The 

data were standardised against GAPDH, H2A and YWHAZ housekeeping mRNA 

levels. Individual bars show the mean ±SEM.  
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4.4 Discussion 
 

The experimental work reported here demonstrated that it was possible to conduct 

targeted KD of PADI6 gene expression in cumulus-enclosed bovine oocytes by 

microinjection of dsiRNA. Specifically, different dsiRNA species were evaluated and 

it was shown that KD of PADI6 could be detected in individual oocytes relative to 

control-injected oocytes after 24 hours of IVM. In this thesis, RNAi was most effective 

when a mixture of 3 dsiRNAs targeting exon 9 of PADI6 was injected into GV oocytes 

compared to DB and SCR-injected controls. Furthermore, microinjection of dsiRNAs 

targeting PADI6 did not affect oocyte viability or maturation.  

 

4.4.1 Optimisation of RNAi  
 

Theoretically, dsiRNA species that are created using specialised design tools should 

KD the gene of interest. Meticulous experiments by Elbashir et al. (2001b) showed 

that certain alterations to siRNA sequences were inhibitory to RNAi whereas others 

were favourable. For example, a 3’ overhang of 4-6 nucleotides was detrimental while 

2 was more effective at achieving gene KD. Moreover, mismatches in the centre of 

target sequences inhibited RNAi-associated mRNA degradation. In contrast, Jackson 

et al. (2003) observed off-target effects where sequences shared just 11 contiguous 

nucleotides, equivalent to 50% siRNA sequence similarity. To avoid off-target effects, 

siRNA sequences were checked against the organism’s genome using the BLAST 

tool (NCBI, USA). DsiRNAs were chosen that were not complimentary to other 

regions of the bovine genome in an attempt to avoid off-target binding. Nevertheless, 

understanding that off-target effects can occur with only 50% transcript similarity 

makes dsiRNA design difficult as short sequences of approximately 20 nucleotides 

are likely to be common and repeated in the genome. In view of this, an obvious 

concern is the targeting of other PADI family members as PADI sequences are 

conserved within species. The expression of other PADI genes was investigated to 

determine whether PADI6 alone was ablated. This was also necessary to ensure that 

the phenotypic effects observed after PADI6 KD were truly the result of PADI6 

function in the oocyte, and not that of another PADI gene. Expression of PADI1-4 in 

bovine oocytes is unknown and earlier PCR experiments detected faint expression of 

PADI3 and 4 in GV oocytes, but there was no expression of PADI1 or 2 (Figure 3.5b). 

Despite this, all PADI genes were detected at very low levels in MII oocytes by real-

time PCR but there were no significant differences in the expression of other PADI 
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genes between DB and KD MII oocytes as expression was very low. This suggests 

that PADI6 dsiRNA KD was specific to PADI6 gene and did not disrupt or increase 

the expression of PADI1-4. However, these results should be taken with caution. The 

‘n’ values were low with only 3 individual oocytes analysed for each injection group. 

To ensure that all PADI genes are expressed in the bovine oocyte and that PADI6 

dsiRNA is specific to PADI6, more samples should be analysed. Furthermore, for 

PADI2 and PADI4 some of the real-time PCR samples or repeats failed to produce a 

Ct value. It may be beneficial to spend more time testing and optimising different 

primer pairs to see if a better amplification can be produced. Finally, analysis of 

oocyte gene expression using other sensitive methods such as RNA-seq (see 

Chapter 5) may be able to clarify some of the uncertainties surrounding the 

expression of other PADI genes in bovine oocytes and identify other off target effects 

in genes or associated gene pathways.  

 

Multiple primers were tested to ascertain which pair would successfully identify KD of 

PADI6 gene expression. Primers were designed to flank the dsiRNA target region so 

that if the desired amplicon forms, it shows that the mRNA has not been cleaved. Like 

siRNA design, many factors can prevent primer binding. The thermodynamic program 

for real-time PCR is fixed meaning that some primers will be subject to suboptimal 

conditions. Although primers were checked using the primer-BLAST tool (NCBI, 

USA), disturbances to melting temperature (Tm) could cause non-specific primer 

binding and result in false negative KD results. Primer sets A and C displayed large 

standard errors in the dsiRNA mix samples, perhaps due to the variable specificity of 

the primers. Further, due to time constraints, microinjection training, siRNA testing 

and primer optimisation was done simultaneously. As a result, ‘n’ values were 

sometimes as low as 2 single oocytes which was less than ideal. Further replicates 

are needed to aid interpretation.  
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4.4.2 Microinjection of dsiRNA as a vehicle for gene KD in GV oocytes 
 

Since its discovery, RNAi is often favoured over the creation of genetic knockout 

animals for numerous reasons. Firstly, the gene of interest can be disturbed in specific 

cells as opposed to the whole organism. Secondly, if a gene is switched on and off 

numerous times in a cell, the effects of siRNA KD can be explored at different time 

points (Wianny and Zernicka-Goetz, 2000). As MEGs are transcribed primarily in the 

oocyte, RNAi can be used to KD the maternal influence on the embryo. Likewise, 

RNAi is transient so KD of genes can be observed for short durations and cells are 

often able to recover from gene KD. It was a concern to researchers that dsiRNA can 

trigger the interferon response in mammalian cells, which causes non-specific 

degradation of mRNA and widespread translational repression (Sledz et al., 2003). 

Fortunately, it is thought that oocytes do not possess this mechanism making RNAi a 

useful tool in oocytes (Stein et al., 2005). 

 

Gene knockout is time-consuming and expensive compared to RNAi. It results in 

definite genetic ablation of the target gene, and protein, whereas dsiRNA KD is 

variable (Wu et al., 2004). This can be both favourable and disadvantageous. Variable 

gene KDs cause incomplete genetic ablation, creating a spectrum of severity of 

phenotypic effects. This is advantageous in development as gene knockout of MEGs 

often causes embryonic arrest, which obscures investigations into gene function. 

Conversely, the variability of RNAi means that when single oocytes are pooled 

together for data analysis, KD effects can be masked or do not show significance due 

to large standard errors of the mean. Gene KD may also show variability as it is 

possible that oocytes are at different stages of development at the time of injection. 

As described in Chapter 3, transcript abundances change profoundly throughout 

oocyte maturation, therefore targeted gene KD of different staged oocytes or embryos 

may have variable effects. It is known that more highly abundant transcripts are more 

efficiently targeted by RNAi so for bovine PADI6, GV oocytes pose a better target 

than oocytes transitioning to MII (Hu et al., 2004). Variability from microinjection of 

siRNA has been observed by other researchers. O'Meara et al. (2011) stated that 

ablation of their target gene was observed in the range of 0% to 97% KD. 

Furthermore, RNAi does not necessarily cause a reduction in the target protein so 

gene function may be unnoticed as a result. In this study, KD of PADI6 protein could 

not be confirmed as commercially available antibodies could not detect bovine PADI6 

(Chapter 6, Experiment 1).  
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There are multiple methods for administering dsiRNA into a cell but of those most 

commonly used is microinjection. Microinjection is technically challenging and 

requires operator training to become proficiently capable at using the equipment. It 

is, however, repeatable and more consistent in terms of dose administration to each 

cell than techniques such as transfection. Liposome transfection requires enzymatic 

removal of the zona pellucida (Carballada et al., 2000) and peptide nanoparticle-

mediated transfection requires denudation of oocytes (Jin et al., 2016), both of which 

are damaging to the developmental potential of the embryo and time consuming. As 

described in Section 4.3.1, the actual microinjected volume cannot be accurately 

measured and varies due to the resistance of each oocyte membrane to injection. 

Further, it is not possible to determine and standardise the exact amount of dsiRNA 

administered to each cell by transfection. In this study, COCs were microinjected with 

dsiRNA as opposed to denuded GV oocytes as has been used in earlier studies. 

COCs consist of 2 cell types, cumulus cells and the oocyte, therefore microinjection 

ensures that dsiRNA is administered directly to the oocyte and not to cumulus cells. 

PADI6 expression has been identified in the cumulus cells of bovine GV oocytes, 

albeit at a significantly lower level than in the oocyte (Peddinti et al., 2010), which 

suggests that PADI6 dsiRNA would impact cumulus cell function and oocyte 

maturation. 

 

Microinjection of COCs is more arduous but has many benefits over injecting denuded 

oocytes. Cumulus cells conceal the oocyte making it difficult to hold the complex in 

place and to ensure effective injection of dsiRNA into the oocyte. However, cumulus-

intact oocytes have better developmental potential after microinjection (Thomas and 

Seidel, 1993). Denuded oocytes undergo premature spontaneous maturation as 

meiotic inhibition caused by cGMP from cumulus cells to the oocyte is removed and 

MPF becomes active (Norris et al., 2009). Also, spontaneous meiotic progression 

frequently has to be inhibited by the use of chemicals such as PDE inhibitors to effect 

gene KD. Further, to facilitate IVM and fertilisation following maturation, denuded 

oocytes are often co-cultured with cumulus cells to enable more efficient meiotic 

progression and to support sperm binding and entry into the oocyte (Fatehi et al., 

2002). To this end, freshly harvested oocytes must be obtained again from abattoir-

derived ovaries on the day following microinjection and the culture time extended by 

24 hours. This is time consuming and costly. Finally, denudation of cumulus-enclosed 

GV oocytes leads to oolemma damage which has a significant negative impact on 

the oocyte’s ability to survive in culture (Fatehi et al., 2002). It also disrupts the 
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exchange of regulatory factors between oocytes and cumulus cells via gap junctional 

communication resulting in suboptimal or premature oocyte maturation (FitzHarris 

and Baltz, 2006; Sela-Abramovich et al., 2006).  

 
4.4.3 PADI6 gene KD by microinjection of dsiRNA in bovine oocytes 
 

After optimisation of the experimental parameters, an effective PADI6 gene KD of 

74±3.6% was achieved compared to control injected oocytes. As shown in Chapter 

4, PADI6 transcript abundance naturally decreases from GV to MII (Figure 3.6) – an 

expression pattern that may have disrupted detection of PADI6 KD. Nevertheless, 

compared to control injected MII oocytes over the same time period, PADI6 transcript 

abundance was considerably lower after microinjection with PADI6 dsiRNA, 

confirming KD of gene expression (Figure 4.9). Oocyte viability after IVM was 70-80% 

across microinjection groups with no significant differences between control and KD 

injected oocytes (p>0.05). Viability staining was performed after microinjection and 

IVM therefore it may be that few GV oocytes were arrested prior to injection. 

Moreover, some cell death is expected from the GV to MII oocyte transition as oocytes 

that are not competent to resume meiosis will degenerate (Wu et al., 2000). Finally, 

it is most likely that the microinjection technique resulted in apoptosis as it inflicts 

mechanical stress on the oocyte and can involve prolonged exposure of oocytes to 

suboptimal temperatures and conditions. This is concordant with the literature where 

20-22% cell death was observed after microinjection of bovine zygotes 

(Nganvongpanit et al., 2006; O'Meara et al., 2011).  

 

Only MII oocytes that were viable after 24 hours of IVM were analysed for expression 

of PADI6. However, it could be that GV oocytes that remained viable but did not 

progress to MII had the highest PADI6 gene KD. Although this was not measured, it 

is unlikely to be true as the rate of meiotic maturation was comparable to non-injected 

control oocytes (p>0.05), as shown in Figure 4.10c. This shows that our microinjection 

technique and KD of PADI6 do not disrupt oocyte maturation in vitro to MII which 

validates the protocols developed here for use in further functional studies to test the 

impact of PADI6 on fertilisation and embryo development. There was no qualitative 

change in cumulus mass and expansion between different microinjection species, 

indicating that oocyte maturation was not affected by PADI6 KD. These results are 

consistent with the literature that shows Padi6 knockout mice display normal ovary 

and oocyte development, ovulation and fertilisation (Esposito et al., 2007).  
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4.4.4 Conclusion 
 

This work has confirmed that it is possible to generate PADI6 KD in bovine oocytes 

by targeted microinjection of gene-specific dsiRNAs. It has provided insight into the 

efficacy of dsiRNA and use of microinjection as a vehicle for RNAi in bovine cumulus-

enclosed oocytes. This experimental series explored the use of different dsiRNA 

target sites within the same gene and different primer pairs for detection of gene KD. 

Furthermore, it evaluated the effect of PADI6 KD on bovine oocyte meiotic maturation 

and cumulus morphology. In this study, it appears that PADI6 KD over 24 hours does 

not affect the maturation potential of bovine oocytes in vitro. More extensive 

investigations of the function of PADI6 KD on the maturation potential and 

transcriptome of the MII oocytes and their subsequent developmental competence 

are necessary to gain further insight into the contribution of PADI6 to oocyte quality 

and embryo development in monovulatory species (Chapter 5 and Chapter 6).  
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Chapter 5 Impact of PADI6 KD on the transcriptome of bovine 
oocytes during maturation in vitro 

 

5.1 Introduction 
 

It is understood that Padi6 is necessary for the formation of CPLs in the oocyte and 

that CPLs provide a storage site for ribosomes and maternal transcripts until EGA 

(Bachvarova et al., 1981; Sternlicht and Schultz, 1981; Wright et al., 2003). The 

evidence for this comes from research in mice that showed that knockout of Padi6 

results in the production of oocytes lacking CPLs (Yurttas et al., 2008). This was 

accompanied by an increase in free ribosomes, supporting the notion that CPLs act 

as storage sites for ribosomal components. Moreover, Padi6 knockout mouse 

embryos displayed reduced expression and aberrant localisation of ribosomal S6 

protein and RNA polymerase II, which resulted in a global decrease in protein 

synthesis. Consequently, defective EGA in the Padi6 knockout mouse embryos 

prohibited embryonic development. This has also been observed in human arrested 

embryos that possess PADI6 mutations (Xu et al., 2016). Not only has Padi6 been 

implicated in the formation of CPLs but so have other SCMC members, Nlrp5 and 

Ooep (Kim et al., 2010; Tashiro et al., 2010). Similar to observations with Padi6, 

genetic ablation of Nlrp5 causes decreased mRNA and protein synthesis, measured 

by levels of the transcription requiring complex (TRC) (Tong et al., 2000). Together, 

this suggests that the SCMC is required for correct formation and functioning of CPLs.  

 

SCMC genes have been implicated in a variety of imprinting disorders in which the 

disease mechanism is unknown (Begemann et al., 2018). Recently, studies have 

described that ablation of Nlrp2 in mice causes aberrant localisation of DNMT1 

protein, and reduced levels of Nlrp7 alters DNA methylation via interactions with 

chromatin-binding factor, YY1 (Mahadevan et al., 2017; Mahadevan et al., 2014). This 

is the first study to show that experimental ablation of an SCMC member leads to 

disruption of epigenetic regulators. SCMC proteins are mainly cytoplasmic and are 

therefore unlikely to be directly involved in imprinting mechanisms. However, it may 

be that the SCMC prevents the mislocalisation, degradation or depletion of maternal 

effect transcripts. As the SCMC is associated with CPLs, there is potential for 

transcriptional regulation of epigenetic regulators that could indirectly affect genomic 

imprinting. In this regard, KHDC3L and OOEP have RNA-binding abilities that may 
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enable the SCMC to sequester maternal transcripts at CPLs (Pierre et al., 2007; 

Wang et al., 2012a). RNA-masking protein, MSY2, also localises to CPLs and may 

protect maternal mRNAs from degradation during oocyte growth (Liu et al., 2017). 

Finally, the storage of ribosomes at CPLs could provide a site for subcellular 

compartmentalisation of post-transcriptional modifications and protein synthesis 

(Bebbere et al., 2016). The dynamic reorganisations of CPLs at fertilisation, 

compaction and blastocyst formation and may coordinate the release of sequestered 

factors at specific time points to allow for correct EGA (Capco and McGaughey, 

1986). This theory would support the reduction in transcription, translation, aberrant 

localisation of proteins and defective EGA that was observed upon disruption of the 

supra-molecular SCMC complex. Taken together, this research suggests that there 

is a tight relationship between CPLs, SCMC and maternal transcripts that indirectly 

impacts the epigenetic status of the oocyte.  

 

Following the KD of bovine PADI6 gene expression as described in Chapter 4, it was 

important to look at the impact of PADI6 depletion on the transcriptome of the MII 

oocyte. Candidate genes were chosen for analysis by real-time PCR using 2 arrays 

designed by Huntriss, J. and Picton, H.M. (unpublished): 1) oocyte quality marker 

array and 2) epigenetic regulator and imprinted gene array. Firstly, so called “oocyte 

quality markers” were chosen to assess whether KD of PADI6 gene expression 

caused widespread disruption to the transcriptome. Such genes were chosen 

because of their significant functions in the oocyte, with each of the genes on the 

array being essential for oocyte developmental competence. Hence the expression 

pattern observed by using the gene array can be utilised as a measure of oocyte 

competence in experimentally manipulated oocytes by comparison to the expression 

observed in control oocytes. A comprehensive list and definitions of the genes to be 

investigated here is detailed in Table 5.2. For example, Aurka is responsible for 

regulating meiotic maturation, while Bdnf appears to regulate both meiotic and 

cytoplasmic maturation (Anderson et al., 2010; Martins da Silva et al., 2005; Saskova 

et al., 2008). Bmp15 and Gdf9 are well described growth factors (see Section 1.2.3) 

that are secreted from the oocyte to enhance cumulus expansion for progression to 

and beyond the secondary follicle stage (Su et al., 2004). Both are associated with 

oocyte quality (Sanfins et al., 2018). Bmp2 mediates folliculogenesis, prevents 

premature luteinisation and has been shown to be an indicator of oocyte quality in 

humans (Demiray et al., 2017). Figla, Lhx8, Nobox and Sohlh2 are master 

transcriptional regulators that drive folliculogenesis by controlling the expression of 

oocyte-specific genes such as Dppa3, Oct4, Padi6 and Nlrp family genes (Choi et al., 
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2008a; Choi et al., 2008b; Pangas et al., 2006; Rajkovic et al., 2004; Soyal et al., 

2000). Gtsf1 functions in mRNA processing and spindle organisation and is observed 

to decrease in abundance with maternal age, suggesting it to be a marker of oocyte 

quality (Huntriss et al., 2017; Trapphoff et al., 2016). Histone H1foo is necessary for 

meiotic maturation and early embryo development by regulating chromatin 

condensation (McGraw et al., 2006; Yun et al., 2015). Hsf1 and Zar1 are both 

essential for EGA and early embryo development (Metchat et al., 2009; Wu et al., 

2003). Prdx1 and 2 are antioxidant enzymes that function during meiotic maturation 

where they coordinate the spindle apparatus, chromosomes organisation and 

polarisation (Jeon et al., 2017). Izumo1r is the sperm receptor that is transiently 

expressed on the surface of mature MII oocytes that is essential for fertilisation 

(Bianchi et al., 2014). Finally, Zp1-3 are responsible for establishing the functional 

zona pellucida which facilitates sperm binding, prevents polyspermy and protects the 

developing embryo (Conner et al., 2005). In summary, all of these genes were 

labelled as markers of oocyte quality because disruption to their expression would 

negatively impact on the developmental competence of the oocyte (i.e. oocyte quality) 

and embryo quality. Global changes to these genes following gene KD would suggest 

a role for PADI6 in oocyte maturation and quality. 

 

Secondly, imprinted genes and epigenetic regulators were examined to look for more 

specific effects of PADI6 on epigenetic mechanisms. As with the oocyte quality 

marker array, genes on the epigenetic array were chosen due to their known 

imprinting status or involvement in epigenetic mechanisms. A comprehensive list of 

genes that were analysed is detailed in Table 5.3. Imprinted genes included ASCL2, 

H19, IGF2, IGF2R, MEST, MIMT1, NAP1L5, NNAT, PEG3, PEG10, PHLDA2, 

PLAGL1, SNRPN, USP29 and XIST. Similarly, epigenetic regulators that were 

analysed included DNA methyltransferases, DNMT1, -3a and -3b; histone modifiers, 

EHMT2, ELP3, HAT1, KAT5, KDM1B and PRMT5; methylcytosine dioxygenases, 

TET1, 2 and 3; key imprinting regulators, TRIM28 and ZFP57; and SCMC genes, 

KHDC3L, NLRP2 and 5, OOEP, PADI6 and TLE6. As described previously, the 

SCMC is likely to have an indirect involvement in establishing or maintaining 

epigenetic marks due to the phenotypic imprinting abnormalities in SCMC-related 

diseases. By dissecting the effects of PADI6 gene KD on the transcriptome of the 

oocyte, it may expose candidate transcripts that are regulated, in part, by PADI6 and 

provide a link between the SCMC and epigenetic pathways in the oocyte. 
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5.1.1 Aims and objectives 
 

The aims of this study were to observe the effects of KD of the bovine PADI6 gene 

by RNAi in cumulus-enclosed GV oocytes on the transcriptome of denuded MII 

oocytes. To this end, the oocytes with the highest PADI6 KD that were generated in 

Chapter 4 were analysed by 2 methods:  

 

Firstly, a real-time PCR approach was used, comparing PADI6 KD oocytes to control-

injected MII oocytes. The real-time PCR arrays featured 23 key oocyte quality genes 

and 46 imprinted genes and epigenetic regulators that were used initially to screen a 

relatively large number of candidate genes for the effects of gene KD relative to 

controls. Candidate genes that were highlighted as of interest by virtue of expression 

change occurring in the initial screen were then subject to more in-depth real-time 

PCR analysis with higher ‘n’ values to ascertain significant changes in transcripts after 

PADI6 KD.   

 

Secondly, RNA-seq was carried out to look at the widespread impact of PADI6 gene 

KD across the entire oocyte transcriptome in MII oocytes, compared to control-

injected MII oocytes. Microinjection followed by Smart-seq2 cDNA synthesis was 

performed as described previously, before sending the amplified cDNA for RNA-seq. 

Bioinformatic analysis was used to characterise differentially expressed genes 

(DEGs) between injection groups by performing gene ontology analysis and 

functional annotation of the candidate genes.  
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5.2 Materials and methods 
 

Work conducted in this chapter analysed the same Smart-seq2 cDNA libraries that 

were generated in Chapter 4, Section 4.3.3. PADI6 KD oocytes were analysed 

extensively by real-time PCR and RNA-seq alongside the DB and SCR-injected 

control oocytes that were generated in the same experiments as shown in Figure 4.9. 

In summary cumulus-enclosed GV oocytes were subject to microinjection with duplex 

buffer (DB), scrambled dsiRNA (SCR) or were injected with a mix of dsiRNAs against 

PADI6 (KD) as defined in Section 4.2 – referred to as PADI6KD oocytes in this thesis 

from this point onwards. For each injection species, oocytes were cultured in groups 

of 10-20 in 35 mm NUNCTM IVF Petri dishes containing 10 µl drops of fresh IVM 

media/COC under mineral oil at 39oC, 5% CO2 for 24 hours. After 24 hours in IVM 

media, oocytes were processed as detailed in Section 2.4 and analysed by real-time 

PCR for KD of PADI6 transcripts. The oocytes with the highest KD of PADI6 gene 

expression relative to control-injected oocytes (shown in Figure 4.9) were analysed 

in this chapter to observe the effects of PADI6 gene KD by RNAi in cumulus-enclosed 

GV oocytes on the transcriptome of denuded MII oocytes. 

 

5.2.1 Molecular analysis of bovine PADI6KD oocytes 
 

A number of different real-time PCR experiments were conducted to investigate the 

effects of PADI6 gene KD on gene expression compared to control-injected oocytes. 

2 real-time PCR arrays were designed by Huntriss, J. and Picton, H.M. (unpublished) 

to screen for changes in the expression of 1) oocyte quality markers (Section 5.2.1.1), 

and 2) imprinted genes and epigenetic regulators (Section 5.2.1.2). The initial screens 

that were performed were intended as a first step to identify potential targets from the 

broad selection of candidate genes that were featured on the arrays. It was not 

practical to perform triplicate measurements for each sample using such a large 

number of genes. To overcome these limitations and produce quality data, once 

potential candidate targets were identified in the initial screens, further real-time PCR 

experiments were conducted using these targets in triplicate measurements on all of 

the control and KD samples from Figure 4.9 (Section 5.2.1.3). The real-time 

experimental designs are detailed in the following sections: 
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5.2.1.1 Oocyte quality marker real-time PCR array 
 

To assess the effects of PADI6 KD on the oocyte, a bovine real-time PCR array 

(RealTimePrimers.com, USA) containing 23 key genes for oocyte function, termed 

here as oocyte quality markers, as well as housekeeping genes was used (Table 5.2). 

Primer sequences are listed in Appendix III - Table III.III. The PCR assays for oocyte 

genes MSX1, SEBOX and SOHLH1 were also included in the array but were not 

successful in amplifying a gene product. The master mix composition is detailed in 

Table 5.1. Primer pairs were diluted to a working concentration of 0.4 µM and 5 µl of 

0.4 µM primers was added to each well (2 µM) to give a final volume of 15 µl per well. 

Real-time PCR was performed according to the thermocycler program in Table 2.16. 

Due to the high number of genes that were screened in the initial screening phase, 

only 1 real-time PCR measurement was performed per sample.  

 

Table 5.1 Bovine real-time array master mix (1x) 

Component Volume (µl) 
SYBR green PCR master mix  
Applied Biosystems 4309155 

7.5 

Nuclease-free water 1.5 
Smart-seq2 prepared cDNA 
(Section 2.4) 

1 

Total volume 10 
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Table 5.2 The Oocyte Quality Array. List of genes included in the bovine real-

time PCR array for oocyte quality markers. Primer sequences can be found in 

Appendix III -Table III.III. Housekeeping genes are highlighted in yellow. 

 

 
5.2.1.2 Imprinted genes and epigenetic regulators real-time PCR array 
 

The second bovine real-time PCR array designed by Huntriss, J. and Picton, H.M. 

(unpublished) contained 46 imprinted genes and epigenetic regulators to look at the 

effects of PADI6 KD on imprinting mechanisms (Table 5.3). Primer sequences are 

listed in Appendix III - Table III.IV DNMT3L, MEG3, MEG9, MSK2, SETD7 and 

TSSC4 were also included in the array but were not successful in amplifying a gene 

product. Due to the large number of genes screened in this array, samples were 

limited to 6-7 individual oocytes from either KD or the control DB injection groups. 

SCR-injected oocytes were not included in this initial analysis. Duplicate repeats of 

real-time PCR were performed for each oocyte. Real-time PCR was performed as 

described for the oocyte quality marker array.  

  

Gene 
AURKA Aurora kinase A 
BDNF Brain-derived neurotrophic factor 
BMP15 Bone morphogenetic protein 15 
BMP2 Bone morphogenetic protein 2 
FIGLA Factor in the germline alpha 
GAPDH Glyceraldehyde 3-phosphate dehydrogenase 
GDF9 Growth differentiation factor 9 
GTSF1 Gametocyte specific factor 1 
H1FOO H1 histone family, member o, oocyte-specific 
H2A Histone H2A 
HSF1 Heat shock factor 1 
IZUMO1R IZUMO1 receptor 
LHX8 LIM homeobox 8 
NOBOX Newborn ovary homeobox 
OCT4 POU class 5 homeobox 1 
PRDX1 Peroxiredoxin 1 
PRDX2 Peroxiredoxin 2 
SOHLH2 Spermatogenesis and oogenesis specific basic helix-loop-helix 2 
YWHAZ Tyrosine 3-monooxygenase/tryptophan 5-monoxygenase activation protein, 

zeta 
ZAR1 Zygote arrest 1 
ZP1 Zona pellucida glycoprotein 1 
ZP2 Zona pellucida glycoprotein 2 
ZP3 Zona pellucida glycoprotein 3 
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Table 5.3 List of genes included in the bovine real-time PCR array for imprinted 

genes and epigenetic regulators. Primer sequences can be found in Appendix III 

- Table III.III. Housekeeping genes are highlighted in yellow.  

 

  

Gene 
ASCL2 Achaete-scute family bHLH transcription factor  
B2M Beta-2-microglobulin  
DNMT1 DNA methyltransferase 1 
DNMT3A DNA methyltransferase 3A 
DNMT3B DNA methyltransferase 3B 
EHMT2 Euchromatic histone-lysine N-methyltransferase 2 
ELP3 Elongator acetyltransferase complex subunit 3 
GAPDH Glyceraldehyde 3-phosphate dehydrogenase 
H19 H19 (imprinted; maternally expressed transcript) 
H2A Histone H2A 
HAT1 Histone acetyltransferase 1 
HPRT1 Hypoxanthine guanine phosphoribosyl transferase 1 
IGF2 Insulin-like growth factor 2 
IGF2R Insulin-like growth factor 2 
KAT5 Lysine acetyltransferase 5 
KDM1B Lysine demethylase 1B 
KHDC3L KH domain containing 3-like  
MEST Mesoderm specific transcript 
MIMT1 MER1 repeat containing imprinted transcript 1 
NAP1L5 Nucleosome assembly protein 1-like 5 
NLRP2 NLR family, pyrin domain containing 2 
NLRP5 NLR family, pyrin domain containing 5 
NNAT Neuronatin 
OOEP Oocyte expressed protein 
PADI6 Peptidylarginine deiminase 6 
PEG10 Paternally expressed gene 10 
PEG3 Paternally expressed gene 3 
PGK1 Phosphoglycerate kinase 1 
PHLDA2 Pleckstrin homology domain, family A, member 2 
PLAGL1 Pleiomorphic adenoma gene-like 1 
PRMT5 Protein arginine methyltransferase 5 
SNRPN Small nuclear ribonucleoprotein polypeptide N 
TET1 Tet methylcytosine dioxygenase 1 
TET2 Tet methylcytosine dioxygenase 2 
TET3 Tet methylcytosine dioxygenase 3 
TLE6 Transducer like enhancer of split 6 
TRIM28 Tripartite motif containing 28 
USP29 Ubiquitin specific peptidase 29 
XIST X (inactive)-specific transcript 
YWHAZ Tyrosine 3-monooxygenase/tryptophan 5-monoxygenase activation protein, 

zeta 
ZFP57 Zinc finger protein 57 
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5.2.1.3 In-depth real-time PCR experiments 
 

After initial screening using either the i) oocyte quality marker array or ii) the imprinted 

gene and epigenetic regulator array, a second set of in-depth real-time PCR 

experiments were conducted to allow properly controlled assessment of the 

candidate gene transcripts that were identified in the initial screening. For example, 

the number of samples analysed using the array in the initial screen was limited to 6-

7 individual oocytes due to the large number of genes that were screened, SCR-

injected oocytes were not included in the screen and triplicate measurements for each 

sample were not performed. To resolve these limitations, follow-up real-time PCR 

was conducted as detailed in Section 2.7 compared to 3 housekeeping genes, 

GAPDH, H2A and YWHAZ. SCR-injected oocytes were now included in the in-depth 

analysis so all of the samples from Figure 4.9 (DB: n = 11; SCR: n = 10; KD: n = 20) 

were analysed by real-time PCR. The samples were analysed in triplicate. The genes 

that were selected for these in-depth real-time PCR experiments were: DNMT1, 

DNMT3A, DNMT3B, DPPA3, FIGLA, GNAS, HAT1, KDM1, KHDC3L, MEST, 

MTHFR, NLRP2, NLRP5, NLRP7, OOEP, PHLDA2, PLAGL1, PRMT5, SETDB1, 

STAT3, TET1, TET2, TET3, TLE6, TRIM28 and ZFP57.  Primer sequences are listed 

in Appendix III - Table III.II.  

 

5.2.2 Statistical analysis for PCR evaluations 
 

The data were tested for normality before analysis using the D’Agostino-Pearson test. 

Real-time data for each gene was compared to the geometric mean of housekeeping 

genes, GAPDH, H2A and YWHAZ for the oocyte quality marker array and in-depth 

real-time PCR analysis, and GAPDH, H2A, HPRT1, PGK1 and YWHAZ for the 

imprinted gene and epigenetic regulator array, as detailed in Section 2.7. Data 

containing ‘0’ was transformed by √(x + 0.5). Statistical analyses were performed on 

transformed data. One-way ANOVA or unpaired t-test was used for normally 

distributed data. p values of <0.05 were considered to be statistically significant. 

Untransformed data were plotted. Values presented for real-time data are arithmetic 

means ±SEM for the number of observations shown. 
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5.2.3 RNA-seq in PADI6KD oocytes 
 

Of the 20 oocytes with high PADI6 KD from Chapter 4, 6 oocytes were chosen for 

RNA-seq alongside 6 DB and 6 SCR control-injected oocytes. Due to the high cost of 

RNA-seq, only 6 oocytes with the highest PADI6 KD were able to be assessed along 

with the controls. RNA from single oocytes must be converted to cDNA and 

subsequently amplified to provide enough material for sequencing as detailed in 

Section 2.4 (Picelli et al., 2014). RNA-seq was conducted by the Leeds Institute of 

Molecular Medicine Next Generation Sequencing Facility at the University of Leeds. 

In summary, the RNA-seq methodology was as follows: 15 µl of cDNA was quantified 

using Quant-iTTM PicoGreenTM dsDNA Assay Kit (ThermoFisher P11496). 

Sequencing libraries were made from 1 ng of the cDNA by using Nextera XT DNA 

library Preparation Kit from Illumina (Illumina FC-131-1096). Library performance was 

checked on Agilent 4200 TapeStation System followed by PicoGreen quantification. 

Samples were pooled in equimolar ratios to ensure that each library was evenly 

represented. The final pool was sequenced on a lane on Hiseq® 3000 Sequencing 

System (SY-401-3001). FastQ conversion was done by bcl2fastq Conversion 

Software v2.20 by Illumina. 

 

5.2.3.1 RNA-seq data processing 
 

RNA-seq data were processed by Dr David Iles from Omics Ltd, according to the 

validated in-house bioinformatic pipeline using R. Raw RNA-seq reads were first 

subject to quality control using FASTQC. The paired-end input files were compared 

to ensure proper pairing of reads. The reads were filtered by minimum length of 20 

bases, trimmed of sequencing adaptors using Cutadapt (Marcel, 2011) and 

TrimGalore! The data were mapped to the bosTau8 reference genome using 

hierarchical indexing for spliced alignment of transcripts 2 (HISAT2), allowing only 

concordant alignments according to the paired-end constraints (Kim et al., 2015a). 

The sequence alignment map (SAM) file was converted into a binary alignment map 

(BAM) file and sorted by genomic position using samtools (Li et al., 2009). Picard 

MarkDuplicates was applied to identify duplicate reads in the dataset. Duplication 

ranged from 15-40% and all duplicates were excluded from the dataset. 

featureCounts was used to determine the total read counts for each exon, which was 

then summarised by gene ID using bovine reference genome bosTau8 annotated 

with human transcript entries (Liao et al., 2014). To facilitate comparison between 
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control and PADI6 KD groups, gene expression in the SCR control group was 

subtracted from both the DB and PADI6 KD groups. This was done to remove any 

off-target effects caused by injection of an oligonucleotide sequence into the oocyte. 

Subsequently, topTags in edgeR was used to identify differentially expressed tags 

between DB control and PADI6 KD groups (Robinson et al., 2010).  

 

The BAM file was converted to a bedGraph format to determine the genome wide 

coverage of features and scaled by a constant factor for normalising coverage using 

bedtools (Quinlan, 2014). bedGraphtoBigWig was used to enable visualisation of the 

data as tracks in the UCSC Genome Browser server (https://genome.ucsc.edu/). 

Multidimensional scaling (MDS) plots were generated using R. MDS plots arrange the 

samples according to the pairwise ‘distances’ that are determined bioinformatically in 

a 2-dimensional space where each dimension represents similarity/dissimilarity 

between samples. Therefore, MDS plots enable visualisation of the level of similarity 

of individual samples of a dataset i.e. samples with high similarity are seen to cluster 

(Loraine et al., 2015). Figure 5.1 shows an overview of the workflow that was 

conducted for processing the RNA-seq data. Finally, Ingenuity Pathway Analysis 

(IPA) was used to analyse and interpret RNA-seq data. IPA provided insight into 

causal networks, interactions and cellular phenotypes within the dataset and enabled 

a deeper understanding of the impact of KD of PADI6 on the MII oocyte. 
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Figure 5.1. Overview of the workflow that was conducted for RNA-seq data 

analysis. 

 

Mapping against bovine reference 

genome (HISAT2) 

Raw RNA sequencing data (Illumina) 

Quality control (FASTQC) 

Trimming of paired-end reads 

(Cutadapt/Trim Galore) 

Sorting data in BAM format by 

genomic position (samtools) 

Marking and removing duplicate 

reads from the data (Picard) 

Counting the total reads for each exon and 

summarising by gene (featureCounts) 

Identifying differentially expressed genes between DB 

and KD injection groups (topTags) 
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5.3 Results 
 

5.3.1 Molecular analysis of oocyte quality marker genes in bovine 

PADI6KD oocytes using real-time PCR arrays 
 

Firstly, the real-time PCR array for oocyte quality markers was used to investigate 

changes to the transcription of key oocyte genes after PADI6 KD. This was necessary 

to determine whether KD of PADI6 causes widespread disruption to the oocyte, 

displayed by perturbations of multiple quality markers. To this end, DB, SCR and KD 

samples from Figure 4.9 were analysed. The results are shown in Figure 5.2. It was 

observed that 2 out of 20 oocyte quality marker genes were significantly different 

between the 3 injection groups: PRDX1 and ZP1 (p<0.05).  The remaining 18 genes 

were not significantly different between PADI6KD and DB and SCR control MII 

oocytes. However, FIGLA and IZUMO1R were increased in PADI6KD oocytes 

(p=0.086 and 0.067, respectively) compared to DB-injected oocytes. Moreover, 

H1Foo and BMP15 were highly abundant transcripts and showed trends towards 

increased expression in PADI6KD oocytes compared to DB-injected oocytes but the 

results were not significant (p=0.23 and 0.14, respectively). Enlarged graphs for 

PRDX1 and ZP1 from Figure 5.2 are shown in Figure 5.3a and b. Relative transcript 

abundance of PRDX1 was significantly reduced by 42% in PADI6KD MII oocytes 

compared to SCR injected oocytes (p<0.05) but not compared to DB injected oocytes 

(p>0.05) (Figure 5.3a). Moreover, gene expression of ZP1 was reduced by 41% in 

PADI6KD MII oocytes compared to control oocytes (p<0.05) (Figure 5.3b). No 

significant differences in ZP1 expression were observed between duplex buffer and 

SCR dsiRNA injected oocytes (p>0.05).  
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Figure 5.2. Real-time PCR quantification of the effect of PADI6 KD on the expression of oocyte quality markers in high PADI6 KD oocytes (KD 

(red): n = 20), shown together with duplex buffer (DB (blue): n = 11) and scrambled dsiRNA (SCR (green): n = 10) control-injected oocytes. The 

data were standardised against GAPDH, H2A and YWHAZ housekeeping mRNA levels. Individual bars show the mean ±SEM. Due to the number 
of genes screened triplicate repeats were not performed. PADI6 KD oocytes exhibited a statistically significant difference for PRDX1 and ZP1 

mRNA levels (* = p<0.05) compared to control-injected oocytes. No other significant differences were observed (p>0.05).   

* 
* 
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Figure 5.3.  Enlarged figures of the initial screen in Figure 5.2 displaying real-

time PCR quantification of the effect of PADI6 KD on the expression of a) PRDX1 

and b) ZP1 in high PADI6 KD oocytes (KD: n = 20), shown together with duplex 

buffer (DB: n = 11) and scrambled dsiRNA (SCR: n = 10) control-injected oocytes. 
The data were standardised against GAPDH, H2A and YWHAZ housekeeping 

mRNA levels. Individual bars show the mean ±SEM. Different letters on the graph 

were used to denote significant differences between means (p<0.05). Please note 

the different scales on the graphs. 

 

b 

ab 
a a) 
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5.3.2 Molecular analysis of imprinted genes and epigenetic regulator 
genes in bovine PADI6KD oocytes using real-time PCR arrays 

 

Following this, the real-time PCR array for imprinted genes and epigenetic regulators 

was used to screen for candidate genes after PADI6 gene KD (Figure 5.4).  Due to 

the large number of genes that were screened, the number of oocytes analysed for 

each injection group was low, duplicate repeats were performed rather than triplicate 

repeats, and SCR-injected samples were not included initially.  SCR-injected samples 

were included in the in-depth real-time PCR analyses in Section 5.3.3. Unpaired t-

test was used to determine if the means of the 2 groups were statistically different 

(p<0.05). The results showed that of 35 genes tested, 3 genes were significantly 

differentially expressed between duplex buffer control and PADI6KD MII oocytes: 

DNMT3B, OOEP and PRMT5. Enlarged graphs for these genes from Figure 5.4 can 

be found in Figure 5.5a-c. All 3 genes increased in transcript abundance after PADI6 

KD. DNMT3B and PRMT5 increased by 1.7-fold and PRMT5 by 1.5-fold in PADI6KD 

MII oocytes compared to DB control oocytes. Other genes did not show significant 

differences between KD and control oocytes using this array, including PADI6 

(p=0.27). However, DNMT1, KHDC3L and NLRP2 showed trends towards increased 

expression in PADI6KD oocytes compared to DB-injected oocytes (p=0.078, 0.051 and 

0.069, respectively) (Figure 5.4). Moreover, Figure 5.4 showed that TRIM28 was a 

highly prominent transcript in the MII oocyte.  
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Figure 5.4.  Real-time PCR quantification of the effect of PADI6 KD on the expression of imprinted genes and epigenetic regulators in high PADI6 

KD oocytes (n = 7), shown together with DB (n = 6) control-injected oocytes. The data were standardised against GAPDH, H2A, HPRT1, PGK1 
and YWHAZ housekeeping mRNA levels. Individual bars show the mean ±SEM. Duplicate repeats were performed. PADI6 KD oocytes exhibited 

a statistically significant difference for DNMT3A, OOEP and PRMT5 mRNA levels (* = p<0.05) compared to control-injected oocytes. No other 

significant differences were observed (p>0.05).          
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Figure 5.5. Real-time PCR quantification of the effect of PADI6 gene KD on the 

expression of a) DNMT3B, b) OOEP and c) PRMT5 in high PADI6 KD oocytes (n 
= 7), shown together with DB-injected oocytes (n = 6). The data were standardised 

against GAPDH, H2A, HPRT1, PGK1 and YWHAZ housekeeping mRNA levels. 

Individual bars show the mean ±SEM and duplicate repeats were performed. 

Statistical significance (*) is indicated where p<0.05. Please note the different 

scale on the graph for OOEP. 

a) 
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5.3.3 Identification of differentially expressed genes in PADI6KD MII 
oocytes by real-time PCR 

 

Continuing with this analysis, more in-depth real-time PCR experiments were 

conducted to quantify resultant changes in gene expression after PADI6 KD. Instead 

of using the real-time arrays that were described in Section 5.2.1, genes were 

selected for thorough real-time PCR testing of all samples from Figure 4.9: DB and 

SCR-injected control MII oocytes (DB: n = 11; SCR: n = 10) and PADI6KD MII oocytes 

(n = 20). SCR-injected control oocytes were now included in the analysis. Real-time 

PCR experiments were performed in triplicate for the following genes: DNMT1, 

DNMT3A, DNMT3B, DPPA3, FIGLA, GNAS, HAT1, KDM1, KHDC3L, MEST, 

MTHFR, NLRP2, NLRP5, NLRP7, OOEP, PHLDA2, PLAGL1, PRMT5, SETDB1, 

STAT3, TET1, TET2, TET3, TLE6, TRIM28 and ZFP57.  Interestingly, unlike initial 

screening using the imprinted gene and epigenetic regulator real-time PCR array, in 

the more in-depth analysis DNMT3B, OOEP and PRMT5 were not significantly 

different in PADI6KD MII oocytes compared to control MII oocytes when more samples 

were analysed (Figure 5.6a-c). Similarly, most of the genes tested did not change 

between control and PADI6KD MII oocytes due to increased variability in the data 

(shown in Appendix IV.A). 
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Figure 5.6. Real-time PCR quantification of the effect of PADI6 gene KD on the 
expression of a) DNMT3B, b) OOEP and c) PRMT5 in high PADI6 KD oocytes (n 

= 20), shown together with DB (n = 11) and SCR-injected (n = 10) oocytes 

(p>0.05). The data were standardised against GAPDH, H2A and YWHAZ 

housekeeping mRNA levels. Individual bars show the mean ±SEM. Please note 

the different scale on the graph for OOEP. 
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However, after analysing a greater numbers of samples by in-depth analysis, 4 other 

candidate genes from the imprinted genes and epigenetic regulators array, DNMT3A, 

TRIM28, ZFP57 and PLAGL1, and 1 new gene, DPPA3, were found to be 

differentially expressed between control and PADI6KD MII oocytes (Figure 5.7). 

DNMT3A transcript abundance increased by more than 2-fold in PADI6KD MII oocytes 

compared to control oocytes (p<0.05) (Figure 5.7a). Similarly, expression of DPPA3 

in PADI6KD MII oocytes increased by almost 2-fold (p<0.05) compared to control 

injected oocytes (Figure 5.7b). No significant difference in DNMT3A or DPPA3 

expression was detected between duplex buffer and scrambled dsiRNA controls 

(p>0.05). On the other hand, TRIM28 and ZFP57 transcript abundance decreased 

after PADI6 gene KD. TRIM28 expression was reduced by around 41% in PADI6KD 

MII oocytes compared to control oocytes (Figure 5.7d). Again, there was no difference 

in TRIM28 gene expression between DB and SCR control oocytes (p<0.05). ZFP57 

transcript abundance significantly decreased by around 63% in PADI6KD compared 

to DB MII oocytes, but not compared to SCR dsiRNA MII oocytes (Figure 5.7e). No 

significant differences in ZFP57 gene expression were observed between PADI6KD 

and SCR MII oocytes (p>0.05). Generally bovine ZFP57 gene expression is relatively 

low in the oocyte, resulting here in lower ‘n’ values due to limited amplicon detection 

by real-time PCR. Furthermore, imprinted gene PLAGL1 significantly decreased by 

43% in PADI6KD oocytes compared to DB controls (Figure 5.7c). There were no 

significant differences in PLAGL1 expression between PADI6KD and SCR injected 

oocytes due to the large SEM in SCR samples. 
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Figure 5.7. Real-time PCR quantification of the effect of PADI6 gene KD on the expression of a) DNMT3A, b) DPPA3, c) PLAGL1, d) TRIM28 and 

e) ZFP57 in PADI6KD bovine oocytes (n = 20) compared to DB (n = 11) and SCR-injected (n = 10) oocytes. Data were standardised against GAPDH, 

H2A and YWHAZ. Individual bars show the mean ±SEM. Statistical significance is indicated with * compared to controls or by different letters where 

p<0.05. Please note the different scales on the graphs for DPPA3 and ZFP57. 

a) b) c) 
* 
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5.3.4 RNA-seq analysis in PADI6KD oocytes 
 

RNA-seq of Smart-seq2 cDNA libraries (Picelli et al., 2014) successfully generated 

an average of 81,500 reads per library, of which 70-85% of reads assigned to the 

bovine reference genome. An MDS plot was generated to look at the similarity of gene 

expression between the samples. Figure 5.8a shows the MDS plot for all of the 

samples that were analysed: DB 1-6, SCR 1-6 and PADI6 KD 1-6. Samples were 

removed that fell into the top (90th) and bottom (10th) centile using quantile in R. A 

quantile describes how much of the data lies below a certain value, in this case the 

90th or 10th centile. These samples were considered to be outliers as they fell into the 

two extremes of the dataset. Outliers increase the variability in the data, which 

decreases statistical power. This led to the exclusion of 4 samples: DB 4 and 5, SCR 

3 and KD 2 (Figure 5.8b). Figure 5.8b illustrates that there is no distinct clustering of 

samples in each group; therefore, there is similarity in the transcriptome between 

groups.  

 

The RNA-seq results confirmed that KD of PADI6 was achieved in 5 out of 6 samples. 

Table 5.4 shows the raw counts of PADI6 transcripts in individual DB, SCR and KD 

samples. As described previously, DB 4 and 5, SCR 3 and KD 2 samples were 

excluded from the analysis as expression of PADI6 fell into the top (90th) or bottom 

(10th) centile deeming them outlying samples for the purpose of our comparison. The 

average raw counts of PADI6 transcripts in DB, SCR and KD groups were 187.5, 

195.2 and 60.2, respectively. PADI6 expression was reduced by 68% in the KD group 

compared to DB group but this was not statistically significant with p=0.07. However, 

PADI6 expression was significantly reduced by 69% in the KD group compared to 

SCR group (p<0.05). To facilitate comparison between control and PADI6 KD groups, 

gene expression in the SCR control group was subtracted from both the DB and 

PADI6 KD groups in the bioinformatic analyses. This was done to remove any off-

target effects caused by injection of an oligonucleotide sequence into the oocyte. 

Subsequently, topTags in edgeR was used to identify differentially expressed tags 

between DB control and PADI6 KD groups. The results from this analysis 

demonstrated that PADI6 expression was significantly reduced in KD oocytes 

compared to DB oocytes (p<0.01), confirming successful KD of PADI6 transcripts. 
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Figure 5.8. MDS plot showing the distribution of a) all samples: DB 1-6 (pink), 

SCR 1-6 (red) and KD 1-6 (blue) and b) samples after exclusion of 4 outlying 

samples: DB 4 and 5, SCR 3 and KD 2. 

a) 

b) 
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Table 5.4 Raw counts of PADI6 reads in bovine MII oocytes from DB (1-6), SCR 

(1-6) and PADI6 KD (1-6) injection groups. The values in red were excluded as 

outliers as they fell into the 10th or 90th centile.  

Library no. 
Injection species 

DB SCR PADI6 KD 
1 196 99 109 
2 153 167 188 
3 255 66 52 
4 35 113 82 
5 30 379 37 
6 146 218 21 

Average counts 187.5 195.2 60.2 
PADI6 expression as a proportion 
of DB PADI6 transcripts 100% 104% 32% 

 
 

Figure 5.9 shows the RNA tracks from RNA-seq data inputted into UCSC genome 

browser to show exon reads corresponding to the reference PADI6 genomic 

landscape. Each row represents a library derived from an individual oocyte and reads 

were scaled according to library size to allow direct comparisons between libraries. 

The RNA-seq results show that there are reads corresponding to the estimated 16 

exons of bovine PADI6. Throughout the transcript, exons are represented in varying 

amounts. For example, exons at the 5’ are less well represented compared to the 

exons in the middle of the transcript, a common observation in oligo-dT primed 

libraries. It also appears that expression of exons at the 3’ end is more variable with 

oocytes showing either high or low 3’ exon reads across all groups. Interestingly, 

there is a read at exon 2 in 17 out of 18 samples that is annotated in Canis but not in 

Homo sapiens. This could be a novel exon in the bovine PADI6 gene or provide an 

indication of an alternative transcription start site. KD of PADI6 was achieved by 

targeting exon 9 of the PADI6 gene using dsiRNA. Interestingly, exon 9 is not visible 

on the tracks of KD sample 6, which achieved the lowest KD of PADI6 transcripts. 

Nevertheless, for most samples, KD of PADI6 did not alter the landscape of available 

PADI6 transcripts but led to a decrease in the number of transcripts indicative of 

transcript degradation.  
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Figure 5.9. Representative mRNA tracks from RNA-seq data inputted into UCSC 
genome browser (https://genome.ucsc.edu/) to show exon reads corresponding 

to the reference PADI6 genomic landscape. Each row represents a single-oocyte 

library, from top to bottom: controls (grey) DB 1-6 and SCR 1-6, and PADI6 KD 1-

6 (pink). Reads were scaled according to library size to allow direct comparisons 

between libraries. The numbers above each library label describe the scaled 

number of reads of PADI6 per library. 
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5.3.4.1 Differential expression of genes following KD of PADI6 in 
bovine oocytes 

 

RNA-seq demonstrated that PADI6 expression was reduced in KD oocytes compared 

to DB oocytes (p<0.01), confirming successful KD of PADI6 transcripts. Following 

this, a total of 452 genes were found to be differentially expressed (p<0.05) in 

PADI6KD oocytes: 165 genes were downregulated and 287 genes were upregulated. 

A comprehensive list of the 452 DEGs can be found at 

https://www.dropbox.com/s/qg4b2b4uxskisn8/PADI6_KD_diffgenes.xlsx?dl=0. Due 

to the large number of genes that were identified, a heatmap was created in R to 

show most DEGs between individual control and PADI6 KD oocytes (p<0.001) 

(Figure 5.10). This led to the inclusion of 22 genes into the heatmap: ras-related 

protein Rab-12 (RAB12), inhibitor of growth family member 2 (ING2), Jun proto-

oncogene (JUN), ras-related protein Rab-32 (RAB32), activated leukocyte cell 

adhesion molecule (ALCAM), UNC homeobox (UNCX), neudesin neurotrophic factor 

(NENF), ral guanine nucleotide dissociation stimulator like-1 (RGL1), homeobox D1 

(HOXD1), thyrotrophin releasing hormone (TRH) and VP233B-DT were upregulated 

following PADI6 KD. On the other hand, fatty acid synthase (FASN), zinc finger 

protein 705B (ZNF705B), keratin 5 (KRT5), intercellular adhesion molecule 4 

(ICAM4), PEAK1 related, kinase-activating pseudokinase 1 (PRAGL1), zinc finger 

protein 382 (ZNF382), fos-related AP-1 transcription factor (FOSL1), centromere 

protein M (CENPM), keratin 8 (KRT8), newborn ovary homeobox (NOBOX) were 

downregulated following PADI6 KD. NLRP2 and NLRP7 transcripts were also 

significantly decreased following PADI6 KD (p=0.01 and 0.006, respectively). 

Hierarchical clustering at the top of the heatmap groups samples was based on their 

similarity. Here, this demonstrates that there are 2 distinct groups, DB and KD, which 

show differing gene expression. Within the DB group there appears to be less 

variation between samples than KD group as the branches appear more compact and 

widespread, respectively. Hierarchical clustering at the left-hand side of the heatmap 

demonstrates similarities between gene expression levels e.g. genes with high or low 

expression genes are grouped together. It is worth noting that of the genes that were 

differentially expressed between control and PADI6 KD samples, the false discovery 

rate (FDR) was not significant (>0.05). FDR determines the confidence with which the 

p-value is true e.g. an FDR of <0.05 predicts that <5% of tests will result in a false 

positive therefore the differential gene expression is likely to be true. 
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Figure 5.10. Heatmap showing the most statistically significant differential gene 

expression between DB and KD samples (p<0.001). Gene expression is shown 

as log2 counts per million counts (cpm) where blue represents low expression and 
pink represents high expression according to the scale. Hierarchical clustering at 

the top and left-hand side of the heatmap demonstrates similarities between 

samples and genes, respectively.  
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Next, all DEGs were subject to Ingenuity Pathway Analysis (IPA) to evaluate the 

interactions, causal networks and cellular phenotypes that were altered in PADI6KD 

oocytes. DEGs were involved in many different networks however Figure 5.11a 

shows the pathways where multiple DEGs were affected. DEGs are displayed as a 

percentage of the total number of genes in the pathway (shown in bold on the right of 

the figure) which ranges from 6-14%. Of the canonical pathways that were 

highlighted, mitochondrial dysfunction, kinase signalling and protein ubiquitination 

were interesting in the context of PADI6. Further, all pathways are significant for 

oocyte maturation. The roles of DEGs were investigated in the context of disease and 

function using IPA (Figure 5.11b). DEGs were involved in developmental 

abnormalities and metabolic disease as well as cellular functions of gene expression, 

amino acid metabolism and DNA processing. 

 

Finally, pathway analysis was conducted to look at interactions between PADI6 and 

DEGs (Figure 5.12). In general, KD of PADI6 appeared to indirectly impact the 

expression of downstream genes, for example lysine demethylase 1A (KDM1A) 

expression was unchanged in our dataset (white) but 14 genes downstream of 

KDM1A were upregulated (red) or downregulated (green) following PADI6 KD This 

was the same for all 13 gene networks except ubiquitin E3 ligase complex 

component, F-box, LRR protein 14 (FBXL14). Figure 5.12 shows that 61 DEGs were 

directly or indirectly linked to PADI6. The pathway highlights the variety of genes that 

were dysregulated following KD of PADI6 and the figure key shows the diversity 

proteins that were produced from these gene transcripts. There were a number of 

ribosomal components and RNA binding proteins that were upregulated following KD 

of PADI6. Further analysis suggested that KD of PADI6 resulted in an increase in 

RNA damage pathway which involved mitochondria, ribosomes and transcription 

(Figure 5.13). Analysis of the role of PADI6 in disease and functions highlighted links 

to infertility (red dotted line) and organisation of the cytoskeleton (blue dotted line). 

Interestingly, genes from 7 downstream networks and 10 downstream networks were 

involved in infertility and organisation of the cytoskeleton, respectively. Only PADI6 

and inhibin beta A (INHBA) were associated with both infertility and cytoskeletal 

organisation. 
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Figure 5.11. a) Canonical pathways of DEGs in PADI6KD oocytes following IPA. 

The total number of genes in the pathway are shown in bold on the right and the 

bars represent the percentage of genes in the pathway that are upregulated (red) 

and downregulated (green) in PADI6KD oocytes. b) Disease mechanisms and 

functional pathways of DEGs following KD of PADI6 (p>0.05) using IPA.
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Figure 5.12. Pathway analysis of PADI6KD oocytes. The dotted lines represent links to infertility (red) and organisation of the cytoskeleton (blue). 

Downregulated and upregulated genes following KD of PADI6 are shown in green and red, respectively. Lines and arrows between nodes represent 

direct (solid) and indirect (dashed) interactions between molecules as supported by information in the Ingenuity knowledge base.  
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Figure 5.13. Dysregulation of RNA damage pathway following KD of PADI6. 

Downregulated and upregulated genes following KD of PADI6 are shown in green 

and red, respectively. Lines and arrows between nodes represent direct (solid) 
and indirect (dashed) interactions between molecules as supported by information 

in the Ingenuity knowledge base.  

 

 

5.3.4.2 Expression of PADI1-4 in bovine MII oocytes in the RNA-seq 
data 

 

Researchers suggest that PADI1-4 are expressed in the mouse oocyte and may 

account for PADI activity in the oocyte and embryo (Brahmajosyula and Miyake, 2013; 

Christophorou et al., 2014; Kan et al., 2012; Zhang et al., 2016), therefore it was 

important to investigate the presence of PADI1-4 transcripts in the bovine oocyte. 

Firstly, expression of PADI1-4 was briefly investigated by real-time PCR in Section 

4.3.3.2. Despite testing numerous primers, the Ct values were mostly undetermined 

and the results were inconclusive (Figure 4.14). However, the RNA-seq results 

showed that PADI1-4 were not expressed in any of the MII oocytes that were 
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analysed (Table 5.5). A maximum of 3 transcripts of PADI1-4 genes were identified 

in small number of oocytes compared to a maximum of 379 transcripts of PADI6. 

Furthermore, there were no differences in the expression of PADI1-4 between DB, 

SCR and KD groups.  

 

Table 5.5 Raw counts of PADI gene reads in bovine MII oocytes from DB (1-6), 

SCR (1-6) and PADI6 KD (1-6) injection groups. 

Gene DB SCR PADI6 KD 
1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6 

PADI1 0 1 0 0 0 0 0 0 1 0 0 3 0 1 0 0 0 0 
PADI2 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 1 0 0 
PADI3 0 1 1 0 0 0 0 0 1 0 2 1 1 2 0 2 0 1 
PADI4 0 1 0 0 0 0 0 0 1 0 1 1 0 1 0 2 0 0 
PADI6 196 153 255 35 30 146 99 167 66 113 379 218 109 188 52 82 37 21 
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5.4 Discussion 
 

Targeted analysis of the transcriptome of PADI6KD oocytes by real-time PCR revealed 

changes to the expression of 7 key oocyte genes compared to control-injected 

oocytes. Of these genes, PRDX1 and ZP1 are markers of oocyte quality while 

DNMT3A, DPPA3, PLAGL1, TRIM28 and ZFP57 are factors with known roles in 

general epigenetic regulation. The RNA-seq results confirmed successful KD of 

PADI6 gene expression and identified differential expression of a number of 

interesting genes following PADI6 KD; however, the FDR was too high to have 

confidence in these results. RNA-seq also revealed that there was no expression of 

PADI1-4 in the bovine MII oocyte, contrary to studies in mice.  

 

5.4.1 Impact of PADI6 gene KD on oocyte quality markers  
 

The oocyte quality marker real-time PCR array was useful to screen for potential 

changes in gene expression between control and PADI6KD oocytes. It allowed a large 

number of genes to be analysed in a fairly inexpensive way. Conversely, it was a 

lengthy process and triplicate measurements could not be performed due to the large 

number of genes and samples examined. Further, some of the gene assays on the 

array did not work and had to be excluded from the investigation. Nevertheless, 

through the use of the array, 2 genes were found to be differentially expressed in 

PADI6KD oocytes.     

 

Firstly, bovine PRDX1 was identified as significantly reduced in PADI6KD oocytes 

compared to SCR dsiRNA injected oocytes but not DB injected oocytes. Prdx1 plays 

a role in redox metabolism which means that it has become known as a biomarker of 

oxidative stress (Poynton and Hampton, 2014). Peddinti et al. (2010) suggest that 

cumulus cells induce the upregulation of PRDXs in the oocyte in response to oxidative 

stress to protect from apoptosis and DNA damage. It is inevitable that the 

microinjection procedure induces oxidative stress, but this effect should be the same 

across DB, SCR and KD oocyte groups. To investigate this further, PRDX1 transcript 

abundance could be analysed in non-injected MII oocytes to determine a baseline 

PRDX1 gene expression level in in vitro matured oocytes, prior to micromanipulation. 

Moreover, different SCR dsiRNA control injection species could be tested to see if 

this response is specific to the SCR dsiRNA tested in this study or an off-target effect. 
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Finally, increasing the number of samples should reduce the SEM, potentially creating 

significance between DB and PADI6KD oocytes.  

 

It is interesting to note that PRDX1 is recognised as a marker of oocyte maturation in 

the literature as PRDX1 becomes deadenylated from GV to MII transition (Thelie et 

al., 2007). It could be that PADI6 gene KD impacts the storage and polyadenylation 

of PRDX1 transcript, resulting in an observed decrease in transcript abundance 

(Reyes and Ross, 2016). PRDX1 transcript abundance is also thought to be affected 

by follicle size, with smaller follicles expressing higher amounts of PRDX1, and 

maternal age, with lower PRDX1 gene expression observed in oocytes from 

prepubertal calves compared to adult cows (Romar et al., 2011). The quality of 

prepubertal oocytes is reduced relative to adult cells. In support of this idea our 

laboratory has recently shown differential expression of PRDX1 between young vs. 

old sheep MII oocytes after IVM (Totipat, C., Lu, J., Huntriss, J. and Picton, H.M., 

unpublished). Furthermore, PRDX1 localises to spindles in maturing mouse oocytes 

and its inhibition appears to disturb spindle assembly (Jeon et al., 2017). The SCMC 

has also been linked to spindle dynamics with Tle6-null embryos displaying abnormal 

spindles and asymmetric cell divisions (Yu et al., 2014b). Knockout of another 

proposed SCMC member, Zbed3, also impairs spindle positioning and F-actin 

organisation, leading to the production of asymmetric blastomeres in mouse embryos 

(Gao et al., 2018). Therefore, the data presented here may suggest that PADI6 links 

PRDX1 and the SCMC to spindle formation in the oocyte. This could be investigated 

using immunofluorescence and co-immunoprecipitation experiments to evaluate the 

relationships between PADI6, PRDX1, the SCMC and the meiotic spindle. 

 

The second candidate oocyte quality gene to be identified was bovine ZP1, which 

was significantly downregulated in PADI6KD oocytes compared to both DB and SCR 

injected oocytes (p<0.05). ZP1 contributes to the formation of the zona pellucida, 

which surrounds the oocyte, alongside ZP2, 3 and 4 (Lefievre et al., 2004). The zona 

pellucida is an essential component of the oocyte as it facilitates sperm recognition 

and entry during fertilisation, prevents polyspermy and protects the early embryo 

(Conner et al., 2005). Mutations in ZP1 have been identified in cases of human 

primary infertility (Huang et al., 2014; Zhou et al., 2019). Oocytes from patients with 

truncated ZP1 protein completely lack a zona pellucida, which leads to polyspermic 

fertilisation and failure of the embryo to develop. Ablation of Zp1 in mice causes 

abnormal zona pellucida formation and reduced fertility characterised by early 

embryonic loss (Rankin et al., 1999). At the time of microinjection of the GV oocyte 
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the zona pellucida is already formed. Microinjection involves penetrating the zona 

pellucida to administer dsiRNA species into the oocyte. The force of this procedure 

and disruption to the zona pellucida might lead of dysregulation of ZP genes, 

particularly ZP1 as it is thought to contribute to the integrity of the zona pellucida by 

crosslinking other ZP proteins (Rankin et al., 1999). It is important to consider how 

downregulation of ZP1 might affect development of the embryo. There are many roles 

for the zona pellucida in embryo development: it maintains a tight environment for the 

exchange of autocrine factors between blastomeres, protects the embryo from the 

maternal immune system as well as harmful pathogens, facilitates passage of the 

embryo down the oviduct and inhibits ectopic implantation (Familiari et al., 2008). If 

downregulation of ZP1 perturbs the maintenance of the zona pellucida in the embryo, 

it is likely to be detrimental to embryo viability and development. In addition to ZP1, 

increased expression of oocyte sperm receptor IZUMO1R was also observed in 

PADI6KD oocytes compared to DB injected oocytes (p=0.067) (Figure 5.2). IZUMO1R 

is transiently expressed in mature MII oocytes in preparation for sperm-oocyte fusion 

(Bianchi et al., 2014). Together with ZP proteins, IZUMO1R facilitates fertilisation of 

the oocyte (Inoue et al., 2011c). Altered ZP1 and IZUMO1R expression during oocyte 

maturation are likely to negatively impact developmental competence by impairing 

fertilisation of PADI6KD oocytes. 

 

There was also an increase in FIGLA transcript abundance following KD of PADI6 

(p=0.086) (Figure 5.2). It is interesting to note that expression of both ZP1 and PADI6 

are regulated by FIGLA which may act as a master transcription factor (Joshi et al., 

2007). KD of PADI6 may result in upregulation of FIGLA in a feedback mechanism to 

compensate for ablation of the transcript. The data could also suggest a role for 

PADI6 in regulating transcription, or more likely transcriptional storage, in the growing 

oocyte. KD of PADI6 could disrupt the storage of maternal mRNAs, exposing them to 

degradation in the cytoplasm. Furthermore, loss of PADI6 may lead to changes in 

polyadenylation and the observed decrease in transcript abundance of both PRDX1 

and ZP1 could be a false effect of deadenylation. Using random hexamer priming in 

cDNA synthesis would exclude the idea that changes in transcript abundance are a 

result of deadenylation. Nevertheless, the effects of PADI6 gene KD on the oocyte 

were not widespread but specific to only 2 of the 20 genes analysed. This suggests 

that the role of PADI6 is defined to particular genes or developmental time points, in 

this case the MII oocyte, rather than a global oocyte disruption. 
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As mentioned previously, the real-time PCR array allowed only for single real-time 

PCR measurements for each gene, instead of triplicate repeats to increase 

confidence in the data generated. It would be sensible to repeat this experiment with 

triplicate measures and higher sample numbers to be certain that the results are true. 

However, significance was obtained in 20 discrete PADI6KD oocytes compared to 21 

discrete control oocytes, strongly suggesting a causal relationship. RNA-seq 

experiments conducted during the course of this chapter were also helpful as a means 

to confirm and extend the observed real-time PCR results.  

 

5.4.2 Impact of KD of PADI6 on epigenetic regulators  
 

The focus on epigenetic factors in this experimental series stemmed from the 

epigenetic abnormalities observed in human pathologies originating from mutations 

in SCMC genes. Initially, the imprinted gene and epigenetic array was used to rapidly 

screen for genes of interest (Figure 5.4). Due to the large number of genes that were 

screened (35 genes), the number of samples that were analysed were limited to 6 or 

7 oocytes per group. DB and SCR control oocytes did not show any statistical 

differences in PADI6 gene expression (Figure 4.9) therefore SCR injected oocytes 

were excluded from the initial screen only. Each gene was therefore only analysed in 

duplicate to save time and reagents. The results showed that 3 of the 35 genes 

analysed were differentially expressed in PADI6KD oocytes compared to DB control 

injected oocytes: DNMT3B, OOEP and PRMT5 (p<0.05). Moreover, all 3 genes were 

upregulated by similar amounts after PADI6 KD. Interestingly, the samples analysed 

on this screen originated from the same oocyte KD and culture replicate. With this in 

mind, many of the genes tested qualitatively increased in PADI6KD oocytes compared 

to DB controls including DNMT1 and SCMC members, KHDC3L and NLRP2 

(p=0.078, 0.051 and 0.069, respectively). Upon further analysis using DB, SCR and 

PADI6KD oocytes from multiple culture weeks, DNMT3B, OOEP and PRMT5 were not 

differentially expressed between PADI6KD and control oocytes (p>0.05) (Figure 5.6), 

posing the question of whether atypical culture conditions in the week of interest could 

have caused a global alteration in transcript levels relative to other cultures. Analysis 

of this particular culture using the oocyte quality marker array showed that there were 

2 genes out of 20 genes that were significantly increased in PADI6KD oocytes 

compared to DB-injected controls (Appendix IV, Figure IV.IV). These genes, GTSF1 

and LHX8, were not significantly altered in the overall analysis (see Figure 5.2) but 

were significantly altered in the analysis of this culture week. Together, the results 
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show that in this particular culture week, 5 out of 55 genes that were analysed were 

significantly increased in PADI6KD oocytes compared to DB-injected control oocytes. 

Although this may be attributed to culture conditions, the results from the addition of 

samples from multiple culture weeks suggests that this is not a real effect of PADI6 

KD. 

 

When using the imprinted gene and epigenetic regulator array, PADI6 gene 

expression was not significantly decreased in PADI6KD compared to DB injected 

oocytes. However, a qualitative reduction in PADI6 was observed using this array, in 

which only 7 oocytes were analysed. Analysis of a greater number of oocytes could 

increase power. As discussed in Chapter 4, primer design for detection of gene KD 

by real-time PCR is very important. Investigation into the binding position of the array 

PADI6 primers revealed that they bind at the very 3’ of the transcript in the debated 

exon 16. The bovine PADI6 transcript has not yet been experimentally characterised 

thereby different genomic databases predict different PADI6 coding regions. Ensembl 

(ENSBTAT00000002772) predicts there to be 15 exons whereas NCBI 

(XM_002685797.5) predicts there to be 16 exons. The observed amplicon for exon 

16 of PADI6 in this array alongside the RNA-seq data confirms the presence of the 

16th exon.  
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5.4.3 Impact of PADI6 KD on the expression of imprinting regulators  
 

Following the initial screen, in-depth real-time PCR analysis was performed using DB, 

SCR and PADI6KD oocyte samples from Figure 4.9 (DB: n = 11; SCR: n = 10; KD: n 

= 20). 4 candidate genes were recognised: DNMT3A, DPPA3, TRIM28 and ZFP57 

(Figure 5.7). Firstly, DNMT3A gene expression approximately doubled in PADI6KD 

oocytes compared to control injected oocytes (p<0.05) (Figure 5.7a). DNMT3A 

expression in DB control oocytes was comparable to that of MII oocytes of the 

developmental series in Chapter 3 showing that DNMT3A expression was unchanged 

between microinjected and non-injected oocytes (Figure 3.11). DNMT3A is a de novo 

methylating enzyme. In bovine, DNMT3A mRNA and protein has been observed in 

preantral and antral oocytes (O'Doherty et al., 2012). This correlates with a critical 

period in which de novo methylation marks are established at imprinted loci. Research 

has shown that PADI4 can citrullinate DNMT3A which specifically increases its 

activity (Deplus et al., 2014). The understanding that a related family member to 

PADI6 has the ability to interact with and modify DNMT3A could reveal an intriguing 

function for PADI6. One proposal states that KD of PADI6 gene expression causes a 

reduction in DNMT3A citrullination, thereby decreasing its activity. As a result, 

negative feedback promotes transcription of DNMT3A to compensate for reduced 

activity.  

 

Secondly, DPPA3 was also upregulated by almost 2-fold in PADI6KD oocytes 

compared to control oocytes (Figure 5.7b). Supporting Figure 3.12a, DPPA3 was 

again shown to be highly expressed in the oocyte. Dppa3 is responsible for protecting 

maternal imprinted loci from active TET-mediated demethylation upon fertilisation and 

in the preimplantation embryo (Nakamura et al., 2007). Specifically, DPPA3 

recognises H3K9me2 histone marks resulting in changes to chromatin state 

(Nakamura et al., 2012). KD of DPPA3 in bovine oocytes resulted in increased 

hydroxymethylation of female pronucleus and reduced developmental competence of 

the embryo (Bakhtari and Ross, 2014). Dppa3 is known to protect maternally 

methylated Mest, Peg3 and Peg10 and paternally methylated H19 (Nakamura et al., 

2012). Here, analysis of such imprinted genes showed there was no difference in 

transcript abundance between PADI6KD and control injected oocytes, despite 

upregulation of DPPA3 (Figure 5.4 and Appendix IV.A). However, if “normal” DPPA3 

expression in MII oocytes is sufficient to maintain methylation at imprinted gene loci, 

increased DPPA3 expression should not have an effect on these genes. Instead, 
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increased DPPA3 gene expression may impact genomic regions that are enriched in 

H3K9me2 histone marks or manifest as legacy effects in the embryo during ZGA. To 

investigate this further, global methylation analysis could be performed to identify 

differences in H3K9 methylation between PADI6KD and control injected oocytes. 

Finally, like ZP1, DPPA3 expression is also regulated by FIGLA (Joshi et al., 2007), 

which suggests that the increase in DPPA3 transcript abundance might occur as a 

result of FIGLA upregulation in PADI6KD oocytes (Figure 5.2). 

 

Finally, TRIM28 and ZFP57 were downregulated by 41% and 63%, respectively, in 

PADI6KD oocytes compared to control injected oocytes (Figure 5.7d and e). Like 

DPPA3, TRIM28-ZFP57 play an essential role in protecting imprinted loci from 

demethylation. ZFP57 binds to methylated DNA at a specific motif in differentially 

methylated regions (Quenneville et al., 2011). TRIM28 recognises ZFP57 and recruits 

SETDB1 and DNMT1 to the DNA to promote heterochromatin formation (Denomme 

and Mann, 2013). It is worth noting that expression of DNMT1 and SETDB1 was 

unchanged between PADI6KD and control injected oocytes (Appendix IV.A). This is 

not surprising for DNMT1 as the array primer design did not target the predominant 

oocyte-specific isoform, DNMT1o (Cirio et al., 2008). ZFP57 ‘n’ values are smaller 

than other genes tested as detected ZFP57 expression was very low in this study. 

ZFP57 was downregulated in PADI6KD oocytes compared to DB injected oocytes but 

not SCR dsiRNA injected oocytes. The low ‘n’ values discussed here cause there to 

be large standard errors of the means and may preclude significance between 

groups. Greater detection of ZFP57 transcript could be improved by increasing the 

starting amount of cDNA in the real-time PCR. DNMT3A, DPPA3, TRIM28 and ZFP57 

appear to have specific roles in regulating methylation at imprinted gene loci. Our 

limited study of the oocyte will have missed the legacy effects of gene KD in oocytes 

that will only become apparent later in development. It is therefore difficult to dissect 

out how exactly KD of the PADI6 gene expression results in dysregulation of a specific 

subset of genes involved in methylation but finding a link between such genes may 

reveal a novel regulatory role for PADI6 in the oocyte.  
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5.4.4 Dysregulation of epigenetic regulators in PADI6KD oocytes 
 

Finally, PLAGL1 gene expression was reduced in PADI6KD oocytes compared to 

control injected oocytes (Figure 5.7c) (p<0.05). PLAGL1 is an imprinted gene that is 

paternally expressed and methylated on the maternal allele. Methylation of PLAGL1 

has been examined previously in bovine preantral and antral oocytes (O'Doherty et 

al., 2012). These results showed that PLAGL1 methylation changed during oocyte 

growth from 13% in preantral follicles to 86% in antral follicles, progressively silencing 

the PLAGL1 gene during oocyte growth. From GV to MII, PLAGL1 transcript 

abundance should naturally decrease in all injection groups. However, after PADI6 

KD there was a larger decrease in PLAGL1 transcript abundance compared to DB 

and SCR control MII oocytes, suggesting an even greater silencing of the PLAGL1 

gene occurred as a result of PADI6 KD. The same researchers showed that DNMT3A 

is expressed throughout bovine oocyte growth, therefore it is likely that the enhanced 

silencing we observed here is a result of increased DNMT3A gene expression in 

PADI6KD oocytes. Moreover, excess DNMT3A during oocyte growth has been 

showed to accelerate the acquisition of PLAGL1 imprinting in mouse oocytes (Hara 

et al., 2014). To investigate this further, it would be interesting to examine PLAGL1 

expression in GV oocytes and look to see if there is an observed decrease in 

transcript abundance from GV to MII oocyte. Finally, it is interesting to note that mice 

with Trim28 silencing mutations have reduced Plagl1 expression (Dalgaard et al., 

2016). In the current study, KD of PADI6 results in downregulation of TRIM28 and 

concordantly, downregulation of PLAGL1 expression. Alongside the study by 

Dalgaard et al. (2016) the results presented in this thesis suggests a role for TRIM28 

in methylation regulation at PLAGL1 imprinted gene loci and that this pathway may 

be modulated by PADI6. Finally, PLAGL1 regulates the expression of a number of 

imprinted genes involved in placental growth therefore the impact of downregulation 

of PLAGL1 will arise later in development as a legacy effect in the trophoblast 

(Iglesias-Platas et al., 2014). 
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5.4.5 RNA-seq analysis in PADI6KD oocytes 
 

RNA-seq identified 452 DEGs following KD of PADI6. The majority of these genes 

play significant roles in growth, development or epigenetic regulation in the oocyte 

and early embryo. Of particular interest to PADI6 was the downregulation of KRT5 

and 8 – keratin components of intermediate filaments of the oocyte and embryo 

cytoskeleton (Jackson et al., 1980; Mao et al., 2014) (Figure 5.10 and Figure 5.12). 

Cytokeratins are a suggested component of CPLs as well as possible substrates of 

PADI6 (Capco et al., 1993; Liu et al., 2017; Senshu et al., 1999; Snow et al., 2008; 

Wright et al., 2003). KRT8-deficient female mice are sterile characterised by mid-

gestation embryonic death and failure of proper trophoblast development (Baribault 

et al., 1993; Jaquemar et al., 2003). Downregulation of keratin genes after KD of 

PADI6 may be consistent with failed CPL formation in Padi6-/- mouse oocytes 

(Esposito et al., 2007). The correct organisation and function of the oocyte 

cytoskeleton is critically important for meiotic spindle formation, chromosome 

segregation, polar body extrusion and hence production of a fertile gamete. 

 

In this thesis, NOBOX was also downregulated by almost 2-fold following KD of 

PADI6 in bovine oocytes (Figure 5.10). In support of this observation, a previous study 

discovered that Padi6 was downregulated by >5-fold in Nobox-KO mouse ovaries 

(Choi et al., 2007). They showed that Nobox regulated Padi6 expression by binding 

to a Nobox binding element within the Padi6 promoter (Choi et al., 2010). This 

suggests that there is a dynamic regulatory relationship between NOBOX and PADI6 

in the oocyte. Interestingly, another study showed that Nobox regulated Dnmt1o in 

mouse ovaries (Rajkovic et al., 2004). The evidence presented in this thesis therefore 

demonstrates a relationship between master transcriptional regulators, FIGLA and 

NOBOX, PADI6 and key epigenetic regulators in the oocyte. 

 

IPA was used to investigate the relationship between DEGs, disease states, cellular 

functions and PADI6 (Figure 5.11 and Figure 5.12). Firstly, the canonical pathways 

that were highlighted after KD of PADI6 are known to be critically important for oocyte 

maturation (Figure 5.11a), particularly PKA and cAMP-mediated signalling in meiotic 

maturation (Section 1.3). Of interest to PADI6, the SCMC and oocyte maturation was 

the role of DEGs in mitochondrial dysfunction. Further, pathway analysis of DEGs 

identified increased expression of transcripts involved in an RNA damage pathway 

(Figure 5.13). This pathway linked mitochondrial activity, translation and transcription. 
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Mitochondrial and ribosomal components were upregulated following KD of PADI6. 

Genes involved in polyadenylating mRNA (PABPN1 – polyadenylate-binding nuclear 

protein 1), anchoring the ER to the cytoskeleton (CKAP4 – cytoskeleton associated 

protein 4) and endosome sorting (CHMP4B – charged multivesicular body protein 4B) 

were also upregulated. Previous studies have described dysregulation of ribosomes, 

RNA Pol II and mitochondria following loss of Padi6 in mouse oocytes and embryos 

(Fernandes et al., 2012; Kan et al., 2012; Mehlmann et al., 1995; Yurttas et al., 2008). 

This finding may be crucial to the understanding of PADI6 function in the oocyte. 

Branched chain keto acid dehydrogenase E1, alpha polypeptide (BCKDHA) was 1 of 

3 genes that were downregulated in the pathway. It is responsible for the breakdown 

of leucine, isoleucine and valine in mitochondria (Pan et al., 2018), therefore 

investigations into amino acid metabolism as conducted in Chapter 6 might join these 

mechanisms together. Evaluation of DEGs in disease states confirmed the crucial 

role of PADI6 in development and again suggested there might be a link between 

PADI6 and metabolism (Figure 5.11b). As a result, the function of PADI6 in amino 

acid metabolism was investigated in Chapter 6. Finally, a role for PADI6 in gene 

expression and DNA processing was proposed. It is unlikely that PADI6 is directly 

involved with DNA replication given its cytoplasmic localisation (Esposito et al., 2007; 

Wright et al., 2003; Yurttas et al., 2008), however it may regulate gene expression 

through a post-transcriptional or translational mechanism (Bebbere et al., 2016). It is 

necessary to investigate the expression of the above genes of interest by qPCR to 

validate the findings of RNA-seq. 

 

Of the genes that were differentially expressed between control and PADI6 KD 

samples, the FDR was >0.05 suggesting a high likelihood of false positive results. It 

is probable that the genetic variation of individual oocytes alongside the variable 

efficiency of PADI6 dsiRNA KD precludes differential gene expression between 

injection groups. RNA-seq of individual oocytes was introduced to avoid pooling 

effects which might have otherwise masked important transcriptomic changes. Here, 

despite employing single-oocyte RNA-seq, bioinformatic data analysis requires the 

grouping of samples for statistical comparison of differential gene expression thereby 

re-introducing the caveat of genetic variation. Furthermore, due to the high cost of 

RNA-seq, the ‘n’ for each group was 6 oocytes which was low compared to the 

numbers used for the epigenetic regulator array (n=20). Increasing the number of 

oocytes for RNA-seq might have revealed a greater number of DEGs and enabled 

better comparisons between oocytes with high PADI6 KD identified through RNA-seq 

as opposed to qPCR. Moreover, RNA-seq analysis of preimplantation embryos 
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generated following oocyte PADI6 KD might have revealed more dramatic signatures 

associated with the legacy of oocyte PADI6. 

 
5.4.6 Conclusion 
 

The creation of individual bovine PADI6KD oocytes has facilitated investigation into 

the functional role of PADI6. It appears that KD of PADI6 gene expression does not 

have a profound effect on transcription during bovine oocyte maturation as only 2 

candidate genes (PRDX1 and ZP1) were identified after assessment of oocyte quality 

markers while FIGLA and IZUMO1R showed trends towards significance. Both 

PRDX1 and ZP1 display distinct functions in the oocyte and further investigation is 

necessary to dissect the interactions with PADI6. Alternatively, the imprinted gene 

and epigenetic regulator array highlighted differential expression of 5 associated 

genes: DNMT3A, DPPA3, TRIM28, ZFP57 and PLAGL1. DNMT1, KHDC3L and 

NLRP2 also showed trends towards significant differentially expression. Such genes 

are involved in critical epigenetic processes in the oocyte and embryo and pose an 

interesting link between the SCMC and imprinting abnormalities. The RNA-seq 

results confirmed that KD of PADI6 gene expression was successful and showed that 

a number of genes were differentially expressed between DB and KD groups 

(p<0.01), including NOBOX and keratin genes (KRT5 and 8). Pathway analysis 

suggested that KD of PADI6 altered the expression of genes in an RNA damage 

network which linked mitochondrial activity, transcription and translation. Finally, the 

FDRs were not statistically significant, and the candidate epigenetic regulators were 

not shown to be differentially expressed in the RNA-seq data. This suggests that 

PADI6 functions in post-transcriptional or translational regulation in the oocyte in 

concordance with its documented cytoplasmic localisation. Further studies are 

needed to confirm the potential role of PADI6 in post-transcriptional, translational and 

epigenetic regulation in oocytes. 
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Chapter 6 Functional analysis of the effects of PADI6 KD 
during bovine oocyte maturation in vitro 

 

6.1 Introduction 
 

Following investigation into the transcriptome of PADI6KD oocytes in the preceding 

chapters, it was necessary to look at the functional effects of PADI6 gene KD on MII 

oocytes and the effect of RNAi on the PADI6 protein itself. Gene knockout guarantees 

ablation of the protein product but for MEGs this often masks the function of the gene 

as the phenotype is lethal. Successful KD of a transcript by RNAi is directly identified 

by real-time PCR. However, KD of the transcript does not always lead to ablation of 

the protein product (Wu et al., 2004). The half-life and stability of the protein 

determines how long the protein will persist in the cell. It was therefore critical to 

investigate protein abundance after siRNA KD by Western blotting. Secondly, 

considering the potential enzymatic activity of PADI6 and the suggested impact of KD 

of PADI6 on amino acid metabolism identified in Chapter 5 (Section 5.3.4.1), 

experiments were performed to investigate changes to the metabolism of bovine 

oocytes following PADI6 KD. Finally, the legacy effect in the bovine preimplantation 

embryo following KD of PADI6 in the oocyte during IVM was assessed by generating 

embryos by IVF in PADI6KD oocytes. The function of PADI6 is still unclear therefore it 

was hoped that these experiments would provide further insight into the role of PADI6 

in the bovine oocyte.  

 

6.1.1 PADI6: the protein 
 

With the exception of the data presented in this thesis, research into PADI6 protein 

expression and localisation has primarily been investigated using the mouse model. 

As described in Chapter 1, Section 1.7.3, multiple researchers have shown that 

PADI6 is localised to the cytoplasm, CPL structures and SCMC in mouse oocytes 

and embryos (Esposito et al., 2007; Kim et al., 2010; Wright et al., 2003). PADI6 is 

seen to increase in abundance in the ovaries of 1-day old mice to 7-day old mice as 

the primary and secondary follicles develop (Xiong et al., 2019). This coincides with 

a significant oocyte growth phase, secretion of ZP and accumulation of cytoplasmic 

organelles and transcripts (Section 1.3.3). Furthermore, studies in mice have 

revealed novel protein interactions and characteristics of PADI6. PADI6 was found to 
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be phosphorylated during oocyte maturation which facilitated binding to YWHA 

proteins (Snow et al., 2008). YWHA proteins are ubiquitous adaptor proteins that can 

modulate protein function, subcellular localisation and interaction (Morrison, 2009). 

This discovery may indicate that PADI6 function depends upon post-translational 

phosphorylation. Further, knockout of PADI6 affects the solubility of MSY2 protein, 

suggesting that PADI6-dependent CPL formation is necessary for anchoring proteins 

in the oocyte (Liu et al., 2017). Similarly, localisation of ribosomal components, RNA 

Pol II and organelles were disrupted upon ablation of PADI6 (Kan et al., 2011; Yurttas 

et al., 2008). Despite its important role in the oocyte, our understanding of PADI6 is 

incomplete. By co-transfecting CHO and HeLa cell lines, transcription factor SP1 was 

found to bind to the porcine PADI6 promoter and regulate PADI6 mRNA and protein 

expression (Xia et al., 2016). Further, in silico and in vitro experiments identified 

YWHA protein binding sites in human PADI6 peptides and evidence suggests that 

phosphorylation of PADI6 by RSK-type kinases facilitates this interaction (Rose et al., 

2012). Finally, in vitro enzyme assays with human PADI6 protein concluded that 

PADI6 does not function as a deiminase (Raijmakers et al., 2007). In vitro and 

heterologous experiments are useful to discover potential protein interactions and 

characteristics, but the results must be interpreted with caution as native factors and 

conditions in the oocyte may confound in vitro findings. Thus far, investigation of 

PADI6 protein in preimplantation development has not been explored. To this end, 

attempts were made in this chapter to detect bovine PADI6 by Western blotting. 

 

For this project, the commercial antibodies that were available were not raised against 

bovine PADI6 but rather were against human PADI6 peptides. In order to optimise 

the PADI6 antibody for bovine use, human PADI6 was used as a positive control. To 

this end, 2 different cloning methods were explored to produce vectors and proteins 

with different properties for downstream applications e.g. a specific protein tag for 

protein purification. Firstly, traditional pET vector cloning was performed to produce 

a human PADI6 protein possessing a C-terminal histidine tag for protein production 

in bacteria. The more modern, gateway cloning, was also used to create a versatile 

entry clone that allows switching of the DNA insert, using bacteriophage site-specific 

integration, between different destination vectors (Hartley et al., 2000). This method 

enables the fast and efficient movement of human PADI6 gene into different vectors 

for use in bacterial or mammalian expression systems. Furthermore, this meant that 

PADI6 protein could easily express different protein tags depending on which vector 

it was inserted into. It also could potentially increase the scope for downstream 

experiments such as expression of PADI6 in different mammalian cell types to look 
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at protein function. Finally, antibodies and recombinant proteins can be useful tools 

for assessing protein KD in cells. Antibodies targeting a specific protein can be 

administered to a cell to bind to its endogenous counterpart. This causes the 

endogenous protein to be sequestered by the antibody and unable to function, 

effectively knocking down the protein of interest (Marschall et al., 2015). On the other 

hand, recombinant proteins can be used to replace a previously ablated protein to 

see if the KD phenotype can be rescued. If the KD is rescued it ensures that the 

phenotype was a true effect of KD (Cullen, 2006). Altogether, examining protein 

abundance after gene KD, followed by the use of antibodies and recombinant proteins 

to further study protein KD provides a thorough investigation into gene function.  

 
6.1.2 PADI6: the enzyme 
 

As PADI6 is a member of a family of citrullinating enzymes that convert 

peptidylarginine to citrulline, the effect of PADI6KD on the metabolism of MII oocytes 

was explored. Citrulline is not a coded AA but is generated by post-translational 

modification of the protein. This conversion causes a change in protein charge from 

positive to neutral, which impacts hydrogen bonding therefore protein folding 

(Vossenaar et al., 2003). Research into other PADI family members highlights the 

importance of citrullination in cells. PADI4 is the only PADI with a recognised nuclear 

localisation signal (NLS) (Asaga et al., 2001; Nakashima et al., 2002). Coupled to 

this, it acts on histones to decondense chromatin structures (Neeli et al., 2008; Wang 

et al., 2009), which may provide interesting information towards how PADI6 is 

connected to the process of epigenetic regulation. PADI4’s major role in immunity 

involves the formation of neutrophil extracellular traps that consist of decondensed 

chromatin (Li et al., 2010b). Furthermore, PADI4-mediated citrullination of histones 

has been implicated in the regulation of multiple genes (Li et al., 2008b; Wang et al., 

2004). PADI2 has also been found to catalyse citrullination of histones in numerous 

cell types, leading to decondensation of chromatin and gene regulation (Cherrington 

et al., 2010; Zhang et al., 2012). PADI2 does not have a recognised NLS, however in 

oligodendrocytes, PADI4 nuclear translocation was induced by a stimulus in the form 

of tumour necrosis factor (Mastronardi et al., 2006). This suggests that there may be 

a potential mechanism whereby PADI proteins are shuttled into the nucleus by 

chaperone proteins, without the need for an NLS. PADI2 has also been shown to 

citrullinate RNA pol II in breast cancer cells (Sharma et al., 2019). Depletion of PADI2 

and loss of the citrulline modification caused accumulation of RNA pol II at promoters 

and reduced gene expression. It is known that loss of Padi6 also affects RNA pol II, 
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suggesting a possible overlapping function (Yurttas et al., 2008). Overall, it appears 

that PADI family members function in various ways to regulate gene expression. The 

question is how this translates to their function in oocytes and preimplantation 

embryos.  

 

It is evident that citrullination is a key post-translational modification that is linked to 

gene regulation but the importance of citrullination in preimplantation development is 

less clear. Citrullination has been observed in both mammalian oocytes and cumulus 

cells (Brahmajosyula and Miyake, 2013; Kan et al., 2011). For example, inhibition of 

all PADI proteins in mouse zygotes using Cl-amidine reduced histone citrullination 

and resulted in premature embryonic arrest, demonstrating the significance of PADI 

activity in preimplantation development (Kan et al., 2011). Moreover, treatment with 

Cl-amidine also reduced histone acetylation, revealing a novel interplay between 

histone acetylation and citrullination. It is suggested that the citrulline modification 

provides a platform for interactions with epigenetic regulators and thereby influences 

transcriptional regulation. Kan et al. (2011) also found that H3Cit26 appeared to 

localise to lipid droplets in oocyte and embryos, supporting work by Cermelli et al. 

(2006) that showed that lipid droplets sequester maternal proteins, including histones. 

Histone H3 is a well-known substrate of PADI4. PADI4 was found to translocate to 

the nucleus prior to GVBD and localise to the metaphase spindle of mammalian 

oocytes, suggestive of its role in histone citrullination in the oocyte (Brahmajosyula 

and Miyake, 2013). Similarly, other PADI family members have been observed in 

mammalian development. PADI1 appears to be primarily localised to the nucleus of 

mouse oocytes and embryos (Zhang et al., 2016). Depletion of Padi1 in mouse 

embryos markedly reduced histone citrullination and prohibited embryo development. 

Furthermore, transcription and RNA pol II phosphorylation were also reduced in 

PADI1-depleted embryos. Finally, Brahmajosyula and Miyake (2013) detected a 

protein band in oocytes, but not cumulus cells, which was thought to be that of a 

citrullinated keratin from the oocyte-specific CPL structure. Esposito et al. (2007) also 

identified loss of CPL formation and loss of citrullination in Padi6 mutant mouse 

oocytes. This poses the question of whether PADI6 protein also has citrullinating 

ability in the oocyte. 

 

As mentioned in Chapter 1, Section 1.7.3, there are many caveats to consider when 

discussing PADI6 as an enzyme. Firstly, PADI activity requires calcium as a cofactor, 

however it appears that PADI6 has lost the ability to bind to calcium (Arita et al., 2004; 

Rogers et al., 1977). Experimentally, in vitro enzyme assays have shown that 
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recombinant PADI6 fails to metabolise known substrates for PADI4 (Raijmakers et 

al., 2007). Further, studies have shown that PADI6 resides in the cytoplasm of the 

oocyte, negating a potential role for it in the nucleus (Wright et al., 2003). Yet, there 

is no definitive proof that PADI6 lacks enzymatic activity. As mentioned previously, 

PADI6 has diverged from the other PADI family members and displays a restricted, 

oocyte-specific tissue expression pattern (Chavanas et al., 2004). It is evidently 

critical for preimplantation embryo development, but its mechanism of action is 

unknown. Padi6 is necessary for the establishment of unique oocyte CPLs but it 

remains unclear as to how it regulates their formation (Wright et al., 2003). Other 

researchers suggest that PADI6 has evolved a new regulatory switch, away from 

calcium regulation, as changes to the gene sequence are said to be under positive 

selection (Chavanas et al., 2004). This could be feasible as there are many 

fluctuations in Ca2+ throughout oocyte meiotic maturation and preimplantation embryo 

development, notwithstanding the large influx of calcium upon sperm entry (Whitaker, 

2006). There is some evidence that the function of PADI6 may be regulated by 

phosphorylation. Snow et al. (2008) discovered that PADI6 was phosphorylated 

during oocyte maturation and PADI6 binds YWHA proteins in a phosphorylation-

dependent manner in MII oocytes and embryos but not GV oocytes. YWHA proteins 

are often involved in protein interactions, stability and localisation thus may serve as 

a cofactor or scaffold for PADI6 expression. Multiple kinases have been identified that 

may be suitable candidates for phosphorylation of PADI6: protein kinase B and C and 

ribosomal S6 kinase, RPS6KA1 (Snow et al., 2008; Wright et al., 2003). Intriguingly, 

ablation of Padi6 is associated with reduced phosphorylation of RNA pol II, indicating 

the potential for a scaffold with which transcripts and proteins are modified to become 

activated (Yurttas et al., 2008).  

 

Oocyte growth and cytoplasmic maturation requires post-transcriptional regulation of 

maternal mRNAs as well as synthesis and post-translational modification of proteins 

(Jansova et al., 2018). Amino acid (AA) metabolism is critical for the generation of 

precursors for biosynthetic processes such as protein synthesis, cellular signalling, 

epigenetic regulation and energy metabolism in the oocyte (Collado-Fernandez et al., 

2012). Further, AA turnover in oocytes and embryos has been strongly associated 

with embryo developmental competence, blastocyst formation and pregnancy 

potential (Hemmings et al., 2012; Hemmings et al., 2013; Houghton et al., 2002; 

Sturmey et al., 2008). Amino acid profiling (AAP) of oocytes has been extensively 

validated in bovine oocytes as a non-invasive measure of oocyte health and 

developmental competence (Hemmings et al., 2012). Using high performance liquid 



 
 

214 

 

chromatography (HPLC) it is possible to measure the release and uptake of 19 

principal AAs by individual oocytes and embryos analysing the AA content of spent 

culture media compared to control media. Furthermore, pathway analysis of RNA-seq 

data in Chapter 5 suggested that KD of PADI6 affected amino acid metabolism. With 

this in mind, the effect of PADI6 gene KD on amino acid metabolism of the oocyte 

was questioned. To this end, HPLC was used to quantify the AAP of oocytes 

with/without PADI6 gene KD. Although this method of AAP cannot detect changes in 

citrulline per se, it was used here to see if PADI6KD oocytes displayed fluctuations in 

AA metabolism, which may be reflective of the role of PADI6 on the health of the 

oocyte.  
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6.1.3 Aims and objectives 
 

The aim of this chapter was to investigate the functional impact of PADI6 KD during 

IVM of bovine oocytes. To this end, a series of 3 independent experiments were 

carried out: 

1) Production of recombinant human PADI6 protein using a bacterial 

expression system for use as a functional protein source to rescue the 

PADI6 KD phenotype in bovine oocytes. 

2) Characterisation of oocyte metabolism by AAP following PADI6 KD 

during bovine oocyte maturation in vitro. 

3) In vitro fertilisation of bovine oocytes following PADI6 KD during IVM 

to look at the impact of PADI6 KD on bovine preimplantation embryos. 

 

The first experiment aimed to investigate the PADI6 protein by creating a human 

recombinant PADI6 expression vector. With this, a variety of strategies could be 

explored. Primarily, recombinant PADI6 could be used as a positive control for 

antibody optimisation in Western blot analysis of PADI6 protein in oocytes and 

embryos. Furthermore, recombinant protein, if proven to be biologically active, could 

be used during oocyte culture or KD experiments in other cell types in which PADI6 

can be detected to rescue the dsiRNA KD phenotype. However, ultimately 

recombinant PADI6 could also be used for investigation into PADI6 protein structure 

and enzymatic activity. To this end, a recombinant human PADI6 protein was 

produced by cloning a full-length open reading frame of PADI6 into E. coli. 2 different 

cloning techniques were used to create 2 vectors for use in bacterial and mammalian 

expression systems, and for expression of proteins with different protein tags. 

Western blot analysis using a commercially available human PADI6 antibody was 

used to detect the PADI6 protein in bacterial lysates following induction of protein 

expression. Alongside this, bovine oocytes were pooled for analysis of PADI6 protein 

by Western blotting. The final aim was to use the recombinant PADI6 protein and 

antibody to look at the effects of rescue and KD of PADI6 protein in bovine oocytes, 

respectively.  
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The second experiment aimed to characterise the metabolic profile, and specifically 

AA metabolism of PADI6KD bovine MII oocytes compared to DB and SCR dsiRNA 

injected MII oocytes. To this end, AAP analysis of spent oocyte culture media were 

 conducted. Following microinjection, single oocytes were placed into IVM media for 

18 hours, followed by 6 hours in 1 µl drops of AAP-IVM media. After this time, single 

oocytes were lysed for cDNA synthesis and real-time PCR analysis and the AAP-IVM 

media drops were frozen for later analysis. AAP was performed on media drops using 

HPLC (Hemmings et al., 2012). 19 AAs were detected using this method and 

metabolic profiles of AA uptake and release by individual MII oocytes were created. 

AA profiles from each injection group were compared for significance using statistical 

tests.   

 

Finally, the third experiment aimed to investigate the impact of PADI6 KD on MII 

oocyte subsequent fertile capacity and embryo developmental competence in vitro. 

Bovine oocytes were subject to microinjection and IVM as detailed in Section 4.2.2. 

After 24 hours in IVM media, oocytes were fertilised in vitro and cultured until the first 

few embryonic cleavage divisions were completed. Around 2-4 cell stage, embryos 

were lysed for cDNA synthesis and real-time PCR analysis was conducted to assess 

the transcript abundance of PADI6 and hence define the longevity of the effects of 

gene KD.  
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6.2 Materials and methods 
 

To investigate the functional effects of PADI6 KD in bovine oocytes 3 different 

approaches were explored to assess the impact of targeted KD of PADI6 on PADI6 

protein abundance, oocyte metabolism and developmental competence. 

 

6.2.1 Experiment 1: Production of recombinant human PADI6 protein 
using a bacterial expression system  

 

Human PADI6 open reading frame (ORF) in pEnter with C-terminal Flag and His tag 

(CH824752) was purchased from Vigene Biosciences (Rockville, USA) to be used as 

a PCR and cloning template (Figure 6.1). 2 different methods of cloning were used: 

pET vector cloning and gateway cloning. pET vector cloning was used as it was the 

traditional method for cloning genes into bacterial expression systems for laboratory 

scale inducible gene expression (Gay et al., 2014). Gateway cloning was also chosen 

because it creates a flexible vector that can transfer the gene of interest into a range 

of vectors for both bacteria and mammalian expression systems (Hartley et al., 2000; 

Marsischky and LaBaer, 2004). 

Figure 6.1. Map of pEnter vector that was purchased from Vigene Biosciences (2015). 

Human PADI6 gene was inserted into the open reading frame (ORF) site. 
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6.2.1.1 pET vector cloning 
 

pET-11a was chosen as the pET vector for cloning PADI6 into a bacterial expression 

system.  pET cloning relies on restriction digestion to cut and move DNA sequences 

from one vector to another (Tseng, 1999). pET-11a contains various restriction sites 

including NdeI. NdeI has the recognition sequence, CATATG, which makes it useful 

for cutting out genes at their 5’ ATG start codon (Watson et al., 1982). The Vigene 

PADI6 ORF clone did not possess an NdeI site, so site-directed mutagenesis was 

used to engineer one into the sequence.  

6.2.1.1.1 Site-directed mutagenesis 

 

Site-directed mutagenesis was performed according to the Q5 site-directed 

mutagenesis protocol (E0552S, NEB® Inc) in a 25 μl reaction volume consisting of 1 

X Q5 Hot Start High-Fidelity master mix (NEB® Inc), 0.5 μM of each primer, 25 μg 

human PADI6 ORF in pENTER DNA template and sterile distilled water (dH2O). 

Primer sequences (Table 6.1) were designed using the Q5 site-directed mutagenesis 

online primer tool (NEB® Inc) to insert ‘CAT’ before the ATG start codon of PADI6, to 

produce an NdeI restriction site (CA^TATG). The PCR thermal cycle is shown in 0. 

After cycling, 1 μl of product was combined with 1 X Kinase, Ligase and DpnI (KLD) 

reaction buffer, 1 X KLD enzyme mix and sterile distilled water (dH2O), to produce a 

circular product, and incubated for 5 min at room temperature. Figure 6.2 shows a 

schematic representation of site-directed mutagenesis to engineer the NdeI 

sequence into PADI6 ORF clone. Following this, bacteria were transformed with the 

NdeI-containing PADI6 ORF clone as detailed in Section 6.2.1.2. 

 

Table 6.1 Primer sequences for site-directed mutagenesis  

Forward site-directed mutagenesis PADI6 
primer (5’à3’) CATATGGTCAGCGTGGAGGGCC  Tm 

72oC 

 

Reverse site-directed mutagenesis PADI6 
primer (5’à3’) GGCGATCGCGGCGGCAGA  
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Table 6.2 Thermal program for site-directed mutagenesis PCR  

 

 

 

 
 

 

 

 

Figure 6.2. Site-directed mutagenesis of PADI6 clone to introduce a 5’ NdeI restriction 

site.  Step 1: The forward primer (red arrow) with a 5’ mismatching ‘CAT’ (purple) before 

the ATG start codon was engineered to add an NdeI restriction site (CA^TATG) to the 

start codon of PADI6 while the reverse primer (green arrow) amplified the vector in the 
opposite direction. The resultant PCR product was linear and unphosphorylated so it 

would not re-ligate into a circular piece of DNA. Step 2: The kinase, ligase and DpnI 

(KLD) reaction was performed. The kinase phosphorylated the 5’ ends while the ligase 

joined the 5’ and 3’ to create a circular plasmid. DpnI degraded the PADI6 clone PCR 

template to improve the transformation efficiency. DpnI only degrades methylated 

adenosines in its GA^TC restriction site, i.e. only degrades parental DNA which 

originated from methylating bacteria. The histidine tag (yellow) was succeeded by the 

EcoRV restriction site that was used to clone PADI6 into pET-11a.  

Cycles Step Temperature (oC) Time 

1 Denaturing 98 30 s 

2-26 Denaturing 

Annealing 

Extension 

98 

72 

72 

10 s 

20 s 

4 min 

27 Extension 72 2 min 

28 Hold 4 ∞ 
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6.2.1.2 Bacterial transformation, miniprep and sequencing 
 

50 μl of DH5α chemically competent E. coli (18265017, InvitrogenTM Ltd) were 

transformed with 1 μl of vector mixture and incubated on ice for 30 min according to 

the manufacturer’s instructions. The cells were heat shocked at 42oC for 45s. 250 μl 

of SOC medium was added and cells were incubated at 37oC for 1 hour. Cells were 

plated onto Luria-Bertani (LB) agar (Appendix II - Table II.IVb) + 50 μg/ml kanamycin 

plates and left to grow overnight at 37oC. The following day, colonies were picked 

and grown in LB broth (Appendix II - Table II.IVa) + 50 μg/ml kanamycin at 37oC 

shaking overnight. On the third day, GenElute Plasmid Miniprep Kit (PLN10, Sigma) 

was used to isolate the plasmid DNA for sequencing. Plasmids were sequenced 

according to BigDye® Terminator v3.1 Sequencing Protocol (4337458, Applied 

Biosystems). An appropriate volume master mix was made equating to 1 μl BigDye® 

3.1, 1.5 μl sequencing buffer and 1.5 μl dH2O per well. 4 μl of master mix was 

combined with 4 μl dH2O, 1 μl plasmid DNA and 1.6 pmol primer. The sequencing 

thermal cycle is shown in Table 6.3.  

 

Table 6.3 Thermal program for sequencing of plasmid DNA 

 

 

 

 

 

After cycling, DNA was precipitated by adding 5 μl of 125 mM EDTA and 60 μl of 

100% ethanol to each well according to the BigDye® Terminator v3.1 Sequencing 

Protocol. The plate was centrifuged at 3900 rpm for 30 min at 22°C and then 

centrifuged inverted at 200 rpm for 1 min. 60 μl of 70% ethanol was added to each 

well and centrifuged again at 2000 rpm for 15 min at 4°C. As before, the plate was 

centrifuged inverted at 200 rpm for 1 min and then left to air dry in a dark place 

Precipitates were re-dissolved in 10 μl Hi-Di Formamide (4311320, Applied 

Biosystems) and resolved at 60°C using a 36 cm array on an ABI3130xl Genetic 

Analyzer (Applied Biosystems). POP7 polymer, 3730 sequencing buffer and the 

FragmentAnalysis36_pop7_1 module was used for all runs. Table 6.4 shows the 

primer sequences that were used for verification.  

Cycles Ramping Temperature (oC) Time 
1 Ramp 1oC /s to: 96 1 min 
2-26 Ramp 1oC /s to: 96 

50 
60 

10 s 
5 s 
4 min 

27 Ramp 1oC /s to: 4 ∞ 
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Table 6.4 Primer sequences for sequencing of PADI6 vector clones 

Primer name Primer binding site Primer sequence (5’à3’) 

PADI6 1 PADI6 exon 1- FOR GAGCCATGTCCTTCCAGAGT  

PADI6 2 PADI6 exon 2- FOR CGTACGCCACAGTGAAGATG  

PADI6 3 PADI6 exon 3- REV CCTCGTTGGGCCCATAGTAT  

PADI6 4 PADI6 exon 7- FOR CTATACCTTGGCCCTCCTCG  

PADI6 5 PADI6 exon 8- FOR TCACTGAGCCCTGGTATTGG  

PADI6 6 PADI6 exon 11- REV TCTTTCCCTTGGACCTTGACA  

PADI6 7 PADI6 exon 12- FOR CAGATTGGCTAATGACTGGCC  

PADI6 8 PADI6 exon 16- FOR GGCAAGAACCTGGGGATCC  

SP6 Vector backbone TATTTAGGTGACACTATAG  

T7 Vector backbone TAATACGACTCACTATAGGG  

pENTER Vector backbone- FOR GCACCAAAATCAACGGGACTTTCC  

pENTER Vector backbone- REV GCTCGACGAATTTATCGTCATCC  

 

 

Next, the engineered PADI6 clone was digested with NdeI (R0111, NEB® Inc) at the 

novel 5’ CATATG site and EcoRV (R0195, NEB® Inc) situated after the histidine (His) 

tag at the C-terminus. The digested mixture was run on a 1% (w/v) agarose gel 

containing 1 μl Midori Green Advance (MG04, Nippon Genetics, Germany) in place 

of ethidium bromide to avoid damaging the DNA. If site-directed mutagenesis was 

successful, 4 bands of the following sizes were expected: 422 bp, 2194 bp (PADI6 

band), 3440 bp and 3501 bp. The 2194 bp band was cut from the gel and the DNA 

extracted using the PureLink Quick Gel Extraction Kit according to the manufacturers 

protocol (K210012, InvitrogenTM Ltd). In brief, a transilluminator was used to visualise 

the band of interest on the gel. The band was carefully cut from the gel using a clean, 

sterile scalpel blade (Swann-Morton, UK) taking care not to excise excess agarose 

surrounding the DNA fragment. The excised band was weighed before placing into a 

clean 1.5 ml Eppendorf tube. A maximum of 400 mg of gel was allowed per tube. 1.2 

ml of gel solubilisation buffer was added per 400 mg of agarose gel and the tube was 

placed at 50oC on a heat block for 10 min. Every 3 min the tube was inverted by hand 

to mix the solution. Once the gel had disappeared the tube was incubated at 50oC for 

a further 5 min. In preparation for DNA purification, 64 ml of >99.8% ethanol (v/v) 

(51976, Sigma) was added to the wash buffer obtained from the kit. The dissolved 

gel solution was pipetted onto the centre of a clean Quick Gel Extraction Column 
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inside a wash tube. A fresh column was used per 400 mg of gel starting material. The 

tubes were centrifuged at 12,000 x g for 1 min. The flow through was discarded and 

the column was placed back into the wash tube. 500 μl of wash buffer containing 

ethanol was added and the tubes were centrifuged at 12,000 x g for 1 min. The flow 

through was discarded and the column was placed back into the wash tube. The 

column was centrifuged on maximum speed for 1-2 min to remove residual ethanol. 

The wash tube was discarded, and a clean 1.5 ml Eppendorf tube was used as the 

recovery tube. 50 μl of nuclease-free water was added to the column and incubated 

at RT for 1 min. Following this, the tubes were centrifuged at 12,000 x g for 1 min to 

elute the DNA. The column was discarded, and the DNA was stored at -20oC until 

further use.  

 

Concurrently, pET-11a was digested by BamHI (R0136, NEB® Inc) and purified using 

the PureLink PCR Purification Kit (K310001, InvitrogenTM Ltd). DNA polymerase I 

large Klenow fragment (M0210, NEB® Inc) was added alongside 1 x NEB buffer 2 

containing 33 μM of each dNTP (10297018, InvitrogenTM Ltd) to fill in the 5’ overhang 

leaving a blunt end. 10 mM ethylenediaminetetraacetic acid (EDTA) was added and 

the mixture heated at 75oC for 20 min to terminate the reaction. The PureLink PCR 

Purification Kit was used to remove the previous buffers and Klenow fragment. The 

product was then cut with NdeI and purified again using the PureLink PCR Purification 

Kit.  

 

Finally, the restriction digest products of pET-11a vector and PADI6 ORF were ligated 

together by adding a large excess of PADI6 DNA to digested pET-11a alongside T4 

DNA ligase (M0202, NEB® Inc). The mixture was incubated at 4oC overnight before 

DH5α chemically competent E. coli were transformed, miniprepped and sequenced 

as described in Section 6.2.1.2. Sequence verified bacterial cultures were stored in 

glycerol at -80oC until further use. Figure 6.3 shows the expected pET-11a vector 

clone after insertion of PADI6 ORF.  
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Figure 6.3. Expected PADI6 pET-11a vector clone. pET-11a has an ampicillin resistance 

(AmpR) gene for positive bacterial colony selection and a LacI gene, which means it is 

inducible by the addition of IPTG. Human PADI6 was cloned with a histidine tag (yellow) 

into the multiple cloning site (MCS) of pET-11a, between NdeI and BamHI, destroying 

the BamHI site. 

 

 

6.2.1.3 Gateway cloning 
 

In 2000, Hartley et al. (2000) designed a cloning strategy that was based upon site-

specific recombination in bacteria by bacteriophage λ. Now marketed by InvitrogenTM, 

the gateway cloning system consists of the BP and LR recombination reactions 

performed by BP and LR clonase enzymes, respectively. For recombination to occur, 

att sites must flank the DNA insert and a region of the vector that will be removed – 

in the gateway system this is the ccdB bacterial toxin gene. If recombination is not 

successful, the ccdB toxin is expressed and the bacteria are killed. This is a useful 

design tool as the colonies that grow should contain the gene of interest. The gateway 

cloning strategy is summarised in Figure 6.4. 

 

 



 
 

224 

 

Figure 6.4. Summary of gateway cloning system. PCR is performed to create a DNA 
insert flanked by attB sites. It is subsequently mixed with a donor vector in the BP 

reaction to produce an entry clone containing the DNA insert. The entry clone is mixed 

with a destination vector in the LR reaction to produce an expression clone. The system 

is reversible as the expression clone can be mixed with the donor vector in a BP reaction 

to create an entry clone again (orange). 

 

 

6.2.1.3.1 PCR to produce attB flanked PADI6 insert  

 

PCR was performed to produce a full-length ORF of PADI6 flanked by attB sites using 

the Vigene PADI6 ORF clone as a DNA template. Platinum Pfx DNA polymerase 

(11708039, InvitrogenTM Ltd) was used according to the manufacturers protocol in a 

50 μl reaction volume consisting of 1 X Pfx amplification buffer, 1 mM MgSO4, 0.3 

mM of each dNTP, 0.3 μM of each primer, <200 ng template DNA, 1 unit Platinum 

Pfx DNA polymerase and dH2O. Table 6.5 shows attB PADI6 primers designed 

according to the Gateway Technology Manual (InvitrogenTM Ltd). The PCR thermal 

cycle is shown in Table 6.6. 10 μl of PCR product was ran on a 1.5% (w/v) agarose 

gel with 0.5 μg/ml ethidium bromide in 1 x tris- acetate-EDTA (TAE) buffer at 90 V for 

60 min, to verify the correct product size. The PCR product was subsequently pooled 

and purified using the PureLink Quick Gel Extraction Kit. 
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Table 6.5 attB PADI6 primer sequences for gateway cloning (5’à3’). attB 

sequences are in bold. 

F-attB primer  GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGA 
GATAGAACCATGGTCAGCGTGGAGGGCCG  Product Size 

2161 bp 
 R-attB primer  GGGGACCACTTTGTACAAGAAAGCTGGGTCCTAAGGTA 

CCATCTTCCACCATTTG 

 

Table 6.6 Thermal cycle for platinum PCR involving a 3-step and 2-step 

combined method to produce attB flanked PADI6 insert for gateway cloning. 

 

 

 

 

 

 

 

 

 

6.2.1.3.2 BP recombination reaction to produce a PADI6 entry clone 

 

The attB flanked PADI6 fragment was combined with the gateway donor vector, 

pDONR201, in the BP reaction to produce a PADI6 entry clone. 150 ng of attB PADI6 

PCR product was combined with 150 ng of the donor vector, pDONR201 and 2 μl BP 

clonase II enzyme mix (11789020, InvitrogenTM Ltd) and incubated at 25oC for 1 hour. 

1 μl of proteinase K was added and incubated at 37oC for 10 min to terminate the 

reaction. DH5α chemically competent E. coli were subsequently transformed, 

miniprepped and sequenced as described in Section 6.2.1.2. Only PADI6 verified 

clones were used in the next step of the gateway cloning method. PCR was also 

performed to verify insertion of PADI6 into pDONR201 vector (Section 6.2.1.4.3).  

 

Cycles Step Temperature (oC) Time 

1 Denaturing 94 5 min 

2-5 Denaturing 

Annealing 

Extension 

94 

60 

68 

15 s 

30 s 

2 min 6 s 

6-31 Denaturing 

Extension 

94 

68 

15 s 

2 min 6 s 

32 Hold 4 ∞ 
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6.2.1.3.3 PCR to confirm insertion of PADI6 into pDONR201 

 

A 1051 bp fragment of PADI6 was amplified to determine whether PADI6 was present 

in miniprep DNA from bacterial colonies transformed with pDONR201- PADI6 vector. 

PCR amplification was performed according to the GoTaq® Hot Start Polymerase 

protocol (M5001, Promega) in a 20 μl reaction volume consisting of 1 X buffer, 0.2 

mM of each dNTP, 2.5 mM MgCl2, 0.5 μM of each primer, 1.25 units polymerase, 

<500 ng template DNA and sterile distilled water (dH2O). In some cases, 0.5% Triton 

X-100 was added to the PCR mix to reduce secondary DNA structures. The primer 

sequences and thermal program are detailed in Table 6.7 and Table 6.8, respectively. 

GeneRuler 100 bp Plus DNA ladder (SM0322, Thermo ScientificTM) was used to size 

the expected products. PCR products were analysed by gel electrophoresis on a 

1.5% (w/v) agarose gel with 0.5 μg/ml ethidium bromide in 1 x tris-acetate-EDTA 

(TAE) buffer at 90 V for 60 min. Gels were visualised under ultraviolet light using Gel 

DocTM XR System (BioRad).  

 

Table 6.7 Primer sequences for PADI6 1051 bp fragment to check insertion of 

PADI6 gene into pDONR201 (5’à3’). 

PADI6 F-primer CGTACGCCACAGTGAAGATG  Product Size 
1051 bp 

 
PADI6 R-primer TCTTTCCCTTGGACCTTGACA  

 

Table 6.8 Thermal program for GoTaq® Hot Start PCR 

 

 

 

 

 

 

 

Cycles Step Temperature (oC) Time 

1 Denaturing 95 5 min 

2-36 Denaturing 

Annealing 

Extension 

95 

60 

72 

45 s 

45 s 

1 min 10 s 

37 Extension 68 5 min  

38 Hold 4 ∞ 
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6.2.1.3.4 LR recombination reaction to produce a PADI6 entry clone 

 

Finally, the PADI6 entry clone was combined with the gateway destination vector, 

pDEST15, in the LR reaction to produce a PADI6 expression clone. 150 ng of PADI6 

entry clone was combined with 150 ng of the destination vector, pDEST15 and 2 μl 

LR clonase II enzyme mix (11791020, InvitrogenTM Ltd) and incubated at 25oC for 1 

hour. 1 μl of proteinase K was added and incubated at 37oC for 10 min to terminate 

the reaction. DH5α chemically competent E. coli were transformed as detailed in 

Section 6.2.1.2. Colony PCR was performed using a pDEST15 vector T7 primer and 

a reverse primer in PADI6 gene to check incorporation of PADI6 into pDEST15 

according to the GoTaq® Hot Start Polymerase protocol as described in Section 2.5. 

The primer sequences are detailed in Table 6.9. Again, colonies were miniprepped 

and sequenced as described in Section 6.2.1.2. Sequence verified bacterial cultures 

were stored in glycerol at -80oC until further use.  

 

Table 6.9 Primer sequences for colony PCR to confirm presence of PADI6 ORF 

in pDEST15 following LR reaction 

T7 pDEST15 Vector primer  
(5’à3’) TAATACGACTCACTATAGGG Product Size 

1119 bp 
 

PADI6 R-primer 
(5’à3’)   TCTTTCCCTTGGACCTTGACA 

 

 

6.2.1.4 Inducing bacterial expression for production of human PADI6 
protein  

 

For each clone, PADI6-pET-11a and PADI6-pDEST15, glycerol bacterial stocks were 

used to inoculate 2 ml LB + 50 μg/ml ampicillin and 5 ml LB + 100 μg/ml ampicillin, 

respectively. Bacterial cultures were incubated at 37oC in a shaking incubator 

overnight. This was then used to inoculate 50 ml LB media + appropriate 

concentration of ampicillin. After 4 hours, 500 μl was removed from each culture and 

the optical density was measured at 600 nm (OD600) using a spectrophotometer. Once 

the cultures had reached an OD600 of 0.4 (approx. 7 hours), they were split into 2 

cultures and half of each culture was induced to give 1 induced and 1 uninduced 

culture. PADI6-pET-11a was induced by the addition of isopropyl b-D-1-

thiogalactopyranoside (IPTG) (I6758, Sigma) at a final concentration of 1mM. PADI6-
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pDEST15 was induced by the addition of L-arabinose (A3256, Sigma) at a final 

concentration of 0.2% (w/v). Immediately, 500 μl was removed from each bacterial 

culture and placed into a clean 1.5 ml Eppendorf tube. The samples were centrifuged 

at maximum speed for 30 sec and the supernatant discarded. These cell pellets were 

frozen at -20oC as the zero time points. Cultures were put back to 37oC in a shaking 

incubator and time points were taken every hour for 4 hours as described for the zero 

time point samples. Bacterial induction was repeated in 2 distinct experiments. 

 

Prior to Western blotting, bacterial pellets were suspended in 100 μl of protein lysis 

buffer from the destination vector (pDEST) gateway cloning handbook (Table 6.10) in 

1.5 ml Eppendorf tubes and left on ice for 1 hour. Following this, samples were 

centrifuged at maximum speed (>20,000 x g) at 4oC for 10 min. The supernatant was 

aspirated into a sterile 0.5 ml microcentrifuge tube and the cell pellet was discarded.  

 

Table 6.10 Protein lysis buffer from pDEST gateway cloning handbook 

(InvitrogenTM). Reagents were measured and dissolved in 90 ml of distilled water 

(dH2O). pH was adjusted to 7.8 with HCl and the volume was made up to 100 ml 
with dH2O. 

Components Amount Final concentration 

KH2PO4 (1 M) 0.3 ml 50 mM 

K2HPO4 (1 M) 4.7 ml 

NaCl 2.3 g 400 mM 

KCl 0.75 g 100 mM 

Glycerol  10 ml 10% 

Triton X-100 0.5 ml 0.5% 

Imidazole 68 mg 10 mM 

dH2O 90 ml - 

Final volume 100 ml 
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6.2.1.5 Western blotting 
 

Western blotting was used to examine the expression of PADI6 protein in different 

protein samples (Section 6.2.1.5.1). The samples were subject to electrophoresis on 

a sodium dodecyl sulfate (SDS) polyacrylamide gel (PAGE) where the denatured 

proteins were separated by size and then transferred onto a nitrocellulose membrane. 

The membrane was exposed to an antibody targeting a protein of interest (PADI6) 

and the result was visualised by the addition of a conjugated secondary antibody 

(Towbin et al., 1979).  

 

6.2.1.5.1 Sample preparation 

 

In this study, protein samples for Western blotting consisted of either bacterial lysates, 

pooled bovine oocytes or human embryo carcinoma cell (ECC) lines, 2102Ep and 

NTera-2. Oocyte samples were harvested for protein analysis as follows: GV oocytes 

were aspirated as in Section 2.1.2 and denuded in 300 µg/ml hyaluronidase using an 

EZ-Grip denudation and handling pipettor, as detailed in Section 3.2.1. Groups of 20 

or 50 denuded oocytes were placed directly into 20 μl of radio-immunoprecipitation 

assay (RIPA) buffer (Appendix II - Table II.Vb ). Collection and pooling of GV oocytes 

for protein analysis was repeated 3 times to give 3 x GV protein samples: 2 x 20 and 

1 x 50 pooled GV oocytes.  

 

Embryo carcinoma cell (ECC) lines, 2102Ep and NTera-2, were also tested due to 

their origin and known expression of a variety of pluripotency genes (Josephson et 

al., 2007). Ntera-2 originated from a primary embryonal carcinoma of the testis and 

2102Ep from a teratocarcinoma, hence were included as cell lines that matched 

certain transcriptional features of the oocyte/early embryo. ECC lines were a kind gift 

of Professor Peter W. Andrews, Centre for Stem Cell Biology, University of Sheffield 

and were grown for our project by Daniele Estoppey (University of Sheffield). ECC 

cells were cultured (similar to Skotheim et al. (2005)) in their native growth medium 

DMEM containing 4.5 g/L glucose + 2mM Glutamine + 10% Foetal Bovine Serum 

(FBS) (41965-039, Life Technologies, UK) at high densities in T75 Corning® Cell 

culture flasks (Corning Incorporated, Life Sciences) at 37°C under a humidified air 

atmosphere of 8% CO2. The cells were passaged every 3-4 days once they were 

confluent (70-80%), and were split at a ratio of 1:3 or 1:4. 2102Ep cells were passaged 

by washing with 5 ml DPBS and 1 ml of 0.25% trypsin/ EDTA (similar to Josephson 
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et al. (2007)), whilst NTera-2 were passaged using scrapers as described by Andrews 

et al. (1984). Following washing with ice-cold DPBS, protein was extracted by adding 

500 μl of RIPA buffer to cells in the T75 flask. The cells were scraped to remove them 

from the flask and transferred to a clean 1.5 ml Eppendorf on ice using a Gilson p1000 

pipette (Gilson Inc, Middleton, USA). The Eppendorf was placed into a falcon tube 

and allowed to mix on a rotary mixer at 4oC for 30 min. The sample was then 

centrifuged at 16,900 x g at 4oC for 20 min. The protein supernatant was removed to 

a fresh 1.5 ml Eppendorf and stored at -80oC until further use.  

 

The human PADI6 antibody that was purchased from Invitrogen (PA5-45758, 

InvitrogenTM Ltd) was not previously cited in the literature. The peptide sequence that 

was used to raise the antibody is shown in Table 6.11. As described in the introductory 

Section of this chapter, bovine antibodies are not often commercially available, 

therefore it was hoped that the human antibody would be able to detect bovine PADI6. 

Thus, it was necessary to have a positive control to ensure that the antibody was 

working. Due to the restricted expression of PADI6 protein, finding a positive protein 

control cell line would be difficult so a human recombinant PADI6 protein was 

purchased (Mw 100 kDa) (ab126915, Abcam®). Western blot analysis was repeated 

3 times. 

 

Table 6.11 The peptide sequence that was used to raise the human PADI6 

antibody in mouse. 

Human PADI6 peptide sequence 

GAILLVNCNPADVGQQLEDKKTKKVIFSEEITNLSQMTLNVQGPSCILKK 
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6.2.1.5.2 SDS-PAGE 

 

First described by Laemmli (1970), SDS-PAGE is a widely used biochemical 

technique for separating proteins by size. SDS is an anionic detergent that denatures 

the secondary structure of proteins and causes the linear protein to become 

negatively charged (Waehneldt, 1975). The negative charge facilitates separation of 

proteins from the anode to the cathode by electrophoresis. For SDS-PAGE, Mini-

Protean Tetra Electrophoresis System (Bio-Rad Ltd) containing combs, plates and 

casting accessories for 10-well, 1 mm thick gels were used. In preparation, the casting 

plates and combs were washed with 70% (v/v) ethanol and dried using tissue, before 

securing into the casting cassette. A 12% (v/v) lower separating gel was prepared 

according to Appendix II - II.IIb in a 50 ml conical centrifuge tube (Corning®, USA). 

The 12% separating gel was quickly dispensed into the casting cassette using a 10 

ml stripette and dH2O was pipetted on top to allow the gel to set evenly. The gel was 

left to set for at least 15 min. After this time, the water was removed using a tissue. A 

4% (v/v) stacking gel was prepared according to Appendix II - Table II.IIa in a 15 ml 

conical centrifuge tube and immediately pipetted on top of the 12% separating gel 

until it reached the top of the casting plates. The comb was carefully inserted, and the 

gel was left to set for 20-30 min. The SDS running buffer was prepared according to 

Appendix II - Table II.IIIa.  

 

Protein samples were prepared for loading onto the SDS-PAGE by adding 1x mix of 

NuPAGETM sample reducing agent (10x) (NP0009, InvitrogenTM Ltd) and NuPAGETM 

LDS sample buffer (4x) (NP0007, InvitrogenTM Ltd) to each 20 μl sample. Samples 

were boiled at 100oC for 5 min before loading to the prepared SDS-PAGE gel. 7 μl of 

PageRulerTM Plus Prestained Protein Ladder, 10 to 250 kDa (26619, Thermo 

ScientificTM) was also loaded to the gel as a size reference for protein bands. The 

prepared SDS-PAGE gel was placed into a clamp and inserted into the tank for 

electrophoresis. The inner tank that contained the gel was filled with 1 x running buffer 

and care was taken to ensure that there were no leaks into the rest of the tank. The 

comb was removed from the gel and any excess acrylamide was removed from the 

glass using a pipette tip. The outer tank was filled with the remaining running buffer 

and the samples were carefully loaded into the wells of the gel. The SDS-PAGE gel 

was run at 30 V until samples reached the separation gel and subsequently, 100 V 

for 1-1.5 hours at RT. Electrophoresis was conducted with a PowerPac basic power 

supply (Bio-Rad).  
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6.2.1.5.3 Protein transfer, blocking and detection 

 

After gel electrophoresis, the gel was immediately transferred onto a PVDF 

membrane (10600023, AmershamTM HybondTM P.0.45 μm) (Matsudaira, 1987). This 

enables separated proteins to be detected using antibodies. For protein transfer, the 

mini trans-blot cell (Bio-Rad) was used. 1 x transfer buffer was prepared according to 

Appendix II – Table II.IIIb. A large plastic tray was filled with transfer buffer and within 

the tray, the transfer clamp was opened, and 2 x black mesh squares were placed on 

each side of the clamp. This allowed the mesh squares to absorb the transfer buffer 

for the wet protein transfer method. Whatman filter papers were cut to size and wetted 

1 x with transfer buffer. 2 x Whatman filter papers were placed on the black mesh 

squares on each side of the clamp. Prior to removal of the gel, the PVDF membrane 

was soaked in 100% methanol for 30 sec. The gel was removed from the clamp and 

the glass plates were carefully prised apart. Excess acrylamide was removed before 

the pre-soaked PVDF membrane was placed onto the gel. Care was taken to ensure 

that there were no air bubbles trapped between the gel and membrane. Together, 

they were carefully transferred onto the prepared transfer clamp and any air bubbles 

were removed. The transfer clamp was closed, securing the gel between the mesh 

on either side. The transfer clamp was placed into the tank and the tank was filled 

with 1 x transfer buffer. The transfer was run at 100 V for 1 hour at RT.  

 

To avoid non-specific binding of the antibody, membranes were blocked in 5% (w/v) 

Marvel dried skimmed milk powder in Tris-buffered saline (TBS) (Appendix II – Table 

II.Va) at RT for 1 hour. The primary PADI6 antibody was diluted 1:500 according to 

the company’s recommendation in 1% (w/v) milk powder in TBS and incubated with 

the membrane at 4oC, rocking overnight. The following day, the membrane was 

washed in 3 x 5 min washes using TBS with 0.1% (v/v) Tween 20 (TBS-T) to remove 

any excess primary antibody. The secondary antibody was diluted 1:5000 in 1% (w/v) 

milk and incubated with the membrane at RT, rocking for 30 min. The secondary 

antibody was an anti-mouse HRP-conjugated secondary antibody (61-6520, 

InvitrogenTM Ltd). This method relies on indirect antibody detection. The secondary 

antibody binds to the primary antibody at the specific protein of interest. The 

secondary antibody is conjugated to an enzyme called horseradish peroxidase (HRP) 

which reacts with an administered substrate to produce a chemiluminescent signal. 

This signal is then detected at the site of the protein of interest.  
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After incubation with the secondary antibody, membranes were washed 3x 10 min 

washes in TBS-T to remove the excess secondary antibody. During the final wash, 

the HRP substrate for indirect detection of proteins was prepared by mixing 1 ml of 

SuperSignalTM stable peroxide solution and 1 ml of enhancer solution (34095, 

SuperSignalTM West Femto Maximum Sensitivity Substrate, Thermo ScientificTM). 

After the final wash, the SuperSignalTM mix was added to the membrane and allowed 

to incubate for 5 min in the dark. The substrate was blotted off the membrane and the 

membrane was placed in a plastic sheet. The membrane was developed using a Gel 

DocTM XR+ system (Bio-Rad, Hertfordshire, UK). 

 

  
6.2.2 Experiment 2: Amino acid profiling following PADI6 KD during 

bovine oocyte maturation in vitro 
 

6.2.2.1 Preparation of oocytes for amino acid profiling 
 

As described in Chapter 4, GV oocytes were subject to microinjection with duplex 

buffer (DB), scrambled dsiRNA (SCR) or a mix of dsiRNAs against PADI6 (KD) and 

placed into normal IVM media (Table 2.3) for 18 hours at 39oC, 5% CO2. AAP IVM 

media was made according to Table 6.12. 1 µl of AAP-IVM media was pipetted into 

drops and then covered with oil in 35 mm embryo tested NUNCTM IVF Petri dish. AAP 

dishes were prepared the day before use and incubated at 39oC, 5% CO2 overnight. 

Dishes were marked with a grid and each oocyte AAP-IVM drop was assigned a 

number (1-7). Each dish also contained 7 x 1 µl control (c) AAP-IVM drops and 2 x 2 

µl wash (w) drops (Figure 6.5). The AAP of individual oocytes was assessed 

according to the methodology validated in Hemmings (Ph.D thesis) and as detailed 

in (Hemmings et al., 2012).  
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Figure 6.5. AAP in vitro maturation media dish layout. 

Following 18 hours in normal IVM media, oocytes were denuded of cumulus cells in 

300 µg/ml hyaluronidase using an EZ-Grip denudation and handling pipettor. Oocytes 

were analysed for polar bodies under a stereomicroscope and mature oocytes were 

noted. Individual denuded oocytes were washed twice in AAP-IVM media wash (w) 

drops before placing into its respective oocyte drop for 5-6 hours at 39oC, 5% CO2 

(Table 6.12). Oocyte transfer was done in the smallest possible volume to avoid 

changes to the volume of the drops. Control drops contained AAP-IVM media only.  

 

After 5-6 hours in AAP-IVM media, oocytes were removed from AAP dishes in a 

minimal volume using a 130 µm EZ-Tip and EZ-Grip denudation and handling pipettor 

and placed individually into sterile 0.5 ml Eppendorf tubes containing 2 µl RNAGEM 

lysis buffer for cDNA synthesis and real-time PCR experiments. The EZ-Tip was 

changed between each oocyte to avoid transfer of RNAGEM lysis buffer into the AAP 

drops. AAP-IVM dishes were sealed with parafilm and stored at -80oC until later use. 

Smart-seq2 and real-time PCR for PADI6 expression were conducted for individual 

oocytes as described in Section 4.2.2.4 using PADI6 primers 9B from Table 4.3. 

 

w w 

c 

c 

c 

c 

c 

c 

c 

1 2 
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2 x 2 µl wash drops 

7 x 1 µl oocyte drops 

7 x 1 µl control drops 
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Table 6.12 AAP in vitro maturation media composition 

Components Stock Volume  Final 

concentration 

EBSS 

SIGMA E2888 
5.55 mM Glucose 9.977 ml 5.275 mM 

Glucose 

0.482 mM 

Pyruvate 
a-MEM 

SIGMA M4526 
5.55 mM Glucose 

1.25 mM Pyruvate 

1.425 ml 

BSA FAF stock 

SIGMA A6003 

20% 60 µl 0.1% 

L-Glutamine 

SIGMA G7513 
200 mM 4 µl 62.5 µM 

Pyruvate stock 

SIGMA P4562 

47 mM 100 µl 0.47 mM 

Penicillin/Streptomycin 

SIGMA P4333  
Pen: 10000 IU/ml  

Strep: 10 mg/ml 

60 µl Pen: 50 IU/ml  

Strep: 50 µg/ml 

Bovine Holo-transferrin  

SIGMA T1283 
5 mg/ml  12 µl 5 µg/ml 

Na-selenite 

SIGMA S9133 
50 µg/ml  12 µl 5 ng/ml 

Long-R3 IGF-1 

SIGMA I1271 
100 µg/ml  12 µl 100 ng/ml 

Human Insulin 

SIGMA 91077C 
10 µg/ml  12 µl 10 ng/ml 

Human FSH 

SIGMA F4021 
0.16 IU/ml  12 µl 0.016 IU/ml 

DABA stock 

SIGMA 116122 
50 mM 15 µl 62.5 µM 

Final volume 11.7 ml 
 

 

 

6.2.2.2 AAP using high performance liquid chromatography  
 

AAP-IVM media samples were analysed to assess AA release and uptake from 

oocytes from each experimental group (DB, SCR and KD) using a HPLC method 

adapted from Hemmings et al. (2012) and Sturmey et al. (2010). ddH2O was obtained 

from an ELGA Veolia water purification system. AAP-IVM dishes were allowed to 

thaw at RT and 9 µl of ddH2O was added to each 1 µl drop. The whole drop (10 µl) 

was then aspirated and transferred to brown glass HPLC vials (Chromacol Ltd) 

containing 15 µl of ddH2O to give a final volume of 25 µl. O-phthalaldehyde (OPA) 

was used as the fluorescent adduct to identify 19 AAs (Ala, Arg, Asp , Cys, Glu, Gly, 

His, Ile, Leu, Lys, Met, Phe, Pro, Ser, Thr, Tyr, Val, Asn, Gln), as well as the synthetic 

AA, DABA, that acts as an internal reference (Sturmey et al., 2010).  
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Within the Agilient 1100 HPLC autosampler, 25 µl OPA was added to each sample 

and mixed. This reaction creates a fluorescent derivative with 450nm excitation and 

330nm emission excited at and injected into the mobile phase. The mobile phase was 

composed of Buffer A (80% 80mM sodium acetate, 19.5% methanol, 0.5% 

tetrahydrofuran) and Buffer B (80% Methanol, 20% 80mM sodium acetate) in a 

gradient. All buffers were filtered before use; 0.45μm HVLP filter disc (Millipore) for 

the aqueous buffer A and 0.45μm HVHP filter disc (Millipore) for the organic buffer B. 

Chromatography was performed at 25oC with a flow rate of 1.3 ml/min and a total 

analysis time of 60 min. The parameters for the HPLC machine and injector program 

for each sample are detailed in Table 6.14. AAs were separated on a Hypoclone ODS 

c18, 250mm x 4.6 mm, 5µm column (Phenomenex, Macclesfield, UK) fitted with a 

pre-column guard (KJ04282, Phenomenex), guard cartridges (AJ0-4287, 

Phenomenex). AAs adhered to the C18 matrix and subsequently, a gradient of 

hydrophilic to hydrophobic buffers was washed through the column to elute the AAs 

based on their hydrophobicity. Separated AAs were detected using a Fluorescent 

Light Detector (Agilent) and identified by comparison to a standard AA mixture 

(Sigma) containing each of the detectable AAs at 25 µM. The AA standards also 

provided information about the natural drift in AA output with time. A buffer wash 

(50:50 Buffer A:B) was also performed half way through each run to clean the column. 

An example analysis sequence is shown in Table 6.13. 

 

Table 6.13 HPLC sample setup for AAP. 

1 AA standards 1 12 Buffer wash 1 
2 AA standards 2 13 Oocyte sample 5 
3 Oocyte sample 1 14 Control 5 
4 Control 1 15 Oocyte sample 6 
5 Oocyte sample 2 16 Control 6 
6 Control 2 17 Oocyte sample 7 
7 Oocyte sample 3 18 Control 7 
8 Control 3 19 AA standards 4 
9 Oocyte sample 4 20 AA standards 5 
10 Control 4 21 Buffer wash 2 
11 AA standards 3 22 Buffer wash 3 
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Table 6.14 HPLC machine a) running parameters and b) injection program  

Wash buffers Buffer A:  
 
 
 
Buffer B:  

80% (v/v) sodium acetate pH 5.9, 
20% (v/v) methanol and 
5 ml tetrahydrofuran in 1L 
 
80% (v/v) methanol and 20% (v/v) 
sodium acetate pH 5.9 in 1L 

Flow rate 1.30 ml/min 
Pressure 200-350 bar 
Time per sample 55 min 
Temperature 25oC 
Injection vol. into 

the column 

25 µl 

 

HPLC injection program (per sample) 

Draw 25 µl of OPA from Vial 1 

Eject 25 µl of OPA into the sample 

Mix sample (25 µl) 5 times 

Wait 1:00 min 

Needle wash in 50:50 Buffer A: Buffer B 1 times 

 

 

6.2.2.3 Data analysis 
 

The concentration of AAs in each drop of medium was calculated from the area 

beneath each peak corresponding to each AA as described previously (Hemmings et 

al., 2012; Houghton et al., 2002). AAs were always eluted in same order at specific 

elution times which aided AA identification. The number of pmols of each AA in the 

culture drops (oocyte and control drops) at the beginning of the culture was calculated 

using the known concentration of each AA in αMEM. The HPLC system provided the 

value for the area under the peak of each AA in arbitrary units for each sample 

analysed. In order to correct for any non-specific dilution, degradation or appearance, 

the peak area of the internal control DABA was used to calculate the AA corrected 

peak area in oocyte and control drops. Firstly, the AA peak area was divided by the 

DABA peak area and then multiplied by 100 for each AA in each control drop. The 

mean corrected peak area was then taken for each AA in each control drop. Next, the 

number of pmols of each AA present in the oocyte drops after the 6h incubation could 

be calculated by using the Rate of Peak Area Variation (increase or decrease in peak 

area for a given AA before and after 6h oocyte culture) per each oocyte. Values >1 

b) 

a) 
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indicate production and values <1 depletion. The Rate of Peak Area Variation of each 

AA in oocyte drop 1 was calculated as follows: 

 

Firstly, the AA corrected peak area was calculated for each oocyte drop: 

AA Corrected Peak area in Oocyte drop 1 = AA Peak Area / DABA Peak 

Area x 100 (arbitrary units)  

Next the Rate of Peak Area Variation was calculated compared to the mean AA 

corrected peak area in control drops: 

Rate of Peak Area Variation (AA, Oocyte 1) = AA Corrected Peak area in 

Oocyte drop 1 / AA Mean Corrected Control area  

Then, the number of pmols of each AA present in the oocyte drops after the 6h 

incubation was then calculated by multiplying the Rate of Peak Area Variation by the 

initial number of pmols in the drop (equivalent to pmols in control drops): 

AA pmol in oocyte drop 1 after incubation = Rate of Peak Area Variation 

(AA, Oocyte 1) x AA pmol in a Control drop  

Finally, the number of pmols of released or consumed AAs by each oocyte during the 

6h incubation period was calculated using: 

Number of pmols released during incubation = AA pmol after 6h 

incubation –AA pmol in Control drops 

The release or consumption rate for each AA could then be calculated as the number 

of pmol of that AA that were produced or depleted per 1 oocyte in 1 hour: 

AA consumption rate = pmol of AA consumed / hours of incubation 

 

The sum of consumption and release, known as AA turnover, was also calculated 

(Hemmings et al., 2012; Houghton et al., 2002). The overall AA release or 

consumption was calculated by adding up the pmols of all the released or consumed 

AAs, respectively. The total AA turnover was calculated as the sum of the overall AA 

consumption and the overall AA release and the net AA turnover was calculated by 

deducting AA consumption from AA release. 
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6.2.2.4 Statistical analysis 
 

Statistical analyses were performed as described by Sturmey et al. (2010). Briefly, 

data were first confirmed as non-parametric by D’Agostino-Pearson test. Significant 

consumption or release of AAs i.e. changes in concentration from zero was assessed 

by Wilcoxon signed rank test. Finally, data were compared by Kruskal-Wallis with 

post-hoc Dunn’s test to identify significant differences between experimental groups. 

Only AAs with significant consumption/release were regarded as having significantly 

different turnover from other experimental groups. All analyses were performed on 

GraphPad Prism 8. 

 

6.2.3 Experiment 3: In vitro fertilisation of bovine oocytes following 
PADI6 KD during IVM 

 

After assessing the impact of PADI6 KD during the IVM of bovine oocytes in Chapter 

5, it was necessary to investigate the developmental competence of oocytes following 

microinjection with dsiRNA targeted against PADI6. Real-time PCR analysis of 

PADI6KD embryos was performed to investigate whether PADI6 transcript abundance 

recovered in the embryo, indicative of PADI6 transcription after the GV oocyte stage. 

As well as providing information about the regulation of PADI6 transcription, this may 

indicate that any affected epigenetic regulators also recover from dysregulation 

caused by targeted gene KD of PADI6. As described in Chapter 4, GV oocytes were 

subject to microinjection with duplex buffer (DB), scrambled dsiRNA (SCR) or a mix 

of dsiRNAs against PADI6 (KD) and placed into IVM media (Table 2.3) for 24 hours 

at 39oC, 5% CO2. 20-40 oocytes were microinjected for each group (DB, SCR or KD) 

and 3 discrete cultures were performed. Table 6.15 shows the number of oocytes that 

were injected on each culture week and the number of suspected zygotes that were 

put into embryo culture following IVF. 30-40 GV oocytes were also set aside after 

aspiration as a non-injected control group for IVM and IVF on weeks 1 and 2. This 

was included as an important comparison to investigate the impact of microinjection 

of oocytes on embryo development.  
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Table 6.15 Number of GV oocytes injected per culture week and the number of 

zygotes that were cultured to look at the effects of PADI6 gene KD on fertilisation 

and preimplantation embryo development. 

Culture 

week 

No. of GV oocytes injected No. of zygotes put into culture 

DB SCR KD NI DB SCR KD NI 

1 30 30 50 30 26 23 45 22 

2 30 30 40 40 29 28 28 40 

3 20 20 40 - 20 20 38 - 

 

 

After 24 hours IVM, oocytes were washed in F-TALP media in sterile 4-well dishes 

and pre-prepared Classic sperm was added at a concentration of 1 x 106 sperm/500 

µl F-TALP, as detailed in Section 2.2. After 24 hours IVF, suspected zygotes were 

denuded of their cumulus cells in H-SOF according to Section 2.3.2. Embryos were 

put to culture in pre-prepared 35 mm embryo tested NUNCTM IVF Petri dishes of 

SOFaaBSA, as previously described in Section 2.3. Figure 6.6 shows the modified 

workflow to combine microinjection during bovine IVM with IVF and embryo culture. 

 

Embryos were cultured in SOFaaBSA for up to 2 days until they reached the 2-8 cell 

stage. This cut-off was chosen because PADI6 expression decreases following EGA 

in bovine (8-16 cell stage). On day 1 or 2, NR dye was added to the culture drops to 

assess cell viability as detailed in Section 4.2.1. The number of live cells were counted 

under a stereomicroscope. The number of cleaved embryos were also counted, and 

the embryonic stages were recorded. Embryos were removed from culture, washed 

in DPBS and placed into clean Eppendorf tubes containing 2 µl of RNAGEM lysis 

buffer, as detailed in Section 2.4.1. cDNA synthesis was conducted according to the 

Smart-seq2 protocol described in Section 2.4. Real-time PCR analysis was 

performed according to Section 2.7 to analyse the embryonic expression levels of 

PADI6 after microinjection with dsiRNA.  
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6.2.3.1 Statistical analysis  
 

Real-time data for PADI6 gene expression was compared to the geometric mean of 

3 housekeeping genes, GAPDH, H2A and YWHAZ, as detailed in Section 2.7. Oocyte 

maturation, viability and fertilisation rates were analysed across all cultures. Values 

presented for real-time data and developmental progression data are arithmetic 

means ±SEM for the number of observations shown. All data were tested for normality 

using the D’Agostino-Pearson test and one-way ANOVA was used for normally 

distributed data; p values of <0.05 were considered to be statistically significant.  
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Figure 6.6. Experimental workflow for dsiRNA microinjection during bovine IVM followed 
by IVF and embryo culture. 
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6.3 Results 
 

6.3.1 Experiment 1: Cloning of human PADI6 ORF into bacterial 
expression vectors 

 

6.3.1.1 pET cloning 
 

Following site-directed mutagenesis to engineer a NdeI site into PADI6 clone, 

miniprep DNA from colonies 3, 5, 7 and 8 was digested using NdeI and EcoRV and 

ran on an ethidium bromide gel to verify the correct product sizes (Figure 6.7). These 

colonies were chosen as they yielded >100 ng/μl of DNA following miniprep. If site-

directed mutagenesis was successful, 4 bands of the following sizes were expected: 

422 bp, 2194 bp (PADI6 band), 3440 bp and 3501 bp. Figure 6.7 shows a section of 

this gel containing 2 bands; 1 band just above 2000 bp, expected to be that of PADI6, 

and a stronger band between 3000 and 4000 bp. The latter band might include both 

3440 bp and 3501 bp fragments that have not been separated. Sequencing confirmed 

that DNA from colonies 5 and 7 had incorporated the new NdeI site and possessed 

no base substitutions. The NdeI/EcoRV digest of miniprep from these colonies was 

pooled and run on an agarose gel. The 2194 bp PADI6 band was extracted from the 

gel and mixed with pET-11a for bacterial transformation. The sequencing data 

confirmed the correct incorporation of PADI6 into pET-11a vector. 

Figure 6.7. Representative gel electrophoresis of NdeI and EcoRV restriction digest of 

PADI6 clone after site-directed mutagenesis to produce a 5’ NdeI site. Predicted product 

sizes are: 422 bp (not shown), 2194 bp (PADI6 band), 3440 bp and 3501 bp. It is 

predicted that the latter 2 bands have not separated and can, therefore, be visualised 

as 1 stronger band. GeneRuler 1 kb Plus DNA ladder is shown to size the expected 

products. 
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6.3.1.2 Gateway cloning 
 

PADI6 was amplified from the Vigene PADI6 ORF clone using primers containing attB 

sites compatible with the gateway system. 10 µl of PCR product was run on an 

ethidium bromide gel to verify the presence of a band of the correct size. The resultant 

gel displayed only 1 band, so gel extraction was not required. The remaining PCR 

product was pooled and purified in preparation for the first recombination reaction. 

The BP recombination reaction and transformation of E. coli was performed and the 

resultant minipreps from 8 colonies were sequenced. PCR was performed using 

primers for a 1051 bp PADI6 fragment to identify the insertion of PADI6. Figure 6.8 

shows the presence of PADI6 in 8 colonies picked. The sequencing data confirmed 

PADI6 insertion into pDONR201 in colonies 2, 3, 6, 7 and 8 and identified any base 

substitutions. Sequencing of colonies 1, 4 and 5 failed, perhaps due to poor quality 

minipreps, which is evident in Figure 6.8. Colony 3 was picked to continue to the LR 

recombination reaction as it contained no substitution mutations.  

 

 

Figure 6.8. Representative gel electrophoresis of PCR for PADI6 fragment in miniprep 

DNA from bacterial colonies (1-8) transformed with pDONR201 containing human 

PADI6 ORF. 
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The LR recombination reaction and transformation of E. coli was performed as 

detailed in Section 6.2.1.3.4. 13 resultant colonies were picked for PCR analysis using 

a T7 vector primer and PADI6 reverse primer to confirm insertion of PADI6 ORF into 

pDEST15 vector. If PADI6 was correctly inserted into pDEST15, the resultant band 

would be 1119 bp. Figure 6.9 shows the gel electrophoresis image. All 13 colonies 

displayed a band just above the 1000 bp DNA marker band, suggesting that all 

colonies contained the PADI6 insert. The sequencing results confirmed the correct 

incorporation of PADI6 into pDEST15 vector. 

 

 

Figure 6.9. Representative gel electrophoresis of PCR in 13 bacterial colonies (1-13) 

from LR reaction using T7 vector primer and PADI6 reverse primer to show insertion of 

PADI6 ORF into pDEST15 vector. A Section of GeneRuler 1 kb Plus DNA ladder (L) is 
shown to size the expected products. 

 

6.3.1.3 Detection of cloned PADI6 and bovine oocyte derived PADI6 
protein  

 

With both PADI6 clones sequence verified, efforts were made to induce bacterial 

PADI6 protein production and verify the presence of PADI6 by Western blotting. The 

molecular weight of PADI6 protein was expected to be approximately 77 kDa from 

pET-11a and 100 kDa from pDEST15. PADI6 expression was also investigated in 

embryo carcinoma cell (ECC) lysates (Section 6.2.1.6.1) following detection of PADI6 

mRNA expression by PCR (Section 2.5 and 2.6) in Figure 6.10. The resultant Western 

blots are shown in 0. Lane A and B contained untransformed E. coli and uninduced 

PADI6-pET-11a, respectively, whereas lane C contained induced PADI6-pET-11a. 

Bands were observed in all bacterial lanes (A, B and C) between 55 and 70 kDa which 

suggests that the antibody detected bacterial proteins (0a). No bands were present 

in BSA (E) and ECC lines (F and G). A band was observed in the purchased 

recombinant PADI6 sample (Lane H) between 100 and 130 kDa. This shows that the 

commercial PADI6 antibody is effective in detecting human PADI6 protein and would 

1     2      3      4      5      6     7     8      9     10    11    12    13   L 

1500 

bp 1000  
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be useful for further experiments. Finally, no bands were observed for PADI6 in 20 x 

pooled bovine GV oocytes (Lane I). The same result was also observed when 50 x 

pooled bovine GV oocytes (Appendix IV.C). 0b shows a Western blot for induced 

bacterial lysates from both pDEST15 and pET-11a vectors across the different time 

points (0-3 hr). A gradient of increasing protein abundance would be expected from 

0hr to 3hr post-induction. However, a single band of equal abundance and size 

(between 55 and 70 kDa) was observed in all lanes. These bands appear to be the 

same as those observed in bacterial samples in 0a.  

Figure 6.10. PCR for human PADI6 and GAPDH in ECCs NTera-2 (N) and 2101Ep (E). A 

100bp DNA ladder (L) was used to size the 270bp PADI6 and 312bp GAPDH bands. 
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Figure 6.11. Representative Western blots for PADI6 protein in a) A) Untransformed E. 

coli; B) PADI6-pET-11a uninduced; C) PADI6-pET-11a induced; D) Protein ladder; E) 

BSA; F) 2102Ep protein; G) NTera-2 protein; H) Recombinant PADI6 (positive control); 

I) Pooled GV oocytes (x20) and b) Induced bacterial lysates at different time points. J-

M PADI6-pDEST15: J) 3hr time point; K) 2hr time point; L) 1hr time point; M) 0hr time 

point; N) Protein ladder; O-R PADI6-pET-11a: O) 3hr time point; P) 2hr time point; Q) 

1hr time point; R) 0hr time point. 
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6.3.2 Experiment 2: Amino acid profiling following PADI6 KD during 
bovine oocyte maturation in vitro 

 

AAP was conducted following PADI6 KD as a functional index of the effect of gene 

KD during bovine oocyte maturation in vitro. To this end, cumulus-enclosed GV 

oocytes were microinjected with PADI6 dsiRNA and subject to normal IVM as 

described in Section 6.2.2. After ~18 hours, oocytes were transferred to drops of AAP-

IVM media for approximately 6 hours. The oocytes were removed from media drops 

and frozen in RNAGEM lysis buffer for real-time PCR analysis of PADI6 expression. 

Meanwhile the AA content of the media drops was analysed by HPLC. A total of 91 

oocytes (DB: n=28; SCR: n=26; KD: n=37) across 4 repeat cultures were analysed. 

The real-time PCR and HPLC data were then matched to assess whether the degree 

of KD of PADI6 was reflected in AA metabolism.  

 

6.3.2.1 Molecular analysis of PADI6 KD in AAP-analysed oocytes 
 

Following real-time PCR of MII oocytes from AAP media drops, PADI6 KD (%) was 

calculated for each oocyte compared to the mean PADI6 expression of DB-injected 

oocytes within the same culture. This was done for oocytes from the first 3 repeat 

cultures (DB: n=21; SCR: n=19; KD: n=31). The results are shown in Figure 6.12 with 

each bar corresponding to percentage PADI6 KD for an individual oocyte. The results 

show that there was high variability in the KD of PADI6. Some oocytes appeared to 

have an increased expression of PADI6 compared to DB-injected controls (shown as 

negative values) and were therefore excluded from the analysis. Increased PADI6 

mRNA levels may have been caused by ineffective KD of PADI6 gene expression or 

upregulation of PADI6 in the oocyte to compensate for gene KD. In consideration of 

the variability of KD, 2 groups were created: high PADI6 KD and low PADI6 KD. High 

PADI6 KD was described as >50% KD compared to mean DB PADI6 expression and 

low PADI6 KD was described as <50% compared to mean DB PADI6 expression 

(shown by the red line in Figure 6.12). Coincidentally, this resulted in an equal split of 

samples with 12 samples falling into each group.  
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Figure 6.12. Percentage KD of PADI6 expression calculated using the mean PADI6 expression in DB-control group for each culture. Each bar 

represents an individual oocyte while the different colours represent the independent culture cohort. The oocytes with negative values had increased 
PADI6 abundance compared to DB group and were excluded from analysis. The red line represents the cut off between low and high PADI6 KD at 50% 

PADI6 KD.  

Culture 1 
Culture 2 
Culture 3 
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6.3.2.2 Evaluation of overall amino acid turnover, release and 
consumption from oocytes following PADI6 KD 

 

The consumption, release, net turnover and total turnover of AAs was calculated for 

each injection group (DB, SCR and KD) (Figure 6.13a) as well as the high and low 

PADI6 KD groups defined in Section 6.3.2.1 (Figure 6.13b). Total turnover described 

the sum of consumed and released AAs. There were no significant differences in total 

AA turnover between oocytes from different injection groups (p>0.05). Similarly, 

release and consumption of AAs were not significantly different between oocytes after 

injection with different species (p>0.05). DB-injected oocytes appeared to release 

more AAs than the other 2 groups but this was not statistically significant (p>0.05). 

Net consumption and release of AAs was calculated by deducting the consumed AA 

from the released AAs. Oocytes in the total KD injection group consumed more AAs 

than they released while oocytes in the SCR group released more AAs than they 

consumed (p>0.05) (Figure 6.13a). However, net turnover of AAs was different after 

separating oocytes in the KD group according to PADI6 expression: oocytes in the 

high PADI6 KD group had an overall consumption of AAs whereas oocytes in the low 

PADI6 KD group had an overall release of AAs, although this was not significant 

(p>0.05) (Figure 6.13b). Oocytes in the DB group consumed and released AAs in 

equal amounts, giving a net turnover of ~ 0 (p>0.05). 
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Figure 6.13. AA turnover (pmol/oocyte/hr) in a) injection groups DB, SCR and KD 

and b) injection groups DB, SCR and KD as well as high (dark red) and low (pink) 

PADI6 KD groups according to Section 6.3.2.1. AA release, consumption, turnover 

and net turnover are displayed. Individual bars show the mean ±SEM (p>0.05). 
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6.3.2.3 Evaluation of release/consumption of individual amino acids 
from oocytes following PADI6 KD 

 

Firstly, the data for each AA for each drop and injection group was assessed to 

identify significant differences from zero change in concentration using the Wilcoxon 

signed rank test. This was performed to validate whether there was significant 

consumption or release of each AA. While no significant differences between groups 

were identified by ANOVA, results showed that the AAs that were significantly 

consumed and released according to the Wilcoxon signed rank test (significantly 

different from 0) varied between injection groups (Table 6.16). Aspartic acid was 

significantly consumed by all 3 injection groups (p<0.05) (Table 6.16a). This was the 

only AA that was significantly consumed in oocytes from DB and SCR injection 

groups. In PADI6 KD oocytes, tryptophan (Trp) was also significantly consumed 

(p<0.05). On the other hand, a greater number of AAs were released than consumed 

in all injection groups (Table 6.16b). Alanine (Ala), methionine (Met) and 

phenylalanine (Phe) were significantly released by oocytes from all 3 injection groups 

(p<0.05). DB injection group was the only group to significantly release lysine (Lys) 

while PADI6 KD group was the only group to significantly release glutamine (Glu) 

(p<0.05). Both SCR and PADI6 KD injection groups significantly released arginine 

(Arg) (p<0.05) but DB injection group did not (p>0.05).  

 

Figure 6.14 shows a graphical representation of individual AA turnover for each 

injection group. Although there were no significant differences in AA 

release/consumption between injection groups (p>0.05), some qualitative differences 

were observed. Firstly, DB and SCR oocytes appeared to consume glutamine while 

PADI6 KD oocytes appeared to release it. This was also observed for histidine (His), 

threonine (Thr), tyrosine (Tyr) and possibly valine (Val). Conversely, lysine appeared 

to be consumed in the SCR injection group but released in the DB and KD injection 

groups (p>0.05). The other 12 AAs showed no qualitative changes in release or 

consumption between the different groups.  
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Table 6.16 AA a) consumption and b) release by MII oocytes from each 

injection group (pmol/oocyte/hr) (p<0.05). Data shows the mean ±SEM for 

each AA that was significantly different from 0 according to the Wilcoxon 

signed rank test, indicative of significant consumption or release. NS is 
shown where the data were not significant for a specific injection group. 

Amino acid Significantly consumed AAs in each injection groups 
(pmol/oocyte/hr) 

DB SCR KD 

Asn 0.8 ± 0.3 1.1 ± 0.3 1.3 ± 0.6 

Trp NS NS 0.2 ± 0.5 
 

Amino acid Significantly released AAs in each injection groups 
(pmol/oocyte/hr) 

DB SCR KD 

Ala 0.4 ± 0.1 0.4 ± 0.1 0.5± 0.1 

Arg NS 0.2± 0.1 0.5 ± 0.3 

Glu NS NS 0.6 ± 0.3 

Lys 0.3 ± 0.1 NS NS 

Met 0.6 ± 0.2 0.6 ± 0.1 0.3± 0.1 

Phe 0.4 ± 0.2 0.7 ± 0.1 1.4± 0.2 
 

 

a) 

b) 
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Figure 6.14. AA turnover for each injection group (DB, SCR and KD) (p>0.05). Bar height indicates total turnover (sum of release and consumption).  
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6.3.3 Experiment 3: In vitro fertilisation of bovine oocytes following 
PADI6 KD during IVM 

 

IVF was performed following KD of PADI6 in GV oocytes to assess the role of oocyte 

derived PADI6 in embryo development. GV oocytes were microinjected with DB, SCR 

or PADI6 dsiRNA species during IVM and subsequently fertilised with bovine sperm. 

A group of GV oocytes that were not injected were cultured through IVM, IVF and 

embryo culture alongside the microinjected oocyte groups as a non-injected (NI) 

control to investigate the impact of microinjection of oocytes on embryo development. 

COCs were photographed prior to injection, after 24-hour IVM and on day 2 of embryo 

culture following IVF. Figure 6.15 shows representative images of oocytes and 

embryos from each injection group. Oocytes from all injection groups showed similar 

levels of cumulus expansion and mucification. Viability and embryo cleavage were 

assessed for each injection group on Day 1 or 2 of culture (Figure 6.16). This cut-off 

was chosen to obtain 2-8 cell embryos because PADI6 expression decreases 

following EGA in bovine (8-16 cell stage). The results showed that microinjection of 

GV oocytes with PADI6 dsiRNA significantly reduced cell viability measured by the 

number of neutral red dyed zygotes/embryos on Day 1 or 2 of embryo culture 

compared to NI control (p<0.05) (Figure 6.16b). There were no significant differences 

(p>0.05) in cell viability between injected controls (DB and SCR) and NI controls 

(p>0.05). Similarly, there were no significant differences (p>0.05) in cell viability 

between injected groups (DB, SCR and KD). Qualitatively, cell viability appeared to 

be reduced in DB and SCR-injected groups compared to the NI control, although this 

was not significant (p>0.05). The embryo cleavage rate was significantly lower in the 

PADI6 KD group compared to the NI group (p<0.05). Again, there were no differences 

in embryonic cleavage between DB, SCR and KD groups or between injected and NI 

control groups (p>0.05) (Figure 6.16c). Embryonic cleavage appeared to be reduced 

in DB and SCR-injected groups compared to the NI control, but this was not significant 

(p>0.05). Overall, it is likely that the microinjection procedure per se plays a role in 

reducing cell viability and risks the introduction of polyspermic fertilisation which may 

reduce developmental competence but that PADI6 dsiRNA augments the effect to 

create a significant difference between KD and NI groups. 



 

 

 

256 

Figure 6.15. Examples of cumulus-oocyte complexes (COCs) microinjected with duplex buffer, scrambled or PADI6 dsiRNA and non-injected 

controls followed by IVM and IVF: a) COCs prior to injection; b) Injected COCs after IVM showing cumulus expansion and mucification; c) Embryos on 

day 2 of embryo culture. Columns A and B were photographed at 40X, and column C at 200X magnification. Scale bar = 40 µm.   
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Figure 6.16. Cell viability and embryo cleavage rate on Day 1 or 2 of embryo culture after 

microinjection of GV oocytes with DB, SCR or PADI6 KD injection species followed by 

bovine IVM and IVF: a) The number and percentage of live zygotes/embryos and cleaved 

embryos; b) Cell viability; c) Embryo cleavage rate for each injection group. Individual bars 

show the mean ±SEM. Non-injected (NI) oocytes were cultured alongside the microinjected 

oocytes as a control group. Significance is shown on the graph (*) where p<0.05.  
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Embryos from each injection group were sorted according to their developmental stage 

and lysed for Smart-seq2 cDNA synthesis. 0a shows the number of embryos that were 

retrieved on day 1 or 2 at each developmental stage for each injection group (DB, SCR 

and KD). Qualitatively, the number of embryos at each embryonic stage did not appear 

to differ between DB and KD injection groups. However, the number of 2-cell embryos in 

the SCR group appeared to be lower than the other groups and the number of 4-cell 

embryos appeared to be higher. It may be that early embryo development was 

accelerated in the SCR group but without thorough statistical analysis and further 

repeats, interpretation should be made with caution. Next, real-time PCR was used to 

investigate the transcript abundance of PADI6 in embryos following microinjection (0b). 

The results showed that there were no significant differences in PADI6 expression 

between the different injection groups (DB, SCR and KD) at all embryonic stages that 

were analysed (p>0.05). This suggests that there may be transcription of PADI6 after the 

MII oocyte stage in the bovine as PADI6 expression appears to have recovered in the 

embryos that were analysed here. 
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Figure 6.17. a) The number of bovine embryos that were retrieved on day 1 or 2 at each 

developmental stage (from 2-cell to 8-cell) for each injection group (DB, SCR and KD). b) 
Expression of bovine PADI6 across early embryo development after microinjection with DB, 

SCR or KD injection species (p>0.05). Individual bars show the mean ±SEM. The ‘n’ values 

for each embryonic stage and injection group are as detailed in a).  
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6.4 Discussion 

 

There were many potential approaches to investigate the functional analysis of PADI6 

gene KD. Here, 3 approaches were explored: PADI6 protein analysis, oocyte metabolic 

profiling and embryo culture following KD of PADI6. Firstly, investigation of PADI6 protein 

in bovine oocytes was hindered by the unavailability of a bovine antibody. Furthermore, 

attempts to produce a recombinant human PADI6 in a bacterial expression system were 

unsuccessful due to the strain of bacteria that were used. Secondly, metabolic profiling 

showed that KD of PADI6 might have a functional effect on the AA metabolism of bovine 

MII oocytes at the time points studied.  Finally, KD of PADI6 in GV oocytes appeared to 

recover by the 2-cell embryo stage, suggesting that either there is transcription of PADI6 

after the MII oocyte stage in the bovine or that sufficient stored protein was still available 

to negate any effects of KD.  

 

6.4.1 Experiment 1: Cloning of human PADI6 ORF into bacterial 
expression vectors 

 

2 different methods of cloning were explored to produce PADI6 clones with different 

properties that could be used in multiple expression systems. pET vector cloning relies 

on the presence of unique restriction sites to cleave the DNA or vector only once. As a 

result, it can be tailored for directional cloning through the use of 2 different restriction 

enzymes and is fairly inexpensive. However, as a unique site did not exist here, pET 

vector cloning became arduous (Rohweder et al., 2018). Site-directed mutagenesis was 

necessary to create a suitable restriction site (Castorena-Torres et al., 2016). In addition 

to this, creating a pET vector did not produce a versatile system for future cloning. The 

technique must be performed again in order to create another vector. On the other hand, 

there were a wide range of pET vectors available containing various tags and selective 

markers. pET-11a was chosen as it had no tag, which is beneficial in this study as the 

PADI6 ORF clone possessed a C terminus histidine tag.  

 

At the same time, gateway cloning was executed to clone PADI6 for protein expression 

(Hartley et al., 2000). This method negated the use of restriction enzymes, which can be 

problematic due to multiple cutting sites, inefficient digestion and incompatible ends (Liu 

et al., 1998a). It also produced a versatile system that could input a gene of interest into 

a range of destination vectors. This can facilitate protein expression in a variety of 

organisms and allow the incorporation of different protein tags depending upon 

downstream processes (Reece-Hoyes and Walhout, 2018). Conversely, the proprietary 
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gateway enzymes and vectors were expensive to buy. The E. coli destination vectors 

that were available in this research contained high molecular weight tags such as 

glutathione S-transferase (GST). Large tags such as this may alter the native protein 

folding and enzymatic function thereby hindering PADI6 activity (Kimple et al., 2013).  

 

Overall, the 2 cloning methods that were executed counteract each other’s limitations. 

pET-11a cloning produced a vector that would express PADI6 with a small C terminus 

histidine tag that is unlikely to affect its native protein structure or enzymatic function. 

Contrastingly, gateway cloning produced a versatile expression system that may not be 

suitable initially for PADI6 production in E. coli but which may be useful for future 

experiments looking at PADI6 protein expression in mammalian cells.  

 

 
6.4.1.1 Human PADI6 protein production using a bacterial expression 

system 
 

Cloning of human PADI6 ORF into both expression vectors was verified by sequencing. 

Despite this authentication, bacterial PADI6 production was unsuccessful. There are 

many reasons why recombinant protein induction fails but unfortunately there was no 

time to investigate and troubleshoot the issues. The most likely reason for the failure 

reported here is that the bacterial strain that was available for use, DH5α chemically 

competent E. coli, are not suitable for protein expression. Although DH5α have been 

used in other studies for protein production (Dracheva et al., 1995), the main use for 

these cells is for sub cloning meaning that they efficiently uptake and propagate plasmids 

(Taylor et al., 1993). In hindsight, bacterial strains such as BL21AI or BL21(DE3) E. coli 

should have been used. BL21AI and BL21(DE3) are capable of strongly expressing 

proteins upon induction with L-arabinose and IPTG, respectively (Sorensen and 

Mortensen, 2005). The observed banding in bacterial lysates in Figure 6.11 and 

Appendix IV.C is likely to be due to unspecific labelling of bacterial proteins as it was 

seen in untransformed and uninduced, as well as induced, E. coli samples. Other 

reasons for failed protein production include disruption to initiation start site upon 

insertion into the vector, RNA or protein degradation and protein toxicity to bacteria 

(Rosano and Ceccarelli, 2014). With more time, the correct bacterial strains could have 

been transformed with PADI6-vectors and protein production attempted again. General 

antibodies for GST or histidine could have been used to verify the presence of PADI6 

from each vector. This would also confirm the specificity of the PADI6 antibody (PA5-

45758, Invitrogen). However, once successfully produced, there would be no guarantee 
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that the PADI6 protein would be biologically active and any protein produced would need 

to be thoroughly evaluated before use to counteract oocyte loss of PADI6 following 

siRNAi KD experiments.  

 

6.4.1.2 Use of human PADI6 antibody to detect PADI6 in embryo 
carcinoma cell lines and bovine PADI6 protein in GV oocytes 

 

The human PADI6 antibody that was chosen for protein analysis was tested by Invitrogen 

in RPMI 8226 cell lysates originating from myeloma from peripheral blood and had not 

been cited in any publications so a recombinant human PADI6 protein was purchased 

as a positive control. The expected molecular weight of the purchased human PADI6 

protein was approximately 100 kDa as it was tagged with a GST tag. Figure 6.11a shows 

the identification of a single band between 100 and 130 kDa that is expected to be that 

of the purchased PADI6. If this is true, the human PADI6 antibody effectively detects 

human PADI6 protein. Considering this, PADI6 protein was not detected in human ECC 

lines, 2102Ep and NTera-2 (Figure 6.11a). Although these cells express pluripotency 

genes such as OCT4 and NANOG, expression of PADI6 appears to be more restricted 

(Josephson et al., 2007). Neither embryonic stem cells (ESCs) nor induced pluripotent 

stem cells (iPSCs) express PADI6 suggesting that it is tightly regulated by temporal and 

spatial factors in the oocyte (Christophorou et al., 2014). This also leads us to question 

the applicability of ECCs, ESCs and iPSCs in studying early embryo development.  

 

Finally, the human PADI6 antibody could not detect bovine PADI6 in bovine GV oocytes. 

GV oocytes were chosen for protein analysis as bovine PADI6 gene expression is at its 

highest at this stage compared to other stages of preimplantation development (Figure 

3.6). The human PADI6 peptide (Table 6.11) used to raise the antibody was 

approximately 59% similar to bovine PADI6. According to the company, a similarity of 

85% or above is necessary for cross reactivity therefore it was unable to detect the 

bovine protein. Another use for the PADI6 antibody and recombinant protein was to KD 

PADI6 protein expression and rescue it to reverse the KD phenotype. For the same 

reason, neither the human PADI6 antibody nor human recombinant protein would have 

been likely to be biologically active and effective to do this in bovine oocytes.  

 

To overcome these limitations and investigate bovine PADI6 expression in oocytes, a 

specific bovine antibody would need to be purchased or generated. This would be costly 

and time-consuming as bovine PADI6 antibodies are not commercially available and 

would therefore have to be custom made by injecting a host species with a recombinant 
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bovine PADI6 peptide or full-length protein. Similarly, cloning of bovine PADI6 gene into 

a bacterial expression system could be performed although this method has proved 

unsuccessful (Section 6.3.1) and was shown to be laborious and would require 

significant troubleshooting before it could be used for the desired application. Overall, 

analysis of bovine PADI6 protein expression is necessary to understand the function of 

PADI6 in the bovine oocyte and preimplantation embryo and should be the aim of 

continuing this research.  

 

6.4.2 Experiment 2: The impact of PADI6 KD on bovine oocyte 
metabolism 

 

Metabolic profiling of PADI6KD oocytes was chosen as a relevant functional index of 

PADI6 KD. RNA-seq analysis in Chapter 5 suggested that amino acid metabolism was 

affected following PADI6 KD. Changes to the metabolism of the MII oocyte as a result of 

PADI6 KD could reflect dysregulation of related metabolic processes and disruption to 

oocyte health (Section 6.1.2). For example, glutamine, aspartate and glycine serve as 

substrates for the synthesis of purine and pyrimidine nucleotides for mRNA (Collado-

Fernandez et al., 2012). If KD of PADI6 directly or indirectly impacts transcription in the 

oocyte, changes to AA metabolism would be expected. Moreover, methionine acts as a 

donor of methyl groups therefore dysregulation of epigenetic pathways following PADI6 

KD might influence methionine metabolism (Niculescu and Zeisel, 2002). Overall, the 

results showed that there were no significant differences in AA consumption, release, 

net turnover and total turnover between the different injection species (p>0.05) (Figure 

6.13). However, after matching the PADI6 expression and HPLC data, differences were 

observed in net turnover between high and low PADI6 KD groups. An overall 

consumption of AAs was observed in high PADI6 KD oocytes while an overall release of 

AAs was observed in low PADI6 KD oocytes (p>0.05). A greater number of replicates 

would be necessary to show significance as there was high variability between oocytes 

and the degree of dsiRNA knockdown. Together, these data suggest that there may be 

some functional effect of PADI6 KD on AA turnover in MII oocytes. Given the relationship 

between AA profiles and oocyte health, changes to AA turnover may be an indirect effect 

of other perturbations in the PADI6KD
 oocyte.   

 

Oocytes from all injection groups significantly consumed aspartic acid (p<0.05).  Studies 

in rats and humans suggest that aspartic acid in the follicular fluid might increase LH 

levels and therefore promote oocyte maturation and follicle luteinisation (D'Aniello et al., 

1996; D'Aniello et al., 2007). Furthermore, aspartic acid is necessary for the formation of 



 
 

264 

 

intermediates in the tricarboxylic acid (TCA) cycle for mitochondrial oxidative metabolism 

(Cetica et al., 2003). Meiotic and cytoplasmic maturation have high energy requirements 

so this would support the observed consumption of aspartic acid during oocyte 

maturation in all injection groups. Oocytes from all injection groups significantly released 

alanine, methionine and phenylalanine (p<0.05). The PADI6 KD group was the only 

group to significantly release glutamine and consume tryptophan (p<0.05). Glutamine is 

required for mRNA synthesis and oxidative metabolism through the TCA cycle which 

suggests that KD of PADI6 might impact oocyte maturation and consequently, 

developmental competence. Likewise, the PADI6 KD group appeared to release valine 

while DB and SCR groups consumed valine (p>0.05). This is interesting given the 

observed downregulation of BCKDHA in PADI6KD 
oocytes following RNA-seq (Figure 

5.13). As described previously, BCKDHA is responsible for the breakdown of 3 AAs 

including valine (Pan et al., 2018). Downregulation of BCKDHA might result in reduced 

breakdown of valine and increased excretion into the media. Both SCR and KD groups 

significantly increased the release of arginine (p<0.05) but DB injection group did not 

(p>0.05). This suggests a potential impact of PADI6 KD may be evident later on in 

embryo cleavage development than was investigated in the present study, as such this 

observation should be followed-up in future studies. In the literature, 

release/consumption of alanine, arginine, glutamine, leucine and tryptophan is strongly 

associated with developmental competence of the bovine MII oocyte (Hemmings et al., 

2012). Similar associations have also been made in human oocytes and embryos 

(Hemmings et al., 2013; Houghton et al., 2002; Stokes et al., 2007). Excessive release 

of alanine is associated with a reduction in embryonic cleavage in bovine and humans 

(Hemmings et al., 2012; Houghton et al., 2002). Alanine release is thought to be 

associated with increased AA turnover and disposal of ammonia from embryos (Donnay 

et al., 1999; Houghton et al., 2002). Ammonia is a product of amino acid metabolism and 

a by-product of conversion of peptidylarginine to peptidylcitrulline by PADI enzymes 

(Bicker and Thompson, 2013). Dysregulation of PADI enzyme activity might therefore 

result in altered ammonia disposal and amino acid metabolism. Research into the effects 

of ammonia on bovine blastocysts suggest that ammonia is released as free ions or fixed 

with alanine and possibly glutamine and arginine (Orsi and Leese, 2004). Here, PADI6KD
 

oocytes significantly released alanine, glutamine and arginine, indicating a potential 

increase in ammonia disposal in PADI6 KD oocytes. On the other hand, release of 

alanine by oocytes from all injection groups in this study may therefore indicate that the 

microinjection procedure decreases developmental competence of the oocyte. 

Decreased developmental competence is also associated with increased consumption 

of arginine and glutamine and increased release of tryptophan in bovine (Hemmings et 
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al., 2012). Here, the inverse of this is seen in the PADI6 KD group which suggests that 

microinjection of PADI6 does not affect developmental competence by disrupting AA 

oocyte metabolism. Overall further investigation of late preimplantation embryos is 

necessary to confirm the impact of PADI6 KD on oocyte and embryo developmental 

competence. This study shows that AAP could be used as a non-invasive assessment 

of viability and oocyte quality after microinjection. 

 

Our current AA assay system could not be used to detect citrulline, but other researchers 

have reported using HPLC to detect L-citrulline (Jayaprakasha et al., 2011; Shafaei et 

al., 2015). However, citrullination by PADI proteins is not accompanied by the removal 

of free citrulline from the cell or media, but instead involves the conversion of arginine to 

citrulline which releases ammonia as a by-product (Bicker and Thompson, 2013). 

Additionally, these published methods used much higher sample volumes than those 

used for individual oocyte cultures, which would likely mask any oocyte-induced changes 

in citrulline concentration. Therefore, using HPLC to measure citrulline is unlikely to 

detect citrullination by PADI6. A more promising approach may be to measure the 

release of ammonia between control and KD oocytes as a possible indicator of 

citrullination. A metabolomics approached using liquid chromatography mass 

spectrometry could potentially identify putative changes in citrulline as well as other 

metabolites, though again the oocyte sample volumes available for analysis are very 

limited which may restrict assay utility. Recent advances in chemical labelling of 

citrullinated proteins have aided identification of novel PADI substrates and citrullination 

sites by mass spectrometry (Clancy et al., 2016). However, a method of extracting the 

high protein content from very small volumes of maturation media is not widely available. 

For example, acetonitrile precipitation approach would require a 1 in 1000 dilution of the 

original sample (Demacker et al., 2009). Unfortunately, pathway analysis of citrulline 

biosynthesis, protein citrullination, arginine biosynthesis, citrulline-nitric oxide cycle and 

arginine degradation produced no results following PADI6 KD. This suggests that PADI6 

might have lost its citrullinating ability, as described by Raijmakers et al. (2007) 

previously.  
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6.4.3 Experiment 3: Recovery of PADI6 expression in bovine embryos 
following KD in GV oocytes 

 

After achieving successful KD of PADI6 in bovine oocytes, it was necessary to explore 

the impact of gene KD on embryo developmental competence. There was a significant 

reduction in zygote/embryo viability and embryonic cleavage in the PADI6 KD group 

compared to NI controls, however, this was not observed between the KD and control-

injected groups. This suggests that there might have been a synergistic effect of the 

microinjection procedure and PADI6 dsiRNA that caused a significant change compared 

to NI control oocytes. With no significant differences observed between DB, SCR and 

KD microinjection groups, further investigations and repeat cultures are necessary to 

investigate whether this is a true effect of PADI6 dsiRNA.  

 

DsiRNA KD is often favourable for its transient ability to KD genes of interest, therefore 

it was interesting to evaluate the transcript abundance of PADI6 in the embryo after 

dsiRNA microinjection (Podolska and Svoboda, 2011). The results showed that PADI6 

transcript abundance in the KD group was similar to control-injected oocytes in all of the 

developmental stages that were analysed (2-8 cell embryos). This suggests that there 

may be transcription of PADI6 after the MII oocyte stage in the bovine, or that PADI6 

may be upregulated to compensate for its reduction. Wang et al. (2012b) microinjected 

bovine oocytes with dsiRNA to achieve KD of IGF-IR, however, in order to achieve KD 

in 2-cell embryos, 1-cell zygotes were microinjected with dsiRNA. This suggests that 

recovery of gene expression following RNAi in oocytes may be a common occurrence 

and that by using zygotes, the effects of RNAi can be observed in the early embryo. 

Furthermore, storage of PADI6 transcripts during oocyte maturation might prevent 

accessibility and degradation of PADI6 mRNA by dsiRNA. After fertilisation, activation of 

the oocyte might stimulate polyadenylation and translation of PADI6 mRNA, therefore 

appearing to rescue KD of PADI6. Indeed, Figure 3.6 showed that PADI6 transcript 

abundance significantly increased from MII oocyte to 6-cell embryo stage, supporting the 

view that KD of PADI6 is rescued in the embryo. To this end, a time course of detection 

of PADI6 mRNA and protein expression in oocytes and embryos following siRNA 

injection is necessary to assess PADI6 KD longevity by real-time PCR and Western 

blotting and/or immunohistochemistry. 

 

On the other hand, with the variable nature of dsiRNA KD, it could be that PADI6 

expression was not significantly ablated during microinjection of GV oocytes. This would 

explain why PADI6 expression was unchanged in the early embryo. This limitation was 
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a consideration throughout the experiment. As the expression of PADI6 could not be 

measured in live oocytes after KD, a solution was to take a subset of MII oocytes after 

microinjection with dsiRNA and assess PADI6 expression using real-time PCR. The 

problem with this was that the numbers of oocytes, considering the percentage of cell 

death, were too low to allow removal of oocytes for analysis prior to IVF. As a result, the 

expression of PADI6 was evaluated during the first few cleavage divisions instead of 

allowing embryos to reach the blastocyst stage where PADI6 is no longer expressed. 

Due to time constraints, further investigation into the development of PADI6KD 
embryo 

was not conducted. It remains necessary to assess the ability of PADI6 KD oocytes to 

reach the blastocyst stage. This would require activation of the embryonic genome and 

provide a better index of developmental competence.  

 

Finally, although PADI6 gene expression was unchanged in the embryo, the effect of 

PADI6 KD on the expression of other genes may have been longer lasting. In Chapter 5 

the results showed that there were changes to key epigenetic regulators in the oocyte 

after PADI6 KD. There was also dysregulation of an imprinted gene, PLAGL1. 

Fertilisation encompasses an important reprogramming event whereby gamete-specific 

epigenetic marks are erased in preparation for a new somatic epigenome (Morgan et al., 

2005). Dysregulation to epigenetic regulators at this crucial time point may have a 

detrimental effect on the embryo, specifically on EGA. Considering this, it would be 

interesting to perform targeted real-time PCR analysis and RNA-seq of PADI6KD
 embryos 

across the whole preimplantation embryo developmental time course to the blastocyst 

stage to investigate the long-term impact of PADI6 KD in GV oocytes.  
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6.4.4 Conclusion 
 

This work successfully created 2 sequence-verified PADI6 vectors by exploring different 

cloning methods, pET vector cloning and gateway cloning that may be useful tools for 

future research. Western blot analysis using a human PADI6 antibody highlighted the 

species differences in PADI6 protein and the necessity for a bovine PADI6 antibody. 

Moreover, metabolic profiling of MII oocytes suggested that there may be some 

functional effect of PADI6 KD on AA turnover compared to control-injected and non-

injected oocytes and that this may be linked to alterations in gene expression observed 

in Chapter 5, however changes in AAP of oocytes may also reflect the impact of PADI6 

KD on oocyte health. Furthermore, investigation into citrullination pathways following 

PADI6 KD suggests that PADI6 might have lost its deiminase activity. Finally, IVF of 

PADI6KD
 oocytes indicated that PADI6 transcript abundance recovers in the bovine 

embryo. Further functional analyses of PADI6KD
 oocytes are necessary to provide a 

greater understanding of PADI6 function in the bovine oocyte.  
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Chapter 7 General Discussion 

 

The results presented in this thesis have extended our understanding of the biology of 

PADI6 during bovine oocyte maturation. The data presented has mapped the expression 

of PADI6 and other MEG transcripts across oocyte and embryo development. 

Furthermore, KD of PADI6 using dsiRNA has provided preliminary insights into the roles 

played by PADI6 during the GV to MII transition in bovine oocytes in vitro. Overall, the 

data suggest that PADI6 is involved in transcriptional regulation of a subset of epigenetic 

regulators, which may impact on oocyte developmental competence and embryonic 

genome activation in monovulatory species.  

 

7.1 Characterisation of PADI6 and MEGs in the bovine 

 

The expression of MEGs is often considered to be a good marker of oocyte 

developmental competence (Conti and Franciosi, 2018). During oocyte maturation, the 

transcription and storage of mRNA is crucial to enable the synthesis of proteins that 

function in maturation, fertilisation and early embryo development (Ajduk et al., 2008). 

Together, MEGs form regulatory mechanisms that are necessary to orchestrate 

developmental processes at the correct time points. The first step to understanding gene 

function in the oocyte and embryo is to characterise the gene expression at different time 

points across preimplantation development. This enables inferences to be made about 

the origin of transcripts, be it maternal or zygotic, and potential regulatory mechanisms 

that are controlling gene expression. Furthermore, considering the involvement of PADI6 

and SCMC genes in human pathologies, characterisation of MEGs during “normal” 

development facilitates the study of developmentally incompetent oocytes and may led 

to advances in ART such as IVF (Alazami et al., 2015; Docherty et al., 2015; Maddirevula 

et al., 2017; Meyer et al., 2009; Murdoch et al., 2006; Parry et al., 2011).  

 

There remains a need for deeper understanding of oocyte mechanisms and 

preimplantation embryo development in larger mammals. For many years the mouse has 

been used to study preimplantation development due to its small size, short generation 

interval and ability to create inbred mouse strains; however, with time, the distinction 

between mouse and human has become more evident (Taft, 2008). Differences in 

culture conditions and metabolic requirements and follicle selection have meant that the 

bovine model is now considered to be more physiologically relevant to humans than the 

mouse (Menezo and Herubel, 2002). Humans and bovine are monoovular species 
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indicating that only 1 secondary oocyte is ovulated per cycle (Adams and Pierson, 1995). 

Regulatory mechanisms such as polyadenylation that are present in the oocytes of 

humans and bovine are not observed in mice (Menezo and Herubel, 2002). Likewise, 

bovine embryos better reflect the timing of epigenetic reprogramming and EGA in human 

development than the mouse model (Bettegowda et al., 2008). Still, there is little 

information in the literature regarding the expression of SCMC members during bovine 

oogenesis and preimplantation embryogenesis. In light of the similarities between bovine 

and human oocyte and preimplantation embryo development, it was evident that this 

knowledge gap needed to be addressed.  

 

The results that were presented in this thesis showed that PADI6 expression was oocyte 

and early preimplantation embryo-specific in the bovine (Chapter 3). PADI6 was 

expressed in the GV and MII oocyte as well as the early embryo up to the 16-cell stage 

but it was not expressed after EGA in the morula, blastocyst and expanded blastocyst 

embryos. To our knowledge, this is the first characterisation of PADI6 during bovine 

oocyte maturation and preimplantation embryo development. PADI6 expression was 

absent from somatic tissues of the ovary, except for the OC sample. The low detection 

of PADI6 in this sample is likely to originate from early stage follicles that reside in this 

region of the ovary (Newton, 1998). Furthermore, PADI6 was not expressed in non-

ovarian somatic tissue, further confirming its specificity as oocyte and embryo specific. 

Studies in mice were consistent with our observations showing that PADI6 expression is 

restricted to oocytes and preimplantation embryos (Choi et al., 2010; Wright et al., 2003). 

However, Zhang et al. (2004) showed that PADI6 was highly expressed in peripheral 

blood leukocytes and ovary, and weakly expressed in liver, lung, testis, spleen, thymus 

and pancreas in humans. In this study, there was only 1 RNA sample available for the 

majority of bovine somatic tissues that were analysed therefore the results may not 

reflect the actual expression of PADI6 in bovine somatic tissues. Despite this, research 

in other species including humans suggests that PADI6 is predominantly expressed in 

the oocyte and early embryo.  

 

The expression patterns of SCMC and NLRP genes in bovine preimplantation 

development were characteristic of MEGs with gene expression highest in the oocyte 

and early embryo, followed by a sharp decline after EGA.  The data presented here is 

consistent with that in the literature. RNA-seq by Reyes et al. (2015) supported 

microarray data (Mamo et al., 2011) showing that NLRP5 sharply decreased from the 

GV to MII stage in the bovine, as observed here in Figure 3.9. Consistent with our reports 

in bovine, SCMC members, Mater/NLRP5, Floped/OOEP and Tle6/TLE6 were 
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expressed in the maturing mouse and ovine oocyte and embryo prior to EGA (2-cell and 

8-16-cell stage in mice and ovine, respectively (Bebbere et al., 2014; Li et al., 2008a). In 

this thesis, DNMT1 expression was constant during oocyte maturation and 

preimplantation embryo development to the 8-cell stage; however, Misirlioglu et al. 

(2006) detected higher DNMT1 expression in MII oocytes compared to 8-cell bovine 

embryos. This might be due to sampling of different sized follicles as DNMT1 expression 

was detected at higher levels in oocytes from larger bovine follicles by Racedo et al. 

(2009). Conversely, expression of DNMT3A/B and ZFP57 was lower in the early stages 

of preimplantation development and began to increase after EGA, indicative of zygotic 

transcription. RNA-seq results by Graf et al. (2014) showed that zygotic DNMT3B and 

ZFP57 were activated at the 8-cell stage while DNMT3A was first expressed at the 

blastocyst stage in bovine. Interestingly, this dataset of zygotic transcripts did not contain 

any SCMC or NLRP genes, indicating that they are transcribed from the maternal 

genome (Graf et al., 2014). DPPA3 was highly expressed throughout early 

preimplantation embryo development, but there was a reduction in transcript abundance 

that correlated with EGA. In the study by Graf et al. (2014), transcription of zygotic 

DPPA3 was recognised from the paternal allele around the 16-cell stage therefore it is 

likely that maternal DPPA3 was translated or degraded around the time of EGA. 

Expression of TRIM28 was fairly consistent across bovine oocyte and embryo stages, 

only increasing in the morula embryo. 

 

The advent of RNA-seq has allowed the transcriptomes of individual oocytes and 

embryos to be comprehensively characterised (Tang et al., 2009). Many studies have 

performed widespread transcriptome analyses in different stages of bovine 

preimplantation development by RNA-seq (Chitwood et al., 2013; Driver et al., 2012; 

Graf et al., 2014; Huang and Khatib, 2010; Mamo et al., 2011; Reyes et al., 2015; Robert 

et al., 2011). By analysing the impact of polyadenylation during oocyte maturation, Reyes 

et al. (2015) found that, for many mRNAs, transcript abundance did not change from GV 

to MII stage. Instead, the length of polyA tail was altered, which indicates that there is 

mRNA storage in the oocyte. This is significant for our findings as the observed 

fluctuations in transcript abundance from qPCR experiments may actually signify 

changes in polyA tail length or storage of mRNAs, which might be regulated in the oocyte 

by PADI6 (Section 7.6.3). 
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7.2 Validation and experimental design for the targeted KD of 

PADI6 during the IVM of bovine oocytes using dsiRNA 

species  

 

The innate cellular process of RNAi has been harnessed by researchers as a tool to 

investigate the function of novel genes. In summary, exogenous dsiRNA becomes 

incorporated into the RISC and the passenger strand is degraded. The RISC is targeted 

to the homologous mRNA by the guide strand. RISC-member and endonuclease, AGO2, 

cleaves the target mRNA and it is subsequently degraded in cytoplasmic P-bodies. 

AGO2 is an essential component of the RISC. Lykke-Andersen and colleagues used 

RNAi to ablate maternal Ago2 from mouse zygotes (Lykke-Andersen et al., 2008). This 

resulted in embryonic arrest, with 76% of embryos arresting at the 2-cell stage (EGA in 

mice). They also demonstrated that a subset of maternal mRNAs, including Mosg, Gbx2, 

Fgfr2 and Lepr-2, were stabilised in AGO2 KD zygotes, compared to controls. Microarray 

screens identified endogenous miRNAs that could potentially target such genes for 

degradation via AGO2/RISC. This work suggested that AGO2 was necessary to degrade 

a subset of maternal mRNAs prior to EGA in the mouse, and that the mechanism through 

which this occurs may involve endogenously expressed miRNAs.   

 

It was hoped that targeted gene KD during IVM of bovine oocytes by microinjection of 

dsiRNA species would support investigation of the function of genes such as PADI6. 

With different means of administering dsiRNAs to a cell including transfection and 

electroporation, microinjection was chosen due to its repeatability between cells and 

across different culture weeks (Zhang and Yu, 2008). Microinjection was easily 

incorporated into the current IVM culture system (Figure 2.1 and Figure 4.4), which 

enabled oocytes to resume meiosis and complete oocyte maturation as described for 

non-injected oocytes in Chapter 2. Previously, Cotterill (2008) used a 2-day culture 

system to achieve gene KD during IVM of ovine oocytes. To this end, oocytes were 

retrieved from abattoir-derived ovaries, subject to denudation and subsequently, 

microinjected with dsiRNA. Oocytes were then incubated with cilostamide, a PDE3 

inhibitor, for 24 hours to delay maturation. On day 2, oocytes were co-cultured with 

cumulus shells from oocytectomised COCs from fresh abattoir-derived ovaries for 24 

hours. Finally, on day 3, oocytes were assessed for maturation and collected for 

downstream analyses. Clearly this system for dsiRNA KD during IVM is a longer process. 

It requires travelling to the abattoir on 2 consecutive days and necessitates more work 

than the system that is described in this thesis; however, the advantage lies in the 
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injection of denuded oocytes. In the current system, microinjection of COCs was 

technically challenging as cumulus cells mask the oocyte making it difficult to visualise 

and handle. As a result, the injection pipette might miss the oocyte and KD would not be 

achieved. Care was taken to ensure that the oocyte was injected with dsiRNA by 

observing a small movement of oocyte cytoplasm, but this was not always possible. In 

part, this may explain the variability that was detected in the KD of PADI6 gene 

expression. In the 2-day system, microinjection of denuded oocytes may produce a 

greater number of successful KDs but lower oocyte survival rates as a result of 

denudation and longer culture time.  

 

There are slight variations between published methodologies for microinjection of siRNA. 

Lee et al. (2014a) microinjected bovine cumulus-enclosed GV oocytes with siRNA and 

delayed meiotic maturation for 48 hours by incubation with cyclin-dependent kinase 

(CDK) inhibitor roscovitine. The delay, often called a pre-maturation stage, was included 

to allow more time for siRNAs to deplete endogenous transcripts with the hope of 

achieving a better gene KD. Maturation inhibitors have also been shown to enhance 

oocyte growth and developmental competence (Lee et al., 2017; Vanhoutte et al., 2008). 

On the other hand, some evidence suggests that delaying fertilisation by extended in 

vitro culture of mouse oocytes decreases developmental competence of the oocyte (Jee 

et al., 2009). Culturing bovine oocytes in PDE inhibitors for 9 hours caused complete 

loss of gap junctions between the oocyte and cumulus cells (Thomas et al., 2004). 

However, culture in PDE inhibitors for 6 hours did not affect embryonic cleavage, 

blastocyst rate or blastocyst cell number (Li et al., 2016). Thus it appears that the pre-

maturation culture time must be optimised in order for it to be advantageous for 

subsequent embryo development. Following optimisation, the system described in this 

thesis could be improved by the incorporation of a pre-maturation stage after dsiRNA 

microinjection of GV oocytes. 

 

In Chapter 4.2, the parameters for microinjection of bovine COCs were optimised. The 

injection volume was estimated experimentally by counting the number of injections that 

were taken to deplete a known starting volume. This estimate was comparable to 

estimated volumes in the literature (Bettegowda et al., 2007); however, measuring small 

volumes such as these is likely to be inaccurate. The main aim of the injection 

parameters was to maintain cell viability and competence. This was successfully 

achieved as an average of 81% of oocytes matured following microinjection with PBS 

(Table 4.7), which was comparable to oocyte maturation of non-injected oocytes (Figure 

3.4).  



 
 

274 

 

 

Next, validation of dsiRNAs and primers was performed to evaluate the most effective 

reagents for KD and detection of PADI6 transcript abundance. As discussed in Chapter 

4, dsiRNA and primer design are mutually dependent. Primers must be designed 

according to the dsiRNA target region to detect cleavage of the gene of interest. Primers 

that bind outside of these regions may result in amplification of a fragment of the cleaved 

transcript, producing a false positive result (Holmes et al., 2010; Mainland et al., 2017). 

Likewise, dsiRNAs should be designed to target highly expressed exonic regions to 

achieve an effective gene KD. RNA-seq data from ovine species suggested that exons 

9 and 13 of bovine PADI6 would be effective targets for dsiRNA. After the design 

process, both primers and dsiRNAs were tested experimentally as there may be 

unknown properties of the transcript that preclude binding to the homologous sequence. 

5 dsiRNAs were tested and oocyte-specific PADI6 KDs were created using the 

microinjection and IVM system described in Chapter 4.  

 

The preliminary data for targeted KD of oocyte PADI6 showed that dsiRNAs in exon 9 

and primer set 9B gave the most consistent reduction in PADI6 gene expression 

compared to the other dsiRNA and primer combinations. These experiments were 

performed alongside microinjection training so the number of oocytes per microinjection 

group was low (n = 2-5 individual oocytes) and the appropriate experimental repeats 

were not performed. Nevertheless, the subsequent experimental design to determine the 

best dsiRNA species to KD PADI6 contained an adequate number of oocytes and 

experimental repeats. It showed that a combination of 3 dsiRNAs targeting exon 9 was 

effective at reducing PADI6 transcript abundance (0.047 ± 0.05 arb. units, n = 17) in 

comparison to SCR-injected controls (0.14 ± 0.02 arb. units, n = 19) and DB-injected 

controls (0.13 ± 0.02 arb. units, n = 22) (Figure 4.8). RNAi is known to produce variable 

results due to differences in the amount of dsiRNA entering a cell or in the starting 

amount of mRNA in a cell (O'Meara et al., 2011). Further, the technical challenges of 

microinjection of COCs also cause variability in gene KD. As a result, oocytes with the 

greatest reduction in PADI6 transcript abundance compared to control-injected oocytes 

were chosen for further analysis (Figure 4.9). The average reduction in PADI6 gene 

expression was 74±3.6% following dsiRNA injection (0.03 ± 0.09 arb. units, n = 20) in 

comparison to SCR-injected oocytes (0.11 ± 0.02 arb. units, n = 10) and DB-injected 

oocytes (0.11 ± 0.02 arb. units, n = 11). The success of PADI6 KD was verified by RNA-

seq (Chapter 5). 
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7.3 Evaluation of MII oocytes following PADI6 KD 

 

KD of PADI6 did not significantly affect oocyte meiotic progression and cumulus 

expansion (p>0.05). The KD experiments showed that there were no significant 

differences in oocyte viability or maturation between control-injected oocytes and 

PADI6KD
 oocytes (p>0.05). In particular, maturation rates of viable oocytes after PADI6 

KD in Chapter 4 (64% ± 20%, n = 27, Figure 4.10) were not significantly different to non-

injected oocytes from Chapter 3 (83% ± 3.6%, n = 242, Figure 3.6). Similarly, there were 

no differences in COC morphology, cumulus mass or cumulus expansion between 

control-injected oocytes and PADI6KD
 oocytes. The results suggest that KD of PADI6 did 

not affect the capacity of GV oocytes to complete meiotic progression over 24 hours IVM; 

however, it could still have functional importance for oocyte developmental competence. 

This is consistent with the mouse literature where Padi6 knockout oocytes progress to 

MII without disruption (Esposito et al., 2007). Furthermore, when the AAP was matched 

with the PADI6 KD results reduction of PADI6 expression appeared to have some effect 

on AA metabolism compared to control-injected oocytes. This may be a direct effect of 

PADI6 KD on oocyte metabolism or a general impact of PADI6 KD on oocyte health. 

Aside from post-translational citrullination, there are no proposed roles for PADI6 in 

oocyte metabolism in the literature therefore it is unlikely that PADI6 functions in oocyte 

metabolism and the transition from GV to MII in bovine. The AA profiles of microinjected 

MII oocytes were not compared to non-injected MII oocytes. It may be that the 

microinjection technique per se affects AA metabolism, but this would be the same for 

all of the groups that were analysed here. Finally, AAP could be a useful tool for 

assessing oocyte quality after microinjection as it has been shown to be a reliable 

indicator of developmental competence in humans and bovine (Hemmings et al., 2012; 

Hemmings et al., 2013; Houghton et al., 2002; Stokes et al., 2007). 

 

Investigation into the expression of PADI family genes in Chapter 3 confirmed the wide 

tissue distribution documented elsewhere (Mechin et al., 2007). However, PADI3 and 

PADI4 were observed at very low levels in the bovine GV oocyte sample. Although the 

data in Chapter 3 suggests that PADI1-4 are not abundant genes in the oocyte, studies 

in polyovulatory mice and pigs have suggested otherwise (Brahmajosyula and Miyake, 

2013; Zhang et al., 2016). It is understood that genes within a family can have redundant 

roles or the ability to compensate for the loss of a related gene (Busca et al., 2016). With 

the success of PADI6 KD in the oocyte, it was critical to investigate the transcript 

abundance of PADI1-4 in PADI6KD
 oocytes. Preliminary analysis of PADI1-4 in DB-

injected MII oocytes showed that all 4 PADI genes were expressed at very low levels 
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(<0.0025 arb. units, n = 3) compared to PADI6 (0.11 ±0.016 arb. units, n = 11) (Figure 

4.14 and Figure 4.9). Furthermore, expression of PADI1-4 did not significantly change in 

PADI6KD
 oocytes (n = 3) compared to DB-injected control oocytes (p>0.05). Although the 

number of oocytes that were analysed was low and the results should be interpreted with 

caution, the RNA-seq data confirmed that transcription of PADI1-4 was absent from 

bovine MII oocytes (Section 5.3.4.2). Therefore, the collective results from these studies 

suggested that PADI6 is the predominant PADI family member in the bovine oocyte, 

which enabled investigation of gene function by dsiRNA KD during the IVM of oocytes 

from this species. Furthermore, it is likely that the transcriptomic changes that are 

documented in Chapter 5 are due to PADI6 KD and not due to changes in PADI1-4 

expression.  

 

With this in mind, Christophorou et al. (2014) investigated the role of PADI4 in 

pluripotency in mouse embryos. They found that treatment of 2-cell mouse embryos with 

an unspecific PADI inhibitor, Cl-amidine, resulted in complete developmental arrest at 8-

cell stage. When they reduced the concentration of Cl-amidine to prevent embryonic 

arrest, they found that there was an increase in differentiated trophoblast cells at the 

blastocyst stage. It is important to note that they did not look to see if other PADI 

members were inhibited in mouse embryos therefore it may be that the observed effects 

are actually due to inhibition of PADI6. This is further supported by the observation that 

the SCMC-related condition FBHM is characterised by hyperproliferation of trophoblast 

cells. They also used mouse embryonic stem cells (mESCs) to look for substrates of 

PADI4 activity. They concluded that Dnmt3b and Trim28 were potential substrates for 

PADI4. They noted that Padi6 was not detected in mESCs or mouse induced pluripotent 

stem cells (iPSCs) after reprogramming. This shows that mESCs and iPSCs are not 

good models for investigation of Padi6 and suggests that Padi4 may function redundantly 

in these cells to regulate Padi6 substrates, Dnmt3b and Trim28. This might confirm our 

findings in Chapter 5 that also identified DNMT3A and TRIM28 as potential downstream 

targets of PADI6 in the bovine. Overall, morphological evaluations of oocyte maturation 

and cumulus cell expansion along with a reduction in PADI6 transcript abundance have 

proven that the dsiRNA microinjection approach and IVM culture system can be used for 

targeted gene KD during IVM of bovine oocytes. The system reported in Chapter 4 

therefore formed the basis for the study of PADI6 function in bovine oocytes in Chapters 

5 and 6.  

 



 
 

277 

 

7.4 Transcriptome analysis of the impact of PADI6 KD in GV 

oocytes on MII oocytes derived by IVM 

 

Characterisation of gene expression in the bovine species (Chapter 3) showed that 

PADI6 is an oocyte-specific gene that is transcribed from the maternal genome and 

depleted after EGA. Validation experiments following PADI6 KD suggested that it does 

not function in meiotic maturation or cumulus expansion. From the literature, it is 

understood that PADI6 localises to CPL structures in the oocyte (Wright et al., 2003). 

CPLs form during oogenesis and provide a storage site for ribosomes and RNAs 

(Bachvarova et al., 1981; Sternlicht and Schultz, 1981). Yurttas et al. (2008) showed that 

ablation of Padi6 in mouse oocytes caused an increase in free ribosomes as they were 

released from CPLs. Reduced levels and aberrant localisation of RNA pol II were also 

detected in Padi6-/-
 embryos. More recently, other members of the SCMC were identified 

as necessary for CPL formation (Kim et al., 2010; Tashiro et al., 2010). Ablation of Mater 

or Padi6 resulted in a reduction in mRNA and protein synthesis in mouse embryos (Tong 

et al., 2000; Yurttas et al., 2008). The literature suggests that PADI6 functions in 

transcriptional regulation in the oocyte and early embryo, and that the role of PADI6 is 

associated with CPLs and the SCMC. To this end, it was important to investigate the 

transcriptome of PADI6KD
 oocytes.  

 

In an attempt to identify the regulatory networks of bovine PADI6 function, targeted real-

time PCR analysis and RNA-seq were performed following PADI6 KD in comparison to 

control-injected MII oocytes. Oocytes with an average reduction in transcript levels for 

PADI6 of 74±3.6% (0.03 ±0.004 arb. units, n = 20) following dsiRNA microinjection were 

generated in Chapter 4 alongside SCR-injected oocytes (0.12 ±0.014 arb. units, n = 10) 

and DB-injected oocytes (0.11 ±0.016 arb. units, n = 11). Bovine real-time PCR arrays 

were used to investigate markers of oocyte quality, and imprinted genes and epigenetic 

regulators in PADI6KD
 oocytes. Genes were labelled as markers of oocyte quality 

because disruption to their expression negatively impacts the oocyte. Global changes to 

these genes would suggest a role for PADI6 in oocyte maturation. On the other hand, 

changes to the expression of imprinted genes and epigenetic regulators would suggest 

a role for PADI6 in imprinting regulation and developmental competence of the embryo. 

 

The results from the oocyte quality marker array showed that of the 23 genes that were 

analysed, 2 were dysregulated in PADI6KD
 oocytes: PRDX1 and ZP1. The majority of 

transcripts were not affected by KD of PADI6 which suggests that PADI6 does not play 
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a major functional role in the progression of oocyte maturation. PRDX1 was not 

significantly changed between DB-injected and PADI6KD
 oocytes. This suggests that the 

differences that were observed between SCR-injected and PADI6KD
 oocytes might be an 

artefact of the microinjection methodology as opposed to a direct effect of PADI6 KD. 

Alternatively, both PRDX1 and ZP1 were downregulated in PADI6KD
 oocytes compared 

to control-injected oocytes. As discussed previously, this may be an effect of 

deadenylation of transcripts as an oligo-dT method was used for cDNA synthesis. In 

support of this, there was no differential expression of PRDX1 or ZP1 in the RNA-seq 

data. In conclusion, it seems that PADI6 is not involved in oocyte maturation as the 

majority of genes that were analysed did not change from GV to MII transition following 

KD of PADI6.  

 

On the other hand, analysis of imprinted genes and epigenetic regulators identified a 

number of significant alterations in gene expression. Initial screening of 35 genes in a 

subset of samples (n = 6-7 oocytes) identified upregulation of DNMT3B and PRMT5 

expression as well as SCMC member, OOEP expression in PADI6KD
 oocytes compared 

to DB-injected oocytes. SCR-injected oocytes were not analysed due to limited amount 

of cDNA available for each single oocyte sample and the large number of genes that 

were analysed using the arrays. The samples that were included in this experiment were 

all generated from the same culture week. After analysing more samples (DB n = 11; 

SCR n = 10; KD n = 20), DNMT3B, OOEP and PRMT5 were found not to be differentially 

expressed between PADI6KD
 oocytes compared to control-injected oocytes. This 

suggests that the result was an effect of the culture conditions as it was not present upon 

the inclusion of additional samples from different culture weeks.  

 

Finally, in depth real-time PCR analysis of oocytes with the greatest reduction in PADI6 

transcripts resulted in differential expression of 5 genes in PADI6KD
 oocytes (n = 20) 

compared to control-injected oocytes (DB n = 11; SCR n = 10).  DNMT3A and DPPA3 

were upregulated while PLAGL1, TRIM28 and ZFP57 were downregulated in PADI6KD
 

oocytes. These findings were interesting as DNMT3A, DPPA3, TRIM28 and ZFP57 are 

involved in regulating methylation of the genome, while PLAGL1 is a maternally 

methylated gene. As stated in Chapter 5, DNMT3A is a de novo methylating enzyme that 

is essential for establishing methylation of the maternal genome during oocyte growth 

(Kaneda et al., 2010). DPPA3 is responsible for protecting maternal imprinted loci from 

active TET-mediated demethylation upon fertilisation (Nakamura et al., 2007). Similarly, 

TRIM28-ZFP57 protect imprinted loci from demethylation. ZFP57 binds to methylated 

DNA at a specific motif in differentially methylated regions (Quenneville et al., 2011). 
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TRIM28 recognises ZFP57 and recruits SETDB1 and DNMT1 to the DNA to promote 

heterochromatin formation (Denomme and Mann, 2013). Still, the puzzling question 

remains as to why KD of PADI6 disrupted the expression of epigenetic regulators, 

DNMT3A, DPPA3, TRIM28 and ZFP57. Considering the relationship between PADI6, 

the SCMC, and the documented human imprinting pathologies caused by disruption to 

SCMC genes, it may be that PADI6 and the SCMC work together to regulate epigenetic 

factors in the oocyte. Of all of the SCMC genes, NLRP2 and NLRP7 were downregulated 

following KD of PADI6 (p=0.01 and 0.006, respectively).   

 

Disruption to epigenetic regulators may explain the dysregulation of PLAGL1 in PADI6KD
 

oocytes. PLAGL1 is an imprinted gene that is maternally methylated during oocyte 

maturation. Described in mice, it is involved in controlling embryonic growth by regulating 

genes such as Igf2/H19 locus (Varrault et al., 2006). Increased expression of DNMT3A 

in PADI6KD
 oocytes may be responsible for methylation of the PLAGL1 locus, resulting 

in its downregulation. Trim28 is also thought to regulate methylation at the Plagl1 locus 

in mice so the result may also be an effect of TRIM28 dysregulation in PADI6KD
 oocytes 

(Dalgaard et al., 2016). Despite the short period (24 hours) of dsiRNA treatment that was 

carried out in this thesis, it appears that PADI6 KD affected the expression of epigenetic 

regulators which impacted the expression of imprinted gene, PLAGL1.  

 

The RNA-seq results confirmed KD of PADI6 gene expression and validated our 

experimental system for targeted gene KD by microinjection of siRNA species into bovine 

GV oocytes undergoing IVM. It also identified differential expression of a number of 

important oocyte and embryo genes. The FDR was too high to rule out false positive 

results. This may be due to variability in dsiRNA KD of PADI6 as described in Section 

7.2, or genetic variation between individual oocytes. Sequencing a greater number of 

oocytes may improve the FDR and produce some significant candidates for further study. 

Nevertheless, with the published knowledge that NOBOX regulates expression of 

PADI6, the discovery that NOBOX is downregulated following KD of PADI6 presents an 

interesting finding indicative of a regulatory loop or negative feedback between the 2 

genes. Other interesting candidates were KRT5 and 8 – supposed components of CPLs. 

It is well understood that ablation of PADI6 and other SCMC genes disrupts CPL 

formation therefore it is not surprising that KD of PADI6 results in downregulation of CPL 

components (Kim et al., 2010; Tashiro et al., 2010; Wright et al., 2003). Finally, all of the 

DEGs in PADI6KD
 oocytes had a functionally relevant role in the oocyte or embryo. 

Specifically, KD of PADI6 appeared to disrupt a network of regulatory factors involved in 

translation termed the RNA damage pathway. Both ribosomal and mitochondrial 
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components were upregulated in response to PADI6 KD. This supports previous studies 

that have shown disruption to ribosomes, RNA Pol II and mitochondria following loss of 

Padi6 in mouse (Fernandes et al., 2012; Kan et al., 2012; Mehlmann et al., 1995; Yurttas 

et al., 2008). Mitochondria and the cytoskeleton are interlinked: mitochondrial activity is 

required for cytoskeletal reorganisation (Zeng, 2009) while redistribution of mitochondria 

by cytoskeletal components is required for meiotic maturation and embryo development 

(Kan et al., 2012). Similarly, distribution of ribosomes depends on the formation and 

maintenance of CPLs, which requires PADI6 (Wright et al., 2003; Yurttas et al., 2008). 

Further research is necessary to look at the impact of PADI6 KD in bovine oocytes on 

CPLs to determine whether dysregulation of the RNA damage pathway occurs as a result 

of CPL disorganisation.  
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7.5 Production of recombinant human PADI6 protein using a 

bacterial expression system  

 

Following the characterisation of PADI6 gene expression in bovine, it was crucial to 

investigate changes in PADI6 protein expression. It is well understood that the 

relationship between mRNA and protein levels is not linear due to variations in stability 

and regulation of the transcript and protein, respectively (Liu et al., 2016). Similarly, 

dsiRNA KD of a transcript does not guarantee KD of the protein (Wu et al., 2004). Thus 

far, our data has shown that PADI6 is an important MEG that is present during oocyte 

maturation and early embryo development but not transcribed after EGA. Furthermore, 

disruption to PADI6 expression affects the transcript abundance of a variety of key genes 

in the oocyte. The question remains as to how PADI6 protein regulates the changes that 

have been observed here.   

 

Attempts were made to create a recombinant human PADI6 protein that could be used 

as a tool for analysis of PADI6. Without the availability of a bovine antibody, a human 

PADI6 antibody was purchased instead. Together, it was hoped that these reagents 

would assist in the characterisation of PADI6 protein in the bovine. Unfortunately, the 

human antibody could not detect bovine PADI6 and there were issues with the bacterial 

expression system. The bacterial vector sequences were verified and the PADI6 gene 

appeared to be inserted correctly into the open reading frame. Although there are many 

reasons as to why bacterial PADI6 expression failed, it was most likely caused by the 

use of an incorrect bacterial strain for protein expression. E. coli strains such as BL21 

would have been more appropriate host expression systems. In the future, sequence-

verified PADI6 expression vectors should be used to transform BL21 E. coli cells and the 

experiments for bacterial induction and protein production repeated to see if this solves 

the issue. Finally, with the advancement of proteomics, it will become easier to 

characterise bovine proteins without the use of antibodies. A number of proteomic 

studies in bovine oocytes have identified changes in MEGs such as PADI6, SCMC 

members, ZP proteins, DNMT1, TRIM28, and PRDX1 and PRDX2 during oocyte 

maturation (Chen et al., 2016; Memili et al., 2007; Peddinti et al., 2010). Further, analysis 

of MII oocytes compared to early stage embryos showed that KHDC3L protein 

expression significantly decreased after fertilisation, which is consistent with the 

characterisation of KHDC3L gene expression detailed in Chapter 3 (Deutsch et al., 

2014). To conclude, such approaches in proteomics will enable vast expansion of our 
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knowledge of the oocyte proteome, and allow investigation into model organisms such 

as bovine, whose research was previously restricted by a lack of appropriate reagents.  

 

7.6 Exploring the potential roles of PADI6 in bovine 

preimplantation development 

 

In the literature, there are many facets to the potential function and regulation of PADI6. 

Firstly, there is much debate over its enzymatic activity. Esposito et al. (2007) claimed to 

detect a reduction in citrulline levels following ablation of Padi6 in mouse oocytes, while 

Raijmakers et al. (2007) failed to show the catalysis of substrates by PADI6 during in 

vitro enzyme assays. Secondly, PADI family members (1-4) rely on calcium binding for 

their activation, but comparative analyses of AA sequences concluded that PADI6 cannot 

bind calcium (Arita et al., 2004; Raijmakers et al., 2007). This led other researchers to 

discover that PADI6 is phosphorylated during the GV to MII transition, suggesting that 

phosphorylation could be a novel mechanism for regulating PADI6 function (Rose et al., 

2012; Snow et al., 2008). As the fifth member of the SCMC, PADI6 is likely to play a role 

in at least 1 of the many proposed functions of this multiprotein complex (Bebbere et al., 

2016). Finally, with a clear relationship between PADI6, CPLs and the SCMC, further 

research is necessary to interrogate what PADI6 is really doing in the oocyte (Esposito 

et al., 2007; Kim et al., 2010; Wright et al., 2003).  

 

7.6.1 Citrullination 
 

Citrullination, and inhibition of citrullination by PAD inhibitor Cl-amidine, has been 

observed in mouse oocytes and embryos (Kan et al., 2012). PADI1 has been detected 

in mouse oocytes (Zhang et al., 2016) and PADI4 in oocytes from both mice and pigs 

(Brahmajosyula and Miyake, 2013). Both PADI1 and PADI4 are believed to function in 

histone citrullination. In this study, RNA-seq showed that PADI1-4 were not expressed 

at the mRNA level in bovine MII oocytes. This could be due to the translation of PADI 

transcripts to protein for functioning in histone citrullination as observed in mice and pigs. 

However, analysis of additional RNA-seq data from our lab (Picton and Huntriss, 

unpublished) showed that PADI1-4 were not present in bovine GV oocytes or early-

staged follicles, suggesting that PADI1-4 are not expressed at the mRNA or protein level 

in bovine oocytes. This suggests that PADI6 is the prominent PADI family member and 

citrullinating enzyme in the bovine oocyte. To our knowledge, citrullination has not been 

characterised during bovine oocyte maturation and preimplantation embryo development 
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therefore it is not yet known if histone citrullination is present, as described in mice and 

pigs. As previously discussed, the citrullinating ability of PADI6 is under debate due to 

the loss of conserved calcium binding sites that facilitate its activity (Arita et al., 2004; 

Raijmakers et al., 2007). Snow et al. (2008) argued that this was potentially an 

advantageous evolutionary divergence away from requiring calcium as a cofactor in 

order to maintain tight regulation of citrullination in the oocyte and embryo. If PADI6 has 

citrullinating ability, it may be that it regulates gene expression by citrullinating histones 

at the promoters of genes, such as epigenetic regulators, in a similar way to PADI4 at 

the TFF1 promoter in MCF7 cells (Wang et al., 2004). However, investigation into the 

role of DEGs in citrullination and arginine metabolism revealed no effect on these 

pathways following KD of PADI6 (Section 6.4.2). Moreover, PADI6 is unlikely to regulate 

the diverse number of factors identified by RNA-seq at the protein level by citrullination. 

In light of this and previous studies, it appears that PADI6 does not function as a 

deiminase in the bovine oocyte.   

 
7.6.2 SCMC and epigenetics 
 

The SCMC is a prominent complex in the oocyte that is essential for embryonic 

development (Li et al., 2008a; Zhu et al., 2015). In concordance with other species, 

SCMC genes are highly expressed in the bovine oocyte and preimplantation embryo 

prior to EGA. Despite the involvement of SCMC members in human imprinting 

pathologies, the role of the SCMC in epigenetic regulation of the oocyte and embryo is 

unclear (Begemann et al., 2018). From the literature and the findings in this thesis, it is 

likely that PADI6 constitutes a member of the SCMC (Wright et al., 2003) as 

downregulation of SCMC members NLRP2 and NLRP7 was observed following KD of 

PADI6.  KD of PADI6 also caused dysregulation of a subset of epigenetic regulators in 

the bovine oocyte. Euchromatic histone lysine methyltransferase 2 (EHMT2), histone 

deacetylase (HDAC) and lysine histone demethylase 1 A (KDM1A) transcripts were not 

directly affected by KD of PADI6 (Figure 5.12) however they were identified by IPA as 

upstream regulators of affected transcripts. This suggest that PADI6, like NLRP2, might 

regulate the subcellular localisation of epigenetic factors in the oocyte (Bebbere et al., 

2016; Mahadevan et al., 2017). Finally, SCMC-related imprinting condition, FBHM, is 

characterised by hyperproliferation of the trophoblast and extra-embryonic structures 

(Murdoch et al., 2006; Parry et al., 2011). RNA-seq identified increased levels of 

trophectoderm lineage regulators GATA2/3 and SOX2 in PADI6KD
 oocytes, suggesting 

a mechanism of action for trophoblast proliferation in FBHM (Bai et al., 2013; Keramari 
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et al., 2010). Together, it is likely that PADI6 functions with the SCMC in epigenetic 

regulation and may provide a link between the SCMC and imprinting. 

 
7.6.3 CPLs and storage of maternal components 
 

Finally, it is understood that PADI6 is essential for the formation of CPLs which act as 

oocyte storage sites for ribosomal components and maternal transcripts (Bachvarova et 

al., 1981; Sternlicht and Schultz, 1981; Wright et al., 2003). PADI6 also localises RNA-

masking protein, MSY2, to CPLs to potentially protect maternal transcripts from 

degradation (Liu, 2017). It is known that SCMC proteins NLRP5 and OOEP are also 

required for CPL formation (Kim et al., 2010; Tashiro et al., 2010) and that SCMC 

members KHDC3L and OOEP can bind to RNA (Pierre et al., 2007; Wang et al., 2012a). 

The RNA-seq data showing disruption to the RNA damage pathway in PADI6KD
 oocytes 

further supports the idea that PADI6 is involved in regulation of translation in the oocyte. 

Increased abundance of ribosomal transcripts may occur as a direct result of loss of 

storage or as an indirect compensatory mechanism for translational dysregulation in the 

oocyte. Similarly, mitochondrial components may be upregulated to compensate for 

mislocalisation of mitochondria or to meet increased energy demands of the oocyte. In 

light of the large number and diverse nature of transcripts identified by RNA-seq, it is 

likely that PADI6 functions in translational regulation in the cytoplasm. Overall, this 

suggests that PADI6 and the SCMC might regulate maternal transcript storage and 

translation at CPLs in preparation for preimplantation embryo development.  
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7.7 Future studies 

 

Based on the literature and the results presented in this thesis it is hypothesised that 

PADI6 might play a role in the regulation of translation or storage of maternal transcripts 

in the oocyte in preparation for embryo development and EGA. During the GV to MII 

transition, it is hypothesised that PADI6 regulates the storage of maternal transcripts and 

ribosomes at CPLs and the subcellular localisation of epigenetic factors (Figure 7.1). The 

actions of PADI6 and the SCMC seem to have an important effect on imprinting and 

translational regulation. It will be necessary to investigate this hypothesis and further 

characterise PADI6 using a variety of experimental means.  

 

 

Figure 7.1.  Proposed roles for PADI6 and the SCMC in storing maternal transcripts and 

ribosomes and sequestering epigenetic factors at CPLs. The question marks (?) highlight 

that further investigations are necessary to determine the relationships and mechanisms 

through which PADI6 functions and experiments to address such questions are listed. 

 

  



 
 

286 

 

DsiRNA microinjection proved a useful tool for RNAi of PADI6 transcripts in bovine 

oocytes, however variability in knockdown efficiency resulted in insignificant FDR of 

DEGs following RNA-seq. This also showed that intergenic variation is a limitation of 

grouping single-cell data in bioinformatic analyses. Although the sample size was 

smaller, RNA-seq failed to identify the same candidate genes as targeted qPCR analysis, 

which may highlight the significance of power in a dataset. The bovine oocyte is a good 

tool for research due to its large size, relative ease of availability and physiological 

relevance to humans; however, there is a deficit for commercially available bovine-

specific reagents. A major limitation to this study was the unavailability of a bovine PADI6 

antibody and/or bovine recombinant PADI6 protein. Consequently, the dsiRNA KD of 

PADI6 that was achieved could not be verified at the protein level as the human antibody 

was unable to detect the bovine protein. Not only would a bovine antibody enable the 

characterisation of PADI6 protein through preimplantation development, it would also 

open the door to a multitude of other exciting experiments (Figure 7.1).  Combined with 

electron microscopy, a bovine PADI6 antibody could be used to investigate the 

localisation and movements of PADI6 in relation to CPLs, ribosomes, mitochondria and 

the meiotic spindle during oocyte maturation and early embryo development. 

Furthermore, it could be used in immunoprecipitation (IP) experiments to look at the 

interactions between PADI6 and the SCMC, as well as crosslinking and 

immunoprecipitation followed by RNA sequencing (CLIP-seq) experiments to investigate 

potential binding of the SCMC to maternal transcripts such as RNA damage components. 

Candidate mRNAs could then be visualised using fluorescent in situ hybridisation (FISH) 

to validate localisation with PADI6 and CPLs. In addition, mass spectrometry following 

IP would reveal both direct and indirect interactors of PADI6 and may shed light on the 

role of the SCMC in epigenetic regulation in the bovine oocyte. Analysis of the 

methylation status of genes, including PLAGL1, after PADI6 KD would be necessary to 

assess the impact of dysregulation of epigenetic factors on the expression of imprinted 

genes in the oocyte. Moreover, integration of transcriptomic and epigenetic data would 

facilitate deeper understanding of the role of PADI6 in oocyte maturation. Further 

investigation into the expression of other PADI family members is also necessary to 

understand whether there is a compensatory relationship between genes in the bovine 

oocyte. With this, it would be interesting to analyse changes in citrullination after PADI6 

KD in the bovine oocyte using anti-citrulline antibodies. Finally, this thesis focussed 

mainly on bovine oocyte maturation, however legacy effects of PADI6 KD in the oocyte 

might be expected in the embryo. It would be useful to repeat experiments in the early 

preimplantation embryo and to look at the impact of PADI6 KD on EGA. 
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7.8 Conclusion 

 

Overall, the results of this thesis support the hypothesis that PADI6 plays a functional 

role in translational regulation during oocyte maturation in the bovine species. It is 

unlikely that this function occurs through citrullination given the literature and pathway 

analysis conducted in Chapter 5. The significant dysregulation of translational machinery 

and resultant changes in gene expression networks are in accordance with previous 

studies and the relationship between PADI6 and CPLs. Moreover, it is possible that 

PADI6 supports the SCMC in its role in epigenetic regulation due to the documented 

associations of SCMC members and imprinting disorders. Further investigations are 

necessary to determine its mechanism of action. The characterisation of mRNA 

expression of key MEGs will inform future studies into the role of the SCMC in bovine 

preimplantation development. The dsiRNA microinjection system that was validated in 

this thesis offers a suitable tool for the discovery of novel gene functions that might play 

an important role in preimplantation development. Further, by combining dsiRNA KD of 

PADI6 in bovine oocytes and single oocyte RNA-seq, a number of DEGs were identified 

that will influence investigation into the mechanism of action of PADI6 and provide 

potential candidate genes in future studies.  
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Appendices 

Appendix I - Embryo culture stock solutions 

Table I.I  Composition of a) stock A. Once made, stock was sterile filtered and stored for 

up to 6 weeks at 4°C and b) bicarbonate stock. Once made, stock was sterile filtered 

and stored for up to 2 weeks at 4°C. 

 

Table I.II  Composition of a) 32.7 mM pyruvate stock. Once made, stock was sterile 

filtered and stored for up to 2 weeks at 4°C and b) calcium chloride stock. Once made, 

stock was sterile filtered and stored for up to 6 weeks at 4°C. 

 

Table I.III  Composition of a) glucose stock. Once made, stock was sterile filtered and 

stored for up to 6 weeks at 4°C and b) glutamine (Gln) stock. Once made, stock was 

sterile filtered and stored for up to 2 weeks at 4oC. 

 
 

Table I.IV Composition of a) HEPES stock and b) lactate stock. Once made, stock was 

sterile filtered and stored for up to 6 weeks at 4°C. 
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Table I.V Composition of a) magnesium chloride stock and b) S2 stock. Once made, 

stock was sterile filtered and stored for up to 6 weeks at 4°C. 

 

Table I.VI Composition of a) stock TL (10x). Once made, stock was sterile filtered and 

stored for up to 6 weeks at 4°C and b) 47 mM pyruvate stock. Stock was freshly 

prepared and sterile filtered before every use. 

 

Table I.VII Composition of a) penicillamine stock and b) hypotaurine stock. Once made, 

the two stocks were sterile filtered and mixed in a ratio of 1:1. Mixture was stored at -

20°C. 

 

Table I.VIII Composition of stock a) fatty acid free bovine serum albumin (BSA FAF) and b) 

stock bovine serum albumin, fraction V (BSA FrV). Once made, stock was sterile filtered 

and stored for up to 2 weeks at 4°C. 

 

 
 



 
 

342 

 

Appendix II - Molecular buffers and solutions 

Table II.I Composition of 10 x tris-borate ethylenediaminetetraacetic acid (TBE) buffer. 

For 1 x TBE, dilute 100 ml of 10 x TBE in 900 ml dH2O. 

 

Table II.II Composition of a) 4% stacking and b) 12% separating SDS-PAGE gel 

 

Table II.III Composition of a) 10 x running buffer. For 1 x running buffer, dilute 100 ml of 10 

x running buffer in 900 ml dH2O and b) 10 x transfer buffer. For 1 x transfer buffer, dilute 

100 ml of 10 x transfer buffer in 700 ml of dH2O and 200 ml of methanol (10499560, 

Fisher chemical). 

 

Table II.IV Composition of a) Luria-Bertani (LB) broth and b) Luria-Bertani (LB) agar.  

 

Compounds Quantity Final 
Concentration 

Trizma base 
SIGMA T1503 

121.1 g 1 M 

Boric acid 
SIGMA B0394 

61.8 g 1 M 

EDTA, disodium salt 
MILLIPORE 4010-OP 

7.4 g 0.02 M 

dH2O 1 L - 
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Table II.V Composition of a) 10 x TBS-T. Once made, pH was adjusted to 7.6 and b) 

RIPA buffer. 

 

Appendix III - Primer sequences 

Table III.I Unsuccessful bovine PADI family primer sequences 

Gene Primer sequences (5’à3’) Product 
size 

Reference 

PADI1  F: CATAGGCAAATCAGGACAAGGA 

R: GATGGAGGCAGGCATTAACA 
91 bp 

ENSBTAT00000015977.6 

PADI1 F: GAGATGATTCCCTCCGTGTTT 

R: CAGGAGACAGTAGCTGGTAAAG 
139 bp 

PADI2 F: GCTCTTCAGAGAGAAGCAGAAG 

R: GAGGCTCTCATTGGACAGAATC 
115 bp 

ENSBTAT00000004411.6 

PADI2 F: GTGAAGAACCTGGTGGAGAAA 

R: GCCTCGATGTAGCCAAACT 
110 bp 

PADI3 F: AGAGGATTGTGCGCGTATC 

R: CTCGGGAACTGACCCATAAAT 
95 bp 

ENSBTAT00000015978.6 

PADI3 F: GTCACGTTCAGATTTCCTACCA 

R: TTCACAGTTCAGGTCACAGTC 
110 bp 

PADI4 F: GGATGAGATGGAGATTGGCTAC 

R: ACCCAGCATGCACTTGAT 
112 bp 

ENSBTAT00000015991.6 

PADI4 F: GGACCAGCAGGTTCAGATT 

R: GTCTGCACTCAGGGAGATTT 
97 bp 

 

Table III.II Bovine MEG primer sequences 

Gene Primer sequences (5’à3’) Product 
size 

Reference 

DNMT1 F: ACCGTATTGGCCGCATAAA 

R: GGGTAGACTTGTGTGTGTTCTC 

123 bp NM_182651.2 

DNMT3
A 

F: CGAGGTAGTGACACAAGGTTAAA 

R: CTTCTGGGTGCTGATACTTCTC 

98 bp NM_001206502.2 

DNMT3
B 

F: CTCCGAGATTCCAGCAGATAAG 

R: GTACATGGCCTTCCTGTAAGAG 

103 bp NM_181813.2 

DPPA3 F: GAGCCTACAGCATCACCTTC 

R: GGTCCAGGTTGGGTTATCTTC 

104 bp NM_001111108.2 

FIGLA F: ACGAGACCCCGATCATCAGA 

R: GGGGAATCTATCCACTGCCA 

161 bp NM_001281920.1 

GNAS F: GAGTGCCCAGACTACCAGGA 

R: AGACGCTCGGTGAGAGACTG 

172 bp NM_001271771.1 

HAT1 F: GCAACATGCTAGACGGGTTT 218 bp NM_001034347.1 
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R: GCTGTTCATGTTGCATGCTT 

KDM1A F: AAGGAACTCCATCAGCAATACA 

R: ATTCCTTACACAGGGCAGTTAG 

115 bp XM_005203319.2 

KHDC3L F: GACTACAGCATGGCCTCTCCC 

R: GATGAACGTGAAGCAGGGTC 

241 bp ENSBTAT000000816

82.1 

MEST F: TGTTCCCTTATCTGTCGTGTAATC 

R: GTGTGAGTCAGGTGGACTTTAG 

100 bp NM_001083368.1 

MTHFR F: GTTCTTCGTTTCTCCCCAGC 

R: CACCAGAGCACAGACTCTCA 

150 bp NM_001011685.1 

NLRP2 F: GTGCGAGGCTTTGAAGAAAC 

R: TTACTCCACTGGACCCCAAG 

164 bp ENSBTAT000000740

39.1 

NLRP5 F: AAATAAGGTGGCGGACCAGG 

R: GTCCTCGCACAGAAGGTTCA 

385 bp NM_001007814.2 

NLRP7 F: GATCTCACTGCAGGTAGGAAAG 

R: CCCAGAGTTGGAGAGAATGATG 

110 bp ENSBTAT000000629

90.2 

OOEP F: GTCGAAGTCACCGTTTTCGC 

R: CTCACGCTCCTGACAACACT 

196 bp ENSBTAT000000773

48.1 

PADI6 F: TGCTCTTTGAAGGGCTTAGG 

R: TCATTCTGCTTCCTCATCTTCTC 

103 bp XM_002685797.5 

PHLDA2 F: GCTCCAGGTGTGGAAGAAGA 

R: GACGCGTTCCAGTAGCTCTC 

219 bp NM_001076521.2 

PLAGL1 F: GGTGGAAATGAGGCAGGATAG 

R: CACTAGCCATGAGCACTATGAG 

102 bp XM_015472892.2 

PRMT5 F: AAGCAGGGGTTTGATTTCCT 

R: TATGCCCCAAAATTCAGCTC 

245 bp NM_001105374.1 

SETDB1 F: GCTGAGACACCAAACGTCAAAA 

R:ACATAGGAAGCATAGCCATCATCA 

71 bp XM_005203829.4 

STAT3 F: CAACCTTGCTAACGTCCAGATA 

R: CAGAGGAAGCTATGCCAATACA 

119 bp NM_001012671.2 

TET1 F: CCTTCATCACTGTCCGTCTTT 

R: GTGAGCTGTTGTGTGACTTAGA 

95 bp XM_024986940.1 

TET2 F: AGGTTTGGACAGAAGGGTAAAG 

R: GCAATAGGACATCCCTGAGAAC 

89 bp XM_005207682.4 

TET3 F: GTCCCAGCATAAGGAGAAGAAG 

R: GTGACCTTCGTGTAGGCATAG 

105 BP XM_024999365.1 

TLE6 F: ATCCTCTGTCATGTGCTGTG 

R: CTCAGTATGTGAGCTGGTACAC 

95 bp XM_010807029.3 

TRIM28 F: GCTCTCCAAGAAGCTGATCTAC 

R: CGTTGAGGTCCCACTGAAAT 

104 bp ENSBTAT000000084

24.6 

ZFP57 F: CTCAGTTGCTGGAAGGTAGATAG 

R: CTTCTCTTCCATGCTGTCTCTT 

102 bp XM_010818393.3 

 

Table III.III Primer sequences for oocyte quality marker genes in the bovine real-

time PCR array purchased from RealTimePrimers.com 

Gene Primer sequences (5’à3’) 
AURKA Aurora kinase A F: GGAGGGAGGTCCCTAGTCTG 

R: TCTCAGTGCTAAGGGGTGCT 

BDNF Brain-derived neurotrophic factor F: CATGACCAGAAGGGAAACAG 

R: GCAACAAACCACAACATTGA 

BMP15 Bone morphogenetic protein 15 F: CCTTTTCAAGTCAGCTTCCA 

R: GCATGATTGGGAGAATTGAG 

BMP2 Bone morphogenetic protein 2 F: TGTGGACTTCAGTGATGTGG 

R: GACCAGAGTTTGGACAATGG 

FIGLA Factor in the germline alpha F: CCTCAGAGGTGCAACTGAAT 

R: TCATTCTTCAAGCCCATAGC 
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GAPDH Glyceraldehyde 3-phosphate 

dehydrogenase 

F: GAAACCTGCCAAGTATGATGAG 

R: CAGCATCGAAGGTAGAAGAGTG 

GDF9 Growth differentiation factor 9 F: TGAATTGAAGAAGCCTCTGG 

R: CAATCCAGTTGTCCCACTTC 

GTSF1 Gametocyte specific factor 1 F: TGCCCCTATGATAAAAACCA 

R: ACGTGCTCTCAGCCATAGTC 

H1FOO H1 histone family, member o, 

oocyte-specific 

F: ACACAGCCTGGAAGTCAGAG 

R: CGCTTTGGACACTGAAGACT 

H2A Histone H2A F: ATGTCTGGACGTGGAAAAGG 

R: ATCACAGCCGCCAAATAAAC 

HSF1 Heat shock factor 1 F: GGAAAGTGACCAGTGTGTCC 

R: GGATGAGCTTGTTGACGACT 

IZUMO1R IZUMO1 receptor F: CAACTTCAGCCTGGTTCACT 

R: GGAGCACTGGTAGAAGCAGA 

LHX8 LIM homeobox 8 F: TCCAAAACCAGCAAAAAGAG 

R: GTGGCGTGCTCTACAGTTCT 

NOBOX Newborn ovary homeobox F: CTGTCCATGGAATTCTCCAG 

R: GACTCAGCACAGGAGAAGGA 

OCT4 POU class 5 homeobox 1 F: GTTTTGAGGCTTTGCAGCTC 

R: CTCCAGGTTGCCTCTCACTC 

PRDX1 Peroxiredoxin 1 F: GCTTTCAGTGATAGGGCAGA 

R: TCCTTGTTTCTTGGGTGTGT 

PRDX2 Peroxiredoxin 2 F: GGTCCAGGCTTTCCAGTACA 

R: TGGAGTCTGAAGGAGCAGGT 

SOHLH2 Spermatogenesis and oogenesis 

specific basic helix-loop-helix 2 

F: CACGGAGCTGATATTGCTTT 

R: TCAGGTTCTTCAGGCTTCAC 

YWHAZ Tyrosine 3-monooxygenase 

/tryptophan 5-monoxygenase 

activation protein, zeta 

F: AGACGGAAGGTGCTGAGAAA 

R: CCTCAGCCAAGTAGCGGTAG 

ZAR1 Zygote arrest 1 F: TCACTGCAAGGACTGCAATA 

R: CAGGTGATATCCTCCACTCG 

ZP1 Zona pellucida glycoprotein 1 F: ACCCAGAAAAGCTCACACTG 

R: GCTGATCATGTCTTCCTGCT 

ZP2 Zona pellucida glycoprotein 2 F: TCCTCCAGTTCACAGTGGAT 

R: GAGGACTTGCTGAAGGAACA 

ZP3 Zona pellucida glycoprotein 3 F: TCTTAATCGTTGGAGCCTTG 

R: GCTGAGCAACTCATCTCCAT 

 

Table III.IV Primer sequences for imprinted genes and epigenetic regulators in the 

bovine qPCR array purchased from RealTimePrimers.com. 

Gene Primer sequences (5’à3’) 
ASCL2 Achaete-scute family bHLH 

transcription factor  

F: ACCCAAGGCTAGTGTGCAAG 

R: CATAAAGCCCTCTCCCCTTC 

DNMT1 DNA methyltransferase 1 F: AGTGGGGGACTGTGTTTCTG 

R: TGCTGTGGATGTACGAGAGC 

DNMT3A DNA methyltransferase 3 alpha F: AGCACAACGGAGAAGCCTAA 

R: CAGCAGATGGTGCAGTAGGA 

DNMT3B DNA methyltransferase 3 beta F: TCAGGATGGGAAGGAGTTTG 

R: CTGCTGGAATCTCGGAGAAC 

DNMT3L DNA methyltransferase 3-like F: CTGCTGGAATCTCGGAGAAC 

R: GGCTCTCTCTTCCACACAGG 

EHMT2 Euchromatic histone-lysine N-

methyltransferase 2 

F: ACCTCAGATGTGGCCAAAAG 

R: GTTCAGCCAGAGCTTCAACC 

ELP3 Elongator acetyltransferase 

complex subunit 3 

F: AGGGCTCTATGAGCTGTGGA 

R: TGAGCTGACTAACGGCATTG 
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TET1 Tet methylcytosine dioxygenase 1 F: CCTCTCCAACCAACCAGTGT 

R: GAATTTGTGCTGGGTCTGGT 

TET2 Tet methylcytosine dioxygenase 2 F: GTAAGGCCGGTGACAGTGAT 

GAPDH Glyceraldehyde 3-phosphate 

dehydrogenase 

F: GAAACCTGCCAAGTATGATGAG 

R: CAGCATCGAAGGTAGAAGAGTG 

H19 H19 (imprinted; maternally 

expressed transcript) 

F: GACACCCAGAACCCTCAAGA 

R: CCTTCCAGAGCTGATTCCTG 

H2A Histone H2A F: ATGTCTGGACGTGGAAAAGG 

R: ATCACAGCCGCCAAATAAAC 

HAT1 Histone acetyltransferase 1 F: GCAACATGCTAGACGGGTTT 

R: GCTGTTCATGTTGCATGCTT 

IGF2 Insulin-like growth factor 2 F: GCCCTGCTGGAGACTTACTG 

R: GGTGACTCTTGGCCTCTCTG 

IGF2R Insulin-like growth factor 2 receptor F: GTCGTGCAGATCAGTCCTCA 

R: TCGTTCTGGAGCTGAAAGGT 

KAT5 Lysine acetyltransferase 5 F: TCGACTCCAAGTGTCTGCAC 

R: CTTCTGGAGTGGTCCTCAGC 

KDM1B Lysine demethylase 1B F: AGTGTCAGAAGTGCCCAACC 

R: TCGTTGGGTTGGTAGAAAGG 

KHDC3L KH domain containing 3-like  F: GACTACAGCATGGCCTCTCC 

R: CCTCCAGATGAACTGCCTTC 

MEG3 Maternally expressed gene 3 F: ACCTGTCTCACGCTTCTCGT 

R: TCCTGAGAGCTGGTGGAGTT 

MEG9 Maternally expressed 9 F: GCCTGCCACACTTTATGGTT 

R: CAGAGACAGCTTTGCCAACA 

MEST Mesoderm specific transcript F: AAGGGACTGCGCATCTTCTA 

R: TGAAGCCAAAGCCTAGGAAA 

MIMT1 MER1 repeat containing imprinted 

transcript 1 

F: GCTCTTAAAAGGGCATGCTG 

R: CCATCATCCTTCCTGGAGAA 

MSK2 Ribosomal protein S6 kinase, 

90kDa, polypeptide 4 

F: CGAAATGTTCACCCACCTCT 

R: GACAATGTGACCCTCGGAGT 

NAP1L5 Nucleosome assembly protein 1-

like 5 

F: TTCCAGGCTCTGGAGAAAAA 

R: CTCTGCTGCAGGCTCTTCTT 

NLRP2 NLR family, pyrin domain containing 

2 

F: GTGCGAGGCTTTGAAGAAAC 

R: TTACTCCACTGGACCCCAAG 

NLRP5 NLR family, pyrin domain containing 

5 

F: CGGAGGCTCCTACTGTTCTG 

R: CCTGGTCTCTGAAGGTGAGC 

NNAT Neuronatin F: CGACAACTCTGTGCCTGTGT 

R: AGATGGGATTCGTTTTCGTG 

OOEP Oocyte expressed protein F: TTGACGCTGGGAACCTAGTC 

R: TCTCACGCTCCTGACAACAC 

PADI6 Peptidylarginine deiminase 6 F: TCGGAGACTTCTGCTCCTGT 

R: CTGGAGACGCATAGGGAGAG 

PEG10 Paternally expressed gene 10 F: ATTGTTCATTGGCTGGAAGG 

R: GCTTTGGGTTGCTTTCTGAG 

PEG3 Paternally expressed gene 3 F: CTGTACGTGGATTGGCCTTT 

R: TAGGCACGCGTGATCTAGTG 

PGK1 Phosphoglycerate kinase 1 F: CTGCTGTTCCAAGCATCAAA 

R: GCACAAGCCTTCTCCACTTC 

PHLDA2 Pleckstrin homology domain, family 

A, member 2 

F: CCAGGTGTGGAAGAAGAAGC 

R: GACGCGTTCCAGTAGCTCTC 

PLAGL1 Pleiomorphic adenoma gene-like 1 F: GGACCCCAAGCTTAGAAAGG 

R: TTTGGAGGTGGTTCTTCAGG 

PRMT5 Protein arginine methyltransferase 

5 

F: AAGCAGGGGTTTGATTTCCT 

R: TATGCCCCAAAATTCAGCTC 

SETD7 SET domain containing lysine 

methyltransferase 7 

F: GCCCCGTGATGTTCTACACT 

R: TGGTGGTAACGGAAAAGGAG 

SNRPN Small nuclear ribonucleoprotein 

polypeptide N 

F: GTTCCAGCTGGTGTTCCAAT 

R: TGGAGGAGCCATAATTCCTG 
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R: TTTCTCGCCAGAGGTTCTGT 

TET3 Tet methylcytosine dioxygenase 3 F: GAAAGGCCAGAAGCACTCAC 

R: TGAAGGGAAGGGTGTCTGTC 

TLE6 Transducer like enhancer of split 6 F: TGACCTCTTGGGGTCATCTC 

R: GGAAGTTTTCTGCCTGCTTG 

TRIM28 Tripartite motif containing 28 F: ACTCCACCTTCTCCCCAGAT 

R: TCCGTCAGCTTGTTGAACTG 

TSSC4 Tumour suppressing 

subtransferable candidate 4 

F: CGACAGGAAGAGGGTATCCA 

R: AAACCCACTGTCTCCACCAG 

USP29 Ubiquitin specific peptidase 29 F: ACACACCTCCTGGTGACTCC 

R: TGACCCTTCAGCGATCTTCT 

XIST X (inactive)-specific transcript F: TTGAATGGGATTTGGGGTAA 

R: AGTAGTGTGGCCTTGGGATG 

YWHAZ Tyrosine 3-monooxygenase 

/tryptophan 5-monoxygenase 

activation protein, zeta 

F: AGACGGAAGGTGCTGAGAAA 

R: CCTCAGCCAAGTAGCGGTAG 

ZFP57 Zinc finger protein 57 F: TTAACCCACCTCAAGATCCA 

R: TGAGTGTGTTGGATGAGTGG 

 

 

Appendix IV - Supplementary Results 

 

IV.A Chapter 5 – Gene expression analysis of Padi6KD MII oocytes 
Of the 26 genes subject to thorough qPCR testing for changes in gene expression 

between control and PADI6KD
 MII oocytes, only 4 genes were significantly altered. The 

remaining 22 genes were unchanged between different microinjection groups. Figures 

IV.I, IV.II and IV.III show expression of DNMT1, GNAS, HAT1, KDM1, KHDC3L, MEST, 

MTHFR, NLRP2, NLRP5, NLRP7, PHLDA2, SETDB1, STAT3, TET1, 2, 3 and TLE6. 

 

IV.B Oocyte quality marker array results from a single culture week (as 
discussed in Section 5.4.2) 

The data from the oocyte quality marker array was re-analysed to specifically look at the 

data points that were analysed using the imprinted gene and epigenetic regulator array.  

These samples included 6 DB-injected oocytes and 7 PADI6KD
 oocytes that were 

produced from the same culture week. This was done to see if the culture conditions of 

this week had caused a global alteration in gene expression as discussed in Section 

5.4.2.  Figure IV.IV shows the results. 2 out of 20 genes that were analysed were 

upregulated in these samples. The genes, GTSF1 and LHX8, were not upregulated when 

all samples were analysed (see Figure 5.2).
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Figure IV.I Relative transcript abundance of a) DNMT1, b) FIGLA, c) GNAS, d) HAT1, e) KDM1A and f) KHDC3L after microinjection with DB (n = 11), SCR (n = 

10) or PADI6 dsiRNA (n = 20) (p>0.05).  
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Figure IV.II Relative transcript abundance of a) MEST, b) MTHFR, c) NLRP2, d) NLRP5, e) NLRP7 and f) PHLDA2 after microinjection with DB (n = 11), SCR (n 

= 10) or PADI6 dsiRNA (n = 20) (p>0.05).  
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Figure IV.III  Relative transcript abundance of a) SETDB1, b) STAT3, c) TET1, d) TET2, e) TET3 and f) TLE6 after microinjection with DB (n = 11), SCR (n = 10) 

or PADI6 dsiRNA (n = 20) (p>0.05). 
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Figure IV.IV Real-time PCR quantification of the effect of PADI6 KD on the expression of oocyte quality markers in high PADI6 KD oocytes (n = 7) 

compared to DB control oocytes (n = 6) from the one discrete culture week. The data were standardised against GAPDH, H2A and YWHAZ 

housekeeping mRNA levels. Individual bars show the mean ±SEM. Due to the number of genes screened triplicate repeats were not performed. PADI6 

KD oocytes exhibited a statistically significant difference for GTSF1 and LHX8 mRNA levels (* = p<0.05) compared to control-injected oocytes. No other 

significant differences were observed (p>0.05).   

* * 
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IV.C Chapter 6 – Western blotting for PADI6 
 

The Western blot from Chapter 6 was repeated 3 times and the same result was 

obtained each time. The other 2 repeats are shown in Figure IV.V. The upper band 

in the untransformed E. coli sample (lane A) is missing from both of these repeats. 

This is probably due to the poor quality of the sample as the lower band is also much 

less prominent than in Figure 6.10. Similarly, the lower band in lanes B and C is barely 

detected, although faint bands can be seen in Figure IV.Vb.  

Figure IV.V Repeat no. 2 (a) and 3 (b) of Western blot for PADI6 protein in: A) 

Untransformed E. coli; B) PADI6-pET-11a uninduced; C) PADI6-pET-11a induced; D) 

Protein ladder; E) BSA; F) 2102Ep protein; G) NTera-2 protein; H) Recombinant 

PADI6; I) (a) Pooled GV oocytes (x20) and (b) Pooled GV oocytes (x50). The protein 

ladder molecular weights (kDa) are shown on the right. 


