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ABSTRACT 
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Advisors: 

Dr. G. F. Mastromonaco 
Dr. L. Favetta 

Variation in the reprogramming capacity of donor cell lines significantly lowers the potential of 

SCNT and iPSC generation. This study revealed that normalized bovine donors and their 

subsequent standardized cell lines do not exhibit remarkable differences in the epigenetic, 

metabolic, and morphological parameters chosen to evaluate. No differences were found in the 

level of DNA (de)methylation and several repressive (H3K9me3 and H3K27me3)/permissive 

(H3K9ac and H3K27ac) histone marks, nor did cell lines differ in the level of metabolic 

metabolites, acetyl-CoA and aKG. However, Bull 13 was found to have a significantly lower 

number of SKPs that were >200 μm in size and had a higher number of SKPs that were <100 

μm. Furthermore, Bull 14 and 15 had the highest level of H3K4me3, a permissive chromatin 

mark, while Bull 1 and 4 had the lowest. While differences were observed, their correlation with 

reprogramming ability is yet to be evaluated.  
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LITERATURE REVIEW 
 
Introduction 

Genome resource banks (GRBs) originally served to store cryopreserved gametes from 

genetically valuable individuals and threatened or endangered species, acting as insurance 

against natural disasters and avoiding genetic drift in captive populations (Wildt and Roth, 1997; 

Wildt and Wemmer, 1999). GRBs worked in tandem with assisted reproductive technologies 

(ARTs), such as in vitro fertilization (IVF) and artificial insemination, to enhance the production 

of offspring while eliminating concerns surrounding behavioural incompatibilities, mate 

preference, and relocating animals to breed (Wildt and Roth, 1997; Wildt and Wemmer, 1999; 

Howard and Wildt, 2009). More notably, GRBs played an integral role in the ongoing recovery 

of black-footed ferrets (Mustela nigripes – Howard and Wildt, 2009), a species that was once 

considered extinct in the wild.  

Recently, the biobanking of somatic cells and tissue has become the new norm for 

managing genetic material. Several technologies have arisen that can reprogram differentiated 

somatic cells into an embryonic cell-like state capable of regaining totipotency or pluripotency. 

Somatic cells preserve the genome from animals who have died unexpectedly, were castrated, 

infertile, or failed to breed (Mastromonaco and King, 2007). Furthermore, samples can be 

obtained from most taxa either post-mortem or opportunistically with minimal invasiveness 

while avoiding species-specific collection and the handling and freezing associated with 

gametes. With the entire genomic code residing in somatic cells that are easy to obtain and 

readily replicate, somatic cells make an attractive source as genetic donors prompting their 
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cryopreservation for potential use and application to produce offspring (Mastromonaco et al., 

2014).  

Despite the great potential these cells hold, somatic cell reprogramming, the conversion 

of a differentiated somatic cell into another cellular state, is a highly inefficient process (Firas et 

al., 2014; Matoba and Zhang, 2018). Somatic cell nuclear transfer (SCNT) and induction of 

pluripotency via transcription factors, which represent two primary methods of cellular 

reprogramming, have a <5% and 0.01-0.1% success rate, respectively (Tsunoda and kato, 2002; 

Yang et al., 2007; Hochedlinger and Plath, 2009). Over the decades, it has been increasingly 

clear that donor cell lines heavily influence reprogramming efficiency. As institutions continue 

to bank thousands of somatic cell lines and tissues from endangered or threatened species, it is 

essential to understand the inherent variability between cell lines that influence their 

reprogramming capacity. The development of a standardized protocol to prepare and evaluate 

cell lines will allow institutions to bank lines with the highest potential for successful 

reprogramming.  

Somatic cell nuclear transfer and pluripotency induction  

SCNT is an assisted reproductive technology involving the transfer of a donor somatic 

cell nucleus into an enucleated recipient oocyte (Mastromonaco and King, 2007). By doing so, 

the donor nucleus is reprogrammed into a totipotent state by the oocyte cytoplasmic machinery, 

as occurs with the pronucleus following fertilization. The cloned embryo can then be transferred 

into a surrogate female for further development into a neonate, and subsequently into adulthood. 

In 1997, the first SCNT mammal derived from an adult somatic cell was born, known as “Dolly 

the sheep” (Wilmut et al., 1997). Since then, SCNT has successfully reproduced more than 20 

mammalian species from domestic livestock, companion animals, and even endangered species 
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through interspecies SCNT (reviewed by Mastromonaco et al., 2014; reviewed by Matoba and 

Zhang, 2018). Furthermore, SCNT led to the derivation of embryonic stem cells (ESCs), stem 

cell culture and facilitated a new field of research into pluripotent cells (Firas et al., 2014; 

Mastromonaco et al., 2014).  

In 2006, it was discovered that the overexpression of four human transcription factors, 

also known as the Yamanaka factors; octamer-binding transcription factor 4 (OCT4), SRY-Box 

2 (SOX2), kruppel like factor 4 (KLF4), and proto-oncogene MYC (c-MYC) in adult mouse 

fibroblasts, could induce terminally differentiated cells to become pluripotent like stem cells, 

termed induced pluripotent stem cells (iPSCs) which have molecular and functional properties 

similar to ESCs (Takahashi and Yamanaka, 2006). Since then, other transcription factors have 

been found to induce somatic cells such as homeobox protein (NANOG) and Lin-28 homolog A 

(LIN28 – Yu et al., 2007). iPSCs have been generated in a wide variety of species, from 

livestock to endangered species (reviewed by Stanton et al., 2018), such as the silver-maned drill 

(Mandrillus leudophaeus) and northern white rhinoceros (Ceratotherium simum cottoni − Ben-

Nun et al., 2011). The majority of these iPSC lines were generated using the Yamanaka factors 

and were derived from samples taken from adult tissue (Stanton et al., 2018). Ideally, iPSCs 

from threatened or endangered species could be differentiated into primordial germ cells, and 

subsequently generate oocytes and sperm for IVF, a concept which has already proved possible 

in mice (Nayernia et al., 2006; Hayashi et al., 2012). The production of gametes via iPSCs offers 

a more practical and ethical approach than collecting gametes from endangered or threatened 

species, which is often restricted (Stanton et al., 2018). 

SCNT and iPSC technologies reprogram cells using different mechanisms to reach 

distinctive endpoints. SCNT utilizes the natural reprogramming power of the oocyte to 
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reprogram a somatic cell to a totipotent state, capable of giving rise to all embryonic and 

extraembryonic cell types (Matoba and Zhang, 2018). Conversely, iPSCs are produced by the 

overexpression of a set of transcription factors to reprogram somatic cells into a pluripotent state 

similar to ESCs, with the ability to generate the three embryonic germ layers (endoderm, 

ectoderm, and mesoderm −	Takahashi and Yamanaka, 2006). Concerning reproduction and stem 

cells, cloned embryos can be used for reproductive cloning to produce offspring or for 

therapeutic cloning to establish ESCs derived from the inner cell mass of blastocysts (Matoba 

and Zhang, 2018). In contrast, iPSCs could be used to produce germ cells of genetically valuable 

animals, avoiding the invasive collection of gametes. However, SCNT has the advantage of 

being faster and more efficient than iPSC technology, reprogramming within hours, likely due to 

rapid histone exchange driven by oocyte cytoplasmic factors, whereas the establishment of stable 

iPSCs takes several days or weeks (Takahashi and Yamanaka, 2006; Egli et al., 2011; Djekidel et 

al., 2018; Matoba and Zhang, 2018). 

SCNT efficiency is defined as the rate of healthy live offspring while induction efficiency 

is measured by the percentage of green fluorescent protein positive colonies with a marker gene 

such as OCT4 or by the number of stable iPSC lines derived (Zhao et al., 2009; Su et al., 2013; 

Xue et al., 2013; Xie et al., 2014). As previously discussed, reprogramming via SCNT and 

pluripotency induction are inefficient processes. Reproductive cloning often incurs losses 

throughout early pre-implantation, post-implantation, and pre-and post-natal development (Long 

et al., 2013). Furthermore, cloned offspring frequently exhibit physiological defects and a high 

occurrence of large offspring syndrome (LOS – Long et al., 2013). Although cloning efficiency 

can be affected by multiple factors unrelated to donor cells such as micromanipulation trauma, 

oocyte incompetence, in vitro‐culture-induced anomalies, transfer procedures, and recipient 
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conditions, IVF produces healthy offspring with similar in vitro manipulations at a much higher 

rate, suggesting that donor cell reprogramming is the primary barrier affecting efficiency 

(Kishigami et al., 2006; Mastromonaco and King, 2007; Zhou et al., 2009; Long et al., 2013). 

Failure to reprogram or erase the donor cell epigenome is thought to be the primary cause of 

failed and aberrant development following SCNT (Enright et al., 2003; Long et al., 2013). 

Similarly, the donor cell's epigenetic memory can cause a re-differentiation bias towards linages 

related to the donor cell during iPSC production (Polo et al., 2010; Bar-Nur et al., 2011).  

Although pluripotency induction and SCNT differ in reprogramming mechanisms, 

similarities do exist between them (Xie et al., 2014). During both approaches, changes in nuclear 

structure, silencing of differentiation-specific genes, activation of pluripotency genes, and self-

renewal ability occur (Whitworth and Prather, 2010; Polo et al., 2012). Furthermore, a study 

conducted by Xie et al. (2014) found a positive correlation between the reprogramming 

efficiency between SCNT and pluripotency induction in pigs. Pig ear fibroblast lines that had 

higher blastocyst rates also had higher iPSC induction efficiency. Further examples throughout 

this review demonstrate how donor cells play a vital role in SCNT and iPSC success. However, 

characteristics of “good” quality donor cell lines are not fully understood, and the ability to 

estimate reprogramming efficiency in a given cell line will influence how and what we choose to 

biobank (Mastromonaco and King, 2007; Liu et al., 2013).  

Donor cells and reprogramming efficiency  

Donor cell viability and cell culture 

Donor cell viability and lifespan are impacted by genetic and environmental factors, 

directly affecting pre- and post-implantation development during SCNT (Mastromonaco et al., 

2006). With the potential production of live offspring, screening for chromosome normality or 
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genetic defects must be taken into consideration to avoid the dissemination of abnormalities into 

a given population (Mastromonaco and King, 2007). Genomic stability is maintained by 

telomeres, which prevent chromosome deterioration and fusion with neighbouring chromosomes 

(Blackburn, 1991). As cells replicate or an individual ages, the shortening of telomeres 

subsequently leads to chromosome alterations and instability as they are more prone to fusion 

and translocations (Velicescu et al., 2003; Simões and Santos, 2017). Abnormalities in 

chromosomes become more likely as cells reach higher passages (Benn, 1976; Giraldo et al., 

2004). Both genomic instability and telomere shortening have been correlated with poor 

developmental outcomes such as delayed development and decreased total cell numbers (Liu et 

al., 2002; Gomez et al., 2006; Mastromonaco et al., 2006). Studies have found that passages as 

early as passage seven can increase chromosome abnormalities and arrest embryo development 

(Loi et al., 2001). Similarly, Gomez et al. (2006) found that passage nine cultures of African wild 

cat fibroblasts were 98% chromosomally abnormal. Additionally, Mastromonaco et al. (2006) 

found that cell lines with short lifespans and chromosome abnormalities resulted in poor 

blastocyst development following bovine SCNT compared to highly proliferative cultures that 

were chromosomally normal (≤ 0.9% and 11.8%, respectively). These studies confirm the need 

for genetically stable, actively proliferating cell lines for SCNT as they reduce the introduction 

of aberrations into cloned embryos and live offspring (Slimane Bureau et al., 2003; 

Mastromonaco and King, 2007).  

In iPSCs, genetic variation such as aneuploidy, subchromosomal copy number variation, 

and single nucleotide variations, can be introduced from the donor cell population, during the 

reprogramming process or from prolonged culturing of iPSCs (Liang and Zhang, 2014). In a 

more recent study, Yu et al. (2015) found that chromosomal mutations in human somatic cells 
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decreased the reprogramming efficiency and increased the occurrence of further chromosomal 

aberrations in iPSC generation. 

Differentiation status of donor cells 

Several cell types have been utilized for SCNT including skin fibroblasts (Cibelli et al., 

1998; Baguisi et al., 1999; Galli et al., 2003), muscle cells (Shiga et al., 1999), granulosa cells 

(Polejaeva et al., 2000), mammary epithelial cells (Wilmut et al., 1997), and cumulus and 

oviductal cells (Kato et al., 1998) from neonates, fetuses, and adults. The majority of iPSCs 

derived from domestic and wild animals used adult fibroblasts as donors. However, studies have 

found that the differentiation and epigenetic status of the donor cell nucleus can influence 

reprogramming efficiency (Bonk et al., 2007; Blelloch et al., 2009; Zhai et al., 2018). The use of 

less differentiated cells, such as mesenchymal stem cells and cumulus cells, has been found to 

increase reprogramming efficiency and have a higher rate of offspring production, likely due to 

the loosened nature of chromatin of these cell types (Kato et al., 2004; Jin et al., 2007; Li et al., 

2013; Zhai et al., 2018). A similar effect of differentiated cell status has been observed in iPSC 

generation (Eminli et al., 2009; Tan et al., 2011; Kleger et al., 2012). However, the application of 

SCNT and iPSC generation in non-domestic and endangered species limits the ability to obtain 

less differentiated cells. Skin fibroblast cells are the least invasive to collect and easily grown in 

culture, but they are condemned to epigenetic barriers.  

Cell cycle synchronization  

SCNT outcomes can further be improved with proper synchronization of the donor cell 

cycle. Many prefer to use quiescent cells in G0/G1, which can be established through serum 

starvation (Campbell et al., 1996; Wells et al., 2003), confluence (Gao et al., 2003), or incubation 

with mitosis-arresting agents (Hinrichs et al., 2006). Though some have produced offspring 
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using cells in the dividing G1 phase of the cycle (Cibelli et al., 1998; Kasinathan et al., 2001; 

Gibbons et al., 2002; Wells et al., 2003), a significantly greater percentage of viable offspring 

has resulted from cells in G0/G1 (Wells et al., 2003; Kallingappa et al., 2016). Kallingappa et al. 

(2016) found that quiescence induced deoxyribonucleic acid (DNA) and histone 

hypomethylation allowing for a more open chromatin state, which increased somatic cell 

reprogrammability via SCNT. Similarly, serum starvation of donor cells has been found to 

improve iPSC efficiency (Chen et al., 2012). The importance of epigenetics and reprogramming 

will be discussed later in this review. 

Donor cell line variability  

Not all cell lines have the same capacity or efficiency for reprogramming. Several studies 

have shown that cell lines derived from the same tissue with standardized culture techniques will 

have variable blastocyst and birthing rates following SCNT. This phenomenon has been 

observed in porcine (Kühholzer et al., 2001; Xie et al., 2014), bovine (Powel et al., 2004; 

Poehland et al., 2007; Zhou et al., 2009; Liu et al., 2013), equine (Lagutina et al., 2005; Choi et 

al., 2009), rhesus monkey (Zhou et al., 2006), gaur and wood bison (Mastromonaco, unpublished 

data), and camels (Wani and Hong, 2018). Liu et al. (2013) examined the effects of five 1-week-

old female Holstein heifers as nuclear donors on both in vitro and in vivo developmental rates of 

cloned embryos, post-natal survivability and the occurrence of LOS. Although variation was not 

observed during pre-implantation development of cloned embryos, only one cell line was 

capable of producing offspring with normal birth weight and gestation length while the other 

four displayed LOS and gestation length delay (Liu et al., 2013). Similarly, using domestic 

camels, Wani and Hong (2018) found that one cell line produced more offspring than the other 
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three. Furthermore, Xie et al. (2014) found that iPSC induction efficiencies differed among 

different pig ear fibroblast lines.  

It is important to note that blastocyst rate is not necessarily an optimal indicator of SCNT 

efficiency, as studies have shown little correlation with offspring rate (Beyhan et al., 2007b; 

Zhou et al., 2009; Wani and Hong, 2018). Wani and Hong (2018) observed that a camel donor 

cell line that had the lowest blastocyst rate had the highest calving rate. These findings suggest 

that nuclear reprogramming is continued during fetal development (Latham, 2005; Beyhan et al., 

2007b; Niemann et al., 2008).  

Epigenetic reprogramming barriers during SCNT and iPSC generation 

The complex process of epigenetic reprogramming requires global alterations in DNA 

methylation, chromatin structure, gene imprinting, X chromosome inactivation, and restoration 

of telomere length (Han et al., 2003). Embryonic development is dependent on extensive 

epigenetic reprogramming of gametes, which prior to fertilization, are transcriptionally silent 

(Matoba and Zhang, 2018). Both sperm and oocytes reorganize their cellular and molecular 

signatures through post-translational histone modifications and DNA demethylation to form a 

transcriptionally active, totipotent zygote. Similar to sperm, the donor somatic cell must be de- 

and re-methylated properly for development to proceed. However, in comparison to their IVF 

counterparts, SCNT embryos have global differences in their acetylation and methylation 

patterns (Wang et al., 2007; Zhang et al., 2009). Incomplete epigenetic reprogramming is thought 

to be responsible for abortions and post-natal mortality rates due to developmental defects in live 

clones. Similar epigenetic barriers are observed during iPSC generation; however, continuous 

passaging has been shown to remove somatic cell epigenetic memory (Polo et al., 2010; Matoba 

and Zhang, 2018).  
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DNA methylation is the powerhouse of the genome  

 DNA methylation is the addition of a methyl group on the 5-position of cytosine, forming 

5-methylcytosine (5mc) and is restricted to CpG dinucleotides (Rodriguez-Osorio et al., 2012). 

DNA methylation and demethylation critically depend on the activity of DNA 

methyltransferases (DNMTs) and ten-eleven translocation (TET) enzymes, respectively. DNA 

methyltransferase 1 (DNMT1) maintains the methylation pattern following DNA replication, or 

hemimethylated DNA, while DNMT3a and DNMT3b are responsible for de novo methylation, 

methylating newly synthesized or unmethylated DNA (Li et al., 1992; Okano et al., 1999). 

Conversely, the three members of the TET family, TET1, TET2, and TET3, are capable of 

oxidizing 5mc into 5-hydroxymethylcytosine (5hmc), and subsequently 5-formylcytosine, and 5-

carboxylcytosine (Ito et al., 2011). 

After the formation of the zygote, the paternal genome undergoes active demethylation 

mediated by TET3 while the maternal genome undergoes passive demethylation through the 

functional deficiency of DNMT1 during successive rounds of replication (Gu et al., 2011; 

Rodriguez-Osorio et al., 2012; Guo et al., 2014). Notably, DNA demethylation is necessary for 

the transcription of OCT4, a factor critical for the establishment and maintenance of pluripotency 

(Simonsson and Gurdon, 2004). Upon implantation of the blastocyst, the embryonic genome is 

hypomethylated, and a wave of de novo methylation by DNMT3a and DNMT3b is observed and 

is completed at the peri-gastrulation stage (Rodriguez-Osorio et al., 2012). Thus, DNA 

methylation provides a regulatory mechanism for cell differentiation toward future lineages 

while preventing their regression into an undifferentiated state. It has been proposed that both 

active and passive DNA demethylation takes place during the last stage of iPSC production 
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(Mikkelsen et al., 2007; Hochedlinger and Plath, 2009; Tahiliani et al., 2009; Apostolou and 

Hochedlinger, 2013; Gao et al., 2013)  

Somatic donor cells are highly methylated compared to sperm leading to delayed or 

incomplete de-/remethylation during the SCNT process (Dean et al., 2001; Yang et al., 2007). 

Studies in bovine (Kang et al., 2001; Zhang et al., 2016), porcine (Song et al., 2017), caprine 

(Deng et al., 2020), and murine (Gao et al., 2018) have shown higher DNA methylation levels in 

SCNT embryos, especially during embryonic genome activation (EGA), compared to their IVF 

counterparts. Furthermore, studies have found that methylation levels in bovine SCNT morulae 

and blastocysts resembled those of the donor cell genome (Dean et al., 2001; Kang et al., 2001). 

Song et al. (2017) found that DNMT1 and DNA methylation were significantly upregulated at 

the EGA stage of porcine SCNT embryos compared to their IVF counterparts. The removal of 

DNMT1 in donor cells by small interfering RNA enhanced DNA methylation reprogramming, 

promoted the expression of pluripotent genes, and significantly improved blastocyst 

development (Song et al., 2017). Furthermore, the overexpression of TET3 in goat fetal 

fibroblasts significantly lowered 5mc throughout pre-implantation development and improved in 

vitro and in vivo developmental rates (Han et al., 2018). DNA methylation is also considered a 

major barrier during pluripotency induction and can be attributed to somatic cell memory or 

aberrant methylation generated during reprogramming (Meissner et al., 2008; Liang and Zhang, 

2014). Gao et al. (2013) found that TET1 facilitated iPSC induction via OCT4 demethylation and 

reactivation. In addition, TET1 can replace OCT4 when using the Yamanaka factors to initiate 

reprogramming (Gao et al., 2013).  



 

 

12 

 

Histone barriers to reprogramming 

 The basic unit of chromatin is comprised of 146 base pairs of DNA tightly wrapped 

around an octamer of histones, formed by pairs of four core histones (H2A, H2B, H3, and H4 − 

Rodriguez-Osorio et al., 2012; Matoba and Zhang, 2018). The exposure of histone tails on the 

nucleosome surface allows for modifications at the N-terminus by enzymes that alter the 

chromatin configuration to be open and accessible or tightly coiled. The chromatin structure 

influences gene transcription outcomes, allowing transcription and replication when the 

chromatin is less compact while being transcriptionally silent when the chromatin is less 

accessible. Major histone modifications are acetylation and methylation, but other alterations 

include phosphorylation, ubiquitination, and sumoylation (Martin and Zhang, 2005; Klose et al., 

2006; Bannister and Kouzarides, 2011). In brief, histone phosphorylation predominantly occurs 

on serine, tyrosine, and threonine residues and is associated with gene activation and chromatin 

compaction (Albini et al., 2019). Additionally, histone ubiquitination involves the binding of 

ubiquitin on lysine residues and is associated with DNA repair, transcriptional regulation and 

genome stability (Hershko and Ciechanover, 1998; Albini et a., 2019). Moreover, the 

sumoylation of histones is characterized by the attachment of a small ubiquitin-like modifier 

molecule to a lysine residue and is often involved in transcription silencing (Gill, 2003). 

Histone acetylation is a post-translational modification involving the reversible addition 

of acetyl groups to a lysine residue on histone H3 and H4. The neutralization of the positively 

charged histones by acetylation causes the decreased interaction with the negatively charged 

DNA backbone, allowing for a euchromatin state that favours the accessibility of transcription 

factors (Bannister and Kouzarides, 2011). The addition and removal of acetyl groups are 

accomplished by histone acetyltransferases (HATs) and histone deacetylases (HDACs), 
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respectively (Xhemalce et al., 2011). Acetylation at histone 3 lysine 9 (H3K9ac) and lysine 27 

(H3K27ac) have been heavily studied due to high levels of these marks being associated with 

active euchromatin and promoting transcription (Roth et al., 2001; Qin et al., 2016; Howe et al., 

2017; Igolkina et al., 2019). 

Zhai et al. (2018) compared H3K9ac levels between porcine fetal fibroblasts and bone 

marrow-derived mesenchymal stem cells (BMSCs) as well as their nuclear transfer-derived 

embryos. Not only did BMSCs have significantly higher levels of H3K9ac, but the embryos 

derived from these cells had significantly higher levels of H3K9ac and blastocyst rates 

comparable to the IVF controls, suggesting that histone acetylation promotes chromatin 

remodelling and nuclear reprogramming. In addition, levels of H3K9ac and H3K27ac increased 

during iPSC generation, suggesting that histone acetylation is essential for attaining induced 

pluripotency (Mattout et al., 2011; Brix et al., 2015). It has also been shown that cloned embryos 

have hypoacetylated histones, which may be related to low SCNT efficiency (Enright et al., 

2003; Wang et al., 2007; Lager et al., 2008; Zhao et al., 2010; Su et al., 2011). Hosseini et al. 

(2016) found that bovine nuclear transfer blastocysts had significantly lower levels of H3K9ac 

compared to blastocysts generated by IVF. Chromatin remodelling agents are often used to 

increase histone acetylation levels, which allows for a more transcriptionally active state and 

improve reprogramming efficiency. The use of such agents will be discussed later in this review.  

In contrast, histone methylation on lysine residues can occur as mono- (me1), di- (me2) 

or tri- (me3) methylation and can correlate with either silencing or activation of transcription 

(Xhemalce et al., 2011). Furthermore, histone methylation is catalyzed and removed by histone 

methyltransferases (HMTs) and demethylases (HMDs), respectively (Bannister and Kouzarides, 

2011). Histone lysine demethylases are categorized into two families: amino oxidase homolog 
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lysine demethylase 1 (KDM1) and Jumonji C (JmjC) domain-containing histone demethylases 

(JMJDs – Shi and Whetstine, 2007).  

Various studies have reported histone hypermethylation among cloned embryos (Cao et 

al., 2015; Xie et al., 2016; Gao et al., 2018). Histone 3 lysine 9 trimethylation (H3K9me3) has 

been identified as a major epigenetic barrier to SCNT and iPSC generation (Soufi et al., 2012; 

Chen et al., 2013; Matoba et al., 2014). An examination of embryonic arrest in mice revealed 

that ~1,000 genes failed to activate at EGA in SCNT embryos (Matoba et al., 2014). These 

reprogramming resistant regions were enriched for H3K9me3, suggesting the mark may serve as 

a barrier preventing EGA in SCNT embryos. H3K9me3 demethylation is catalyzed by JMJDs, 

consisting of JMJD2A-D (also known as KDM4A-D – Table 1; Franci et al., 2017). Injection of 

mRNA encoding KDM4D not only rescued EGA but the pre-implantation development arrest, 

resulting in a 7% increase in pup rate (Matoba et al., 2014). Recent studies indicated that KDM4 

mRNA injection could also increase blastocyst development in humans (Chung et al., 2015), pigs 

(Ruan et al., 2018a), cattle (Liu et al., 2018), and monkeys (Liu et al., 2018). While H3K9me3 

inhibits EGA in SCNT, it prevents activation of SOX2 or NANOG in iPSC generation (Soufi et 

al., 2012; Chen et al., 2013; Matoba et al., 2014). Chen et al. (2013) found that KDM4B 

overexpression can improve the maturation and generation of mice iPSCs. 

Histone 3 lysine 27 trimethylation (H3K27me3) is another repressive mark that is vital to 

development. H3K27me3 methylation is catalyzed by zeste homolog 2 (EZH2) and is removed 

by tetratricopeptide repeat X (UTX/KDM6A) and JMJD3/KDM6B (Table 1; Xie et al., 2016; 

Glanzner et al., 2018). Knockdown of EZH2 impaired pre-implantation embryo development in 

mice (Huang et al., 2014) and cattle (Zhou et al., 2019), demonstrating the importance of 

H3K27me3 during development. Hypermethylation of H3K27me3 has been observed in mice 
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(Bai et al., 2018), porcine (Xie et al., 2016), caprine (Deng et al., 2020), and bovine (Zhou et al., 

2019) SCNT embryos. However, the reduction of H3K27me3 by the overexpression of KDM6A 

resulted in a significant improvement in bovine SCNT embryos (Zhou et al., 2019), murine 

SCNT embryos (Bai et al., 2018), and in murine iPSC reprogramming efficiency (Jiang et al., 

2020). Furthermore, inhibition of EZH2 by GSK126, a small-molecule inhibitor of EZH2, 

significantly reduced H3K27me3 levels in donor cells and improved blastocyst development and 

cell induction during porcine SCNT and iPSC production, respectively (Xie et al., 2016).  

Table 1. Trimethylated histones with their associated function, methyltransferases, and 
demethylases.  

Histone Function Methyltransferases Demethylases 
H3K9me3 Associated with silenced 

gene transcription 
SUV39H1/2 JMJD2A-D/KDM4A-D 

H3K27me3 Associated with silenced 
gene transcription 

EZH2 UTX/KDM6A, 
JMJD3/KDM6B 

H3K4me3 Associated with active gene 
transcription 

SET1A/SET1B, 
Mll1/Mll2 

KDM1A, KDM5A-D 

 

The interplay between DNA methylation and histone modifications 

For the scope of this review, the relationship between DNA methylation and histone 

modifications will be briefly discussed. However, in-depth reviews can be found elsewhere 

(reviewed by Cedar and Bergan, 2009; reviewed by Jin et al., 2011). Increasing evidence 

suggests that DNA methylation and histone modifications influence each other to regulate 

transcription (Cedar and Bergan, 2009). Histone methylation may direct DNA methylation 

patterns, while DNA methylation might serve as a template for histone modifications after DNA 

replication. It has been proposed that the transcriptionally active mark histone 3 lysine 4 

trimethylation (H3K4me3) blocks DNMTs, whereas H3K9me3 and H3K27me3 recruit DNMTs. 

This mechanism is thought to protect CpG islands, which remain unmethylated from de novo 
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methylation during early development (Jia et al., 2007; Ooi et al., 2007). In addition, suppressor 

of variegation 3-9 homolog 1/2 (SUV39H1/2) and EZH2, histone lysine methyltransferases for 

H3K9me3 and H3K27me3, respectively, have been found to directly interact with DNMT1, -3a, 

and -3b to facilitate DNA methylation (Lehnertz et al., 2003; Viré et al., 2006). For example, 

overexpression of EZH2 increased CpG methylation, while knockout reduced H3K27me3 and 

DNA methylation of EZH2-target promotors (Viré et al., 2006). Moreover, it seems that histone 

demethylation and accompanying histone acetylation occur prior to DNA demethylation during 

reprogramming to pluripotency (Mikkelsen et al., 2008). Furthermore, it has been shown that 

unmethylated and methylated DNA is associated with an active and inactive chromatin state, 

respectively (Eden et al., 1998; Hashimshony et al., 2003). In further support of this finding, 

there is also evidence that DNA methylation inhibits H3K4 methylation (Hashimshony et al., 

2003; Lande-Diner et al., 2007). While DNA methylation and histone modifications play a role 

in gene expression regulation, there is a clear connection between them (Cedar and Bergan, 

2009). However, how DNA methylation affects chromatin structure remains unclear. 

Chromatin remodelling agents to the rescue 

Several approaches have been investigated to rescue epigenetic barriers, including the use 

of enzyme inhibitors such as DNA methyltransferase inhibitors (DNMTis) and histone 

deacetylase inhibitors (HDACis). However, SCNT outcomes remain controversial, revealing 

promising results in murine (Kishigami et al., 2006), porcine (Zhao et al., 2010) and buffalo (Sun 

et al., 2015) with increased birth rates, while bovine embryos yield inconsistent results (Ding et 

al., 2008; Wang et al., 2011; Sangalli et al., 2012), especially with the commonly used HDACi, 

Trichostatin A (TSA). TSA, along with other HDACis, such as scriptaid and valproic acid, have 

been shown to increase histone acetylation levels in donor cells and cloned blastocysts, and 
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improve pre-implantation embryo development (Enright et al., 2003; Costa-Borges et al., 2010; 

Zhou et al., 2013; Sun et al., 2015; Hosseini et al., 2016; No et al., 2018). Scriptaid appears to 

show more promise for increased full-term development in comparison to TSA due to its lower 

cytotoxicity (Zhao et al., 2010; Sun et al., 2015). In addition, studies have observed improved 

iPSC generation with the use of DNA or histone demethylating agents (Huangfu et al., 2008; 

Mikkelsen et al., 2008) and HDACis (Huangfu et al., 2008; Mali et al., 2010; Li et al., 2016) 

facilitating cell reprogramming. 

It is important to note that observed improvements in pre-implantation development by 

exogenous agents depend on the treatment type and combination (i.e. donor cells, oocytes, or 

embryos). Discrepancies may also be attributed to the epigenetic status of the donor cells as 

bovine fibroblasts vary in the level of DNA methylation and histone acetylation depending on 

the in vitro culture system used (Enright et al., 2003; Poehland et al., 2007; Akagli et al., 2013). 

In addition, despite chromatin remodelling agents enhancing blastocyst rates in several species, 

few studies have investigated how they affect full-term development and long-term side effects 

(Zhou et al., 2009). As previously mentioned, blastocyst rate has been shown to have little 

correlation with offspring rate in SCNT (Zhou et al., 2009; Wani and Hong, 2018). Thus, 

investment of research towards DNMTis and HDACis warrants further investigation for their 

applicability in SCNT.  

Epigenetic status of donor cell lines and reprogramming outcomes 

While attempts to improve reprogramming efficiency has provided insightful knowledge 

on the epigenetic mechanism of reprogramming, we have yet to determine why some donor cell 

lines can reprogram better than others. Few researchers have attempted to correlate the 

epigenetic status of donor cell lines with SCNT efficiency. Beyhan et al. (2007a) examined the 
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gene expression of bovine fibroblasts from nine individuals with varying levels of SCNT 

efficiency based on the frequency of established pregnancies and live births. HDAC1, -2, and -3, 

along with DNMT3a and OCT4 expression was investigated in the donor cell lines. However, 

donor cell lines from inefficient, medium, and efficient cloners did not significantly differ in 

gene expression. Similar results were demonstrated by Zhou et al. (2009) in the gene expression 

levels of DNMT1, -3a and -3b, HDAC1 and HDAC2 in 12 bovine donor cell lines. No 

correlation was obtained between gene expression and the production of cloned offspring. 

Likewise, our lab examined the inter- and intra-individual variability of highly standardized 

bovine fibroblast cell lines via expression of DNMT1, DNMT3b, HAT1 and HDAC1 (Toorani, 

2020). Six Angus beef bulls of similar age were used as donors to produce three cell lines from 

independent biopsies per bull (18 cell lines in total). While there were some significant 

differences at the inter- and intra-individual levels, their biological relevance remains to be 

confirmed with functional assays (Toorani, 2020). It is important to note that only a small subset 

of genes was investigated in the studies mentioned, and revealing donor cell reprogrammability 

may require a more sophisticated method than a simple gene expression pattern (Zhou et al., 

2009).  

Metabolic regulation of epigenetics 

Much of the research in SCNT has put a heavy emphasis on epigenetic reprogramming 

and approaches to improve epigenetic status and SCNT outcomes, but many overlook the fact 

that metabolic mechanisms regulate epigenetic modifications. Metabolism has been studied in 

depth in ESCs and iPSCs due to preferential switches in metabolic pathways and alterations in 

mitochondrial function during metabolic reprogramming (reviewed by Mathieu and Ruohola-

Baker, 2017; reviewed by Nishimura et al., 2019; reviewed by Prieto et al., 2020). Studies have 
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shown that cellular reprogramming occurs in two waves in iPSCs, the first wave is associated 

with alterations in the cell cycle, metabolic and mitochondrial remodelling (reviewed by Prieto et 

al., 2020), and a decrease in somatic marker expression, while the second wave entails 

reactivation of endogenous core pluripotency network (Buganim et al., 2012; Hansson et al., 

2012; Polo et al., 2012). Although epigenetic changes are continuous throughout reprogramming, 

DNA methylation reconfiguration primarily occurs during the second wave (Polo et al., 2012; 

Apostolou and Hochedlinger, 2013). 

A reciprocal feedback loop exists between the epigenome and genome, driven by 

metabolism via DNA methylation and histone modifications (Aon et al., 2016). Epigenetic 

modifying enzymes rely on the availability of specific metabolites and, therefore, directly 

respond to metabolic states (Etchegaray and Mostoslavsky, 2016). Mitochondrial metabolism 

and glycolysis convert carbohydrates and fat into metabolites such as α-ketoglutarate (α-KG) and 

acetyl-Coenzyme A (CoA), which drive epigenetic modifications (Aon et al., 2016; Etchegaray 

and Mostoslavsky, 2016). Metabolic research in ESCs and iPSC may reveal key information 

related to SCNT inefficiency.  

Histone acetylation and acetyl-CoA 

Histone acetyltransferases rely on intracellular levels of acetyl-CoA, the universal 

substrate for histone acetylation (Lee and Workman, 2007; Etchegaray and Mostoslavsky, 2016). 

Acetyl-CoA can be generated by the breakdown of carbohydrates and fats, via glycolysis and β-

oxidation, respectively, as well as the conversion from acetate (Figure 1; Pietrocola et al., 2015). 

In mitochondria, citrate generated from the tricarboxylic acid (TCA) cycle is exported to the 

cytosol, where it is converted into acetyl-CoA by adenosine triphosphate (ATP) citrate lyase 

(ACL − Wellen et al., 2009). Cellular levels of acetyl-CoA directly depend on energy status, 
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with upregulation during high energy production promoting gene expression (Menzies et al., 

2016). It has been shown that knockdown of ACL significantly lowers global histone acetylation, 

which consequently reduces the expression of genes related to glycolysis (Wellen et al., 2009). 

In addition, inhibition of glycolysis or ACL reduced cytosolic acetyl-CoA, H3K9ac and 

H3K27ac, causing loss of pluripotency in favour of cell differentiation in human and mice ESCs 

(Moussaieff et al., 2015). Thus, high levels of acetyl-CoA allow for a more permissive chromatin 

state via histone acetylation, which promotes gene expression. 

 

 

 

 



 

 

21 

 

 
 
Figure 1. The interplay between mitochondrial function and epigenetic regulation. 
Mitochondria provide essential intermediate metabolites required to modify epigenetic marks 
such as histone acetylation and methylation and DNA methylation. Citrate generated from the 
tricarboxylic acid (TCA) cycle is exported to the cytosol, where it is converted into acetyl-CoA 
by ATP-citrate lyase (ACL) and subsequently used by histone acetyltransferases (HATS). 
Acetyl-CoA can also be generated from acetate in the cytosol. α-ketoglutarate (αKG) generated 
by the TCA cycle and in the cytosol is an essential cofactor of the Jumonji C (JmjC) domain-
containing histone demethylases (JMJDs), a histone demethylase, and ten-eleven translocation 
(TET) enzymes which demethylate DNA. Finally, S-adenosylmethionine (SAM) is the methyl 
group source used by histone and DNA methyltransferases (HMTs and DNMTs), respectively. 
SAM is generated through the coupling of the folate and methionine cycles in the cytosol with 
the one-carbon (one-C) metabolism in the mitochondria. Abbreviations: Ac-CoA, acetyl-CoA; 
FA-CoA, fatty acyl CoA; OFF, transcriptional inhibition; ON, transcriptional activation; OAA, 
oxaloacetic acid; HDACs, histone deacetylases. Modified from Matilainen et al. (2017). 
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The one-carbon cycle and DNA/ histone methylation 

 Histone and DNA methyltransferases utilize S-adenosylmethionine (SAM) as the methyl 

donor for methylation (Figure 1; Takusagawa et al., 1996). HMTs and DNMTs transfer the 

methyl group from SAM to a lysine residue, producing S-adenosyl homocysteine as a by-product 

(Ryall et al., 2015). SAM is produced through the coupling of the folate and methionine cycle in 

the cytosol with the one-carbon (one-C) metabolism in the mitochondria (Figure 1; Teperino et 

al., 2010; Ducker and Rabinowitz, 2017). Fluctuations in methionine metabolism can directly 

influence H3K4me3, leading to active transcription (Mentch et al., 2015). Shiraki et al. (2014) 

found that the depletion of SAM resulted in reduced H3K4me3 and defects in the maintenance of 

human ESCs. Thus, SAM is a key regulator of differentiation and for maintaining the 

undifferentiated state of ESCs and iPSCs (Shiraki et al., 2014). 

The tricarboxylic acid cycle and DNA/histone demethylation 

Similar to acetyltransferases and methyltransferases, histone and DNA demethylases 

utilize metabolites as cofactors (Etchegaray and Mostoslavsky, 2016). For instance, JMJDs and 

TET enzymes rely on α-KG as an essential cofactor (Tsukada et al., 2006; Tahiliani et al., 2009; 

Yang et al., 2014; Su et al., 2016). α-KG is a key intermediate generated from the TCA cycle 

where it can be exported out of the mitochondria (Figure 1; Ryall et al., 2015). Intracellular 

levels of α-KG are also maintained through the breakdown of glutamine (Lunt and Vander 

Heiden, 2011). A high α-KG/succinate ratio promotes histone and DNA demethylation, 

including H3K27me3 and TET-dependent DNA demethylation, and has been shown to maintain 

pluripotency in mouse ESCs (Carey et al., 2015; TeSlaa et al., 2016). In addition, impairment of 

the α-KG/succinate ratio leads to increases in H3K9me3 and H3K27me3 and promotes cell 

differentiation in mouse ESCs (Carey et al., 2015). Furthermore, glutamine silenced the 
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expression of HDAC1 and DNMT1 and -3a in mouse ESCs, promoting histone acetylation and 

DNA demethylation in essential promotors such as OCT4 (Ryu et al., 2015).  

The data from ESCs and iPSC research strongly links metabolic intermediate metabolites 

to epigenetic modifications. Such correlations warrant further investigation to determine if the 

relationship between metabolism and the epigenome varies among donor cell lines used for 

SCNT and iPSC generation as this link may aid in estimating reprogramming potential. 

Skin-derived precursor cells 

It has been suggested that successfully developed cloned animals and iPSCs are derived 

from a rare subpopulation of stem cells which are selected by chance from a heterogenous donor 

cell population and that these cells are more susceptible to reprogramming (Hochedlinger et al.; 

2004; Okita et al., 2007; Trosko, 2008; Yamanaka, 2009; Pan et al., 2015). In 2001, Toma et al. 

isolated multipotent stem cells from mouse dermis that were capable of differentiating into 

neural and adipose cells, confirming the existence of a rare subpopulation of stem cells within 

the skin. These rare cells, known as skin-derived precursor cells (SKPs), are derived from the 

dermal papilla (Ge et al., 2016). SKPs are present throughout adulthood and are capable of self-

renewal, express pluripotency genes such as SOX2 and NANOG, and can differentiate into 

various cell types, a process known as trans-differentiation (Fernandes et al., 2004; Toma et al., 

2005; Zhao et al., 2009; Budel and Djabali, 2017; Li et al., 2017). Furthermore, SKPs are 

positive for stage-specific embryonic antigen-4 (SSEA4), a cell surface marker detected in 

pluripotent cells, have lower levels of H3K9me3 compared to embryonic fibroblasts and do not 

enter senescence as rapidly as somatic cells (Hao et al., 2009; Pan et al., 2015; Li et al., 2017).  

Several studies have reported the broad developmental potential of skin-derived stem 

cells (SDSCs), such as SKPs. SKPs have been used as donor cells in bovine (Pan et al., 2015; 
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Xiao et al., 2017) and porcine (Hao et al., 2009) SCNT, showing improved reprogramming 

efficiency. SKPs may be a superior donor source as they may require less nuclear 

reprogramming by the oocyte (Hao et al., 2009). Moreover, SKPs have the potential to produce 

germ cell- and oocyte-like cells (reviewed by Ge et al., 2016). Since 2006, in vitro differentiation 

of SDSCs into primordial germ cell-like cells and germ cell-like cells (GCLCs) has been 

demonstrated in pigs (Dyce et al., 2006; Linher et al., 2009), mice (Dyce et al., 2011; Sun et al., 

2015), and humans (Ge et al., 2015). However, whether these GCLCs obtained from SDSCs can 

give rise to viable offspring remains unknown. With the majority of research on SKPs focusing 

on human stem cell therapy, the applicability of SKPs during SCNT and iPSC generation 

warrants further investigation. 

Summary  

 As the number of endangered species increases, ARTs have become progressively vital 

for the genetic management of wild and captive populations. With SCNT and iPSC induction, 

there is the potential to reverse what was once thought to be irreparable genetic loss. However, it 

has been well established that nuclear reprogramming during SCNT and iPSC generation is 

inefficient, which may be related to epigenetic and metabolic profiles or rare subpopulations of 

stem cells. Furthermore, it has yet to be uncovered as to why reprogramming efficiency varies 

between donor individuals. Understanding reprogramming capacity variation of donor cell lines 

at an inter-individual level will aid institutions to bank lines with the highest potential for 

successful reprogramming and future use. 

 

 

 



 

 

25 

 

RATIONALE 

Somatic cells, encompassing an individual’s entire genomic code that is easily obtained 

and reproducible, are an attractive source as genetic donors for their potential to produce 

offspring. However, as institutions across the globe bank thousands of somatic cell lines from 

threatened and endangered species, the question arises as to whether they will ever be used for 

their designated purpose, as nuclear donors for SCNT and iPSC generation. Despite SCNT 

offspring and iPSCs being successfully produced from domestic livestock, companion animals, 

and even endangered species, the use of somatic cell lines as a conservation tool is hindered by 

poor SCNT and iPSC induction efficiency (<5% and 0.01-0.1%, respectively). Progress towards 

greater efficiency is influenced by both technical and intrinsic factors but is further delayed by 

donor cell lines having variable reprogramming capabilities. Developing a standardized protocol 

to prepare and evaluate cell lines will allow institutions to bank lines with the highest potential 

for successful reprogramming. 

A major barrier thought to be responsible for the low reprogramming efficiency during 

SCNT and iPSC induction is incomplete epigenetic reprogramming, including DNA methylation 

and multiple histone modifications. However, many overlook the fact that metabolic mechanisms 

regulate epigenetic modifications with metabolic remodelling occurring prior to epigenetic 

reconfiguration during reprogramming. Therefore, the relationship between epigenetic and 

metabolic profiles may be a critical factor in revealing variation between standardized cell lines 

at an inter-individual level. It has also been suggested that successfully developed cloned animals 

and iPSCs are derived from a rare subpopulation of skin-derived precursor cells that are more 

susceptible to reprogramming. Therefore, I hypothesized that inherent variability exists 

between standardized somatic cell donors on an epigenetic, metabolic, and morphological 

level.  
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OBJECTIVES 

Investigation of the inherent variability between standardized cell lines at an inter-individual 

level will be undertaken with the following objectives: 

1. Examination of the formation of skin-derived precursor cells based on the number of 
spheroids and their size. 
 

2. Determination of the level of global DNA methylation and demethylation, and various 
histone modifications. 

 
3. Determination of the levels of acetyl-CoA and α-ketoglutarate and their relationship to 

epigenetic modifications.   
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INTRODUCTION 

Somatic cell nuclear transfer (SCNT) and induced pluripotent stem cells (iPSCs) are 

attractive conservation tools for their potential to produce offspring in threatened or endangered 

species. While SCNT utilizes the natural reprogramming power of the oocyte to reprogram a 

somatic cell to a totipotent state (Matoba and Zhang, 2018), iPSCs are produced by the 

overexpression of a set of transcription factors to reprogram somatic cells into a pluripotent state 

similar to embryonic stem cells (ESCs – Takahashi and Yamanaka, 2006). SCNT offspring and 

iPSCs have been produced from various species, from livestock to endangered species (reviewed 

by Mastromonaco et al., 2014; reviewed by Matoba and Zhang, 2018; reviewed by Stanton et al., 

2018). Ideally, iPSCs from threatened or endangered species could be differentiated into 

primordial germ cells and subsequently generate oocytes and sperm for IVF, a concept which has 

already proved possible in mice (Nayernia et al., 2006; Hayashi et al., 2012). 

However, SCNT and iPSC induction are well regarded as inefficient methods for cellular 

reprogramming with a <5% and 0.01-0.1% success rate, respectively (Tsunoda and Kato, 2002; 

Yang et al., 2007; Hochedlinger and Plath, 2009). Several factors have been shown to influence 

reprogramming outcomes such as donor cell viability and cell culture (Gomez et al., 2006; 

Mastromonaco et al., 2006, 2007), differentiation status of donor cells (Bonk et al., 2007; 

Blelloch et al., 2009; Zhai et al., 2018), and donor cell cycle (Kallingappa et al., 2016). Further 

complications arise from donor cell lines not having the same capacity or efficiency for 

reprogramming. This phenomenon has been observed in porcine (Kühholzer et al., 2001; Xie et 

al., 2014), bovine (Powel et al., 2004; Poehland et al., 2007; Zhou et al., 2009; Liu et al., 2013), 

equine (Lagutina et al., 2005; Choi et al., 2009), rhesus monkey (Zhou et al., 2006), gaur and 

wood bison (Mastromonaco, unpublished data), and camels (Wani and Hong, 2018). Finding a 
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suitable cell line is often a trial and error approach that is timely and costly. With donor cell lines 

having varying reprogramming efficiencies, the task of improving reprogramming outcomes 

becomes challenging and “good” quality donor cell lines are not fully understood. The ability to 

estimate reprogramming efficiency in a given cell line will influence how and what we choose to 

biobank for SCNT and iPSC induction (Mastromonaco and King, 2007; Liu et al., 2013). 

Given the factors that have been shown to influence reprogramming outcomes, would a 

standardized population based on age, sex, and breed with chromosomally normal cell lines, 

have similar telomere length and cell culture characteristics, vary in their reprogramming 

efficiency? Furthermore, can the differences in donor individuals be quantified? Our lab has 

begun uncovering these answers by first targeting key epigenetic genes related to DNA 

methylation and histone acetylation as these modifications have been known to inhibit and 

promote cellular reprogramming, respectively. Although some inter-individual variation was 

found in the expression of DNA methyltransferase 1 and 3b (DNMT1 and DNMT3b, 

respectively) and histone acetyltransferase 1 (HAT1), their biological relevance remains to be 

confirmed with functional assays and revealing donor cell reprogrammability may require a more 

sophisticated method than a simple gene expression pattern (Zhou et al., 2009; Toorani, 2020). 

Therefore, a more functional and targeted approach may be necessary to quantify potential 

variation between bulls. 

Incomplete epigenetic reprogramming of donor somatic cells is thought to be a major 

barrier responsible for the low reprogramming efficiency during SCNT and iPSC induction. In 

addition to DNA methylation, other epigenetic barriers to SCNT and iPSC generation include 

histone methylation marks such as histone 3 lysine 9 trimethylation (H3K9me3 – Soufi et al., 

2012; Chen et al., 2013, Matoba et al., 2014) and lysine 27 trimethylation (H3K27me3 – Huang 
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et al., 2014; Xie et al., 2016; Bai et al., 2018; Zhou et al., 2019; Jiang et al., 2020) as they are 

considered heterochromatin-associated histone marks (Saksouk et al., 2015; Igolkina et al., 

2019). Conversely, histone 3 lysine 4 trimethylation (H3K4me3) and acetylation at histone 3 

lysine 9 and 27 (H3K9ac and H3K27ac, respectively) are associated with active/open 

euchromatin (Mattout et al., 2011; Brix et al., 2015; Igolkina et al., 2019). Therefore, substantial 

efforts have been made to decrease DNA and histone methylation while increasing histone 

acetylation during SCNT and iPSC generation, including the use of DNMT inhibitors (DNMTis 

– Huangfu et al., 2008; Mikkelsen et al., 2008) and histone deacetylase inhibitors (HDACis – 

Mali et al., 2010; Zhao et al., 2010; Li et al., 2016). Although such techniques have shown 

improved efficiency, they do not clarify what is inherently required for successful 

reprogramming.  

Furthermore, reprogramming of somatic cells not only requires remodelling of 

epigenetics but metabolism as well. Studies have shown that cellular reprogramming occurs in 

two waves, the first wave is associated with alterations in the cell cycle, metabolic and 

mitochondrial remodelling, and a decrease in somatic marker expression, while the second wave 

entails reactivation of endogenous core pluripotency network and DNA methylation 

reconfiguration (Hansson et al., 2012; Polo et al., 2012; Prieto et al., 2020). Epigenetic 

modifying enzymes rely on the availability of specific metabolites and directly respond to 

metabolic states (Etchegaray and Mostoslavsky, 2016). Demethylation of DNA and histones, 

such as H3K9me3 and H3K27me3, depends on the activity of ten-eleven translocation (TET) 

and Jumonji C domain-containing histone demethylases (JMJD) enzymes, respectively, which 

rely on α-ketoglutarate (αKG) as an essential cofactor (Tsukada et al., 2006; Tahiliani et al., 

2009; Yang et al., 2014; Su et al., 2016). Furthermore, HATs rely on intracellular levels of 
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acetyl-Coenzyme A (CoA) for histone acetylation (Lee and Workman, 2007; Etchegaray and 

Mostoslavsky, 2016). Therefore, metabolic metabolites may be a predictor of epigenetic states 

and could be a crucial selection criterion for cell lines with higher reprogramming capacity. 

Another competing theory for low efficiency is that successfully developed cloned 

animals and iPSCs are derived from a rare subpopulation of stem cells which are selected by 

chance from a heterogenous donor cell population and that these cells are more susceptible to 

reprogramming (Hochedlinger et al., 2004; Okita et al., 2007; Trosko, 2008; Yamanaka, 2009; 

Pan et al., 2015). These rare cells, known as skin-derived precursor cells (SKPs), can be isolated 

from the dermal papilla (Toma et al., 2001; Ge et al., 2016). SKPs are present throughout 

adulthood and are capable of self-renewal, express pluripotency genes such as SOX2 and 

NANOG, and can differentiate into various cell types, a process known as trans-differentiation 

(Fernandes et al., 2004; Toma et al., 2005; Zhao et al., 2009; Budel and Djabali, 2017). 

Additionally, SKPs may be a superior donor source as they may require less nuclear 

reprogramming by the oocyte (Hao et al., 2009) and have shown to improve SCNT outcomes in 

bovine (Pan et al., 2015; Xiao et al., 2017) and porcine (Hao et al., 2009). Remarkably, SKPs 

also have the potential to produce germ cell- and oocyte-like cells as demonstrated in pigs (Dyce 

et al., 2006; Linher et al., 2009), mice (Dyce et al., 2011; Sun et al., 2015), and humans (Ge et 

al., 2015). However, whether these germ cell-like cells obtained from skin-derived stem cells can 

give rise to viable offspring remains unknown. 

The influence of somatic cell donors on epigenetic status, metabolic metabolites and SKP 

production have not been reported. Therefore, this study aimed to investigate whether inherent 

variability exists between standardized somatic cell donors on an epigenetic, metabolic, and 

morphological level.  
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METHODS AND MATERIALS 

Cell lines 

Unless stated otherwise, the media and components used in this thesis were purchased 

from Thermo Fisher Scientific (Waltham, MA, USA). Bovine ear fibroblast cells (BEFs) were 

previously established by Toorani (2020). Cell lines were derived from six age matched Angus 

beef bulls (Bull 1, 4, 10, 13, 14, 15). For biological replicates (samples), three skin biopsies were 

taken from each bull for cell line establishment (3 cell lines per bull). BEFs were used at passage 

four for all experiments.  

Cell culture for epigenetic and metabolic analysis 

 Two cryovials from each cell line (18 in total) were thawed in a random order and 

washed with Dulbecco’s modified Eagle medium (DMEM – Sigma-Aldrich, Oakville, ON, 

Canada) supplemented with 1% penicillin / streptomycin (pen/strep; 10 000 IU / mL penicillin; 

10 000 μg / mL streptomycin; GibcoTM). Cells were seeded at a concentration of ~1.4 × 106 cells 

per T-75 flask (FalconTM) and cultured in DMEM supplemented with 10% fetal bovine serum 

(FBS – Sigma-Aldrich, Oakville, ON, Canada) and 1% pen/strep at 38.5℃ in 5% CO2. Once 

cells reached confluence, the medium was refreshed, and cells remained at confluence for 3 days. 

The cells were washed with 1x phosphate buffer saline (PBS – CorningTM) and dissociated from 

the flask using 0.25% Trypsin-EDTA (GibcoTM). Cells were resuspended in 4 mL of DMEM 

with 1% pen/strep, split amongst four 1.5 mL microcentrifuge tubes, washed thrice with PBS and 

pelleted. Three tubes were snap frozen with liquid nitrogen while 200 µL of cold high-

performance liquid chromatography (HPLC) grade methanol (Fisher ChemicalTM) was added to 

one tube for metabolic analysis. All microcentrifuge tubes were stored at -80℃ until use.  
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Skin-derived precursor (SKP) cell isolation 

A cryovial from each cell line was randomly thawed and washed with DMEM 

supplemented with 1% pen/strep. Approximately 7 × 105 cells were resuspended in 6 mL of 

filtered 1x SKP medium consisting of 3:1 DMEM: Ham’s F12 nutrient mix (F12 – GibcoTM), 20 

ng/mL epidermal growth factor (EGF – GibcoTM), 40 ng/mL basic fibroblast growth factor 

(bFGF – GibcoTM), 2% B-27 (GibcoTM) and 1% pen/strep and equally divided over two wells in 

a non-treated 6-well plate (CELLSTARTM – VWR International LLC, Mississauga, ON, 

Canada). After two days in culture, the cells were fed by adding 10× concentrated SKP medium 

(SKP medium with 10× concentrated EGF, bFGF, and B-27) to the main previous volume to 

have a final concentration of 1x SKP medium (e.g. 3 mL previous volume + 334 μL 10× SKP 

medium −	Budel and Karima, 2017). Cells were agitated daily by pipetting up and down to 

prevent clumping and cell adherence to the well.  

SKP spheroid size and number assessment  

On day seven of culture, nine images were taken of each well using an Olympus IX51 

inverted microscope (Olympus Canada Inc., Richmond Hill, ON, Canada). The seven-day 

endpoint was determined by the typical number of days before passaging SKPs for SCNT in 

bovine (Pan et al., 2015; Xiao et al., 2016). The location of each image was consistent across all 

wells. Image analysis was performed using ImageJ with the scale set to 0.6275 pixels/μm. For 

each image, spheroid number and surface area of each spheroid was measured using ImageJ with 

the following macro code: 

setOption("BlackBackground", true); 
run("Make Binary"); 
run("Watershed"); 
run("Analyze Particles...", "size=2500-Infinity circularity=0.50-1.00 show=Outlines  display 
exclude clear"); 
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Based on the obtained data, the size frequency of SKP diameter was determined by 

categorization into the following diameter sizes: <100, 100–200, and >200 μm. 

DNA extraction, quantification and quality assessment 

 Genomic DNA was extracted from frozen cell pellets designated for DNA extraction 

using Norgen Biotek’s Cells and Tissue DNA Isolation Kit (Norgen Biotek Corporation, 

Thorold, ON, Canada) with a modified protocol. Cell pellets were randomized prior to DNA 

extraction. Subsequently, 200 μL of PBS was added to each cell pellet and mixed by gentle 

vortexing, followed by the addition of 20 μL of Proteinase K and 300 μL of Lysis Buffer B. 

After vortexing, tubes were incubated at 56℃ for 30 minutes in a test tube water bath. 

Subsequently, 110 μL of 100% ethanol was added to each tube, which was then vortexed and 

briefly centrifuged.  

Whole lysate was applied to a spin column assembly and centrifuged for 2 minutes at 

6000 g followed by 2 minutes at 14, 000 g. Flowthrough was discarded and 500 μL of Solution 

WN was applied to the column which was centrifuged for 1 minute at 6000 g. Bound DNA was 

washed twice with 500 μL of Wash Solution A and centrifuged at 14, 000 g for 1 minute. 

Samples were spun for additional 2 minutes at 14, 000 g to thoroughly dry the column. Then, 50 

μL of Elution Buffer B was added to each column and allowed to incubate for 2 minutes and 

centrifuged for 1 minute at 6, 000 g followed by 1 minute at 14, 000 g. To maximize DNA yield, 

the eluent was applied to the column again and centrifuged 1 minute at 6, 000 g followed by 1 

minute at 14, 000 g. This process was repeated a total of 3 times. Isolated DNA was stored at -

80℃ until use. 

 DNA was quantified using QubitTM dsDNA HS Assay Kit (InvitrogenTM) according to 

the manufacturer’s protocol. For each sample, 1 μL of DNA was added to 199 μL of working 
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solution for quantification. DNA integrity was evaluated using E-GelTM EX 1% agarose gels 

according to the manufacturer’s instructions with 25 ng of DNA and run for 10 minutes on 

Invitrogen’s E-Gel Power Snap Electrophoresis System. 

Global 5-methylcytosine (5mc) and 5-hydroxymethylcytosine (5hmc) measurement 

 Global 5mc and 5hmc were measured using Epigentek’s MethylFlash Global DNA 

Methylation and DNA Hydroxymethylation enzyme-linked immunosorbent assay (ELISA) Easy 

Kit (colorimetric – Cedarlane, Burlington, ON, Canada), respectively. The detection limit of 

each kit can be as low as 0.05% and 0.01% for methylated and hydroxymethylated DNA, 

respectively. Assays were performed according to the manufacturer’s instructions using 100-200 

ng of DNA input. All DNA extracts were randomized prior to performing the ELISAs. A 6-point 

standard curve (0.1%-5% methylated DNA and 0.02-1% hydroxymethylated DNA) was prepared 

from the positive control along with a negative control (0% methylated and hydroxymethylated 

DNA). Standards and controls were prepared fresh for each plate and were run in duplicate. 

Products were quantified by absorbance on a plate reader (Epoch™ 2 Microplate 

Spectrophotometer – BioTek, Winooski, VT, United States) at 450 nm. OD values were 

converted to %5mc and %5hmc through the calculations described in the manufacturer’s 

instructions. Samples were run in duplicate and only those with a coefficient variation (CV) less 

than 15% were included in data analysis.  

Histone post-translational modification (PTM) quantitation  

Histone extraction 

Histone extraction was carried out by Active Motif (Carlsbad, California, USA). A two-

step method using a sucrose based hypotonic buffer was used to lyse the cells and histones were 

acid extracted from isolated nuclei. Acid extraction was performed for two hours at 4°C, cellular 
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debris was pelleted, and lysate aliquots were frozen in a methanol-dry ice bath and stored at -

80°C until testing. Histone yields were evaluated using the Histone H3 Total beads and a two-

fold five-point dilution series of the samples.  

Histone quantitation 

Multiplex assays were performed by Active Motif with the beads targeting H3K9me3, 

H3K27me3, H3K9ac, H3K27ac, and H3K4me3, using sample volumes normalized for histone 

H3 concentration. Beads were added to wells in 25 µL assay buffer supplemented with Inhibitor 

Cocktails (ABIC) for proteases, phosphatases and HDACs. Samples as a four-point 1.4 dilution 

series were added to wells in 25 µL ABIC in duplicate and incubated for 1 hour at room 

temperature. Three 100 µL washes with 1X Wash Buffer (PBS containing 0.05% Tween-20) 

were performed using plate magnets to retain beads. Then, 50 µL biotinylated Histone H3 

antibody diluted 1:500 in assay buffer was added for the high abundance PTM multiplex assay 

for 1 hour with agitation. Afterwards, 50 µL biotinylated Histone H3 antibody diluted 1:250 in 

assay buffer was added for the low abundance PTM multiplex assay for 1 hour with agitation. 

Washes were performed as previously mentioned and 50 µL of streptavidin phycoerythrin 

(SAPE) solution diluted 1:100 in Assay Buffer was added to each well and incubated for 30 min 

with agitation. Beads were collected on a plate magnet and the SAPE solution was discarded. 

The assay plate was removed from the plate magnet and beads resuspended in 100 µL 1X Wash 

Buffer and read on the Luminex LX100 Instrument. Samples less than £10% were included in 

data analysis.   

Net median fluorescent intensity associated with each PTM-specific bead was expressed as 

a ratio relative to total histone H3 signals for each well. Ratio values were averaged for each 
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sample input amount and percent change in the ratio relative to the reference samples was 

determined. A control lysate was also included to verify successful execution of the multiplex 

assay.  

Acetyl-CoA and α-ketoglutarate quantification   

Metabolite extraction 

Metabolite extraction was carried out by the University of Victoria (UVic) Genome BC 

Proteomics Centre (Victoria, BC, Canada). Randomized samples stored at -80°C were thawed on 

ice and 250 μL of 80% methanol was added to each sample. The samples were then lysed with 

the aid of 2 metal beads on a Retsch MM 400 mixer mill (Haan, Germany) for 1 minute, twice at 

30 Hz. After centrifugation at 21,000 g at 10oC for 10 minutes, the supernatant was collected for 

the following liquid chromatography - mass spectrometry (LC-MS) analyses. The pellet was 

used to measure protein content using the bicinchoninic acid (BCA) procedure.  

Quantitation of α-ketoglutarate 

Quantitation of α-ketoglutarate was carried out by the UVic Genome BC Proteomics 

Centre. Standard solutions of 2-ketoglutarate were prepared in 80% methanol in a concentration 

range of 0.001 to 1000 nmol/mL. Subsequently, 20 μL of each supernatant or standard solution 

was mixed in turn with 20 μL of an internal standard (2-ketoglutarate-D3) solution, 20 μL of 150 

mM of 3-nitrophenylhydrazine hydrochloride (HCl) solution and 20 μL of 120 mM of 1‐ethyl‐3‐

(3‐dimethylaminopropyl) carbodiimide (EDC) – HCl dissolved in a mixed solvent of 94% (v/v) 

of 75% aqueous methanol and 6% (v/v) of pyridine. The mixture was allowed to react at 30 °C 

for 30 minutes. After the reaction, 160 μL of water was added and the resultant solutions were 

injected in 10-μL aliquots to run LC-multiple reaction monitoring (MRM)/MS with negative-ion 

detection on an Agilent 1290 ultrahigh performance (UHP) LC system (Santa Clara, CA, United 

States) coupled to an Agilent 6495B QQQ mass spectrometer (Santa Clara, CA, United States), 
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using 0.01% formic acid in water (A) and acetonitrile (B) as the mobile phase for gradient 

elution.  

Quantitation of acetyl-CoA  

Quantitation of acetyl-CoA was carried out by the UVic Genome BC Proteomics Centre. 

Serially diluted standard solutions of acetyl-CoA were prepared in 80% methanol in a 

concentration range of 0.00001 to 5 nmol/mL. Subsequently, 50 μL of supernatant from each 

sample or standard solution was mixed with 50 μL of an acetyl CoA-13C2 internal standard 

solution. After mixing, 10 μL of each sample and standard solutions were injected to a Waters 

Acquity UPLC system (Milford, MA, United States) coupled to a Sciex 4000 QTRAP mass 

spectrometer (Concord, ON, Canada) operated in the negative-ion MRM mode, using a C18 

column (2.1*150 mm, 1.8 μm) and a mobile phase composed of an ion-pairing buffer (A) and 

methanol/acetonitrile (1:1) (B) for binary-solvent gradient elution (20% to 60% B in 10 min at 

0.3 mL/min and 50 °C.  

Calculations 

Concentrations were calculated by interpolating the corresponding constructed linear-

regression and using the internal-standard calibration curve of each analyte using the analyte-IS 

peak area ratios measured from injected sample solutions. Concentrations of acetyl-CoA and 

αKG were presented as nmol/µg protein. 

Statistical analysis 

Values are expressed as mean ± 95% CI. Statistical analysis was performed using the SAS 

program. When comparing multiple means, a one-way ANOVA was utilized followed by a post-

hoc Tukey HSD test for pairwise comparisons. Relationships between epigenetic and metabolic 

variables were analyzed using a general linear model with the Bull acting as the random factor 

and the metabolic metabolite acting as the covariate. Statistical significance is noted as P<0.05. 
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RESULTS 

Skin-derived precursor cells 

 After seven days of culture in SKP medium, SKPs formed as spheres in suspension 

(Figure 2A). While there were no significant differences observed in the mean number of SKPs 

(ranging from 645.2-791.3) formed between bulls (P=0.9323; Figure 2B), there were significant 

intra-individual differences in the number of SKPs formed among all bulls (P=0.0016; Figure 

2C). However, lack of replicate analysis of each cell line prevents further analysis into which 

cell lines within a bull are significantly different.  

 When examining the size of SKPs, there was a trend toward a significant difference with 

Bull 13 having smaller SKPs on average (91.41 μm) compared to all other bulls (106.25-111.85 

μm; P=0.0501; Figure 3A). Upon further investigation on the effect of bulls on the size 

frequency of SKPs, an ANOVA found a significant difference in the number of SKPs among the 

size categories (P= 0.0036). A multiple pairwise comparison found no significant differences 

between bulls with SKP diameters <100 μm (667.2-1066.5 SKPs; Figure 3B) and 100-200 μm 

(435.1-758.3 SKPs; Figure 3C). However, Bull 13 was found to have a significantly lower 

number of SKPs (11.7 SKPs) that were >200 μm in diameter compared to all other bulls (54.1-

91.1 SKPs; Figure 3D).  
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Figure 2. SKP formation in standardized cell lines from individual bulls. A) Phase image of 
SKPs in suspension culture after seven days with 10x magnification. Bar, 100 μm. B) Mean 
number of SKPs ± 95% CI. Biological triplicates and technical duplicates were performed for 
each measurement. C) Number of SKPs per biological replicate (sample) per bull. A one-way 
ANOVA found a significant inter-individual difference in the number of SKPs formed among all 
bulls (P=0.0016).  
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Figure 3. SKP size analysis between standardized cell lines from individual bulls. A) Size of 
SKPs (μm) from each bull. B) Number of SKPs that are <100 μm in diameter. C) Number of 
SKPs that are 100-200 μm in diameter. D) Number of SKPs that are >200 μm in diameter. 
Means sharing the same superscript are not significantly different from each other (Tukey HSD 
test, P<0.001). All data are represented as mean ± 95% CI of three biological replicates.  

 
Global DNA methylation and hydroxymethylation analysis 

An ELISA was performed to measure global levels of %5mc and %5hmc between 

standardized cell lines at an inter-individual level. The percent global DNA methylation ranged 

from 0.29-0.41% with no differences being found between individuals (P=0.8786; Figure 4A). 

Likewise, percent global DNA hydroxymethylation ranged from 0.011-0.015% with no 

significant differences found between individuals (P=0.9185; Figure 4B).   
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Figure 4. Percent 5mc and 5hmc between standardized cell lines from individual bulls. A) 
Percent 5mc between bulls. B) Percent 5hmc between bulls. Biological triplicates and technical 
duplicates were performed for each measurement. All data are represented as mean ± 95% CI. 

 
Histone modification analysis 

Histone modifications were measured by performing a multiplex histone PTM quantitation 
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to Bull 13 (P=0.0662) and had significantly lower levels of H3K4me3 compared to Bull 14 

(P=0.0178) and Bull 15 (P=0.0089).  

 

Figure 5. Level of repressive histone marks in standardized cell lines from individual bulls. 
A) H3K9me3 to total H3 ratio. B) H3K27me3 to total H3 ratio. Biological triplicates and 
technical duplicates were performed for each measurement. All data are represented as mean ± 
95% CI. 
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Figure 6. Level of permissive histone marks in standardized cell lines from individual bulls. 
A) Ratio of H3K9ac and H3K27ac to total H3. B) H3K4me3 to total H3 ratio. Means sharing the 
same superscript are not significantly different from each other (Tukey HSD test, P<0.05). 
Biological triplicates and technical duplicates were performed for each measurement. All data 
are represented as mean ± 95% CI.  
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Metabolic analysis  

Metabolic metabolites α-ketoglutarate and acetyl-CoA were measured by LC-MS to 

examine variation between bulls. No significant differences were found when comparing acetyl-

CoA between individuals (P=0.1910; Figure 7A) with concentrations ranging from 0.15-0.23 

nmol/µg protein. In addition, no significant differences were found in the levels of αKG between 

bulls (P=0.0917; Figure 7B) with concentrations ranging from 6.04-13.12 nmol/µg protein.  

 

 

  
Figure 7. Concentration of metabolic metabolites in standardized cell lines from individual 
bulls. A) Concentration of acetyl-CoA (nmol/μg protein). B) Concentration of αKG (nmol/μg 
protein). All data are represented as mean ± 95% CI of three biological replicates. 
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H3K27me3 (P=0.900), nor did the relationships differ between bulls (P=0.4304, P=0.0634, 

P=0.1496, respectively).  

Similarly, there was no correlation between the level of acetyl-CoA and H3K9ac 

(P=0.4080) or H3K27ac (P=0.6288). Furthermore, the relationship between acetyl-CoA and 

H3K9ac and H3K27ac did not differ between bulls (P=0.3364 and P=0.0851, respectively). 

 

 
 
Figure 8. Interaction between metabolism and histone acetylation and DNA/histone 
methylation. Acetylation of histones H3K9 and H3K27 by histone acetyltransferases (HATs) is 
dependent on the availability of acetyl-CoA. Citrate generated from the tricarboxylic acid (TCA) 
cycle is exported to the cytosol, where it is converted into acetyl-CoA and subsequently used by 
HATs. α-ketoglutarate (αKG) is generated by the TCA cycle and is an essential cofactor for 
Jumonji C domain-containing histone demethylases (JMJDs), which demethylates H3K9me3 and 
H3K27me3, and ten-eleven translocation (TET) enzymes which demethylate DNA. Adapted 
from Martínez-Reyes and Chandel (2020). 
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DISCUSSION 

 SCNT and iPSC induction are powerful reprogramming techniques with the potential to 

be used as conservation tools for genetically valuable individuals and endangered species. 

However, due to low reprogramming efficiencies, extensive efforts have been made to elucidate 

the ideal donor cell that supports reprogramming success. Yet, in-depth investigations of inter-

individual reprogramming variance, a well-known phenomenon, have not been undertaken. 

Given a population of standardized individuals based on selective criteria, would samples from 

these individuals vary in their reprogramming efficiency? Are there inherent differences between 

their cell lines that can pre-determine their reprogramming outcomes? Here, I investigated 

whether inherent variability exists between standardized somatic cell donors, based on age, sex, 

and breed, with “good quality” cell lines, exhibiting similar chromosome normality, telomere 

length and cell culture characteristics, on an epigenetic, metabolic, and morphological level. 

Several studies have reported the broad developmental and multi-lineage potential of 

skin-derived stem cells, such as SKPs. Not only have SKPs been shown to improve 

reprogramming efficiency during SCNT (Hao et al., 2009; Pan et al., 2015; Xiao et al., 2017), 

but they also have the potential to produce germ cell- and oocyte-like cells (Dyce et al., 2006, 

2011; Linher et al., 2009; Ge et al., 2015; Sun et al., 2015). Furthermore, SKPs are positive for 

stage-specific embryonic antigen-4, a cell surface marker detected in pluripotent cells, have 

lower levels of H3K9me3 compared to embryonic fibroblasts and do not enter senescence as 

rapidly as somatic cells (Hao et al., 2009; Pan et al., 2015; Li et al., 2017). Given that 

successfully developed cloned animals and iPSCs may be derived from a rare subpopulation of 

stem cells (Hochedlinger et al., 2004; Okita et al., 2007; Trosko, 2008; Yamanaka, 2009; Pan et 

al., 2015), examining SKP characteristics prior to SCNT or iPSC induction may be a preliminary 
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method of estimating reprogramming efficiency. This study revealed that the cell lines from 

standardized bulls did not differ in the population of SKPs isolated. However, within each bull, 

there was a significant difference in the number of SKPS produced between the three donor cell 

lines established from each bull. It has been demonstrated that variation in reprogramming 

efficiency not only exists on an inter-individual level but on an intra-individual level as well. 

Choi et al. (2009) examined the effects of two donor cell lines derived on separate occasions 

from the same horse and tissue on SCNT efficiency. The second cell line had a significantly 

higher blastocyst rate than the first (8.3% vs 0%, respectively). Moreover, all blastocysts 

transferred from the second cell line resulted in pregnancy, and subsequently, in 2 healthy foals 

(50% offspring rate). Therefore, further studies would be required to closely examine intra-

individual variability in SKP production by replicating the analysis of each cell line. However, 

whether inter- and intra-individual variability in SKP production has biological significance 

remains unknown. Reprogramming these cell lines by SCNT or pluripotency induction would 

provide further insight into the relevance of SKP production. 

           SKP size was of particular interest in the current study due to the influence of donor cell 

size on SCNT outcomes (Stice, 1996; Zhang et al., 2009), which lends to the possibility of SKP 

size being a potential selection tool if using SKPs for reprogramming. Notably, diameters 

observed in the current study were smaller than those described by Toma et al. (2005), who 

reported an average diameter of 134 μm in SKPs isolated from humans while average diameters 

ranged from 91-112 μm in the current study. However, the study mentioned above measured 

SKP size after 2.5 weeks of culture, while in the present study, the size was determined after 

seven days of SKP culture as per the typical requirements of SKP preparation for bovine SCNT 

(Pan et al., 2015; Xiao et al., 2016).  To further investigate SKP size, analysis of differences 
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between bulls was done based on frequencies of each of the size categories of SKPs (<100, 100-

200, and >200 μm). Although the number of SKPs <100 μm and 100-200 μm in size was not 

significantly different between bulls, Bull 13 appeared to have more SKPs that were <100 μm 

while Bull 10 seemed to have more SKPs that were 100-200 μm. Smaller and medium-sized 

SKPs may be more efficient donor cells for reprogramming. Zhang et al. (2009) examined the 

effect of donor cell size on porcine blastocyst development and found that across cumulus cells, 

fetal fibroblasts and oviductal epithelial cells, the blastocyst rate was higher when using smaller 

and medium-sized donor cells (<20 μm and 20 μm) compared to larger cells (>20 μm). In fact, 

standard technique for donor cell selection during the SCNT process involves the intentional 

selection of small-medium sized cells by visual observation as those cells have consistently 

yielded greater embryo production rates (Mastromonaco, pers. comm.) Moreover, Bull 13 had a 

significantly lower number of SKPs that were >200 μm in size, making this bull of particular 

interest for further reprogramming experiments.  

The most prominent cause for aberrant epigenetic reprogramming during SCNT and 

iPSC induction is the epigenetic status of somatic donor cells (Matoba and Zhang, 2018). 

Somatic donor cells are highly methylated compared to sperm leading to delayed or incomplete 

de-/remethylation during the SCNT process (Dean et al., 2001; Yang et al., 2007). Studies in 

bovine (Kang et al., 2001; Zhang et al., 2016), porcine (Song et al., 2017), caprine (Deng et al., 

2020), and murine (Gao et al., 2018) have shown higher DNA methylation levels in SCNT 

embryos, especially during embryonic genome activation (EGA), compared to their IVF 

counterparts. Furthermore, studies have found that methylation levels in bovine SCNT morulae 

and blastocysts resembled those of the donor cell genome (Dean et al., 2001; Kang et al., 2001). 

DNA methylation is also considered a major barrier during pluripotency induction and can be 
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attributed to somatic cell memory or aberrant methylation generated during reprogramming 

(Meissner et al., 2008; Liang and Zhang, 2014). Measuring global DNA methylation along with 

global hydroxymethylation, an indicator of DNA demethylation, offers a broad assessment of the 

methylation status of the genome in cell lines. Although there are several methods for measuring 

DNA methylation such as locus/gene-specific or genome-wide analysis, global DNA 

methylation assesses the total level of 5mc content relative to the total DNA or cytosine content 

(Vryer and Saffery, 2017). In the current study, neither global DNA methylation nor 

hydroxymethylation levels differed between bulls. Notably, the lack of variation in the levels of 

5hmc may have been attributed to the sensitivity of the assay performed. The detection limit of 

Epigentek’s MethylFlash Global DNA Hydroxymethylation ELISA is 0.01%, which was the 

average level of 5hmc across all bulls. One possible explanation is that there may have been little 

to no 5hmc in the donor cell lines, and more sensitive methods for detecting 5hmc such as LC-

MS may have been necessary to find differences between them.  

While several studies have measured global DNA methylation in donor cells, the 

majority of these studies utilized whole-genome analysis, gene-specific analysis, or 

immunofluorescent staining. The output of such methods is often not comparable to %5mc, 

making it difficult to relate our results to others. Of the few studies that presented %5mc, the 

level of 5mc among our study bulls was much lower in comparison to Cao et al. (2019) and Wu 

et al. (2019), who found that the global DNA methylation of ovine cumulus cells and porcine 

fetal fibroblast cells was 1% and 5.4% respectively, while the %5mc ranged from 0.3-0.4% in 

the current study. Despite the lower range of 5mc, the levels of %5mc among bulls was within 

the standard curve and above the detection limit of the ELISA which was 0.05%. Lower global 

DNA methylation compared to other studies may be an indication that these standardized cell 
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lines have higher reprogramming efficiencies compared to non-standardized cell lines. However, 

reprogramming data would be required to clarify these findings.   

Previous work in our lab found that Bull 4 had significantly higher expression of DNMT1 

and DNMT3b compared to Bulls 1, 13, and 15 (Toorani, 2020). However, these differences were 

not evident in the current study with the same cell lines. While gene expression does not always 

translate into protein levels, it is important to note that the cell lines analyzed in the current study 

were synchronized to a quiescent state by contact inhibition, while gene expression was carried 

out on non-synchronized cells (Toorani, 2020). Studies have found that proper synchronization 

of the donor cell cycle can improve SCNT (Kallingappa et al., 2016) and iPSC efficiency (Chen 

et al., 2012). One of the reasons for this is that quiescence has been shown to cause DNA 

hypomethylation in donor cells (Kallingappa et al., 2016), an important prerequisite for 

reprogramming success. By inducing the cells into a quiescent state, any differences in DNA 

methylation observed at the gene expression level may have been lost in the present study. Other 

studies have tried to correlate the epigenetic status of donor cell lines with SCNT efficiency 

through gene expression. Interestingly, bovine donor cell lines that produced cloned offspring at 

varying efficiencies did not vary in the expression of DNMT1, -3a or -3b (Beyhan et al., 2007a; 

Zhou et al., 2009). Zhou et al. (2009) suggested that revealing donor cell reprogrammability may 

require more sophisticated methods than a simple gene expression pattern; however, even 

functional assays of DNA methylation may not reveal reprogramming potential. It is possible 

that similar to the studies mentioned, individual cell lines may not differ in their global 5mc and 

5hmc levels but have varying reprogramming responses during SCNT or iPSC induction. 

In addition to DNA methylation status, five key histones were investigated in the current 

study. H3K9me3 and H3K27me3 are well-known barriers to reprogramming and are considered 
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heterochromatin-associated histone marks (Saksouk et al., 2015; Igolkina et al., 2019). 

Conversely, H3K4me3, H3K9ac and H3K27ac are associated with active/open euchromatin 

(Roth et al., 2001; Howe et al., 2017; Igolkina et al., 2019). The majority of the histones 

mentioned along with 5hmc are influenced by the metabolic metabolites α-ketoglutarate and 

acetyl-CoA (Carey et al., 2015; Mentch et al., 2015; Moussaieff et al., 2015; Etchegaray and 

Mostoslavsky, 2016). In the current study, no differences were found in the levels of 5hmc, 

H3K9me3 or H3K27me3 between bulls. However, these findings were consistent with the lack 

of difference observed in the level of αKG. Given that α-KG is generated from the tricarboxylic 

acid (TCA) cycle, demethylation of DNA and histones are sensitive to TCA metabolism (Ryall 

et al., 2015; Su et al., 2016). Therefore, it is not surprising that there was no correlation between 

αKG and %5hmc, H3K9me3 or H3K27me3, nor did any of these relationships differ between 

bulls. 

Moreover, the success of reprogramming relies on having open and accessible chromatin, 

a state that is partially regulated by histone acetylation. Acetylation of histones is sensitive to the 

availability of acetyl-CoA (Carrer et al., 2017). In fact, reduction of cytosolic acetyl-CoA results 

in lower levels of H3K9ac and H3K27ac and causes loss of pluripotency in favour of cell 

differentiation in human and mice ESCs (Moussaieff et al., 2015). In the current study, there 

were no significant inter-individual differences in the levels of H3K9ac and H3K27ac or acetyl-

CoA. While Cluntun et al. (2015) found that H3K9ac and H3K27ac are strongly correlated to 

acetyl-CoA, lack of differences between bulls in the current study resulted in a corresponding 

lack of correlation between acetyl-CoA and H3K9ac or H3K27ac. Furthermore, these 

relationships did not differ between bulls in the current study. 
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Previously in our lab, Toorani (2020) found that Bull 4 had significantly higher 

expression of HAT1 (compared to Bull 1, 10, 13 and 15), while in the present study, Bull 4 had 

the lowest level of acetyl-CoA among bulls. Evertts et al. (2013) found that quiescent cells have 

lower levels of acetyl accumulation than proliferating cells and suggested that proliferating cells 

may be more rapidly exchanging acetyl groups on histones. Furthermore, quiescent cells have 

been found to maintain a high but lower metabolic rate than proliferating cells and rely on 

pathways at varying magnitudes (Lemons et al., 2010). With glucose availability altering histone 

acetylation (Evertts et al., 2013; Cluntun et al., 2015), quiescent cells may be utilizing alternative 

pathways for acetyl carbons, influencing HAT activity (Evertts et al., 2013). 

Others have tried correlating HDAC expression to SCNT outcomes with no success. 

Beyhan et al. (2007a) examined the gene expression of HDAC1, -2, and -3 among bovine 

fibroblasts from nine individuals with varying levels of SCNT efficiency. However, donor cell 

lines from inefficient, medium, and efficient cloners did not significantly differ in gene 

expression. Similar results were demonstrated by Zhou et al. (2009) among 12 bovine donor cell 

lines, and no correlation was found between the expression of HDAC1, -2 and the production of 

cloned offspring. Perhaps examining global levels of epigenetic modifications is not enough to 

uncover inherent differences at an inter-individual level. Investigating epigenetic marks at 

promotor regions of specific genes, such as OCT4 and NANOG, via bisulphite sequencing may 

be more beneficial in estimating efficiently compared to a global approach such as the current 

study. 

The histone PTM assay also revealed that the level of H3K4me3 significantly differed 

between bulls with Bulls 14 and 15 having the highest levels of H3K4me3 and Bulls 

1 and 4 having the lowest. H3K4me3 is highly enriched at active promoters near transcription 
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start sites and is associated with active transcription (Brix et al., 2015; Howe et al., 2017). Zhai et 

al. (2018) found that increased H3K4me3 levels in donor cells improved the developmental 

efficiency of cloned porcine embryos. Furthermore, Tan et al. (2017) found that reprogramming-

resistant naked mole-rat fibroblasts had lower H3K4me3 and higher repressive marks, 

H3K27me3 and H3K9me3, at promoters of reprogramming-associated genes during induction. 

Similarly, KDM5A, an H3K4me3 demethylase, was found to be an epigenetic barrier to 

reprogramming and inhibition of KDM5A enabled the induction to pluripotency in 

reprogramming-resistant human fibroblasts (Dabiri et al., 2019). However, it has also been 

suggested that H3K4me3 in donor cells may serve as a barrier by preventing the silencing of 

somatic cell signature genes, which leads to developmental arrest of SCNT embryos (Liu et al., 

2016; Matoba and Zhang, 2018). Given these studies, Bulls 14 and 15 may be found to have 

higher reprogramming efficiencies or may be resistant. Therefore, reprogramming the 

standardized cell lines would provide critical information on how donor cell specific H3K4me3 

might contribute to SCNT and iPSC reprogramming. 

This study attempted to identify changes in epigenetic and metabolic markers between 

standardized cell lines in an effort to better understand donor cell variation in reprogramming 

success. Despite the significant differences in the level of H3K4me3 and SKP size frequency, 

biological relevance remains a limitation to the current study. The biological significance of the 

differences observed in the bulls either found in the present study or previously in our lab 

remains unknown and cannot be concluded without performing SCNT or iPSC induction. 

Attempting to uncover variation among individuals as a selection criterion prior to 

reprogramming may misrepresent our population as our understanding of reprogramming 

variance is still limited or non-existent. For instance, selecting only cell lines from bulls that are 
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“different” for subsequent reprogramming may result in the omission of other cell lines, which 

may prove, for reasons yet unknown, to have high reprogramming efficiencies. Therefore, future 

studies should prioritize determining the efficiencies of all standardized cell lines either by 

SCNT or iPSC induction, keeping in mind that blastocyst rates or number of stable iPSC lines 

derived are not necessarily optimal indicators of reprogramming efficiency, as studies have 

shown little correlation with offspring rates or differentiation capacity (Beyhan et al., 2007b; 

Zhou et al., 2009; Nishizawa et al., 2016; Wani and Hong, 2018).  

Overall, inherent differences exist between standardized donors and their subsequent cell 

lines. Whether these differences can pre-determine their reprogramming outcomes is yet to be 

elucidated. Obtaining reprogramming efficiencies of the cell lines used in the current study will 

either demonstrate, (i) the biological relevance of SKP size and the level of H3K4me3 on 

reprogramming outcomes, (ii) that standardized cell lines do not differ in their reprogramming 

outcomes, or (iii) that reprogramming efficiencies do vary between donor cell lines, but pre-

determination of such outcomes cannot be quantified by simple analyses. The current findings 

will facilitate a better understanding of reprogramming mechanisms and the optimal selection of 

donor cell lines for SCNT and iPSC induction.  
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SUMMARY AND FUTURE DIRECTIONS 

Low reprogramming efficiency of SCNT and iPSC induction severely inhibits the ability to 

use these technologies as a conservation tool for genetically valuable individuals and endangered 

species. Efforts to improve reprogramming outcomes are exacerbated by varying donor cell 

reprogramming capabilities. The current study attempted to evaluate the inherent variability 

between normalized donors and their subsequent standardized cell lines through functional 

approaches. Given that this study was the first of its kind, response variables were chosen based 

on major barriers and proposed influencers of reprogramming, which provided a broad overview 

of the epigenetic, metabolic, and morphological profile of standardized cell lines. 

This study revealed that standardized cell lines from six normalized individuals were not 

similar on an epigenetic and morphological level. Bull 13 was found to have a significantly lower 

number of SKPs that were >200 μm in size and appeared to have a higher number of SKPs that 

were <100 μm. Yet, this finding did not translate to other remarkable levels of epigenetic or 

metabolic markers. Furthermore, Bulls 14 and 15 had the highest level of H3K4me3, while Bulls 

1 and 4 had the lowest. Whether these differences alone, despite the fact that no corroborating 

evidence was observed in other epigenetic markers, can pre-determine their reprogramming 

outcomes is yet to be elucidated, and future studies should determine the reprogramming 

efficiencies of all standardized cell lines either by SCNT or iPSC induction to confirm the 

biological relevance of the current findings. If the reprogramming outcomes do not provide 

further insight to the current findings, then they will allow future studies to narrow the focus of 

investigation on selected cell lines (i.e. those with high and low reprogramming ability). 

Given the lack of metabolic significance, future studies should investigate metabolic 

profiles of somatic cell lines in greater depth, considering iPSCs have been shown to experience 
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metabolic memory of their parental somatic cells (Harvey et al., 2018). Somatic cells rely on 

oxidative phosphorylation for energy production, while iPSCs and embryos in utero utilize 

aerobic glycolysis (Prieto et al., 2020). Metabolic profiles of fully reprogrammed human iPSCs 

are 89% similar to ESCs, whereas partially reprogrammed iPSCs are only 74% similar, 

indicating that the switch to glycolysis is critical for reprogramming of somatic cells into fully 

reprogrammed iPSCs (Park et al., 2017). Recently, studies have found that hypoxia-induced by 

low oxygen (Mordhorst et al., 2019) or chemically (Cecil et al., 2020) can significantly improve 

blastocyst rate in pigs. However, whether increasing glycolysis through hypoxia can improve the 

number of offspring is yet to be elucidated. Moreover, somatic cells that have 

oxidative:glycolytic energy production ratios closer to iPSCs are more prone to cellular 

reprogramming (Panopoulos et al., 2012). Therefore, donor cell lines with higher glycolytic 

capacity may have greater reprogramming outcomes and future studies should investigate the 

glycolytic flux in the cell lines used in the present study. 

In conclusion, this study demonstrated that cell lines from standardized bulls do differ 

based on selected attributes at an epigenetic and morphological level. Therefore, the null 

hypothesis that inherent variability exists between standardized somatic cell donors on an 

epigenetic, metabolic, and morphological level can be partially accepted. Discovering the factors 

driving reprogramming outcomes of individual cell lines will provide us with a method to 

prepare, evaluate and bank cell lines with the highest potential for successful reprogramming, a 

fundamental step in the progress of somatic cell-based technologies.  
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