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ABSTRACT 

 

Prion is one of the membrane protein of most kinds of cells, but its conformational 

changes and accumulations induce transmissible spongiform encephalopathies (TSE), 

known as “mad cow disease”, in mammalian species. The first production of prion-free 

cattle was reported in 2007 by homologous recombination, but a wide range of 

physiological and pathological functions of prion is still unknown, and the gene targeting 

using homologous recombination is time and cost consuming process. Recently, the 

powerful nucleases, transcription activator-like effector nuclease (TALEN) and 
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clustered regulatory interspaced short palindromic repeats (CRISPR)/Cas9, have been 

widely used for site-specific DNA recombination. They have a wide range of 

applicability from plants to mammalians, and the efficiency was known to be high. In 

this study, the prion protein (PRNP)-disrupted bovine cell lines have been established 

which are readily applicable to generate PRNP-free embryos, and functional studies on 

prion were conducted.  

For the first step of gene targeting in bovine cells, immortalization of bovine fibroblasts 

was tried to enhance efficiency of in vitro study. Two genes, B lymphoma moloney 

murine leukemia virus (Mo-MLV) insertion region 1 homolog (BMI1) and human 

telomerase reverse transcriptase (hTERT), were introduced into bovine fibroblasts by 

random integration, and proliferation of the BMI1+hTERT introduced cells was 

maintained after 60 passage in vitro, although the naïve fibroblasts and the BMI1-

introduced cells were arrested after 20 and 40 passages, respectively. In the reconstructed 

embryos via somatic cell nuclear transfer (SCNT), the immortalized cells were 

successfully reprogramed, and the embryos were developed up to preimplantation stages. 

The expression level of p53, one of tumor suppressor, was maintained at low in the whole 

period of in vitro culture, and the telomerase activity was significantly increased at 

passage 60 compared with passage 20. These expression alterations compared with other 

cell lines are considered as supporting factors for cell proliferation in the immortalized 

cells. 

Nextly, customized TALEN was designed to eliminate PRNP expression. The TALEN 

pair targeting exon 3 of PRNP gene and the reporter-expressing vectors were transferred 
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into the immortalized cells, first. By co-transfection with the reporter vector, it was 

capable of enrichment of mutation–positive cells. After sorting the transfected cells, they 

were seeded to generate monoclonal cell population, and each cell populations were 

collected and analyzed. Among the isolated cell lines, about 67 % of cell lines were T7E1 

positive and about 19 % were biallelic mutations. In the sequence analysis, various types 

of mutations including deletions and insertions were observed, and the mutation patterns 

were consistently maintained in the cloned embryos. Although the mRNA expression of 

PRNP was not observed in the PRNP-knockout embryos, they were fully developed until 

blastocysts stage with similar developmental rate with controls. Expression analysis of 

the PRNP-related genes was opposed to the previous study, and further investigation 

should be needed to reveal the gene expressions according to the cell line and mutation 

type. The normal type of prion expression was also evaluated in different bovine organs 

and ovarian follicular structures according to estrus cycles. As expected, the prion 

expression was strong in spinal cord compared with the expressions in others (heart, 

liver, lung, spleen, kidney, and ovary). In the ovarian follicles, the prion expression 

altered depending on follicular stages. All kinds of corpus luteum expressed prion 

strongly, but the expression was weakly detected in the dominant follicles larger than 8 

mm of diameter.  

In addition to the PRN-knockout experiments, the PRNP-targeting knockin vector 

containing homology arms of the TALEN domains was successfully integrated into 

bovine genomic DNA. The integration of exogenous sequence was confirmed through 
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PCR analysis, and the mRNA expression of PRNP was eliminated by the result of the 

knockin mutation targeting PRNP sequence.   

Following successful knockout and knockin via TALEN in bovine cells, genomic 

mutation using CRISPR/Cas9 system was induced in the bovine cells. As a screening 

research of CRISPR/Cas9 system on bovine cells, knockout of exogenous DNA was 

induced. To evaluate the knockout efficiency of CRISPR/Cas9, the enhanced green 

fluorescent protein (eGFP)-expressing cell line was established: the piggyBac-mediated 

eGFP integration was induced in bovine fibroblasts, and its cloned embryo was 

transferred to collect transgenic fetus. The green fluorescence expression was confirmed 

under fluorescence microscope. The CRISPR/Cas9 expressing vectors targeting 

exogenous eGFP sequence were transferred into the eGFP fetal fibroblasts by single 

electroporation stimuli, and about 40 % of eGFP cells have lost their fluorescence signals. 

The disruption of exogenous gene did not affect to the capability of knockout cells to 

generate blastocysts in vitro.  

Finally, the CRISPR/Cas9 targeting bovine PRNP gene was designed and transfected 

with the reporter vector. The PRNP mutation rates induced by CRISPR/Cas9 were 66 % 

and 70 % among the monoclonal colonies of the immortalized cells. Moreover, more 

than a half of the monoclonal cell lines were mutation-positive also in the normal bovine 

fibroblasts. The mutation patterns were confirmed through sequence analysis and 

fluorescent PCR (fPCR), and they were consistent in the cloned embryos generated by 

SCNT. After transfer the PRNP-mutant cloned embryo into the recipient, successful 

implantation was confirmed at day 40 through ultrasound imaging. 
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In conclusion, the bovine immortalized cells with exogenous BMI1 and hTERT were 

stably established and applied for bovine in vitro studies. In addition to that, mutations 

on PRNP were effectively induced by introduction of TALEN and CRISPR/Cas9, 

respectively, and PRN-knockout embryos were developed normally in vitro despite a 

lack of understanding of prion. These genetic tools are expected to be applicable to 

generate transgenic animals which have a relatively large diversity of targeted mutations.  

 

Key words: immortalization, PRNP, bovine embryo, TALEN, CRISPR/Cas9 

Student number: 2011-21676  
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Hypothesis and Purpose 

 

In this thesis, I hypothesized that gene targeting tools, transcription activator-like 

effector nucleases (TALENs) and clustered regulatory interspaced short palindromic 

repeats (CRISPR)/Cas9, are applicable in bovine cells and embryos in vitro. PRNP, the 

prion coding gene, was selected as a mutation target gene, and its effects were evaluated 

at the level of cell and pre-implantation embryos.  

In the Part III, cellular senescence of various bovine cell lines was evaluated and an 

attempt to overcome proliferative arrest of fibroblasts was made by random integration 

of B lymphoma Mo-MLV insertion region 1 (BMI1) and human telomerase reverse 

transcriptase (hTERT) into bovine genomic DNA. Through the functional analysis of 

cellular proliferation, the bovine immortalized cell line was established and it was 

utilized for gene targeting in this study. 

In the Part IV, customized gene targeting was performed using TALEN targeting 

bovine prion gene (PRNP). To evaluate the efficiency of TALEN and the function of 

prion in bovine, PRNP-knockout (KO) cells were reconstructed with the enucleated 

bovine oocytes and they were developed to blastocyst stage without any developmental 

defect.  

In the Part V, the KO efficiency of CRISPR/Cas9 was evaluated. The non-endogenous 

structure and bovine PRNP were selected as CRISPR/Cas9 target sequence and they 

were disrupted efficiently. The targeted sequence was mutated and the protein 

expression was not observed with high proportion.   
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1. In vitro immortalization of bovine cells 

Normal cells have limited lifespan in vitro and irreversible arrest of proliferation can 

be induced after several passages. Hayflick and Moorhead [1] have observed first that 

cell division of human fibroblasts have not occurred over long-term in vitro culture and 

hypothesized that loss of some cellular factors may be related to the limited proliferation 

of normal cells. The arrested cells are no longer initiate the cell division despite adequate 

conditions and viable cell state, and they cannot be proliferative permanently.   

 

1.1. General understanding of cellular senescence 

Cellular senescence can be induced by many abnormal conditions in vitro, such as 

telomere shortening, DNA damage, and cell stress inducers. It is not clear which factor 

determines cell fate between senescence and apoptosis, but there are numerous factors 

related to cellular senescence, and they are controlled by the intrinsic pathways (Figure 

1). 

 

1.1.1. Telomerase shortening and DNA damage 

Telomeres are repetitive DNA sequence located on the end of linear chromosomes and 

protect DNA against degradation and fusion by capping the chromosomes [2]. For each 

cell cycle, it is not possible to replicate whole DNA sequences, hence the loss of DNA 

ends, telomeres, occurs in every cell division [3]. Loss of telomere function induced by 

shortening triggers DNA damage [4, 5], particularly double strand breaks. Telomere 

javascript:void(0);
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dysfunction is also known to be associated with abnormal fusion of chromosomes [6] 

and translocation of acrocentric chromosomes, called Robertsonian translocation [7, 8]. 

Telomerase and its components, telomerase reverse transcriptase (TERT) and template 

RNA, play a role to add telomeric DNA repeats to the shortened telomeric ends directly 

[9] and maintain chromosomal stability. TERT expression can be detected mainly in 

germ cells and cancer cells [10], but its expression is not sufficient to overcome cellular 

senescence in most tissues of adults [9] and cannot prevent non-telomeric senescence 

[11]. 

 

1.1.2. Gene expressions of senescent cells 

Among a number of pathways which are involved in senescence stimuli [12], the tumor 

suppressor gene, p53, is the main factor which controls cellular senescence and apoptosis 

[13]. The expression of p53 is activated through the various senescence pathways and 

mainly it is triggered by DNA damage. Activated p53 initiate DNA repairing to prevent 

development of oncogenic mutation [14], but in the severely damaged cells, growth 

arrest or apoptosis are induced preferentially [15]. Dysfunctional telomeres also induce 

expression of p16, p15, p21 and p27 which inhibit cyclin dependent kinase and result in 

proliferative arrest [16]. These mechanisms related to cellular senescence are dependent 

on cell lineages and culture conditions.   
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1.2. The necessity of immortalization in mammalian cells 

Cellular senescence is one of the hurdles to be overcome for basic research and clinical 

application using mammalian somatic cells. Establishment of pluripotent embryonic 

stem cells (ESCs) of rodents has facilitated the development of cell science because they 

exhibit the self-renewal and have ability to differentiate into all kind of cell lineage [17, 

18]. But the application of ESCs is limited only to the laboratory animals in spite of the 

reports about ES-like cells in farm animals [19, 20]. Furthermore, maintenance of 

differentiated cell lineage still remains to be solved for cell-specific understandings. 

To establish and maintain the specific cell lines in vitro, immortalization has emerged 

as one of the methods. The immortalized cells allow repeated analysis in a wide range 

of cell biology with advantages of cost- and time-effectiveness [21-23]. Since the 

immortalized cell lines which are stably established possess identical function to their 

parental cells, they can suggest molecular factors related to cell physiology in vitro. Not 

only ESCs, but some immortalized cell lines also can be used for research on cellular 

differentiation [24-27].  

In addition to cell physiological research, immortalization of the specific cell lines is 

also related to cancer research. With the naturally occurring cancer cells [28, 29], 

indefinite cellular proliferation of immortalized cells help to evaluate factors involved in 

tumorigenesis [30-32]. Technically, immortalization does not mean necessarily 

transformation whereas some oncogenic stimuli can induce cellular senescence [33-35]. 

In spite of that, various aspects of the research have provided crucial factors associated 

with immortalization and tumorigenesis. 
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1.3. Establishment of immortalized cell lines in cattle 

Compared with other laboratory animals and human research, less studies have been 

conducted regarding immortalization in cattle, but continuous trials have been executed 

to understand this large ruminant species and to overcome lack of ESCs. For cellular 

immortalization of bovine cells in vitro, primary cells from a variety tissues have been 

immortalized by introduction of ectopic factors, and they showed enhanced proliferation 

capacity (Table 1). One of the approach to maintain cell proliferation properties is 

through the expression of telomerase reverse transcriptase (TERT) and its components 

which elongate the telomere length. The function of TERT and its overexpression have 

provided most recently compared to other methods, and it has proven to strongly 

maintain chromosomal stability and immortalize the affected cells [36]. 

Some of oncogenes and viral genes have been also introduced into bovine cells by 

silencing the cell cycle regulators. Simian virus 40 large T antigen (SV40 TAg) is known 

to perturbate retinoblastoma protein (pRb) and p53 and to promote DNA replication [37, 

38]. A conditional immortalization of SV40 TAg as well can be achieved by its 

temperature-sensitive mutant, SV40 tsTAg [39]. In addition, a various types of 

papillomavirus (HPV) elements have shown immortalization capacity with their 

oncogenic mechanisms similar with SV40 TAg [40], and also rat sarcoma derived 

oncogenes, K-ras and H-ras, can induce oncogenic effects by stimulating growth factors 

and cell cycle signals [41]. 

Another oncogenes and cell cycle activators have been applied for bovine cell 

immortalization. The expression of B lymphoma Mo-MLV insertion region 1 (BMI1) 



24 

has been reported to regulate p16, p19 and p53 in various mammalian organs [42, 43]. 

As cell cycle progression factors, cyclin-dependent kinase 4 (CDK4), cyclin D and c-

Myc, were used together with other immortalization factors and supported the 

immortalization process [44-46].  
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Figure 1. Illustration of cellular senescence and related factors.  

As response to multiple stimuli inducing cellular senescence (e.g. stress, DNA damage, 

dysfunctional telomeres, oncogenes, and chromatin perturbations), p53 and p16-pRB 

tumor suppressor pathways are activated and cease cell proliferation. Once the cells are 

senescent, they arrest cell growth irreversibly and represent conformational and 

functional changes [47]. 
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Table 1. Representative studies for bovine cell immortalization in vitro 

Year Cell line Gene of immortalization References 

1991 cortex capillary endothelial cells SV40 TAg* [48] 

1995 peritoneal macrophages SV40 TAg [49] 

2000 dental papilla cells HPV 18 E6/E7** [50] 

2000 dental papilla cells SV40 TAg [51] 

2000 chromaffin cells SV40 tsTAg*** [39] 

2001 pancreatic duct cells SV40 TAg & K-ras**** [52] 

2002 umbilical vein endothelial cells HPV 16 E6/E7 [53] 

2003 capillary endothelial cells hTERT***** [54] 

2005 cementoblast progenitor cells BMI1****** & hTERT [55] 

2006 
microvascular endothelial cells 

of adrenal cortex 
SV40 TAg & hTERT [56] 

2006 embryonic fibroblasts SV40 TAg [57] 

2007 spermatogonial cells c-Myc & hTERT [45] 

2007 oviduct epithelial cells SV40 TAg & hTERT [8] 

2009 endometrial stromal cells SV40 TAg [58] 

2010 mammary epithelial cells hTERT [59] 

2011 luteal endothelial cells SV40 TAg [60] 

2012 in vitro fertilized embryos hTERT & hTERC******* [61] 

2013 type II alveolar epithelial cells hTERT [62] 

2014 fetal fibroblasts CDK4********, cyclinD1 & hTERT [63] 

2014 uterine endometrial epithelial cells HPV 17 E6/E7 & hTERT [64] 

2015 colon epithelial cells CDK4, cyclinD1 & hTERT [46] 

2015 bone marrow-derived macrophages hTERT [65] 

2015 neonatal fibroblasts BMI1 & hTERT [66] 

2016 mammary epithelial cells SV40 TAg [67] 
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* Simian virus 40 large T antigen 

** Human papillomavirus (HPV) type 18 E6/E7 

*** Temperature-sensitive allele of SV40 TAg 

**** Kirsten rat sarcoma viral oncogene homolog 

***** Human telomerase reverse transcriptase 

****** B lymphoma moloney murine leukemia virus (Mo-MLV) insertion region 1 homolog 

******* Human telomerase RNA component 

******** Cyclin-dependent kinase 4  
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2. Gene targeting in cattle 

Gene targeting has been developed for more than few decades to treat genetic defects 

of human. It was aiming to replace the inaccurate DNAs with the good ones first [68], 

but nowadays, another gene targeting mechanisms, knockout (KO), knockin (KI), and 

gene correction, are able to modify the genomic DNAs efficiently. Although there are 

still remaining problems which needs to be solved to apply to the therapeutic purpose 

[69], gene targeting is one of the most powerful methods in a wide range of research 

area, from molecular biology to clinical science. Especially in domestic animals, there 

have been numerous efforts to apply gene targeting techniques for generation of animal 

models [70, 71], production of therapeutic materials [72, 73], and enhancement of animal 

productivity [74, 75]. 

 

2.1. Conventional methods for gene targeting  

To edit the genomic DNA efficiently, biotechnological tools should induce complete 

DNA double strand breaks (DSBs) and DNA correction mechanisms at the target sites 

via non-homologous end joining (NHEJ) and homology-directed repair (HDR) [76]. In 

addition to that, the nucleases should have improved site-specificity toward DNA targets. 

In the early trials of production of gene-modified animals, exogenous genes were 

integrated into genomic DNA randomly and those animals were born via pronuclear 

injection or somatic cell nuclear transfer (SCNT). However, low efficiency and toxicity 

on embryos are main restrictive factors of random integration [77].  
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Together with random integration of DNA fragments into genomic sequences, there 

have been increasing studies for site-specific mutations, and biotechnology researchers 

have been able to apply homologous recombination (HR) to site-specific DSBs in 

mammalian cells [78]. The HR-mediated gene targeting was adapted for use in mouse 

embryonic stem cells (ESCs) mainly [79] and also implemented in livestock animals via 

SCNT [80]. But maintenance of transgenic donor cell is one of the challenging factors, 

and efficiency of homologous recombination is low as an aspect of cost and success rate 

especially in farm animals. 

 

2.2. Targeted nucleases  

Gene targeting has been developed continuously to enhance mutation efficiency with 

low cost and designed recombination events (Table 2). Site-specific nucleases were 

identified as a part of these efforts and they have made it possible to control DNA 

modification. Gene targeting in livestock animals, especially in cattle, is different trial 

compared with laboratory animals because of their long gestation period, litter size and 

technical and economic difficulties. But there has been constant research on generating 

gene-targeted cattle which produce exogenous materials or have disease resistance 

(Table 3). 

 

2.2.1. Zinc-finger nucleases (ZFNs) 

Zinc-finger nucleases (ZFNs) are protein-based nucleases derived from eukaryotes, and 

a pair of ZFN monomers recognize specific DNA sequences inducing double strand-
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breaks. Each dimer of ZFNs consists of FokI cleavage domain and linked chain of zinc-

fingers [81], and left and right arm are usually designed to recognize 9-18 base pair (bp), 

respectively. This 18 bp of zinc-finger domain recognition site is allowed to have 

sequence specificity within 68 billion base pair of human DNA.  

 

2.2.2. Transcription activator-like effector nuclease (TALENs) 

There have been efforts to overcome difficulties in rearranging zinc-finger repeats. As 

an improved molecular method [82-84], it has been able to apply transcription activator-

like effector nucleases (TALENs) to site-specific gene targeting effectively as a 

customized order. TALEs are derived from plant bacteria and composed of 33-35 

residues of amino acids, each amino acid recognizes a single base pair of DNA sequences 

[85]. Two TALEN binding domains can be designed to recognize left and right side of 

spacer sequence (12-20 bp) and each binding site should be started from T base. 

Customized TALENs are commercially available nowadays through numerous kind of 

molecular companies. 

 

2.2.3. Clustered regulatory interspaced short palindromic repeats 

(CRISPR)/Cas9 

Another alternative nuclease, clustered regulatory interspaced short palindromic repeats 

(CRISPR)/Cas9 system, is RNA-based gene targeting tool. This RNA-guided 

endonuclease originated in bacteria immunity is composed of Cas protein, CRISPR RNA 

(crRNA), and trans activating RNA (tracrRNA), and the complexes recognize the target 
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site of DNAs resulting in DNA cleavage [86]. According to the crRNAs, CRISPR/Cas9 

system is able to degrade foreign DNAs efficiently and to provide chances for 

multiplexed gene targeting [87].  
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Table 2. Comparison of site-specific nucleases 

(Transgenic Res. 2015; 24:381-96. [88]) 

  

 ZFN TALEN CRISPR/Cas9 

Target domain ZFN protein TALE 
CRISPR RNA 

or guide RNA 

Nuclease FokI FokI Cas9/ FokI 

Biallelic mutation Yes Yes Yes 

Mutation rate ++ +++ +++ 

Length of recognition site (bp) 18-36 30-40 20 

Restriction in target site G-rich 
Start with T/  

end with A 

Protospacer adjacent motif 

(NGG or NAG) at end of 

target sequence 

Complexity to design +++ + + 

Off-target events Variable Low Variable 

Cytotoxicity Variable to high Low Low 

Costs +++ ++ + 
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Table 3. Achievements of transgenic and gene targeting research in cattle 

Method of 

gene targeting 
Year Target 

Method of 

embryo 

manipulation 

References 

random 

integration 

1991 lactoferrin   microinjection [89] 

2003 β and κ casein   SCNT [90] 

2004 human Bi-scFv r28M*   SCNT [91] 

2005 
peptidoglycan hydrolase 

(lysostaphin) 
  SCNT [92] 

2006 shRNA of prion   SCNT [93] 

2016 human β-defensin 3   SCNT [94] 

conventional 

HR 

2007 PRNP** (KO) SCNT [95] 

2009 bIGHM and bIGHML1*** (KO) SCNT [96] 

 hIGH, hIGK and hIGL**** (KI)   

ZFN 

2011 β-lactoglobulin (BLG) (KO) SCNT [97] 

2013 lysostaphin (KI) SCNT [98] 

 β-casein gene (CSN2) (KO)   

2014 Myostatin (MSTN) (KO) SCNT [74] 

2014 human lysozyme (hLYZ) (KI) SCNT [99] 

 β-casein gene (CSN2) (KO)   

TALEN 

2012 
ACAN, GDF8***** 

(embryo level) 
(KO) microinjection [100] 

2013 
Myostatin (MSTN)  

(cell level) 
(KO) - [101] 

2014 
human serum albumin (HSA) 

(embryo level) 
(KI) SCNT [102] 

2015 mouse SP110****** (KI) SCNT [103] 

2016 POLLED (KI) SCNT [104] 

2016 human serum albumin (HSA) (KI) SCNT [105] 

 β-lactoglobulin (BLG) (KO)   

2016 
PRNP 

(embryo level) 
(KO) SCNT [66] 
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* Human bivalent single-chain variable fragments 

** Prion protein 

*** Bovine immunoglobulin mu heavy-chains, bIGHM and bIGHML1 

**** Human immunoglobulin (Ig) heavy-chain (hIGH), kappa-chain (hIGK), and lambda-chain (hIGL) 

***** Aggrecan (ACAN) and growth/differentiation factor 8 (GDF8) 

****** SP110 nuclear body protein 

******* Fibroblast Growth Factor 2 

  

CRISPR/ 

Cas9 

2015 
NANOG 

(embryo level) 
(KO) microinjection [106] 

2016 
human FGF2******* 

(embryo level) 
(KI) SCNT [107] 

 
β-casein gene (CSN2) 

(embryo level) 
(KO)   

 2016 
PRNP 

(embryo level) 
(KO) microinjection [108] 
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3. Prion diseases 

Prion is an infectious protein leading to neuronal loss in human and animal species: 

Creutzfeldt–Jakob disease (CJD) and its variant (vCJD) in human, bovine spongiform 

encephalopathy (BSE), scrapie in sheep, chronic wasting disease (CWD) in cervids, and 

several symptoms of encephalopathies in various species. 

The normal prion proteins (PrpC) exist most abundantly in neurological organs but can 

be expressed also on the non-neuronal cell membranes with roles in cellular adhesion 

and signaling [109, 110]. Furthermore, the function of PrpC is known to related in 

immune cell activation [111], self-renewal of hematopoietic stem cells [112], prevention 

of apoptotic cell death [113], neuronal protection [114], and long-term memory [115]. 

While a numerous studies about prion protein have been conducted and hypothesized its 

role not only in neuronal tissues but also in other whole tissues in the last few years, a 

wide range of its variation is not clear yet.  

As an aspect of pathological characteristic of prion protein, the normal PrpC proteins 

can convert into the infectious form of prion (PrpSC) which are insoluble and resistant to 

proteinase K through the structural changes [116]. The exact PrpSC structure, reason of 

conformational changes, and pathological pathways are not clear. Nevertheless, it is 

considered that abnormal β-sheet-rich isoforms can be expanded exponentially by self-

propagation and can be accumulated in brain or spinal cord inducing neurodegenerative 

disorders [117].  
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1. Reagents 

All reagents were purchased from Sigma-Aldrich Co. LLC. (Missouri, USA) unless 

otherwise specified. 

 

2. Oocyte collection and in vitro maturation 

Bovine ovaries were obtained from a local slaughter house and transported to the 

laboratory in 25 ℃ 0.9 % saline. Cumulus oocyte complexes (COCs) from antral 

follicles (>2 mm and <8 mm in diameter) were aspirated using an 18-gauge sterile 

syringe. The COCs with a homogenous cytoplasm and dense compact cumulus were 

selected using micro-pipette and washed with HEPES-buffered Medium-199 (Gibco, 

California, USA) (Table 4) for three times. All selection and washing procedures were 

conducted on the warm plate (38 ℃). The selected COCs were cultured in four-well 

dishes (30–40 COCs per well, SPL Lifesciences, Gyeonggi-do, Korea) in 500 μl of 

Medium-199 (Gibco) supplemented with 10 % fetal bovine serum (FBS, Gibco), 1 % 

penicillin-streptomycin (P/S, Gibco), 1 μg/ml β-Estradiol, 10 ng/ml epidermal growth 

factor α (EGFα), 100 μM cysteamine, 0.9 mM sodium pyruvate, and 5 μg/ml follicular 

stimulating hormone (FSH) at 38 °C in 5 % CO2 and humidified air (Table 5). 
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Table 4. Composition of the bovine embryo washing medium (HEPES-buffered 

Medium-199) 

* Cat. No., Catalogue number 

** M.W., Molecular weight 

*** Medium-199 powder (Gibco) 

**** HEPES, 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid 

***** BSA, Bovine serum albumin 

 

  

Component Cat. No.* M.W.** concentration 

Medium-199*** GIB-31100-035  1 pack/L 

NaHCO3 S5761 84.01 2 mM 

HEPES**** H6147 238.30 10 mM 

Kanamycin K1377  7.5 mg/L 

BSA***** A6003  5 g/L 
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Table 5. Composition of the in vitro maturation (IVM) medium for bovine COCs 

* Medium-199, Earle`s salts (Gibco) 

** FBS, Fetal bovine serum (Gibco) 

*** P/S, Penicillin-streptomycin (Gibco) 

**** EGFα, Epidermal growth factor α 

***** FSH, Follicular stimulating hormone 

  

Component Cat. No. M.W. concentration 

Medium-199* 11150-059  500 mL 

FBS** 16000-044  10 % 

P/S*** 15140-122  1 % 

β-Estradiol E4389  1 μg/mL 

EGFα**** E4127  10 ng/mL 

Cysteamine M6500 113.61 100 μM 

Na-pyruvate P4562 110 0.9 mM 

FSH***** F2293  5 μg/mL 
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3. Somatic cell nuclear transfer (SCNT)  

After culture the COCs for 22 h in vitro, the expanded cumulus cells surrounding 

matured oocytes were removed using 1.2 mg/ml hyaluronidase in HEPES-buffered 

Medium-199 by gentle pipetting. Denuded oocytes were stained with 5 μg/ml 

bisbenzimide (Hoechst 33342) for 5 min and washed for three times. 

The procedures (enucleation, cell injection, and fusion) were observed under the 

inverted microscope, and micromanipulator (Nikon-Narishige, Tokyo, Japan) were used 

for all of the oocyte manipulations. The stained oocytes were placed into a drop of 

HEPES-buffered Medium-199 containing 5 mg/ml cytochalasin B covered with mineral 

oil. Among the stained oocytes, only the oocytes with the first polar body or the oocytes 

of which nucleus is located in the rim of cytoplasm were used as a cytoplasm donor for 

SCNT. Single oocyte was held with holding pipette, and zona pellucida (ZP) was 

punctured with aspiration pipette followed by aspiration of only the metaphase II nucleus 

and the polar body.  

For the donor cell injection, the enucleated oocytes were placed into a drop of HEPES-

buffered Medium-199 without cytochalasin B, and prepared cells were suspended in 

phosphate-buffered saline (PBS, Gibco) with 0.5 % FBS. Donor cells with smooth 

margin and intact components were aspirated using an injection pipette and injected into 

the perivitelline space of the enucleated oocyte: one donor cell to one oocyte.     

The oocyte-cell couplets were placed into a drop of the fusion medium (Table 6), and 

then membrane fusion was induced with electric stimulation (two DC pulses of 2.6 
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kV/cm for 15 μsec) using electrode needles connected to an electro cell fusion generator 

(LF101, Nepagene, Chiba, Japan). The reconstructed embryos were transferred into 

liquid micro-drops of DI culture medium overlaid with mineral oil, and only successfully 

fused embryos were selected after 1 h. The selected SCNT embryos were activated 

chemically by their exposure to 5 μM Ca2+-ionomycin in HEPES-buffered Medium-199 

for 4 min. After washing the embryos three times in HEPES-buffered Medium-199, they 

were incubated in the DI medium containing 1.9 mM 6-dimethylaminopurine for 4 h and 

then washed for three times followed by culture of embryos in the sequential DI/DII 

medium. 
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Table 6. Composition of the embryo fusion medium for bovine SCNT 

* HEPES, 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid 

** BSA, Bovine serum albumin 

  

Component Cat. No. M.W. concentration 

Mannitol M4125 182.17 0.28 M 

MgSO4∙7H2O M7774 246.5 0.1 mM 

HEPES* H6147 238.30 0.5 mM 

BSA** A6003  0.5 g/L 
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4. In vitro culture (IVC) of embryos  

The cloned embryos were cultured in the chemically defined medium (DI/II) (Table 7). 

The composition of the DI/II medium was provided in the previous study [118], and it 

was designed to be suitable for the different environments of the early and later stages 

of the embryo (the DI is for the stage of one-cell to morula, and the DII is for the stage 

of morula to blastocyst). Seven to eight embryos were transferred into a 30-μl drops 

covered with mineral oil, and the embryos were cultured in the DI medium for the first 

4 days followed by transfer to the DII medium for the later stage of embryo development. 

All embryos were cultured at 38 °C in a humidified atmosphere of 5 % CO2 and 5 % 

O2 in air, and embryo cleavage and blastocysts formation were observed at 24 and 192 

h of culture, respectively. 
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Table 7. Composition of the bovine embryo culture medium (DI/II) 

* HEPES, 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid 

** EAA, MEM amino acids solution (50X) (Gibco) 

*** NEAA, MEM non-essential amino acids solution (100X) (Gibco) 

**** PVA, Poly(vinyl alcohol) 

***** TGF-β, Transforming growth factor-beta (Invitrogen, California, USA) 

****** bFGF, Basic fibroblast growth factor 

  

Component Cat. No. M.W Early stage (DI) 
Later stage 

(DII) 

NaCl S5886 58.44 107.70 mM 107.70 mM 

KCl P5405 74.55 7.16 mM 7.16 mM 

NaHCO3 S5761 84.01 25.07 mM 25.07 mM 

KH2PO4 P5655 136.09 1.19 mM 1.19 mM 

Na-Lactate L1375 112.06 6.60 mM 3.30 mM 

Na-Pyruvate P4562 110.04 0.33 mM 0.11 mM 

CaCl2 C5670 110.98 1.71 mM 1.71 mM 

MgCl2 M4880 95.21 0.49 mM 0.49 mM 

HEPES* H6147 238.30 5.00 mM 5.00 mM 

Glucose G7021 180.16 1.50 mM 2.7 mM 

EAA** 11130-051  − 2.00 % 

NEAA*** 11140-050  1.00 % 1.00 % 

PVA**** P8136  0.10 mg/mL 0.10 mg/mL 

TGF-β***** PHG9204  1 ng/mL 1 ng/mL 

bFGF****** F0291  10 ng/mL 10 ng/mL 
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5. In vitro culture of fibroblasts 

Bovine fibroblasts were placed in culture dish containing cell culture medium: 

Dulbecco`s modified Eagle`s medium (DMEM) (Gibco) supplemented with 15 % FBS 

(Gibco), 1 % P/S (Gibco), 1 % non-essential amino acid (NEAA, Gibco), and 100 mM 

β-mercaptoethanol (β-ME) (Table 8). Expanded cells were maintained in cell culture 

medium at a temperature of 38 ℃, in a 5 % CO2, humidified air. During cell proliferation 

on the same dish, culture medium was aspirated every day, and attached cells were 

washed with PBS (Gibco). 

Cultured bovine cells were treated with 0.25 % Trypsin-EDTA (Gibco) when the cell 

population reached about 80-90 % of culture dishes. The treated cells were sub-cultured 

at a 1:4-6 split ratio, and when it is needs, remained cells were cryopreserved and stored 

at -196 ℃ (Table 9).   
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Table 8. Composition of the bovine fibroblasts culture medium 

* DMEM, Dulbecco`s modified Eagle`s medium (Gibco) 

** FBS, Fetal bovine serum (Gibco) 

*** P/S, Penicillin-streptomycin (Gibco) 

**** NEAA, MEM non-essential amino acids solution (100X) (Gibco) 

***** β-ME, 2-Mercaptoethanol 

  

Component Cat. No. M.W. concentration 

DMEM* 11995-073  90 % 

FBS** 16000-044  10 % 

P/S*** 15140-163  1 % 

NEAA**** 11140-050  1 % 

β-ME***** M3148 78.13 100 mM 
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Table 9. Composition of the bovine fibroblasts cryopreservation medium 

* DMEM, Dulbecco`s modified Eagle`s medium (Gibco) 

** FBS, Fetal bovine serum (Gibco) 

*** DMSO, Dimethyl sulfoxide 

**** P/S, Penicillin-streptomycin (Gibco) 

***** NEAA, MEM non-essential amino acids solution (100X) (Gibco) 

****** β-ME, 2-Mercaptoethanol 

  

Component Cat. No. M.W. concentration 

DMEM* 11995-073  70 % 

FBS** 16000-044  20 % 

DMSO*** D2650 78.13 10 % 

P/S**** 15140-163  1 % 

NEAA***** 11140-050  1 % 

β-ME****** M3148 78.13 100 mM 
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6. Reverse transcription polymerase chain reaction 

To analyze gene expression through reverse transcription polymerase chain reaction 

(RT-PCR), total RNAs were extracted in the several kinds of tissues, cells, and embryos 

using the easy-spin Total RNA Extraction Kit (iNtRON, Kyeonggido, Korea). About 10-

100 μg of total RNAs were added to Maxime RT Premix kit (oligo [dT] primer, iNtRON) 

for synthesis of complementary DNAs (cDNAs) following the reaction conditions: 45 ℃ 

for 60 min and 95 ℃ for 5 min. The synthetized cDNAs were used as RT-PCR templates 

following respective conditions according to the PCR products. 
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PART III. 

 

IMMORTALIZATION OF 

BOVINE CELLS 
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Chapter I. Immortalization of bovine cells  

 

1. Introduction 

Proliferative arrest is one of the main topic in cell science for both in vivo and in vitro. 

Since the cell senescence was observed in primary cell culture of human fibroblasts [1], 

numerous pathways related to ageing, proliferation arrest, apoptosis, and cancer have 

been revealed. But still, control of proliferation and cell protection against ageing are 

challenging problems despite molecular understandings. Furthermore, biological 

research using primary cell lines should be confronted by those limited cellular 

proliferation according to the replicative experiments, and they enter the state of growth 

arrest [47]. Once the primary cells arrive replicative senescence through the experiments, 

another trial for cell isolation should be carried out and the significant variation can be 

induced. 

In vitro cell lines derived from in vivo tissues have different function and variant 

capacity of proliferation also in vitro. Cumulus cells originated from granulosa cells have 

specific interaction with the oocyte by forming cumulus oocyte complexes (COCs). This 

intercellular interaction allows material transfer [119] and oocyte maturation [120-122]. 

During oocyte maturation, cumulus expansion takes place in follicles and also in in vitro 

culture [123, 124], and hyaluronic acid synthesis is the main factor for cumulus 

enlargement and disassembly [125]. Cumulus cell status is considering as one of the 
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criteria to evaluate oocyte quality [126-128], but cumulus apoptosis and disassembly are 

induced rapidly once the oocyte is fertilized or fully matured, and it is irreversible 

reaction.  

Epithelial cell is also less stable in culture and reach their growth arrest quickly 

compared with other cell lines [129]. Under normal conditions, epithelial cells are highly 

turnover cells [130], but stress conditions can induce cell senescence to epithelial cells. 

There has been some hypothesis that this arrest is just response to culture stress rather 

than true senescence [131]. 

On the purpose of overcome cellular senescence in vitro, several ageing-related genes 

such as B lymphoma Mo-MLV insertion region 1 homolog (BMI1), simian virus 40 

large T antigen (SV40 TAg), cMyc, shp53, and human telomerase reverse transcriptase 

(hTERT) have been transferred into the cells and resulted in immortalization of the cells 

[132]. In addition, numerous immortalized cell lines isolated from various organs, tissues 

and also from cancer tissues have been used in a wide range of scientific research [133, 

134]. In spite of these efforts, there have been only limited number of studies about the 

immortalized cell lines in livestock [135-137]. In terms of molecular understanding of 

the specific diseases and animal physiology, a need for establishment of adequate in vitro 

cell lines in livestock animals has been raised. Particularly, cattle is the main species in 

livestock and numerous kind of research have been conducted, but only a few studies to 

induce and characterize immortalization have been reported [44, 54, 55].  

In this study, cell proliferation of cumulus cells, uterine epithelial cells and bovine 

fibroblasts were evaluated in vitro, and the immortalization of bovine cells were induced. 
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Additionally, characterization of the immortalized cell line was conducted to provide 

experimental conveniences compared with primary cells and to apply to animal science.  
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2. Materials and Methods 

2.1.  Primary cell culture of bovine cumulus cells 

The in vitro maturation procedure of bovine COCs were described in general 

methodology. The in vitro matured bovine COCs were collected using micropipette and 

the expanded cumulus cells were obtained using 1.2 mg/ml hyaluronidase in HEPES-

buffered Medium-199 via gentle pipetting. Following washing and centrifugation 2 

times, the dissociated cumulus cells were seeded in cell culture dish containing IVM 

medium and cultured at a temperature of 38 ℃, in a 5 % CO2 (Table 5). 

 

2.2.  Primary cell culture of bovine uterine epithelial cells 

Bovine intrauterine fluid containing tissues and cell debris were flushed out with the 

embryo collecting device. Following washing and centrifugation for two times, cell 

pellets were seeded on cell culture dish containing epithelial cell culture medium: 

DMEM (Gibco, California, USA) supplemented with 15 % FBS (Gibco) and HuMEC 

(human mammary epithelial cell) Basal Serum Free Medium (Gibco) supplemented with 

HuMEC Supplement Kit (Gibco) were mixed at a ratio of 1:1. The cell culture plate was 

placed in incubator at a temperature of 38 ℃, in a 5 % CO2. 

 

2.3.  Primary cell culture of bovine fibroblasts 

For isolation of bovine fibroblasts, ear skin tissues were taken from neonate calves 

using biopsy punch and washed several times in PBS supplemented with antibiotics. 
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After chopping into tiny pieces using surgical blade, the tissue pellets were placed into 

15 ml conical tube (SPL Lifesciences, Kyeonggido, Korea) and then incubated in HBSS 

(Gibco, # 24020-117) containing 100U/μl collagenase type I (Gibco, # 17100-017) at a 

temperature of 38 ℃, in a 5 % CO2 overnight. After several centrifugation and washing, 

they were placed in culture dish containing cell culture medium (Table 5). For the first 

attachment of the skin tissues, culture medium was added as much as half compared with 

subculture. 

 

2.4.  Calculation of cellular doubling time 

At every passages, cumulus cells were plated at a density of 2×104 cells in 4-well plates. 

For bovine fibroblasts, suspended cells were plated at a density of 4×104 cells in 12-well 

plates at every 2-5 passages. Each of three wells were trypsinized (Gibco) and the total 

cell numbers was counted manually using a hemocytometer. The population doubling 

time was calculated using the online calculator (http://www.doubling-time.com) [138]. 

 

2.5.  Gene transfection 

For immortalization of bovine cumulus cells, epithelial cells and fibroblasts, two 

related genes, BMI1 and hTERT, were selected [132, 139, 140]. BMI1 was linked to 

fluorescence marker, RFP, with the T2A sequences by PCR amplification and inserted 

into the piggyBac transposon expression vector (Addgene, # 20960, Massachusetts, 

USA). hTERT was cloned into the plasmid DNA, CMV-DsReds with neomycin 

resistance gene (Clontech, #632420, Kusatsu, Shiga, Japan) (Figure 2). After 
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transfection of PB-CA-BMI1-T2A-RFP and transposase (pCy43, Sanger Institute, 

Hinxton, UK) using nucleofection (Neon® , Invitrogen, California, USA), the RFP 

positive cells were observed under fluorescence microscope. For establishment of BMI1 

fibroblasts, the RFP-positive BMI1 cells were mechanically isolated and sub-

cultured.  

For establishment of BMI1+hTERT fibroblasts, the second immortalization gene, 

CMV-hTERT, was linearized and also transfected into the BMI1-cell line 

subsequently. The hTERT-introduced cells were selected under the treatment of 

800 mg/ml of neomycin for 10 days. 

 

Figure 2. Illustration of the vectors for bovine fibroblasts immortalization.  

The BMI1 and hTERT were cloned into the expression vector, PB-CA-BMI1-2A-RFP 

(A) and pCMV-hTERT (B), respectively. Each immortalization gene is connected to 

selection marker, red fluorescence and neomycin resistance, respectively. 
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2.6.  Clonogenic assay and colony staining 

At both early and late passages of each cell lines, a hundred of trypsinized cells were 

seeded into each 100mm cell culture dish (BD Biosciences, Massachusetts, USA) with 

cell culture medium. To evaluate the colony forming competence of single cells, colony 

formation assay was performed. After 2 weeks of seeding, each culture dish was rinsed 

with PBS (Gibco) and 3ml of a mixture of 6 % glutaraldehyde and 0.5 % crystal violet 

was added. The dishes were incubated at room temperature for 1 hour and the staining 

solution was removed carefully and rinsed with tap water. Among the stained colonies, 

only the colonies with the cell number over than 10,000 were counted for viable status 

(Figure 3).  

 

Figure 3. Representative figure of single cell colony and the method to estimate the 

cell numbers. 

To estimate the number of cells in each colony, only the compact single colony was 

selected (A), and the number of cells were counted roughly (B). If one of cell duplicates 

every day, more than 10,000 cells should be existed in one colony. After assuming the 

approximate diameter of 10,000 cell colony, only the colonies bigger than 5 mm were 

counted for clonogenic assay. 

A B 
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2.7.  Karyotyping 

To perform karyotyping, 0.2 μg/ml of colcemid (Gibco) solution was added to the 

culture plate. The treated cells were incubated at 37 ℃ for 4 h and then collected in 15 

ml tubes, followed by centrifugation at 1000 rpm for 10 min. After the medium was 

carefully aspirated, 5 ml of hypotonic solution (0.075M KCl) was added and allowed to 

stand at 37 ℃ for 10 min. Following centrifugation at 1000 rpm for 10 min, 500 μl of 

Carnoy’s fixative solution (at a ratio of methanol:acetic acid = 3:1) was added and mixed 

by inverting the tube to induce hardening and shrinkage. After 20 min, the mixture was 

centrifuged at 1000 rpm for 10 min, and the supernatant fixative solution was carefully 

aspirated till leaving about two times of volume to pellets. The pellet was spread on a 

prepared glass slide which was then baked at 60 ℃ for 30 min. The slide was treated 

with 50 % H2O2 for 3 min, then baked again at 60 ℃ for 30 min. Finally, the slide was 

stained with the Giemsa stain-GTG banding method. Chromosome imaging was 

accomplished with the ChIPS-Karyo (Chromosome Image Processing System, GenDix, 

Inc., Seoul, Korea). 

 

2.8.  SCNT of immortalized cell lines 

Control cells and the immortalized cells were cloned via SCNT and development of the 

embryos were evaluated. The methods for in vitro production of embryos were described 

in the general methodology section. 
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2.9.  Gene expression 

The method of cDNA synthesis was described in the general methodology section, and 

primer information was described in Table 10. Gene expression level of p53 was 

measured with a real time PCR (StepOnePlus Real-Time PCR System, Applied 

Biosystems, California, USA). 

 

 Table 10. Primer lists for gene expression analysis of the immortalized cells 

 

 

2.10. Telomerase activity test 

Quantification and characterization of telomerase activity was evaluated by the 

telomeric repeat amplification protocol (TRAP). For this test, TeloTAGGG Telomerase 

PCR ELISAPLUS (Roche, Basel, Switzerland) kit was used with manufacturer’s 

indications. Relative telomerase activities (RTA) within different samples in an 

experiment were obtained using the following formula: RTA=[(AS-

AS0)/AS,IS]/[(ATS8-ATS8,0)/ATS3,IS]×100 (AS: absorbance of sample, AS,0: 

absorbance of heat treated sample, AS,IS: absorbance of internal standard (IS) of the 

sample, ATS8: absorbance of control template, ATS8,0: absorbance of lysis buffer, 

ATS8,IS: absorbance of IS of the control template).  

Target gene 
GenBank 

Accession No. 

Sequence 

(5` to 3`) 
Size Product Size 

GAPDH NM_001034034.2 
F tgcaccaccaactgcttggc 20 

267 
R cacgttgggagtggggacgc 20 

p53 NM_174201.2 
F cggaacacctttagacacagt 21 

305 
R gtaggcagtgctcgcttagt 20 
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3. Results 

3.1.  Proliferation of bovine cumulus cells and uterine epithelial cells 

Bovine cumulus cells were expanded during in vitro maturation of COCs, and they 

were dissociated with hyaluronidase treatment. While the bovine cumulus cells were 

cultured on the cell culture plate under the conditions which were used for COCs 

maturation, the doubling time and proliferation were evaluated at every passages until 

passage 10. They were proliferated in the early passage in vitro, but cell doubling time 

and diameter of each of cells were increased according to the passage number, and did 

not show proliferation despite representing cell viability (Figure 4).  

One of the immortalization gene, BMI1, was introduced into the bovine cumulus cells 

at passage one, and cell doubling time was calculated. Insertion of exogenous DNA was 

confirmed via expression of red fluorescence, but there were no significant differences 

between the normal and the transfected cumulus cells. Both cell lines were proliferated 

at their early passages, but through repetition of sub-culture, cell size increase and 

cellular senescence were observed (Figure 5). 

In the uterine epithelial cells, proliferative arrest was also induced, and DNA 

transfection was not occurred in the epithelial cell colonies (Figure 6).  
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Figure 4. Bovine cumulus cells according to sub-passages in vitro. 

The bovine cumulus cells were suspended (A) (a: passage (p) 0, b: p2, c: p4, d: p5), and 

the cell proportion was categorized according to the diameter of single cell (B). The 

diameter of each of cells was increased according to the passage number. 
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Figure 5. In vitro culture of the bovine normal and the BMI1 cumulus cells. 

Similar with the normal cumulus cells, the BMI1 cumulus cells were senescent in in vitro 

culture (A) (a: control at p3, b: bright image of the BMI1 cumulus cells at p3, c: RFP 

image of the BMI1 cumulus cells at p3 d: control at p5, e: bright image of the BMI1 

cumulus cells at p5, f: RFP image of the BMI1 cumulus cells at p5). The doubling time 

of the normal and the BMI1 cumulus cells was calculated (B). 
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Figure 6. In vitro culture of the bovine uterine epithelial cells. 

Representative figures of the bovine uterine epithelial cells (A) and the proliferated 

uterine cells after BMI1 transfection (B) (a: bright image of control, b: bright image of 

the BMI1 uterine cells, c: RFP image of control, d: RFP image of the BMI1 uterine cells) 

were represented. 
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3.2.  Immortalization of bovine fibroblasts 

After subsequent transfection of the BMI1- and hTERT-expressing vectors, cell 

morphology and doubling time of the transfected fibroblasts were evaluated (Figure 7). 

Whereas control cells did not show cellular proliferation around 80 days after in vitro 

culture, the BMI1- and the BMI1+hTERT-transfected cells were proliferated for more 

than 120 days. Increasing culture period of the BMI1 cells in vitro, their double time was 

increased steadily (about 20hr to 40hr), and cellular senescence was induced at about 

day 130 after in vitro culture. However, doubling time of the BMI1+hTERT cells was 

not changed (around 20hrs) for the long period of culture (over than 180 days). 
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Figure 7. Doubling time analysis of the immortalized cell lines. 

The bovine fibroblasts and the immortalized cells were cultured in vitro (A) (a: control 

at p7, b: the BMI1 cells at p42, c: the BMI1+hTERT cells at p42), and population 

doubling time of each cell line was calculated (B). Comparison between the BMI1 cells 

and the BMI1+hTERT cells was represented according to the passage number (C). 

 

 

  



65 

3.3.  Clonogenic capacity of bovine immortalized cells 

To evaluate the proliferative activity of control, the BMI1 cells, and the BMI1+hTERT 

cells, the number of single cell colonies were counted (Figure 8). Additionally, growing 

appearance of a single cell colony was recorded by the time-lapse image recorder (Juli 

Br., H/S system, Seoul Korea). The BMI1 cells and the BMI1+hTERT cells have formed 

52 and 63 of single cell colonies at 34 passages, respectively, and only the BMI1+hTERT 

cells were able to proliferate forming 33 of single cell colonies at 52 passages. The 

control cells did not proliferate at the later passages. 
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Figure 8. Clonogenic assay of the bovine immortalized cell lines.  

One hundred of the bovine fibroblasts, the BMI1 cells, and the BMI1+hTERT cells were 

seeded on a 100 mm cell culture plate and stained using crystal blue after 2 weeks (A) 

(a: control at p7, b: the BMI1 cells at p34, c: the BMI1+hTERT cells at p34, d: control 

in late passage, e: the BMI1 cells in late passage, f: the BMI1+hTERT cells at p55). The 

number of colonies bigger than 5 mm of diameter were counted (B).   
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3.4.  Karyotyping of bovine immortalized cells 

In the karyotyping results, chromosome preparation in early and late passage of the 

BMI1+hTERT cells have shown normal number of karyoplast (2n= 60, XY), and there 

were no abnormalities compared with the normal fibroblasts (Figure 9).  

 

 

Figure 9. Chromosome analysis of the bovine immortalized cells.   

Chromosomal karyotype of the bovine fibroblasts at passage 7 (A) and the 

BMI1+hTERT cells at passage 52 (B) were arranged according to the classification. The 

60 chromosomes in both of cell lines showed normal number of chromosome pairs and 

morphological stability. 
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3.5.  SCNT of bovine immortalized cells 

The immortalized cells and control cells were transferred into the enucleated oocytes, 

and the reconstructed embryos were developed in vitro (Figure 10). They were evaluated 

by cleavage, blastocyst formation and cell number. There were no significant differences 

in the rate of fusion, cleavage, total blastocyst formation (Day 7 + Day 8), and the ratio 

between inner cell mass (ICM) and trophectoderm (TE). However, significantly higher 

number of blastocysts were developed in the group of the BMI1+hTERT cells on day 7. 
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Figure 10. Development of SCNT embryos. 

Fusion, cleavage, and blastocysts formation rates of reconstructed embryos for the 

bovine fibroblasts, the BMI1 cells and the BMI1+hTERT cells were estimated (A). 

Blastocysts formation was evaluated both at day 7 and 8 in each group (B). Cell number 

of the blastocysts were counted after differential staining, and the ratio between inner 

cell mass (ICM) and trophectoderm (TE) was calculated (C). Different letters indicate 

significant differences at the p<0.05 level.  
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3.6.  Relative expression of telomerase and p53 in bovine immortalized cells 

The cell proliferation-related factors, telomerase and p53, were analyzed in each of the 

cell lines (Figure 11). Relative telomerase activity (RTA) of the bovine fibroblasts, the 

BMI1 cells and the BMI1+hTERT cells (early/late passages) were 0.14 ± 0.09/ 1.05 ± 

0.27, 0.00 ± 0.02/ 0.24 ± 0.03, and 6.94 ± 0.71/ 58.87 ± 4.18, respectively. Telomerase 

activity was significantly increased in the late passage of the BMI1+hTERT cells 

compared with the control and the BMI1 cells. The expression levels of p53, which is 

one of the main tumor suppressor, were increased in the late passage of the control and 

the BMI1 cells while the expressions were not changed in the BMI1+hTERT cells. 
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Figure 11. Relative expressions of telomerase and p53. 

Relative telomerase activities measured by absorbance values (A) and p53 expression 

levels measured by real time PCR (B) were evaluated in the bovine fibroblasts, the BMI1 

cells and the BMI1+hTERT cells. Different letters indicate significant differences at the 

p<0.05 level. 
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4. Discussion 

Based on previous reviews [132, 139, 140], BMI1 and hTERT have been proven to be 

capable to induce immortalization for the bovine fibroblasts and I examined the effect 

of immortalization exerted by BMI1 alone and BMI1+hTERT combination. BMI1 is 

known as an oncogene which have function to activate cell cycles by inhibiting cell cycle 

inhibitors, p16 and p19 [141]. hTERT is known to have function to elongate telomeres 

and have been used for cellular immortalization in various cell lines [44, 64, 65].  

Firstly, immortalization of bovine cumulus cells was attempted using BMI1, but BMI1 

integration did not show any significant effects on cell proliferation (Figure 5). The 

bovine cumulus cells are easily senescent after their oocyte maturation or fertilization, 

and the mechanisms of cumulus-specific senescence induction is not clear. For in vitro 

production of embryos, cumulus cells play an important role as a provider in oocyte 

development, but it is challenging to maintain cell proliferation in vitro after oocyte 

maturation. Apoptosis of cumulus cells is related to various cytokines [142-145], and its 

onset is already prepared during cumulus expansion. Since the complete pathways of 

cumulus apoptosis are not clear, it was not able to evaluate the effects of BMI1 on 

cumulus cells. For the complete immortalization of cumulus cells, selection of cell cycle 

regulators for upper stream is needed, and another culture conditions supporting cumulus 

cell proliferation should be identified.  

Another cellular senescence was observed in bovine uterine epithelial cell culture. 

Epithelial cells are sensitive to in vitro culture conditions and especially there should be 
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supplements of hormones and cytokines for uterine epithelia. In this study, it is 

considered that lack of understandings about epithelial cells may induce senescence 

easily, so adequate culture conditions imitating in vivo environment of bovine uterus 

should be established first. 

For the next step, ear skin fibroblasts derived from neonate cattle were immortalized 

by BMI1 and hTERT. As results, while the BMI1-introduced cells have proliferated up 

to 40 passages, the BMI1+hTERT-introduced cells proliferated over than 60 passages 

(Figure 7). The BMI1+hTERT cells were able to colonize originated from single cell 

without any replicative senescence and chromosomal changes (Figure 8,9).  

In addition, even though the BMI1+hTERT cells with long-term culture were 

reconstructed via SCNT, developmental competence of the cloned embryos was not 

decreased (Figure 10). Betts D et al. suggested that telomerase activity was regarded to 

be related to the reprogramming of donor cells for SCNT [146]. Thus, I suggest that the 

increase of telomerase activity in the BMI1+hTERT cells supports the maintenance of 

developmental competence in the SCNT embryos.  

Significant differences on gene expression levels were also observed in tumor 

suppressor gene, p53. While the expression level of p53 was increased in the controls 

and the BMI1 cells at their later passages, the BMI1+hTERT cells maintained the low 

level of p53 expression consistently through the whole period of in vitro culture (Figure 

11). Based on the previous study which have evaluated the effects of p53 downregulation 

on embryonic development [147], they have suggested that the decreased p53 expression 

is beneficial to the development of embryos reconstructed via SCNT. While previous 
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studies did not report the embryonic development speed, an increased number of the 

blastocysts on Day 7 were observed in the cloned embryos of the BMI1+hTERT cells 

(Figure 10). It means that some cell cycle factors activated by BMI1 and hTERT may 

promote the cell division of blastomeres. PJ Ma et al. provided critical role of p53 in 

regulating DNA methylation, and more advanced molecular approach may be required 

to examine this issue in detail [147]. 
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PART IV. 

 

KNOCKOUT VIA TALEN 

IN BOVINE CELLS 
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Chapter I. PRNP-knockout and knockin via TALEN in 

immortalized cells  

 

1. Introduction 

Prion is the protein-misfolded disease inducing neurological symptoms in various 

mammalian species. It is known that normal prion protein does not have pathological 

effects, and the prion encoding gene, PRNP, is expressed throughout the whole body 

[148]. In spite of that, once the prion changes to abnormal form, it can affect to brain 

and spinal cord forming vacuoles, and still there is absence of effective treatment. 

Many approaches have been tried to reveal the normal physiological function of prion 

protein (PrPC) and to generate the PRNP-knockout animals in mouse, goats, and cattle 

via homologous recombination (HR) [95, 149, 150]. Knockout of specific genes is a 

powerful method for studying molecular mechanisms of related factors and for 

generating animal models. Conventional homologous recombination (HR) have been 

widely used for gene targeting in the area of biotechnologies, but it is a very difficult and 

time-consuming process with low efficiency. By strengthening the advantages and 

reducing the disadvantages, the another gene targeting tools were developed 

subsequently; Zinc Finger Nucleases (ZFNs), Transcription activator-like effector 

nucleases (TALENs), and Clustered regularly interspaced short palindromic repeats 
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(CRISPR) /Cas9 have emerged as powerful gene targeting methods with high efficiency 

and convenience. 

In this study, the prion coding gene, PRNP, was disrupted in the bovine immortalized 

cells via TALEN, and the knockout efficiency was verified. Moreover, development of 

PRNP-KO embryos reconstructed via SCNT was evaluated to study the feasibility of 

embryonic development, and the TALEN-mediated knockin (KI) mutations were also 

evaluated in the bovine immortalized cells. 

  



78 

2. Materials and Methods 

2.1.  Knockout of PRNP gene 

TALE nucleases targeting cow PRNP gene exon 3 (Genbank #AJ298878) have been 

designed as described previously [151]. Among the synthetized TALEN pairs, the most 

efficient one was selected (Table 11). To validate the activities of synthesized 

endonucleases, equal amount of expression vectors for the left and right arm of TALEN 

were transferred into immortalized bovine cell line via electric stimuli (Neon® , Life 

technologies, California, USA) or Nucleofector 4D (Lonza, Basel, Switzerland). The 

mutated genomic DNA by TALEN was amplified via PCR, and 

denaturation/reannealing was induced. The T7 endonuclease 1 (T7E1) was added to the 

treated amplicons, and the mismatch-specific restriction was observed on the 

electrophoresis gel [151]. 
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Table 11. Customized TALEN pairs targeting bovine PRNP gene 

 

  

No. Start at Sequence length Target sequence 

1 1 53 

20 

13 

20 

TALEN1 

Spacer 

TALEN2 

T GCTGACACCCTCTTTATTT 

TGCAGATAAGTCA 

TCATGGTGAAAAGCCACAT A 

2 12 52 

20 

12 

20 

TALEN1 

Spacer 

TALEN2 

T CTTTATTTTGCAGATAAGT 

CATCATGGTGAA 

AAGCCACATAGGCAGTTGG A 

3 34 51 

20 

12 

19 

TALEN1 

Spacer 

TALEN2 

T CATGGTGAAAAGCCACATA 

GGCAGTTGGATC 

CTGGTTCTCTTTGTGGCC A 

4 40 51 

20 

12 

19 

TALEN1 

Spacer 

TALEN2 

T GAAAAGCCACATAGGCAGT 

TGGATCCTGGTT 

CTCTTTGTGGCCATGTGG A 

5 60 53 

20 

13 

20 

TALEN1 

Spacer 

TALEN2 

T GGATCCTGGTTCTCTTTGT 

GGCCATGTGGAGT 

GACGTGGGCCTCTGCAAGA A 

6 87 53 

20 

13 

20 

TALEN1 

Spacer 

TALEN2 

T GGAGTGACGTGGGCCTCTG 

CAAGAAGCGACCA 

AAACCTGGAGGAGGATGGA A 
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2.2.  Cell enrichment and Isolation 

To increase the proportion of PRNP-knockout cells in whole transfected pools, PRNP 

TALEN was transferred together with the reporter vector expressing magnetic-activated 

cell sorting (MACS) surrogate reporter and synthetic target sites of PRNP TALEN into 

immortalized bovine cells and subjected to knockout cell enrichment process [152, 153] 

using MACS system (Miltenyl biotec, Bergisch Gladbach, Germany). Sorted cell 

populations with H2KK cell surface protein whose expression was induced by co-

expression of PRNP TALEN were subjected to limiting dilution in 96 well and 

monoclonal cell population was selected and propagated. To expand single cell 

population from 96 well plate, the colonies were isolated chemically and mechanically, 

and sequentially sub-cultured into 48-, 12- and 6-well plates. The half of cells from the 

6-well plates were used for nuclear transfer and the other cells were subjected on 

mutation analysis. 

Genomic DNA from each isolated clones were analyzed by a T7E1 assay and dideoxy 

DNA sequencing on PRNP target locus to identify and characterize the PRNP-KO alleles.  

 

2.3.  SCNT and embryo culture 

The transfer of a PRNP-KO donor cell into an enucleated oocyte was carried out as 

described in the general methodology section.  
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3. Results 

3.1.  TALEN-mediated bovine PRNP mutation in the immortalized cells 

A pair of TALEN targeting bovine PRNP gene was designed to disrupt PRNP 

expression (Figure 12A), and the mutation efficiency was verified for both the primary 

and the immortalized bovine fibroblasts. While the PRNP TALEN have induced 

mutations in both the primary and the immortalized fibroblasts, the frequency of mutant 

PRNP allele induced by TALEN was higher in the immortalized fibroblast (66 %) with 

more efficient DNA delivery (Figure 12B and C). Additionally, while monoclonal cell 

colonies with PRNP gene mutation originated from single cell were successfully isolated 

from both cell lines after transient expression of PRNP TALEN, only the populations of 

immortalized fibroblasts were successfully expanded to form independent cell lines. 

Furthermore, 19 of 66 PRNP mutant monoclonal cell populations from immortalized 

fibroblasts had PRNP mutations on both two alleles.  

Most mutations on PRNP gene were small insertions and deletions around TALEN 

spacer, but large deletion of >100 bp was also observed (Figure 14). Six clones had 

frameshift mutations in both PRNP alleles among the PRNP-KO cell lines. Furthermore, 

re-expansion of the selected cell line, 6-6, was possible to take single cell derived 

colonies again, and all of the sub-cell colonies showed same mutations with the cell line 

6-6 (Figure 15).   
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Figure 12. TALEN-mediated PRNP-knockout in the immortalized cells. 

A pair of TALEN targeting bovine PRNP exon 3 was designed for PRNP-knockout (A) 

(red: left arm, blue: right arm and bold: 12-bp spacer). T7E1 assay of the PRNP TALEN-

treated cells showed different efficiency between before and after sorting (B) (BC: 

before magnetic cell sorting and AS: after magnetic cell sorting). Summary of PRNP-

knockout results represents enhanced mutation rates in the immortalized bovine 

fibroblast compared with the primary cells (C).  
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Figure 13. Enrichment of PRNP TALEN-treated cells via a surrogate reporter-

mediated magnetic cell sorting. 

After magnetic cell sorting, the PRNP TALEN-transfected cells (A) were enriched, and 

the proportion of cells expressing green fluorescence transiently was increased (B). (a: 

bright image, b: RFP image, c: GFP image) 
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Figure 14. Genotype of PRNP mutation in biallelic knockout clones.  

Identical mutations were introduced into both alleles in selected clones except for 7-5 

(A). Each clonal cell line represents respective type of indel mutations. Mutant allele of 

cloned embryos derived from the knockout immortalized cell 3-2 were analyzed and 

showed same indel mutation (-104 del) with donor cell (B).  
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Figure 15. Mutant allele analysis and T7E1 assay of the cloned embryos. 

Sequence analysis (A) and T7E1 assay (B) were performed using single clone-derived 

knockout cell lines and their cloned embryos. After re-expansion of the monoclonal cell 

lines, all cell lines derived from the 6-6 showed consistent indel mutation (-4 del), and 

their cloned embryos were T7E1-positive. 
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3.2.  SCNT of PRNP mutant cell lines 

Four PRNP-KO cell lines (3-2, 6-6, 7-5, and 10-1) were subjected to be reconstructed 

via SCNT to determine whether these cell lines could maintain the establishment of gene 

knockout in cloned blastocysts. The average cleavage and blastocyst formation rates 

were 63.0 % and 20.6 %, respectively (Table 12).  

The cloned embryos expressed RFP signals because exogenous BMI1 and hTERT 

vector contains DsRed sequence, and blastocysts development was observed from day 

6-7 after reconstruction (Figure 16). The mutation sequences of the cloned embryos were 

same with their respective donor cell lines (Figure 14B). 

 

Table 12. Development rates of the cloned embryos derived from the knockout 

immortalized cell lines 

 

  

Cell lines 
No. of 

oocytes 
Fusion rate Cleavage rate Blastocysts rate 

7-5 67 58 (86.6 %) 54 (93.1 %) 15 (25.9 %) 

6-6 63 54 (85.7 %) 35 (64.8 %) 13 (24.1 %) 

10-1 59 37 (62.7 %) 31 (83.8 %) 13 (35.1 %) 

3-2 73 54 (73.9 %) 45 (83.8 %) 13 (24.1 %) 

Total 262 203 (77.5 %) 165 (63.0 %) 54 (20.6 %) 
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Figure 16. Representative figure of the cloned embryos derived from the knockout 

immortalized cell lines. 

The cloned embryos derived from each cell line were developed to pre-implantation 

stage without abnormalities. The blastocysts were lysed separately and used for mutation 

analysis.  
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3.3.  TALEN-mediated knockin mutation of bovine PRNP domain 

For the evaluation of knockin efficiency of PRNP TALEN, the knockin vector 

containing homology arms of TALEN was designed and transfected with the TALEN 

expression vector. The knockin DNA structure was efficiently integrated into the bovine 

PRNP gene, and the middle of integrated vector and left and right arm of the PRNP 

TALEN were amplified, respectively. All of the mutant clones represented successful 

outcomes of knockin showing the expected size of amplicons (Figure 17).  

 

Figure 17. Illustration of the knockin vector targeting PRNP and PCR analysis of 

the cell clones using different kind of primer pairs. 

The integration vector containing homology arm of the PRNP TALEN was designed (A) 

and introduced into the bovine PRNP gene (B). Integration of exogenous DNA into 

bovine PRNP was confirmed by PCR amplification in the expanded single cell 

populations.  
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4. Discussion 

In this study, the feasibility of a TALEN-based gene targeting was demonstrated in 

bovine immortalized ear skin fibroblasts, and then those cells were reprogramed in 

enucleated oocytes which were developed up to pre-implantation stage. The frequency 

of targeted PRNP gene mutation was sufficient to find out biallelic knockout after 

treatment of a pair of TALEN (Figure 12). 

Since the release of the bovine genome draft, gene targeting has been used to provide 

fundamental understandings of specific genes in animal biology. Particularly in livestock, 

those genomic studies are associated with the research of genetic diseases and zoonosis 

pathways. Even though bovine spongiform encephalopathy (BSE) is a severe zoonotic 

disease, the function of prion and its coding gene, PRNP, is not clear in bovine cells or 

embryos. Most of research for prion were understood in mouse, but mice are not a host 

for prion disease, and there might be limited understandings. As a PRNP-KO animal 

model, cattle is the best choice for their susceptibilities and well-known symptoms, but 

it is hard to conduct repetitive experiments and evaluation through the whole life time 

of animals. Thus, good alternatives for functional study on bovine prion are in vitro cells 

and embryos.  

In the previous study, Richt JA et al. have generated [95] prion-free cattle via 

homologous recombination, but still, it remains challenging to produce biallelic 

knockout cattle. Recently, targeted nucleases like ZFNs, TALENs, and CRISPR/Cas9 

have become able to target the gene efficiently with time- and cost-saving works, and in 
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this study, TALEN targeting PRNP was designed and utilized for PRNP-knockout in 

vitro. The customized PRNP TALEN showed high mutation rates in the bovine 

immortalized cells (67 %) and also in the primary cells (19 %) after enrichment by 

magnetic cell sorting system (Figure 12). Even more, the immortalized cell lines were 

highly proliferative even after TALEN treatment, and the isolated single cell populations 

could be grown and propagated into enough number of cells to be utilized for SCNT. 

Four representative biallelic knockout cell lines from TALEN approach showed 

comparable rates of the embryo development compared with the ones from non-mutated 

immortalized cells in terms of blastocyst formation (Figure 16 and Table 12). It is 

suggested that PRNP-KO haven’t functionally affected the embryonic development in 

in vitro level.  

Furthermore, the designed knockin vector was successfully integrated into bovine 

PRNP sequence after co-transfection of the donor vector and the TALEN expression 

vector (Figure 17). TALEN-mediated mutation is to fundamentally disrupt the target 

gene by sequence deletion, but insertion of designed vector into the target site was also 

efficiently proved in various species [154-156]. Based on previous research in bovine, 

overexpression of useful materials (e.g. albumin, enzymes, grow factors, etc.) was 

induced by recombination of inserts and target alleles on the purpose of dehorning, 

enhancement of muscle mass, elimination of allergens, etc. [105, 107]. In this study, the 

designed vector which consists of site-specific domains (attP and loxP) was successfully 

integrated into bovine PRNP alleles, and it can provide further application of gene 

targeting.  
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Chapter II. Expression of PRNP and related genes  

 

1. Introduction 

Prion disease results from infectious form of prion (PrpSC) which is altered isoform of 

normal prion protein (PrpC). There have been numerous research to reveal the function 

of the protein related to the neurodegenerative disease, although a wide range of prion 

disease has remained enigmatic. The PrpC has known to play crucial roles on cell 

surfaces in various organs, especially in brain and spinal cord [157]. In mammalian cells, 

the function of PrpC has been still debate from various perspectives. For example, while 

a recent study have suggested the BCL-2-like protein 4 gene (BAX)-suppressive effects 

of PrpC in human neuron and breast carcinoma [158], other studies have shown the toxic 

effects in human neuroblastoma [159]. It is not easy to define the normal function of 

PrpC, continuous studies relevant to distributions and functions of PrpC should be 

performed.  

Among the prion-related proteins, prion like protein (Dpl) have been investigated in 

many mice studies [160-162]. Dpl is structurally similar with PrpC and have been 

claimed to induce neurodegenerative diseases [163]. Compensatory expression between 

PrpC and Dpl and its effects on neuron or other cell protection are still uncertain.  

Here, the expressions of Prp coding gene, PRNP, Dpl coding gene, PRND, and other 

related transcripts were analyzed in the PRNP-knockout cell lines. Furthermore, 
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distribution and expression of the normal pion protein were evaluated at the protein level 

in the bovine organs and the ovarian structures.  
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2. Materials and Methods 

2.1.  Gene Expression analysis 

Total RNAs were extracted to analyze gene expression in the several kinds of tissues, 

cells, and embryos. The method of RNA extraction and RT-PCR was described in the 

general methodology section. PCR reaction for all of the evaluated genes were 

performed under the same condition: 94 ℃ for 2 min, 35 cycles of 94 ℃ for 20 sec/ 60 ℃ 

for 10 sec/ 72 ℃ for 30 sec, and finally 72 ℃ for 5 min (Table 13).  

 

Table 13. Primer lists for gene expression analysis 

 

 

2.2.  Western blotting 

For the Prp expression analysis in the bovine tissues, different bovine organs including 

spinal cord, heart, liver, lung, spleen, kidney, and ovary were collected in the local 

Target gene 
GenBank 

Accession No. 

Sequence 

(5` to 3`) 
Size Product Size 

GAPDH NM_001034034.2 
F tgcaccaccaactgcttggc 20 

267 
R cacgttgggagtggggacgc 20 

PRND NM_001271626.1 
F gcagaccttgaccgacttct 20 

292 
R ccctccctgaggtggataac 20 

PRNP JF808444.1 
F gaaacatctgggtggatgct 20 

247 
R ctgccaatagttggcctcat 20 

CSNK2A1 NM_174635.2 
F acgagtcacatgtggtggaa 20 

480 
R ggccaggatggtaaaactca 20 

FAM24A NM_001099109.1 
F cctgtgcagacagttccaga 20 

234 
R ctcttcctcctcctggcttt 20 

MPG XM_002683809.3 
F cttctgcatgaacgtctcca 20 

240 
R tccagccacacagactcatc 20 
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slaughter house (Kyeonggido, Korea) and transported with ice. To extract proteins from 

bovine tissues, they were grinded with liquid nitrogen and suspended with Tissue 

Extraction Reagent (Invitrogen #FNN0071, California, USA). Ovarian follicular fluids 

were collected through aspiration using 18 G syringe needle separately according to the 

size and then centrifuged at 1500 rpm for 2 min to collect cell debris. These cell pellets 

were suspended with the extraction reagent directly. The concentration of lysates was 

measured and adjusted by Bradford assay, and the lysates were fractioned through a 5 % 

stacking and 12 % running SDS-PAGE gel using electrophoresis chamber (BIO-RAD, 

#1658004, California, USA) containing 1X Tris/Glycine/SDS buffer (BIO-RAD #161-

0732). The fractioned proteins were transferred to methanol-activated PVDF membrane 

under the electric condition of 100V for 1.5 h in the chamber which was buffered by 1X 

Tris/Glycine buffer (Invitrogen #LC3675). The protein-transferred membrane was 

blocked with 5 % skim milk and 0.1 % Tween 20 in 1X TBS buffer (Thermo #28358, 

California, USA) for 1 h at room temperature. Anti-beta actin (Thermo #MA1-91399), 

anti-GAPDH (Milipore, #MAB374, Massachusetts, USA), and anti-prion SAF 32 (SPI 

bio #A03202, Michigan, USA) monoclonal antibodies were diluted at a ratio of 1:10000, 

1:10000, and 1:400, respectively and reacted with the blots overnight at 4 ℃. Following 

washing the membrane with TBS buffer for three times, the blots were reacted with 

1:20000 dilutions of the second antibody, goat anti-mouse IgG-HRP (Thermo #28358), 

for 1 h at room temperature. After washing the membranes, blot visualization was 

performed with using the chemiluminescent HRP substrates (Thermo #32109).  



95 

3. Results 

3.1.  The expressions of PRNP and PRND in the mutant cell lines 

The PRNP and PRND expression screening was conducted in different bovine organs 

(spinal cord, heart, liver, lung, spleen, kidney, testis, and ovary) to obtain control data 

(Figure 19A). Since the expressions of PRNP and PRND were strongest in spinal cord 

and testis, respectively, they were used as expression controls. Among the PRNP-KO 

immortalized cell lines, three of established knockout cell lines (small and large deletions 

and insertions) were analyzed (Figure 19B). The PRNP and PRND mRNA transcripts 

exhibited different expression patterns. In the 6-6 KO cell line (small deletion), PRNP 

expression was detected, although 4 bp deletions were confirmed in this cell clone, and 

PRND was not expressed. In case of the cell line 7-5, increase of >100 bp in length of 

PRNP transcripts was observed (RT-PCR amplicons were shifted approximately 100 bp 

up) and PRND was also detected. Only the KO cell line 3-2 did not express the PRNP 

mRNA transcripts, whereas PRND was expressed.  

In the PRNP-KO cells and embryos, while the blastocysts from in vitro fertilized or 

control donor cells expressed PRNP mRNA, the expression was not detected in 

blastocysts from the 3-2 cell line (Figure 19C). Furthermore, the PRNP expression was 

eliminated in all of the knockin cell populations while the PRND expression was 

appeared (Figure 19D). 

Additional gene expression was analyzed, but there were no significant differences in 

the PRNP-related genes, CSNK2A1, FAM64A, and MPG (Figure 20).  



96 

 

Figure 18. Representative figures of PRNP and PRND sequencing. 

The amplified PCR products of PRNP and PRND were analyzed by direct sequencing 

in each mutant cell line, and they corresponded with the coding DNA sequence of bovine 

PRNP and PRND. 
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Figure 19. Expressions of PRNP and PRND mRNA. 

The expressions of PRNP and PRND mRNA were evaluated in bovine tissues as 

references (A). In the PRNP-knockout cell lines, altered expressions of PRNP and PRND 

were represented according to the mutation type (B), and the expression was confirmed 

in their cloned embryos (C). The PRNP and PRND expressions were also different in 

the knockin cell lines compared with the non-mutant cells (D). All of the mRNA 

expressions were investigated by RT-PCR.  
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Figure 20. Expression analysis of the PRNP-related genes in the PRNP-KO cell 

lines. 

Proliferation and development-related genes were evaluated in the PRNP-mutant cell 

lines. The mRNA expressions of CSNK2A1, FAM64A, and MPG were investigated by 

RT-PCR, and the density of each band was quantified. Different letters indicate 

significant differences at the p<0.05 level. 
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3.2.  The expressions of Prp in bovine tissues 

In addition to the results in the knockout cells and embryos, the PrPC expression was 

also analyzed in different bovine organs (Figure 21). The prion expression was 

significantly high in spinal cord showing thick band on the nitrocellulose membrane. 

The protein expression in another organ was very weak compared with spinal cord, and 

both mRNA and protein expression were rarely observed in liver. 

To analyze the prion expression in the ovarian follicles and the corpora lutea (CL), they 

were categorized according to the size of follicles and luteal stages, and then the proteins 

derived from intra-follicular granulosa cells and CL tissues were prepared. There were 

strong prion expressions in all stages of the CL tissues and the small antral follicles (> 2 

mm and <8 mm) but in the follicles bigger than 8 mm, prion expressions were weakened 

rapidly (Figure 22).      
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Figure 21. Prp expression analysis in bovine tissues. 

The prion expression was detected in the bovine spinal cord strongly compared with 

other tissues (heart, kidney, liver, lung, and spleen). Anti-prion SAF 32 was used as the 

first antibody and the expressions of prion in the bovine organs were evaluated under the 

same conditions of reaction. Β-actin and GAPDH were used as protein references.  
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Figure 22. Prp expression analysis in ovarian follicles and corpora lutea. 

Bovine ovarian follicles and corpora lutea (CL) were categorized according to the 

morphological characters and their developing stages (CL1: small and soft luteal tissues 

which is newly-formed right after ovulation, CL2: developing corpus luteum which have 

firm and small, < about 1 cm of diameter, crown, CL3: developing corpus luteum which 

have firm and large, > about 1 cm of diameter, crown, CL4: mature corpus luteum which 

have firm and yellowish luteal tissues, 2-8 mm follicles: subordinate antral follicles, 8-

15 mm follicles: developing follicles which are dominant, >15 mm follicles: 

preovulatory follicles). The dissociated luteal tissues and the pellets of aspirated 

follicular fluids were examined by anti-prion western blot. The prion expression was 

detected in the most of CLs and follicles smaller than 8 mm. Β-actin was used as a protein 

reference. 
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4. Discussion 

To prove functional deletion of PRNP, the PRNP expression was analyzed in the 

normal and the knockout blastocysts, and spinal cord was used as positive controls for 

expression based on the previous report. Peralta OA et al. have evaluated the tissue-

specific PRNP mRNA and PrpC expressions in bovine oocytes and embryos and 

observed the high level of mRNA expressions in the bovine cumulus cells and the day 4 

pre-implantation embryos [164]. In this study, while the blastocysts originated from both 

in vitro fertilization and SCNT with control donor cells expressed PRNP mRNA as 

expected, it was not detected in the blastocysts from the knockout cell lines.  

In the PRNP-KO immortalized cells, the PRNP expression levels were various 

according to the populated cell lines (Figure 19B). In the 6-6 KO cell line (-4 bp deletion), 

PRNP expression was detected, although 4 bp deletion would induce frame shift 

mutation. It is considered that deletion size or deletion site on the cell line 6-6 did not 

influence the mRNA transcription. In the cell line 7-5 (+120 bp insertion), increase of 

the transcripts length was observed. Only the KO cell line 3-2 (-102 deletion) did not 

express the PRNP mRNA transcripts. The 3-2 is the sole cell line of which the exon start 

point was disrupted. Since the spacer of PRNP TALEN for this study was designed to 

target the start codon, additional protein analysis should be conducted for all kind of 

mutation patterns. 

Further analysis in PRNP-KO cell lines, PRND expressions in the knockout cells were 

investigated (Figure 19A, B). In previous study, PRND was suggested to compensate for 
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the loss of function after disrupting PRNP gene in mice [163]. To prove the results in 

bovine cells, the PRND expression levels in several bovine tissues were analyzed by RT-

PCR, and it was indicated that PRND expression were dominantly observed in testis 

tissues same with previous reports [165]. Interestingly, while the expressions of PRND 

in the primary and the immortalized cells were not detectable, it was expressed 

dependent on the PRNP mutation patterns in the PRNP-KO cell lines (Figure 19B). 

Similar results were shown in the PRNP-KO mice studies [166], and the PRND 

expression of the PRNP-KO mice affected the animals to show Ataxia and Purkinje cell 

loss. Since the PRND up-regulation after PRNP disruption have not be investigated in 

the previous PRNP-KO cattle [95], the related expression levels of PRNP and PRND 

could be one of scientific issues to know function of PRNP in cattle. 

In addition to the gene expression analysis after PRNP-knockout, mRNA of PRNP and 

PRND were evaluated also in the knockin cell populations targeting PRNP locus (Figure 

19D). All of the knockin cell lines did not express PRNP mRNA indicating successful 

integration of the exogenous donor vector into the target locus of bovine PRNP. On the 

contrary to the PRNP expressions, the transcripts of PRND were detected in the knockin 

cell lines. This results are supportive of those of knockout cell lines which represented 

relations between PRNP and PRND expressions.   

To study transcript abundances of bovine PRNP-interacting genes, the expression 

levels of several genes were studied in the PRNP-KO cells (Figure 20). Based on the 

previous study which have induced PRNP knockdown in murine neuroblastoma [167], 

three of genes (CSNK2A1, FAM64A and MPG) were suggested, and their expressions 
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were investigated in the normal fibroblasts, the immortalized cells, and the knockout 

immortalized cells for this study. Whereas these genes were up-regulated in murine 

PRNP knockdown, their expressions in my study were inconsistent. Rather, their 

expression tended to be down-regulated via immortalization (BMI1+hTERT) process. 

CSNK2A1 and FAM64A are not only the PrpC related ones but also cell proliferation 

regulators [168, 169], so it is not clear whether the immortalization process influences 

the expressions. MPG plays a vital role in neuronal development and protection [170, 

171], but its function in fibroblasts should be investigated.  

As a screening analysis of PrpC expression in bovine organs and ovarian structures, the 

protein levels were observed via western blotting. As expected, spinal cord was the PrpC-

rich organ among the analyzed samples (bovine brain was not collected for this study) 

(Figure 21). In the ovarian follicles and corpora lutea, all of the corpora lutea and small 

follicles (<8 mm) expressed Prp strongly (Figure 22). This result is contrast to previous 

study which have reported that Prp was expressed in both theca and granulosa cells, and 

especially, the expression level was high in developing dominant follicles compared with 

subordinate ones [172]. It can be explained that the Prp expressions in ovarian follicles 

and corpora lutea are tend to be high in the dense-populated cells and tissues in this study, 

but further investigation should be performed. 
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Chapter I. Mutation screening of CRISPR/Cas9 in bovine cells 

 

1. Introduction 

In vitro production of bovine embryos is important for genetic improvement but also 

for understanding of diseases and basic embryology [173-175]. Nowadays, the 

technologies needed to produce bovine embryos such as in vitro fertilization (IVF), 

stimulation of multiple ovulations, embryo collections, and embryo transfer have been 

widely applied in practical ways [174]. Furthermore, after birth of the first cloned cattle, 

transgenic cattle have been generated by many kind of methods of DNA modification 

[176]. 

Gene knockout is an effective method to understand the function of specific genes in 

cells and animals. Homologous recombination (HR) have been considered as a basic 

method to generate transgenic method, especially in mice [177]. However, gene 

targeting by HR is laborious, time-consuming, and inefficient way and have limitation 

for applying to production of knockout livestock. Recently, gene targeting technologies 

including zinc finger nuclease (ZFN) and transcription activator-like effector nuclease 

(TALEN) have been applied to generate knockout models in mice [178], rats [179], pigs 

[180], and cattle [100, 181]. Additionally, clustered regulatory interspaced short 

palindromic repeats (CRISPR) /Cas9 system has emerged as an improved platform for 

customizing nucleases in the gene targeting field [182, 183]. However, the 
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CRISPR/Cas9 system has yet to be tested in large animals, particularly in cattle. Here, 

the knockout efficiencies of CRISPR/Cas9 system was evaluated in bovine cells, and 

knockout cloned embryos were generated via SCNT.  
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2. Materials and Methods 

2.1.  Isolation and in vitro culture of bovine fibroblasts expressing eGFP 

The bovine fibroblasts expressing enhanced green fluorescence protein (eGFP) were 

isolated from the intrauterine fetus which have integrated eGFP signals delivered by 

piggyBac system [184]. The cloned embryo at day 40 of gestation was collected 

surgically after pregnancy check using ultrasonography. After isolation of the skin 

region, the tissues were incubated in HBSS (Gibco, # 24020-117, California, USA) 

containing 100U/μl collagenase type I (Gibco, # 17100-017) at a temperature of 38 ℃, 

in a 5 % CO2 for 2 h. After drainage of the enzyme-containing medium, the digested 

fetal tissues were attached to culture dishes and cultured for further experiments (Table 

8). The expression of eGFP was confirmed by the use of a fluorescence microscope 

(Nikon, Tokyo, Japan) (Figure 23). 
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Figure 23. The eGFP-expressing fetus cell line. 

The eGFP gene was randomly integrated into bovine genomic DNA by piggyBac system, 

and the transfected fibroblasts were cloned via SCNT in vitro (A). One of the blastocysts 

was transferred to a recipient cow, and pregnancy was confirmed by ultrasonography 

detecting the implanted fetus on day 40 (B). The fetus was collected by surgical incision 

of the implanted uterine horn, and the eGFP expression on the fetal tissue was confirmed 

using a fluorescence filter (C: GFP image, D: bright image). The fetus-derived 

fibroblasts were established through primary culture (E: GFP image, F: bright image)  
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2.2.  Transfection of CRISPR/Cas9-expressing plasmids targeting eGFP 

For targeted mutations in the bovine genomic DNA, CRISPR/Cas9 system using single 

guide RNA (sgRNA) was prepared to induce disruption of the eGFP sequence (Figure 

24). The plasmids expressing sgRNA and Cas9 were mixed at a 1:3 ratios (total 10 μg) 

and transferred into the eGFP fibroblasts using Nucleofector (Neon® , Invitrogen, 

California, USA) (Figure 25) [185]. After transfection, the fibroblasts were cultured for 

an additional 10 days at 38°C, 5 % CO2 in humidified air. Disruption of eGFP expression 

in the transfected fibroblasts was monitored using fluorescence microscopy (Nikon). 
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Figure 24. Representative figures of CRISPR/Cas9 and target sequence. 

Gene targeting mechanism of CRISPR/Cas9 was represented as a schematic figure (A). 

Targeted gene disruption occurs after RNA-guided recognition of target site followed by 

binding and cleavage by the Cas9 endonuclease. For disruption of green fluorescence 

gene by CRISPR/Cas9, the target region of eGFP sequence containing the protospacer 

adjacent motif (PAM) was selected (B). 
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Figure 25. Schematic maps of CRISPR/Cas9 vectors. 

The coding sequence of the eGFP-sgRNA (A) and the Cas9 protein (B) were cloned into 

the expression vectors separately. The targeted mutation of eGFP sequence was occurred 

by the expressions of sgRNA and Cas9 protein which enable site-specific recognition 

and DNA cleavage, respectively.  
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2.3.  Flow cytometry analysis of the CRISPR/Cas9-treated eGFP cells 

The fibroblasts transfected with the eGFP-CRISPR/Cas9 were treated with 0.25 % 

Trypsin-EDTA (Gibco) and harvested. Following washing the detached cells with cold 

phosphate-buffered saline (PBS, Gibco), the cells were re-suspended at a concentration 

of 5×105 cells/ml. The proportion of the eGFP-expressing cells in the whole suspension 

was measured using flow cytometry (FACSCalibur, BD Biosciences, Seoul, BD-Korea) 

with Cell-Quest software (BD Biosciences). Based on side scatter (SSC) and forward 

scatter (FSC), only the area with a dense population was gated for analysis. The 

expression of eGFP was displayed as a single parameter histogram, and the number of 

cells was represented. All flow cytometric data were analyzed with FlowJo software 

(Tree Star, California, USA). 

 

2.4.  Sequence analysis of the targeted region 

After culture of the transfected cells for 10 days, whole genomic DNAs were isolated 

using the G-spin™ Total DNA Extraction Mini Kit (iNtRON, Kyeonggido, Korea). A 

575 bp fragment containing the target site was amplified using the Maxime PCR PreMix 

(iNtRON) with the following primers: 5′-GGACTTCCTTTGTCCCAAATCT-3′ for 

forward primer and 5′-TAGCGGCTGAAGCACTGC-3′ for reverse primer. The PCR 

(Eppendorf, Hamburg, Germany) conditions were 94°C for 2 min, then 40 cycles of 

94°C for 20 s, 56°C for 30 s, and 72°C for 30 s, with a final extension at 72°C for 10 

min. The PCR products were purified by electrophoresis in 1 % agarose gel, and the gel-
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purified PCR products were cloned using the pTOP Blunt kit (Enzynomics, Seoul, Korea) 

followed by sequence analysis using an M13 primer. 

 

2.5.  SCNT using CRISPR/Cas9 treated cells 

SCNT of the CRISPR/Cas9 treated cells was conducted following the procedure 

described in general methodology section. Among the sgRNA and Cas9-transfected cells, 

eGFP-negative cells and -positive cells were collected separately and fused with in vitro 

matured bovine oocytes using electric pulses. Embryo cleavage and blastocyst formation 

in each group were observed at 24 h and 7 days of culture, respectively. The expression 

of eGFP in the reconstructed embryos were confirmed at the blastocyst stage. 
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3. Results 

3.1.  CRISPR/Cas9-mediated eGFP disruption 

The CRISPR/Cas9 vectors targeting eGFP have been transferred into the cultured 

transgenic fibroblasts derived from eGFP embryonic tissues. Since the CRISPR/Cas9 

system works on the genomic DNA level, and protein coding of the targeted sequence is 

not able to evaluate right after transfection, the eGFP-negative cells were observed under 

fluorescence microscope after 10 days of transfection (Figure 26). In the results of flow 

cytometry analysis, a loss of eGFP expression in the transfected cells was greater than 

40 % (Figure 27). Sequence analysis of the PCR amplicons showed various patterns of 

deletion mutations in the target sequence (6–203 bps). It was reported that various types 

of mutations induced by CRISPR/Cas9 including insertion or substitution along with 

deletion were capable to be observed in the target sequence. However, in this study, only 

the deletion mutations were observed in bovine fibroblasts. Further study is required to 

confirm that other mutation types can occur in bovine cells with the CRISPR/Cas9 

system. 
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Figure 26. eGFP-knockout in the eGFP-expressing cells. 

After transfection of eGFP-targeting CRISPR/Cas9 to the eGFP-expressing fetal 

fibroblasts (A), eGFP signal was eliminated on the culture plate (B), and it was also 

observed on the suspended cells (C) (a: bright image, b: GFP image, c: merged image). 
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Figure 27. Analysis of CRISPR/Cas9-mediated eGFP-knockout. 

The flow cytometry analysis results represent the proportion of the eGFP-expressing 

cells in control (A) and CRISPR/Cas9-treated cells (B). The populated main cell region 

was gated in each group, and the eGFP-expressing cells were represented as a single 

parameter histogram. The proportion of the eGFP-expressing cells was decreased as 

much about 40 %. After analyze the DNA sequences of the CRISPR/Cas9-treated cells, 

they represented various types of targeted mutation sequences (C). 
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3.2.  SCNT of the CRISPR/Cas9-treated cells 

To confirm that CRISPR/Cas9-mediated gene targeting can be applied for embryo 

production, bovine oocytes were reconstructed with both of the eGFP-negative and 

positive fibroblasts (Figure 28). While the blastocysts derived from eGFP-expressing 

cells expressed the green fluorescence, those from eGFP-negative cells did not express 

the green fluorescence signal. The cloned embryos (n=146) derived from the eGFP-

knockout cells were successfully cleaved (n=118, 80.82 %) and developed into the 

blastocyst (n=35, 23.97 %) stage (Table 14).   
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Figure 28. Representative figure of the eGFP-CRISPR/Cas9 SCNT embryos. 

Next to transfection of the expression vectors of sgRNA and Cas9 targeting eGFP, both 

of the eGFP-positive and negative cells were used as a SCNT donor cell. The in vitro 

embryos were developed up to the pre-implantation stage and the eGFP expression on 

the blastocysts was observed under 488 nm excitation (A: bright image, B: GFP image) 
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Table 14. Development rate of the eGFP-CRISPR/Cas9 SCNT embryos 

 

  

 
No. of 

oocytes 
Fusion rate Cleavage rate Blastocysts rate 

eGFP (+) 35 32 (91.43 %) 29 (90.63 %) 6 (18.75 %) 

eGFP (−) 157 146 (92.99 %) 118 (80.82 %) 35 (23.97 %) 
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4. Discussion 

Research on transgenic bovine embryos is important for animal science, and there have 

been several successful efforts to produce transgenic embryos in cattle [186]. Recently, 

DNA endonuclease-based approaches have been widely studied in mice, humans and 

even livestock [100, 178, 181, 185]. However, there are limited number of research in 

knockout cattle using ZFN and TALEN [97, 181], and the CRISPR/Cas9 system has 

remained to be tested in bovine. In this study, the bovine knockout cells and embryos 

were successfully generated via the CRISPR/Cas9 system. 

In the previous study, the fluorescence marker gene, eGFP, was integrated into bovine 

genomic DNA by piggyBac vector, and the piggyBac-mediated eGFP expression was 

confirmed in the reconstructed embryos (Figure 23) [184]. The primary cells isolated 

from the eGFP conceptus expressed green fluorescence homogeneously in in vitro 

culture, as well. Although pregnancy was not maintained to term, I confirmed that 

piggyBac-derived gene modification can be applied in transgenic studies in cattle up to 

early pregnancy stage (at least 40 days of pregnancy). There can be potential 

explanations for the failure of pregnancy maintenance such as integration of DNA multi-

copies [187], DNA integration site (e.g. promoter regions, CpG islands, DNase I 

hypersensitive sites, and the sequences activating proto-oncogenes or disrupting tumor-

suppressor genes) [188] and abnormal reprogramming of the somatic cell nucleus in the 

enucleated oocytes [189]. 
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The CRISPR/Cas9 system is a preferred method to generate knockout animals because 

it is possible to modify the target genomic sequence with high specificity. Furthermore, 

this system has certain advantages, including time and cost-effectiveness [182]. In the 

present study, I have observed about 40 % of mutation efficiency in the bovine cells, and 

it was obtained within less than 10 days (Figure 27). Although the CRISPR/Cas9 system 

have been tested at the integrated exogenous gene, the demonstrated effects of 

CRISPR/Cas9 is very promising for further generation of gene-targeted cattle. 
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Chapter II. PRNP-knockout via CRISPR/Cas9 in bovine cells 

 

1. Introduction 

CRISPR/Cas9 system has been one of the most powerful gene targeting tool in a wide 

range of research field. For a past few years, markets providing CRISPR and customized 

products were extremely increased for the purpose of biological research and therapeutic 

medical science mainly in human and laboratory animals. Compared with other gene 

targeting works, CRISPR have shown remarkable advantages from time and cost 

perspectives.  

In the livestock animals, the CRISPR/Cas9-mediated mutations make the animals more 

productive and disease-resistant. The myostatin (MSTN)-KO sheep [190] and MSTN/ 

FGF5-KO goats [191] were produced via CRISPR/Cas9, and the gene modification 

efficiencies of CRISPR/Cas9 was evaluated in chicken primordial germ cells [192]. In 

cattle, there have been efforts to generate gene-modified ones using various techniques 

[74, 95, 193]. Since cattle is an important animal in the farm animal industry and 

developing therapeutic science, transgenic cattle have a potential to be developed to the 

main field of animal science. 

In this study, the PRNP-KO efficiency was evaluated using customized CRISPR/Cas9 

in bovine fibroblasts, and the gene deletion of cloned embryos was analyzed.  
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2. Materials and Methods 

2.1.  Primary cell culture of bovine fibroblasts 

Bovine ear skin tissues were taken from neonate calves using biopsy punch. After 

chopping into tiny pieces using surgical blade, the tissue pellets were incubated in HBSS 

(Gibco, # 24020-117) containing 100U/μl collagenase type I (Gibco, # 17100-017) at a 

temperature of 38 ℃, in a 5 % CO2 overnight. After washing with PBS, they were placed 

in culture dish containing cell culture medium (Table 8).  

 

2.2.  PRNP deletion via CRISPR/Cas9 

The CRISPR/Cas9 targeting bovine PRNP gene (Genbank #AJ298878) was designed 

at the site of exon 3 region. To enhance the efficiency of the CRISPR/Cas9-induced 

mutation, the expression vector of reporter which enable to sort the mutant cells was 

transferred together with the CRISPR/Cas9-expressing vectors (Cas9 protein, sgRNA 

and reporter expressing vectors at a 2:2:1 ratio) into bovine fibroblasts via electric stimuli 

(Neon® , Life technologies). The target region of sgRNA was amplified via PCR, and 

denaturation/reannealing was induced. The T7 endonuclease 1 (T7E1) was added to the 

rearranged amplicons, and the mixture was incubated at 37 ℃ for 20 min. The restriction 

band of the mismatched DNA was observed though electrophoresis gel running [185]. 
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2.3.  Enrichment of mutated cells, isolation of monoclonal cell population, and SCNT 

of knockout cell lines 

The reporter vector was designed to express both GFP and H-2KK after targeted 

mutation by CRISPR/Cas9. The method of mutated cell enrichment by magnetic cell 

sorting, isolation of single cell colonies, and SCNT have been described in the chapter 1 

of this part. 

 

2.4.  Fluorescent PCR (fPCR) 

After lysis of the knockout cells and the cloned blastocysts in the digestion buffer, the 

lysates were used as a template for fPCR directly. The 6-carboxyfluorescein (6-FAM)-

labeled forward primer, connected by the M13 sequences, and the reverse primer were 

used for fPCR (Table 15). After purification of the PCR products, the PCR amplicons 

were resolved using an DNA analyzer (ABI 3730xl, Massachusetts, USA) and the results 

were analyzed using a Peak scanner v1.0. 

 

Table 15. PRNP primer sequence for fPCR 

 

  

Target gene 
Sequence 

(5` to 3`) 

Product 

size 

PRNP 
F GTAAAACGACGGCCAGTG gcaagaagcgaccaaaacct 

429+18 
R - tactatcgtgaaaacatgcacc 
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3. Results 

3.1.  Mutation analysis by T7E1 assay 

The expression vectors of Cas9 protein and sgRNA targeting bovine PRNP gene were 

transfected into the bovine immortalized cells, first. Following monoclonal cell 

population, numerous cell lines were isolated, and mutation screening was performed 

through T7E1 assay: the colonies which have the restricted band under the condition of 

with wild type amplicons were considered as the mutated cell lines. Among the isolated 

cell populations of immortalized cells, 66 % and 70 % of cells were T7E1 positive in 

independent trials (Figure 29).  

The CRISPR/Cas9 targeting PRNP was also introduced into the bovine naïve 

fibroblasts and it was able to isolate the single cell populations. Through the T7E1 assay 

of the CRISPR/Cas9 treated normal fibroblast, more than a half of cell populations 

represented positive results and it was comparable with those of the immortalized cells 

(Figure 30).  
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Figure 29. CRISPR/Cas9 targeting bovine PRNP gene. 

The sgRNA binding site (green underline) and PAM sequence (red box) in 

CRISPR/Cas9 target sequence on bovine PRNP gene exon 3 were described. T7E1 assay 

showed 66 % and 70 % of positive clonal populations in the immortalized cells 

transfected with the PRNP CRISPR/Cas9 expression vector.   



128 

 

Figure 30. T7E1 assay of PRNP CRISPR/Cas9 treated clonal population in the bovine normal fibroblasts. 

For the next step of the CRISPR/Cas9 transfection into the immortalized cells, bovine naïve fibroblasts were treated with 

CRISPR/Cas9 vectors. The bovine fibroblasts at passage 1 were used to maintain proliferation and capacity of population after 

transfection by electroporation. Mutation analysis was conducted using the isolated single cell populations, and the rearranged 

PCR products of mutant clones were restricted by T7E1. 
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3.2.  Mutation analysis by fluorescence PCR and DNA sequencing 

By amplification of the target sequence of PRNP CRISPR/Cas9 using 6-FAM labelled 

primers, the average length of PCR products were represented for PRNP-mutant cells 

and cloned embryos which were T7E1 positive. The mutation patterns were estimated 

by analysis of peak shift: whether it is insertion or deletion and the number of mutant 

base pairs (Figure 31, 32).  

Among the mutant cell populations, several candidates which have biallelic mutations 

and assumed reading frame shifts were selected, and their DNA sequences were analyzed. 

In the DNA sequence analysis, various patterns of PRNP mutations have been observed 

(Figure 33). After performing SCNT using the PRNP mutated cell lines, the genomic 

mutation was preserved in the cloned embryos showing the consistent results of 

mutations with their donor cells in aspect of sequence analysis and fPCR. Among the 

PRNP-KO SCNT embryos, one of the blastocysts at day 7 was selected and transferred 

to a recipient cow (Figure 34). Successful implantation of the embryo was confirmed by 

ultrasound image on day 40, but the fetus was aborted. 
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Figure 31. Representative fPCR results of the PRNP CRISPR/Cas9-treated clonal 

population in the bovine normal fibroblasts. 

The CRISPR/Cas9-mediated indel mutations of the bovine PRNP locus was evaluated 

by fPCR in the T7E1 positive cell clones. Since the position of peak indicates the length 

of PCR amplicons, shifted peaks which might have alterations of reading frame were 

selected as a mutant candidate. All of the T7E1 positive cell clones represented peak 

shifts homogenously or heterogenously. Multiple peak of PCR products mean either 

heterozygous mutations or mixed cell populations. 

  



131 

 

Figure 32. Representative fPCR results of the cloned embryos derived from the 

PRNP CRISPR/Cas9-treated cell populations. 

The selected mutant cell populations were used as a donor cell of SCNT. Ahead of DNA 

sequence analysis, fPCR was performed using the cloned blastocysts and the donor cells. 

The peak positions of the PCR products in all of the cloned embryos were same with the 

donor cells, and they showed peak shift compared with non-treated control cells. In case 

of cell line PD, represented on this figure, the peak positions were shifted to both left 

and right sides as much as one base-pair. 
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Figure 33. Sequence analysis of the PRNP-knockout cells mediated by 

CRISPR/Cas9. 

The CRISPR/Cas9-mediated mutations analyzed by fPCR were confirmed through DNA 

sequencing. The target region of bovine PRNP gene was amplified through PCR reaction 

and analyzed by direct sequencing in each mutant cell line. Various PRNP indel-

mutations were observed in the clonal populations (A), and consistent results were 

shown in the cloned embryos (B). 
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Figure 34. The CRISPR/Cas9-mediated PRNP-knockout cloned embryos and 

ultrasound image of the implanted one.  

The PRNP-KO cells were used as a donor cell for SCNT, and a blastocyst was 

transferred to a recipient cow (A). Pregnancy was confirmed by ultrasound image 

detecting the implanted fetus on day 40 after embryo transfer (B). Unfortunately, 

pregnancy was not maintained to full-term development in this recipient, and the fetus 

was aborted, finally.   
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4. Discussion 

PRNP gene mutation was induced using the CRISPR/Cas9 endonuclease in this study. 

CRISPR/Cas9 has emerged as a powerful tool for gene targeting with high efficiency 

and convenience to apply in mammalian cells and embryos. Generation of gene-targeted 

animals was achieved mainly by direct injection of CRISPR/Cas9 into the one cell 

embryos [190, 191, 194, 195] and SCNT following donor cell mutations [196, 197]. 

Recently, the electroporation method also has been available to introduce CRISPR/Cas9 

into zygotes [198]. 

In this study, the CRISPR/Cas9 targeting PRNP was designed and introduced into the 

bovine primary fibroblasts by electroporation, and the mutated cells were reprogramed 

with enucleated bovine oocytes via SCNT technique. Although the SCNT technique can 

be considered as more invasive and handling-needed compared with other applications, 

it is the best method to generate transgenic animals which are stable and genetically 

homogeneous in livestock, especially in bovine. 

The primary cell line showed high mutation rate by transfection of the CRISPR/Cas9 

vectors, and it was capable to isolate the monoclonal cell populations which are highly 

proliferative (Figure 30, 33). Among the T7E1 positive cell lines, various types of PRNP 

mutations were observed in DNA sequence analysis, and it was consistent in the cloned 

embryos without any developmental defects until the pre-implantation stage. 

 Ahead of implantation of transgenic embryos, further efforts to identify the functional 

differences according to the mutation type and to enhance the positive populations in the 
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whole cells should be continued in the present manner. In addition to that, other 

applicable method should be investigated to generate PRNP-KO cattle more efficiently. 
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FINAL CONCLUSION 
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This thesis was conducted to evaluate the function of PRNP gene and prion protein 

(Prp) on the bovine embryo development and to generate the PRNP-free bovine embryos 

in vitro. 

Firstly, bovine fibroblasts were immortalized by random integration of the BMI1 and 

hTERT vectors, and they were capable to enhance the cell growth in vitro. The cloned 

embryos generated via SCNT using the immortalized cells have shown normal 

development up to the pre-implantation stage. The maintenance of the expression level 

of p53 and increase of the telomerase at the later passages are considered as main factors 

to affect the cellular proliferation. 

Secondly, TALEN-mediated PRNP deletion was investigated in the bovine 

immortalized fibroblasts. The mutation of PRNP was successfully induced in the bovine 

cells, and the same mutation pattern was consistently observed in their cloned embryos. 

Elimination of the PRNP expression did not influence to the development of cloned 

embryos. Furthermore, it was able to evaluate the related mRNA expressions between 

PRNP and PRND through the PRNP-knockout experiment.  

Nextly, the efficiency of gene targeting using CRISPR/Cas9 was evaluated through 

elimination of the fluorescent protein and the prion in bovine cells at separate trials. By 

single transfection of the CRISPR/Cas9 expression vectors targeting exogenous eGFP 

gene, the green fluorescence signal was completely disrupted in about 40 % of the eGFP-

expressing cells. Various knockout patterns were exhibited in the target site of 

CRISPR/Cas9 and there were no detrimental effects on development of the cloned 
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embryos. The CRISPR/Cas9 have also induced site-specific mutations efficiently 

targeting bovine PRNP, and it was applied to the production of PRNP-knockout embryos. 

In this thesis, I demonstrated PRNP deletion using TALEN and CRISPR/Cas9, and 

they successfully induced gene mutations in bovine cells with high efficiency and 

specificity. Furthermore, the PRNP-free embryos were developed until day 7 in vitro 

without showing any abnormalities. These results must be fundamental basis for full-

term development of PRNP-free embryos, and the functional effects of Prp for the whole 

period of lifetime in cattle. 
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국문초록 

 

프리온 유전자가 제거된 체세포를 이용한 

소 복제 배아 생산에 관한 연구 

 

최 우 재 

(지도교수: 장 구) 

 

서울대학교 대학원 

수의학과 수의산과∙생물공학 전공 

 

프리온은 대부분의 세포에 존재하는 막 단백질 중 하나이지만, 그 

구조적인 변형과 축적은 흔히 광우병이라고 알려져 있는 포유동물의 전염성 

해면상 뇌증 (TSE)을 유발한다. 프리온이 제거된 소가 상동 재조합 

방법으로 2007 년 최초로 탄생되었지만, 프리온의 생리학적, 병리학적인 

기능에 대해서는 아직 알려진 바가 적고 상동재조합을 통한 유전자 적중 

기술은 시간과 비용 소모적인 연구 방법이다. 최근에는 강력한 DNA 제한 

효소인 TALEN 과 CRISPR/Cas9 이 선택적인 유전자 변형을 유도하기 
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위해 널리 사용되고 있다. 이 둘은 식물에서 포유 동물까지 응용력이 넓을 

뿐 아니라 그 효율성도 높다고 알려져 있다. 본 연구에서는 프리온 

유전자인 PRNP 가 제거된 소의 세포주를 확립하고 그 세포를 통해 

프리온이 발현되지 않는 복제 배아를 만드는 실험이 수행되었다. 

유전자 적중 기술을 위한 첫번째 단계로 체외 실험에서의 효율을 높이기 

위해 소 섬유아세포의 불멸화 실험이 선행되었다. 이를 위해 BMI1 과 

hTERT 라는 불멸화 관련 유전자를 소 섬유아세포의 유전자에 무작위로 

삽입시켰다. 그 결과 아무 처리도 하지 않은 세포와 BMI1 만 처리한 

세포가 각각 20 계대와 40 계대에서 세포 분열을 멈춘 반면, 불멸화 세포는 

60 계대 이상까지 세포 분열이 계속되는 것을 확인할 수 있었다. 체세포 

핵이식을 통해 복제된 불멸화 세포 배아의 정상적인 체외 발달을 착상 전 

단계까지 확인하였다. 암 억제 유전자로 알려져 있는 p53 이 후기 

계대에서도 낮은 수준으로 유지되고 있었다는 것과 DNA 의 수명을 

연장시키는 역할을 하는 telomerase 의 발현이 후기 계대에서 유의하게 

증가된 것이 불멸화 세포의 증식 유지에 큰 역할을 한 것으로 여겨진다.  

불멸화 세포를 이용한 유전자 적중 기술의 첫 단계로 소의 PRNP 를 

제거하기 위한 위치를 선별하고, 그 위치에 특이적으로 결합할 수 있는 

TALEN 을 제작하였다. 돌연변이가 일어난 세포를 효과적으로 선별하기 

위한 리포터 벡터를 같이 도입시킴으로써, 돌연변이 세포주를 얻을 수 있는 
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확률을 높일 수 있게 되었다. 리포터에 의한 세포 선별 후에 단일 세포에서 

유래한 각각의 세포주를 분석한 결과 67 %에서 PRNP 유전자에 

돌연변이가 일어난 것을 확인할 수 있었고, 전체의 19 %에서는 두개의 

상동염색체 모두에서 돌연변이가 나타났다. 돌연변이가 일어난 부위의 

염기서열을 분석한 결과 염기서열의 삭제나 삽입 등 다양한 형태의 

돌연변이가 발생한 것을 확인할 수 있었고, 이 유전자는 복제 배아에서도 

동일한 염기서열을 나타내었다. PRNP 돌연변이 복제배아에서는 mRNA 의 

발현이 나타나지 않았음에도 불구하고, 이들은 대조군과 동일한 발달율을 

보이면서 포배기까지 발달하였다. PRNP 유전자와 관련된 다른 유전자들의 

발현은 기존 연구와 다른 양상을 보였는데 이는 실험에 사용된 세포주의 

차이와 돌연변이 형태에 차이에서 기인하는 것으로 여겨지며 추가적인 

연구가 진행되어야 할 것이다. 소의 각 장기와 난포 단계에 따른 정상적인 

프리온 단백질의 발현 역시 분석되었는데, 기존에 알려진 바와 같이 

척수에서 그 발현이 가장 강하게 나타났고, 심장, 간, 비장, 신장, 난소 

에서는 그 발현이 약하였다. 난소 주기에 따른 난포와 황체 구조에서 역시 

프리온의 발현이 달라지는 것을 확인할 수 있었는데, 모든 단계의 황체와 

작은 크기의 난포 (>2 mm, <8 mm)에서는 프리온의 발현이 강하게 나타난 

반면, 직경 8 mm 이상의 큰 난포에서는 그 발현이 약하게 나타났다. 
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난포의 성장과 프리온 발현에 본 연구의 결과는 기존 논문과는 다른 양상을 

보여주었다. 

그 다음 유전자 적중 기술의 방법으로 CRISPR/Cas9 을 이용해 

돌연변이를 유도하는 실험을 하였다. 소 세포에서 이를 검증하기 위해 먼저 

piggyBac 시스템을 통해 초록색 형광 유전자가 삽입된 소 배아 세포가 

분리되었고, 이를 다시 제거하기 위한 실험을 하였다. 초록색 형광 

유전자만 특이적으로 변형시키는 CRISPR/Cas9 벡터를 제작하여 세포 

내로 전기충격방식으로 주입하였고, 그 결과 약 40 %의 세포에서 

형광단백질이 제거된 것을 확인할 수 있었다. 초록색 형광 유전자의 제거는 

복제 배아의 체외 발달에 영향을 미치지 않았다.  

CRISPR/Cas9 을 이용해 성공적으로 형광 유전자를 제거하는 실험을 

실시한 후에 PRNP 를 제거하기 위한 유전자 위치를 선별하고 그에 

특이적인 CRISPR/Cas9 을 제작하였다. 소의 불멸화 세포를 이용해 

실시된 각기 독립된 실험에서 CRISPR/Cas9 은 각각 66 %와 70 %의 

돌연변이 유도 확률을 보여주었고, 정상 섬유아세포에서도 높은 돌연변이 

효율을 보여주었다. 그 양상은 염기서열 분석과 형광 PCR 을 통해 확인할 

수 있었으며, CRISPR/Cas9 에 의해 유도된 염기서열의 변형은 복제 

배아에서도 일관성 있게 유지되는 것을 확인할 수 있었다.  



165 

결론적으로, 외부 유전자인 BMI1 과 hTERT 를 소의 섬유아세포에 

도입시킴으로써 불멸화세포주를 안정적으로 분리할 수 있었고, 이를 통해 

소의 체외 실험을 효과적으로 수행할 수 있었다. 또한 프리온 유전자 

선택적인 돌연변이가 TALEN 과 CRISPR/Cas9 에 의해 유도되었으며, 

이러한 유전자 조작 도구들은 다양한 형태의 유전자 조작과 형질전환 배아 

생산에 응용될 수 있을 것이라 기대한다. 

 

주요어: 불멸화, 프리온 유전자, 배아, TALEN, CRISPR/Cas9 
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