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ABSTRACT 

PiggyBac transposon has been widely employed to generation transgenic 

animals using a "cut and paste" mechanism that is occurred by piggyBac 

transposase recognizing transposon-specific inverted terminal repeat sequences 

(ITRs) located on both ends of targeted gene. The targeted gene is cut, and then 

transferred in to TTAA chromosomal sites. In this study, to investigate whether 

this system can be applied to transgenic cell line establishment, generation of 
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cloned embryos by somatic cell nuclear transfer (SCNT) and also trial of re-

differentiation of cell that was generated by transcription factor for donor in 

producing transgenic pig SCNT cloned embryos.  

Firstly, to verify the application of piggyBac transposon to establish 

transgenic cell line and generate its cloned embryos by SCNT, a report gene, 

RFP (DsRed2), inducible expression vector was constructed using piggyBac 

transposon system, it was transferred to porcine fetal fibroblast, after enrichment, 

the transgenic cell line was established. Homogenously RFP expression was well 

controlled according the fact of existence or nonexistence of doxycycline in 

established cell line. Also cloned embryos were shown homogenous expression 

pattern of RFP using the cell line for SCNT donor. Furthermore the cloned 

embryos were shown normal development without damage by piggyBac 

transposon system. 

Octamer-binding transcription factor 4 (Oct4) is a critical molecule for the 

self-renewal and pluripotency in undifferentiated cell lines like as embryonic 

stem cell. For investigate the effect of Oct4-overexpression on cell proliferation 

and development of cloned embryos, Oct4 was firstly transferred to porcine 

fibroblasts before the introduction of 4 transcription factors in further. Oct4 

expression was validated by the immunostaining of Oct4. Cell morphology was 

changed to sharp, and both proliferation and migration abilities were enhanced in 

Oct4-overexpressed cells and p16, Bcl2 and Myc were also upregulated.  

SCNT was performed using Oct4-overexpressed cells, and the development 

of Oct4 embryos was compared to that of wild-type cloned embryos. The 
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cleavage and blastocyst formation rates were significantly improved in the Oct4 

embryos. Interestingly, blastocyst formation of the Oct4 embryos was observed 

as early as Day 5 in culture, while blastocysts were observed from Day 6 in 

wild-type cloned embryos.  

For validating the availability of piggyBac transposon application to generate 

porcine induced pluripotent cells, coding domain region of porcine Oct4, Sox2, 

c-Myc and Klf4 from pig ovarian cDNA by PCR was cloned, constructed to 

piggyBac expression vector, which is inducible expressed by doxycycline and 

transduced to porcine fetal fibroblast. After 24h transfection, 2 µg/ml 

doxycycline was added in DMEM/F12 culture media contained 15% FBS, 

10ng/ml bFGF and transfected cells were cultured for 2 weeks more. From about 

10 days after, outgrowing colonies were formed, picked, digested to single cell 

and cultured on CF1 feeder cells treated with mitomycin C. They are routinely 

single cell passaged 1:4~6 at every 2-3 day by enzyme. We verified the colony 

formation from single cell culture and maintained the colonies up to passage (> 

37th).  

To compare the developmental efficiency of differentiated cells and 

established cell lines. SCNT was carried out using two types of cells as followed 

to our previous established protocol. In the results, the cleavage rate and 

blastocyst formation rate were not shown any significant differences. But total 

cell number of blastocyst that one of parameter evaluating of quality of embryos 

was shown significantly increased in established cell lines group. 
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In conclusion, piggyBac transposon system could be applied to establish the 

transgenic cell lines and cloned embryos for producing of transgenic pig, also it 

could be used to generated illimitable self-renewal cell line and produce the its 

cloned embryos. As this gene delivery system will be valuably used in gene 

modification availability and stability or safety of generating pig models for 

human biomedical research. 

.……………………………………………………………………………………… 

Key word: piggyBac transposon, undifferentiation, donor cell, somatic cell nuclear 

transfer, domestic animal 

Student Number: 2009-21615 
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1. Literature review

1.1 Gene delivery system 

Gene delivery means introducing exogenous DNA from other organisms or 

reconstructed forms to host cells. It is a necessary step for studies that require 

controlled exogenous DNA and genomic DNA. Gene transfer is various used to 

produce transgenic animals for gene therapy, human disease models, and to 

extract the bulk of secreted proteins for therapeutic materials and vaccines from 

generated transgenic cell lines.  

Since first genetic modified mouse were generated via retrovirus 

microinjection in 1974 by Rudolf Jaenisch, The techniques of gene delivery has 

been developed to achieving more high efficiency and safety. However it is still 

difficult to introduce exogenous genes directly through the cytoplasm membrane 

because of their size and hydrophilicity.  

The ideal systems to transfer exogenous genes should have, high transferring 

efficiency, low toxicity, system stability and consistency to variant cell types, 

organs and even organisms [1]. Currently, several gene delivery systems have 

been developed to introduce targeted exogenous genes into the nucleus of cells. 

Gene delivery systems can be classified as one of three types. Type 1 : viral 

vector-based, Type 2 : non-viral vector-based and Type 3 : physical methods [2]. 
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1.1.1 Viral Vector 

The viral vector-based type is a gene delivery system that use the features of 

most viruses as replication-deficient with the targeted DNA and without the 

harmful sequences that natural viruses contain [3]. Their mostly advanced 

efficiency and specificity in transferring and expressing exogenous genes, mean 

that modified viral-based gene delivery systems have been applied using cell’s 

biosynthetic mechanism. Variant viral vectors were constructed that possess 

different features to transfer the targeted genes for infection. Virus-based gene 

delivery systems are separated by the form of nucleic acid used RNA or DNA.  

1.1.1.1 RNA based viral vector 

RNA-based viral vectors were gradually developed from formal retroviruses 

to involve the efficiency of gene delivery abilities [4]. During variant types of 

delivery module, they are one of most used system for transfer targeted 

nucleotide to dividing cells mostly [5].  

The optimized retroviral vectors have undergone development from 

oncoretroviruses with the fundamentally encoded structural genes of gag, pol 

and env. Almost the viral genes are generally restricted excepting fundamental 

regions such as the long terminal repeat (LTR) [2]. The fundamental regions is 

also encoded the capsid region that accompanies integrase and reverse 

transcriptase. If retroviral particles fuse with host cell membranes through 

interacted receptor, viral RNA enters the host cell, allowing the reverse 
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transcriptase to reverse-transcript the RNA sequences to dsDNA; it was then 

inserted into the chromosomal DNA of the host via integrase [6]. 

Murine leukemia virus (MMLV) mediated vectors, one of C-type 

oncoretroviruses, have been developed and employed to gene delivery system in 

biotechnology and medical therapy. As its name, The MMLV is the reason of 

cancer in mouse. Generally ecotropic MMLVs that are strictly restricted to 

murine, these interact with CAT-1 called cationic amino acid transporter in 

murine range host. Some MMLVs can infect other mammals; these are classified 

amphotropic MMLVs, which show infectivity on most vertebrates range from 

murine to human through the interaction with RAM-1 that called transmembrane 

phosphate transporter [7]. To optimizing for gene delivery and therapy, it had 

modified the structure of the gene delivery system that deleted all viral genes 

and loosened the replication features. Furthermore, to improve the biosafety, 

MMLV-mediated vectors have been minimized the own sequence homology 

between vector and helper sequences by heterologous polyadenylation [8]. The 

advantage of using these vectors is that they can integrate targeted exogenous 

genes into the host’s genomic DNA. This feature allows the host having the 

possibility of the stable and long-term expression of targeted genes and stability 

of the transgene passage to all daughter cells, but its application was limited to 

actively dividing cells cause by cell division was essentially required for targeted 

gene transduction and chromosomal integration [9]. Moreover, high copy 

integration can increase the risk of genomic DNA mutation through insertion on 

federal sites, which might be an important exon part of host cells and organisms 
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[10]. The first trial producing the transgenic large animal by these kinds of viral 

vectors was performed in cattle by pronuclear injection and perivitelline space 

injection in 1998. The transgene was successfully transferred to generated 

embryos and calves [11]. 

The lentiviral vector is also a subclass of retroviral vector systems that has 

recently been developed for gene delivery. It was modified from the formal 

viruse’s essential genes (gag, pol, and env.)-based structure, adding three to six 

additory viral proteins that control viral gene expression and infectivity [12]. 

Otherwise with general RNA-based vectors, Lentiviral vectors need not break up 

the nuclear membrane for these advantage features, and are even capable of 

transferring to non-dividing cells while other retroviral vectors are only applicate 

to dividing host cells [13, 14]. The vectors have a tendency not to integrate in 

transcription sites, in which have activities of transcription. Moreover, It does 

not hamper to express potential genes and cause onset of cancer [15, 16]. The 

first transgenic pig was generated in 2003 by lentiviral vector microinjection. 

The targeted gene (GFP) which was delivered to the genomic DNA of the host 

by the lentiviral vectors, it was stably expressed by designed promoters (a 

ubiquitously active promoter such as phosphoglycerate kinase, LV-PGK and a 

tissue-specific promoter such as human keratin K14 promoter, LV-K14) and 

transmitted to the next generation [17].  

Alphaviruses belong to the Togaviridae family, such as sindbis virus and 

semliki forest virus. Their genomes are positive-sensed single strand RNA that 
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can infect to vertebrates and insects [18, 19]. In the recombination technology, 

their replication and packaging machinery has been applied for high efficiency 

to transiently express the heterologous RNAs and proteins in cytoplasm of host 

cells [20]. The alphavirus viral vectors are widely employed in gene therapy and 

vaccination having several advantages as broad suitable host range, high levels 

protein expression in cytoplasm, and the easiness in construction and 

manipulation. But whole alphaviruses form, no optimizing, is limited to gene 

therapy, because some endogenous proteins of the viruses are increased host cell 

apoptosis [21] and toxicity problems [3, 6, 22].  

Lastly, foamy viral vectors were modified from foamy viruses until recently. 

These viruses are the largest retroviruses and show packaging capability of about 

9 kb, approximately [23]. These are actually endemic in humans, but are 

common in non-human and other mammals such as cats [24], rabbits [25], 

cows[26], horses [27], nonhuman primates [28] and dogs [29]. Foamy viral 

vectors have several advantageous features, such as safety, broad tropism, large 

transgene capacity, and the capability of application in non-dividing cells such as 

neural cells [30]. Therefore, these viral vectors were considered well-suited gene 

delivery systems for specialized therapeutic gene transfer fields [31]. However, 

this vector system also includes problems of unknown receptors, the lack of 

package cell lines, non-suitability for non-stimulated non-dividing cells, and 

cytotoxicity at high doses [23]. 
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1.1.1.2 DNA based viral vectors 

In a different manner, DNA-based viral vectors commonly express target 

genes in episomal form without integrating to the genomic DNA of the host. 

Adenoviral vector was mostly wide used DNA mediated gene delivery system 

that were modified from adenoviruses [32]. The name is derived from isolate site 

as first which is human adenoid. Adenoviruses are medium size, naked 

icosahedral-shape virus type that is nonenveloped viruses. Adenoviral genome is 

dsDNA and so large size that able to transfer big size targets up to 38kb [33]. 

For these physical features of the viruses, it able to be transferred using the 

endosome, is not necessary of envelope fusion. They have a unique fiber 

structure, called “spike” on their capsid which associated with the coxsackie-

adenovirus receptor of host cell surface [34]. Among variant types of 

adenoviruses, the serotypes 2 and 5 in subgroup B were the most characterized 

viruses that were confirmed in variant species [35, 36]. Immunologically, The 

natural adenovirus had been responded to human, so it made their application 

restricted to a few tissues in therapeutics [37]. Actually, adenoviral vectors 

originate from human viruses, but modified adenoviral vectors recently showed 

the possibility of gene transfer in several animals such as mice, rats, rabbits, pigs, 

and nonhuman primates, in vitro and in vivo [2]. But, this gene delivery system 

is not recommended to transgenic animal production, because the targeted genes 

are not integrated in chromosomal DNA, so it is difficult to transmit the genes to 

transgenic animals. Although the many advantages are obtained using these viral 
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vectors, they have fatal dangerous effects and mortal ability in gene therapy [38, 

39]. 

Adeno-Associated Viral (AAV) vector, another DNA-based viral vector, has 

been developed from a nonpathogenic parvovirus class. The genome of AAV is 

single strand DNA, encoding the inverted terminal repeats that are facilitated to 

integrate at a specific site of host’s chromosome. Actually, wild-type AAV can 

infect and be stably integrated into a specific site of a host’s chromosomal DNA. 

Thus, the AAV vectors were used as modified strains that have deficient 

replication abilities [40]. Modified AAV vectors have eliminated integrative 

features that allow the removal of rep and cap from the virus DNA and their 

replacement with recombinant transgene sequences [41]. Reformed AAV 

vectors can associate, forming episomal concatemers in the host nucleus. The 

modified AAC vectors are able to applicate in both dividing and 

extrachromosomal-state cells without chromosomal integration [42]. As rep 

genes are eliminated during construction for use to gene delivery and/or genes 

therapy, AAV vectors display a low immunogenicity [43]. In contrast, their 

cargo capacity is limited to 4.8kb that size is completely replaced virus genome. 

Poxvirus-mediated vectors are developed from poxviruses (vaccinia virus), 

which kinds of the poxviridae family [44]. In the first stage, these vectors had 

been regarded so insignificant system that neglected by gene delivery system 

considering their characteristics. These vectors are shown high capacity more 

than 25kb, no integration genomic DNA of host, and long-term expression in 
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cytoplasm. These vectors are different with other viral vectors in replication-

deficient cycle that is separated 3phases and construction procedures [5]. These 

vectors are specialized in immunotherapy applications and cancer therapy rather 

than Transgenesis production [45, 46]. But the stability and safety of the vectors 

has not been obvious, so further studies are performed more. 

The last DNA-based viral vector, Herpes Simplex Viral Vector (HSV), 

belong to Alphaherpesvirinae subfamily. Their genome is 150kb length dsDNA 

that containing up to 200 genes, that were related to virus replication and 

infectivity of the virus [47]. The large size of genome is mean to their capacity 

of transgenic DNAs that allow to carrying long size of targeted genes. It is one 

of the advantages to use for gene transfer vector. Furthermore, this viral vector 

has been utilized in almost types of neuronal cells in which targeted foreign 

genes can be expressed, because of their origin [48]. Naturally, HSVs are 

transferred to the viral core via direct contact and replicate, which also shows 

their both lytic and latent activity. Lytic activity leads to virus replication and 

host death. The latent infection permits maintenance of the virus in the host for a 

long period.  

 

1.1.2 Non-Viral Vector 

Non-viral vectors mean the use alternative compounds that are derived 

naturally or synthetically, not viruses. These compounds include DNA, proteins, 

polymers, and lipids, and these were formed in particles to transfer exogenous 
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targeted genes into cells. In initial stage, naked DNA plasmid injection was 

rarely succeeded in vivo. But solely using naked DNA, was hampered the 

transgene expression and shown low efficiency [49]. The first potent trial non-

viral delivery technique was calcium phosphate–mediated transfection [50]. 

Since then, a variety of non-viral vectors have been developed to optimize the 

efficiency of gene transfers; non-viral vectors are used in gene therapies and 

various clinical therapy [51, 52]. 

The liposome-based gene delivery system is considered the most common 

gene delivery system for non-viral vectors, since it was first developed as a gene 

delivery substance. It consists of one or more concentric lipid bilayers that can 

spontaneously enclose targeted genes. The complexed structures are named 

lipoplexes, there are three types, anionic, neutral, and cationic. Among the 

various types of liposome, cationic lipids are considered the most effective gene 

transfer compound. Actually, other two types also had been used for structure 

materials of lipoplexes at the initiatory stage, but there were shown toxicity [53]. 

Each cationic lipid is connected by linker, one lipid is composed of a 

hydrophobic anchor and mono- or multi-cationic head groups [54]. This type of 

lipid has been optically modified to a variety of types under a number of 

developments, formulated, and commercially sold [55]. According to the 

principle that cationic liposomes have a positive charge and DNA has a negative 

charge, and they bi-interact spontaneously with one another, the interaction 

complex can be transferred into cells via their membrane that is of a similar 

composition to liposomes. When DNA interacts with liposomes, the ratio and 
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overall concentration of liposomes were significantly important for the gene 

delivery efficiency [56]. Using liposomes achieved several advantages when 

transferring exogenous genes to a host. First, the construction cost is cheaper 

than for other delivery reagents. Second, they protect the targeted gene 

degradation from the nuclease [57]. Third, they can transfer DNA as large as a 

chromosome [58]. Finally, they can target specific cells or tissues and do not 

cause diseases [59]. Furthermore, the application of liposomes can solve 

problems with immunogenicity and the replication-proficient contamination of 

viral vectors [2]. Furthermore, it should improve the transfer of reagents in gene 

delivery systems to specific tissues in vivo. Likewise, polymer-based vectors are 

another class of non-viral vector. The targeted exogenous DNA is condensed 

into small particles and formed polyplexes by cationic polymers in which the 

DNA could be protected from degradation due to extra stress and enzymes [60]. 

The uptake process usually through endocytosis receptor allowed condensed 

DNA in small particles to be transferred to cells. But some kind of polyplexes 

cannot release the targeted DNA by itself, be co-transfect with endosome-lytic 

agents [61]. The polymer-based vector can form a hybrid with liposomes to 

enhance their delivery efficiency [62-64].  

Apart from the previous materials, all vectors that have the ability to transfer 

exogenous molecules to cells, like plasmid vectors, nanoparticles, and 

transposon systems, are included in this category except for all viral vectors. In 

addition, the variant types of non-viral vectors that can be used in a combined 
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form within others enhance the transference efficiency under synergic effects [62, 

64].  

1.1.3 Physical method 

Physical methods usually utilize physical forces to transfer exogenous DNA 

to cells by penetrating the cell membrane barrier. This is obviously simple, easy, 

and free of cytotoxic and immunogenic side-effects from viral or non-viral 

vectors. Among these methods, needle injection is the most basic method for 

gene delivery into cells or tissues. The drawback of this method is the low 

efficiency of gene delivery ability, only limited cells located in the needle track 

can be transfected. Some efforts have been applied to enhance the transgene 

expression level by optimizing the plasmid modification. 

Next is ballistic DNA injection, which is called a “gene gun,” it was first 

employed for transferring genes to plants [65]. The gene gun was developed 

from a Crosman air pistol that was modified to shoot exogenous DNA-coated 

tungsten particles in the 1980s. Since the method has been introduced for gene 

delivery systems, it has been developed to deliver exogenous DNA into 

mammalian cells or tissues in vitro and in vivo [66, 67]. Briefly, some DNA-

coated particles are shot into the cells with a high-voltage electronic discharge, 

spark discharge, or gas pressure discharge, so that the damaged cells could 

contain the DNA [68, 69]. The ballistic DNA injection method has been 

successfully adopted to transfer genes into variant cell lines even in in vivo 

organs that have been exposed via surgery [68, 70]. Unfortunately, this method 
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transiently expresses the targeted DNA, randomly inserts it into the genome and 

can cause severe damage at the discharge site. 

Electroporation, also called electro-permeabilization, is a transfer technique 

in which an electrical field is facilitated to increase the permeability of the cell 

membrane of host cells, transfer exogenous chemicals, drugs, or the DNA 

sequences of genes. This process has also been used to transform bacteria, yeast, 

or plants, but it is now used to create variant cell types, even mammalian cells 

have high efficiency for the transfer of exogenous genes [71]. An intense 

electrical pulse shock transiently increases the permeability of cell membranes 

and allows the transport of genes into cells [72]. The transfer efficiency depends 

on the pulse intensity, duration, and frequency [73].  

Sonoporation is the use of ultrasound for the permeability of the cell plasma 

membrane to introduce targeted exogenous genes. The efficiency of gene 

delivery is also concerned by the pulse intensity, frequency, and duration similar 

to electroporation [74]. Extended exposure to low-frequency ultrasound has been 

demonstrated to result in complete cellular rupture, thus cellular viability must 

also be considered when employing this technique. In recently, “microbubbles”, 

the ultrasound contrast agent, has been used for enhancing transfection 

efficiency into cells and/or tissues. The bubbles are capable of carrying the 

foreign DNAs and destructed by ultrasound, then the foreign DNAs are released 

in local [75]. Compared with other delivery systems, the sonoporation method is 
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now at the initial stage, meaning that more trials are required to optimize the 

applicability and efficiency of gene transportation. 

Photoporation uses a single laser to permeate or format pores in the cell 

membrane and thus introduce foreign genes to cells. Using photoporation on cell 

membranes with a finely focused laser beam allows them to repair itself within a 

short period of time [76]. The efficiency of transfection depends on the size of 

the focal point and the laser’s pulse frequency. The transgene expression level 

was similar to that of electroporation [2]. The method directly penetrates the cell 

cytoplasmic membrane and the nuclear membrane without creating extensive 

damage; it can be applied in tardy growing cells, non-dividing cells, and/or 

primary cell lines. However, the transfection efficiency is low and the cell death 

rate increases as impulses increase, which increases the transfection and limits 

clinical use, as the electrical energy is difficult to focus and can be highly 

disruptive [77].  

Magnetofection utilizes a magnetic field to introduce foreign genes that are 

associated with magnetic nanoparticles coated with cationic molecules. 

Magnetic force attracts the coated nanoparticles transport and enables rapid 

process times with significantly improved transfection rates. Magnetofection has 

been applied to variant cell types from primary cells to cells that are difficult to 

transfect using non-viral methods [78]. The magnetic nanoparticles are usually 

made of iron oxide, which is biodegradable and has no toxicity at the 

recommended dosage. The advantages of using this method are that the required 
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vector dose is quite low, the incubation time is short, and the transfection and 

delivery efficiency are high [77, 78].  
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1.2 Transposon gene delivery system 

 

The transposon delivery system originates from a natural phenomenon called 

a “transposable element” (TE or transposon) also known “jumping genes”. The 

phenomenon is broadly existed in almost organism range from plants to 

vertebrate [79]. The first discovery of TE was verified in color pattern difference 

of each grains on a corn by Barbara McClintock in 1983 [80].  

TE is a specific mobile repetitive-nucleic sequence that is causative of 

mutagenesis in nature. TEs are distinguished to two classes based on their 

transposition mechanism [81]. One of the classes, “Retrotransposons”, is 

achieved by reverse transcription intermediating mechanism that are abundant 

components in plant genome in nature [82]. It is called “copy-and-paste” that is 

very similar as RNA-based viruses infection processing using reverse 

transcriptase. The retrotransposon possess own the enzyme that transcribe RNA 

from DNA and then the RNA was reverse transcribed at another site of genomic 

DNA. Retrotransposon was commonly was divided to three main orders by 

composition of transcriptase types [83]. Although the retrotransposons are 

generally driven from plant kingdom, commercially synthesized L1 named 

ORFeus was shown possibility of gene transfer in both somatic and germline 

transgenesis in mice as vertebrate [84]. 

The other TEs, “DNA transposon”, encode the transposase protein, which 

recognize the specific inverted terminal repeat sequences (ITRs) that were 
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located at both ends of target DNAs. The DNA transposon’s principle 

mechanism is called “cut-and-paste”, that is occurred by the transposase protein. 

Once the enzyme recognizes the ITRs, cut the fragments, and then excised 

fragments are inserted to   especially characteristic site of genomic DNA [81]. 

There are several kinds of commercialized DNA transposon having capability of 

gene delivery. Since the first generation and use of the Sleeping Beauty system, 

other transposons have been developed and used for genetic modification of 

vertebrate model organisms, although their origins were various ; piggyBac and 

Minos were originated from insect, Tol2 was isolated from fish, Frog Prince 

were reconstructed amphibian element [85-88]. Various DNA transposons are 

distinguished to three classified groups by kinds of transposase and insertional 

site. The first, the Tc1/mariner family, includes Sleeping Beauty, Frog prince, 

Minos, Himar1, and Passport. The targeted DNAs were integrated randomly 

into TA dinucleotide sites at chromosomal DNA via enzyme activity using these 

transposon systems [89]. A second member of the hAT family (Tol2), their 

integration mechanism relies upon DNA deformation, no specific sequence–

mediated [90]. The last class, the piggyBac transposon family, integrates into a 

TTAA tetra-nucleotide that is located at each ends of the transposon [91]. 

Transposon systems have several advantages for generated transgenic animal. 

First, the transposase activity improves the efficiency of exogenous gene 

integration. Second, transgenesis via transposase mediation accurately integrates 

one or more sites into the host genome. Thus, transposase-mediated integration 

avoids the G/C-rich prokaryotic elements of the vector and transgene 
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concatemerization [92]. Using transposon systems is proposed for the 

transgenesis of various types of laboratory animal and large cells prior to the 

donor cell for production using SCNT [93]. Above production of transgenesis, 

the TEs can be applicate to several research fields considering the advantageous 

features of TEs. There are including both loss-of-function and gain-of-function 

mutagenesis screening by mutagens insertion, gene trapping, recessive genetic 

screens in ES cells, generation of induced pluripotent stem cells, and therapeutic 

of human diseases as cancer [81]. 

1.2.1. Sleeping Beauty system (SB) 

Transposons are like parasitic DNA sequences that can jump on a host’s 

genome via replication and spread. Their functional features mean that they can 

be used as genetic tools in genetic research, genetic engineering, etc. SB is a type 

of transposon gene delivery system and synthetic DNA transposon with defined 

DNA sequences into the genome of vertebrate animals. The SB system works via 

transposase, which recognizes the transposons that construct the specific defined 

available DNA sequences into vertebrate animal genomes. SB transposon–

mediated translocation occurs using a simple manner called “cut-and-paste,” and 

excises DNA fragments by moving transposase to another site and pasting it into 

the host’s DNA. The capable insertion sites were composed of TA dinucleotide 

base pairs in the recipients’ chromosomes; approximately 200 million insertion 

sites exist in humans [89].  
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The purposes of SB development were the introduction of new traits, the 

discovery of new genes and genome functions via mutation. In particular, SB has 

been used for recombinant genetic engineering in insertional mutagenesis 

because of its signature-tagging mutagenesis (STM) and insertional inactivation 

[81, 94]. STM is focused to determine the phenotype of a locus in an organism’s 

genome, while something inserted (targeted DNA) via SB can determine 

phenotype changes in a genome. Insertional inactivation is focused on 

suppressing the expression of genes by inserting something into their own 

sequence.  

The synthetic SB transposon has been used for new delivery systems in 

synthetic biology. The accumulated knowledge of the mechanism and interaction 

with vertebrate species enables the modulation of the transposon reaction for 

various applications. The SB system has been applied to transfer genes in various 

vertebrates such as birds, sheep, human, mice, cattle, and pigs both in vivo and in 

vitro [95-97]. Furthermore, SB successfully generated germline transgenesis and 

preclinical models in variant vertebrate animals [98-102]. Alternatively, 

mutagenic SB can be employed in functional genomics. Insertional mutagenesis 

screens can be used in oncogenomics or in germlines [95]. SB has been used in a 

variety of biological and medical science fields such as discovering the functions 

of genes [103], making disease models [104, 105] via “knocked out” or 

“knocked in” genes, and gene therapy [106, 107].  
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1.2.2. Limitation of SB 

SB was initially designed for vertebrate animals and has been explored in 

preclinical models [97, 108, 109], so has been proven activity in mouse, human, 

and fish such as zebrafish. Although SB has been tested in several research 

studies, its general usage was limited. First, new transposon insertions were 

heavily concentrated near the original site and broad TA dinucleotide base pairs 

finally had random integration or no matching sites related to some specific 

tissues and organs. Second, insertion efficiency was low and cargo capacity was 

limited to less than 10 kb nucleotides [110]. The combination of exogenous 

DNA-binding domains (DBD) into the transposition machinery can potentially 

enhance the transformation efficiency and result in site-specific integration, but 

the feasibility tests in previous reports, show that SB transposase was fused to 

zinc finger DBD, and these SB fusion transposases were shown to dramatically 

reduce transposition efficiency, tempering the potential for SB-targeted 

integration [111]. Finally, SB left vestiges when re-excised via SB transposase 

called “foot prints” that cause gene mutations. Consequently, it can 

unintentionally create mutants and abnormal phenotypes.  

 

1.2.3. PiggyBac transposon system 

The piggyBac (PB) transposon system is an efficient transposition method 

within vectors and the genome of a host via “cut and paste” method similar to SB. 
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The PB transposon vector contained the targeted DNA with specific inverted 

terminal repeat sequences (ITRs), which were located at both ends of the cargo 

elements. PB transposase recognizes ITRs, and then transfers its cargo elements 

into the TTAA chromosomal sites. Their high efficiently fidelity means that this 

system rapidly became a useful genetic engineering tool in a variety of species 

[93, 112, 113]. Specific elements of TTAA originated from the Cabbage Looper 

[114]. In this origin, PB was also employed in insect gene engineering. However, 

TTAT sites commonly exist in other animals. Thus, when exogenous DNA that 

targeted transference into a host’s chromosome was designed that encoded ITRs 

on both ends and transposase expression vector co-transfer to cells, the 

expressed transposase cut the targeted DNA, recognized ITRs, and pasted at the 

TTAA sites of the host’s chromosomal DNA with high efficiency. If re-excision 

is required, the expressed transposase in which the protein recognizes ITRs again 

can be clearly cut from the chromosomal DNA without footprint (Fig 1.). During 

the transposon system, PB has shown the critical features that they have no cargo 

size limitations and reversible usage unlike SB [113]. Until recently, the PB 

transposon system has generally been used for studies for generating porcine 

induced pluripotent cells in pig by transferring exogenous transcription genes 

that are the basis for human disease pig models, therapeutic models, and induced 

stem cells [115]. The transgene transfer efficiency using PB was significantly 

higher in pig cells by about 30-fold compared to only transfected formal plasmid 

DNA. In addition, the integrated sites were limited number and neither was 

located near functional genes [116]. Therefore, PB-mediated insertion does not 



２２ 

interfere with the activity of any known gene of the host genome. More 

genetically modified cells were successfully added by the PB system that was 

used for SCNT donor cells, which could develop to pre-implantation embryos 

and thus generate cloned piglets with high efficiency [93]. Although SB 

transposon is the most popular system that has been recently used for genetic 

modification in mammals, according to the results of a previous report [117], 

that compares several transposon systems, PB could be the best flexible 

transposon for the generation of mammalian transgenesis and has held a 

guarantee for preclinical gene therapy experiments among the several transposon 

systems. 
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Figure 1. A diagram of the piggyBac transposon system. The enzyme, 

expressed piggyBac transposase from same or other constructed vector, is 

recognized ITRs that located at both ends of targeted exogenous DNA, and 

cut the fragment. Excised element is transferred into nuclear, pasted on TTAA 

specific sequences of chromosomal DNA of host. 
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1.3 Somatic Cell Nuclear Transfer (SCNT) 

SCNT is an assisted reproductive technique that generates clones of a donor 

using the single somatic cell of donor animals with enucleated oocytes. This 

technique was introduced via the first cloned sheep, “Dolly,” in 1997 [118]. 

After introducing this report, many other mammals (mice, cattle, pig, dog, cat, 

goat, etc.) have been produced using SCNT techniques [119-124]. In addition, 

this technique was regarded as an alternative to producing transgenic animals for 

further studies about genes’ functions, mechanisms, therapeutic/disease models, 

and xenotransplantation by introducing and/or removing targeted genes. 

Furthermore, this provides the opportunity to produce embryonic stem cells 

[125]. SCNT-driven embryonic stem cells are genetically identified donor 

organisms, and thus can be applied in patient-specific treatments [126]. Stem 

cells have pluripotent abilities, meaning that they can be differentiated into any 

cell type such as tissues and organs, and can be applied as replacements for 

damaged cells and tissue. The establishment of embryonic stem cells by SCNT 

has been enacted in species such as mice, humans, and non-human primates 

[127-129]. 

In SCNT, the pronuclear of matured oocytes was enucleated by pipette using 

a manipulator, and the targeted single donor cell was injected into the enucleated 

oocyte. Finally, cell-injected oocytes were fused and activated via electronic 

stimulation and/or chemicals that mimic the activation circumstances of gametes 
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by in vivo and in vitro fertilization (IVF). Producing cloned animals via SCNT 

involves multiple steps, which may influence the results. The in vitro maturation 

conditions should be optimized to obtain high quality oocytes, selection and 

culture/preparation of suitable donor cells, fusion and activation conditions, and 

the in vitro culturing of embryos and/or embryo transfer to recipients.  

The first cloning of pigs via SCNT using granulosa cells was reported in 

2000 [130]. PPL Therapeutics Incorporated in the USA, transferred 586 SCNT 

embryos to 10 recipients, from which five cloned piglets were delivered from 

one recipient sow. In the same year, Akira Onishi, an animal breeder at Japan's 

National Institute of Animal Industry in Tsukuba, and his colleagues 

successfully generated a cloned piglet, Xena, using their own approach [131]. 

They used donor cells as connective tissue cells from 24-day-old fetuses, 

constructed 110 cloned embryos, and transferred these to four recipient mothers. 

Since the successful cloned pig production reports were announced, many 

reports about cloned pig production, even in genetically modified clones that 

were resources for variant studies, have been introduced with greater specificity 

and high efficiency. 

1.3.1. Transgenesis 

Before introducing SCNT for the generation of transgenic animals, many 

research fields have tried to directly transfer targeted genes through sperm 
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and/or oocytes as gamete cells. With specific focus on transgenic pig, the first 

genetically modified pig was produced via pronuclear microinjection in 1985 

[132]. . Pronuclear microinjection was performed by directly injecting target 

DNA into pronuclear zygotes using a microneedle. In this report, the first trial 

that constructed genes consisted of a mouse metallothionein-I (MT) 

promoter/regulator region and human growth hormone (hGH) together; this was 

introduced into pig as a large animal’s pronuclear or nuclei of eggs via 

microinjection. Transgenic frequencies via pronuclear microinjection were 

approximately 5–30%, which was not low for other methods. However, it was 

shown that few injected egg/oocytes survived microinjection, which is 

incorporated into the germline as transmission and mosaicism in embryos. In the 

sufficient results of this method, some factors influence transgenesis production 

including the form, type, size, and dosage of the structured DNA containing the 

targeted gene, equipment system, and the injector’s experience, skill, and 

technique. 

Sperm-mediated gene transfer (SMGT) and intracytoplasmic sperm injection 

(ICSI) were used to produce transgenesis via DNA contracting with sperm. 

SMGT was described as a simple and efficient technique in 1989 [133]. In 

SMGT, seminal plasma-free sperm cells are cultured in the appropriate medium 

with targeted DNA. The DNA-containing sperms and oocytes are fertilized via 

IVF or artificial insemination. However, due to the low efficiency of the method, 

researchers now use this method in combination with other sperm carrier 

techniques to conjugate transgenes. Although the rate of product transgenesis 
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increased with combination methods, the shock from physicals and chemicals 

also induces cell injury that causes irreversible damage to sperm motility [134]. 

ICSI is used as part of IVF, with only a single sperm directly injected into a 

matured oocyte. To produce a transgenic animal by ICSI, similar to SMGT, a 

transgene-containing sperm cell is directly injected into an oocyte. Both SMGT 

and ICSI were developed to obtain highly efficient transgenesis. However, 

treatments may cause damage to the sperm, with damaged DNA resulting in 

chromosomal breakage with a detrimental effect on further development [135]. 

Transgenesis through the previous three methods can only introduce random 

transgene insertion and cause some disadvantages and safety concerns. To 

conduct transgenesis, SCNT is still a very useful method, because only the 

transgenic donor cell is injected into the enucleated oocyte. Due to this 

advantage, SCNT is still used to generate specific cloned animals in biomedicine 

fields, such as xenotransplantation, human disease models, cell therapy, and 

bioreactor animals [136, 137]. Using PB transposon-mediated donor cells, the 

first transgenic pigs produced by SCNT were reported in 2013 [93]. In the 

results, they produced 20 transgenic piglets using PB-modified fetal fibroblasts 

and demonstrated the PB transposon system approach for the transfection of 

nuclear donor cells, which resulted in the generation of mostly healthy piglets. 

As PB with SCNT introduces a more easily implemented and potentially safer 

delivery system for genetically modifying porcine cells, it is suggested that PB 

represents an attractive alternative to viral vector-based transgenic pigs. 
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1.3.2. Requisite of donor cell for SCNT 

Before SCNT was introduced, in vitro production (IVP) was mostly 

dependent on IVF. At this time, the successful development and quality of 

embryos are reliant on in vitro/vivo matured oocytes, spermatozoa, culture 

conditions, and embryo transfer tools etc. However, since SCNT was introduced 

for IVP, researchers engaging in IVP study have examined donor cells for SCNT 

apart from the previous factors. In SCNT, somatic cells are needed for the donor 

to produce embryos. Nevertheless, the efficiency of production of cloned 

embryos or animals using SCNT is lower than that of other IVP protocols. To 

overcome this problem, many studies have been developed. One of these efforts 

to enhance the efficiency of SCNT has focused on donor cells [138]. These 

efforts include synchrony of the cell-cycle stage [139], age [140, 141], origins 

[142, 143], passage [143], and type [144]. Actually, the conditions of donor cells 

have not yet been optimized for high-efficiency production, the G0 or G1 phase 

of the donor cell cycle, long telomere lengths, or early passage and cause no/less 

damage or mutation of the chromosome of origin and cell types [145]. All of 

these conditions facilitate nuclear reprograming during the developmental events 

via SCNT-cloned embryos and coordinate the donor nucleus and recipient 

oocyte nucleus and cytoplasm [146, 147]. 
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1.4 Induced pluripotent stem cells 

1.4.1 Induced pluripotent stem cells using transcription factor 

Pluripotent stem cells (iPSCs) are induced to have the pluripotent feature 

with some transcriptional factors from differentiated somatic cells [148]. 

Although IPSCs as embryonic stem cells (ESCs) can be used in study fields such 

as regenerative medicine, cell- or tissue-specific therapy, and transplantation, 

they raise ethical issues because of their isolation from embryos. Since iPSCs 

can be induced from fully differentiated cells, they not only neglect the needs of 

embryos, but can be made into individual patient-matched pluripotent cells [149]. 

The first mice iPSCs were induced through only four transfection-specific 

four transcription factors (Oct4, Sox2, Myc, and Klf4) using a viral vector under 

ESC culture conditions [148]. Since then, many research groups have developed 

iPSCs that induce mechanisms via the addition and/or replacement of 

transcription factors in several species. To date, several factors have been 

introduced, including Nanog, Lin28 [150], Glis1 [151], and the previously 

mentioned four transcription factors for evaluating efficiency. However, with 

this method, using transfection exogenous factor with a viral vector might have 

the severe risk of restriction, especially in humans. If the iPSCs are adapted in 

human disease therapeutic studies, the unknown risk of a viral vector with 

exogenous genes, genomic modification of the cells, and tumor formation via 
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oncogenes as the Myc family might be hindrances for use [152]. To avoid these 

problems, many studies have tried to optimize the inducing protocol using a non-

harmful factor. Adenoviral vector that has no integration with the genomic DNA 

of cells can also be used to avoid hindrances [153]. Additionally, a transposon 

gene delivery system with the re-excision function of exogenous genes as well as 

stimulus-triggered acquisition can be used, as certain types of stress [154] and 

RNA molecules can be alternate methods [155]. 

For improve the induction efficiency, one of the main strategies has been to 

use small compound chemicals that conjugate the transcription factor. The 

application of histone deacetylase inhibitor, valproic acid, increased the 

effectiveness of nucleolus reprogramming 100-fold [152]. Likewise, one 

research group also identified two chemicals, ALK5 inhibitor SB431412 and 

MEK (mitogen-activated protein kinase) inhibitor PD0325901 [156], and 

another group introduced Thiazovivin [157].  

In humans and pigs, many research groups have tried to generate naïve 

formed pluripotent cells from differentiated cells. However, they have not yet 

been developed like mouse iPSCs, even though primary formed iPSCs that 

regulate self-renewal by bFGF were generated [158, 159]. 
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1.4.2. Availability of iPSCs as donor cells 

Generally, ESCs are a powerful resource for conducting transgenesis for 

further studies. Nevertheless, gene-modified pigs have been hampered by the 

absence of certain germline-transmitted pig ESCs from IVF-derived embryos 

[160]. SCNT was an alternative method to conduct pig transgenesis. However, 

SCNT also had the limitation of proliferation and an extremely low frequency of 

homologous recombination compared with ESCs. Since the development of 

induced iPSCs from somatic cells, using porcine iPSCs (piPSCs) to generate 

genetically modified pigs has entered a new state.  

In mice, the developmental efficiency of SCNT using undifferentiated cell 

lines such as iPSCs was proven in results in which high-quality and 

developmental blastocysts were obtained more efficiently by several research 

groups [161, 162]. One Chinese research group published a report of SCNT 

results using iPSCs for donors. According to the conclusion, although piPSCs 

did not show dramatic enhancement of the developmental capacities of embryos 

and clone births, they can be used as donors for NT if the process conditions of 

NT are optimized for extra events [160]. 
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2. General objective

The purpose of this study is to verify the applicability of PB transposon 

system to generated transgenic porcine cell lines and the availability of the 

transgenic cells inducted pluripotency by transcription factors for SCNT donor. 

This thesis is composed of 4 parts. In part I; as a general introduction, it was 

explained the reason of why this study have designed and performed. In part II; 

general methodology used in this study was described. In part III; 
1)

PB

transposon system was verified the applicability to generated transgenic porcine

cell lines and cloned embryos using reporter gene, 
2)

 effect of key molecule of

pluripotency, Oct4, in cell proliferation and development of cloned embryo, and

3)
the reverse-undifferentiated transgenic cell lines were used for SCNT donor

for evaluating its developmental efficiency. Finally, a final conclusion of this 

study was described in part IV. 
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PART II 

 

GENERAL 

METHODOLOGY 
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1. Chemicals and materials 

All chemicals were obtained from Sigma-Aldrich Co. LLC. (Missouri, USA) 

unless otherwise stated.  

 

2. Vector construction 

Generally, all genes those using in this study were amplified with PCR from 

cDNA or commercial constructed vector. For designing of PB expression vectors 

in this study, the targeted DNA fragments were used for gateway cloning system 

(Invitrogen, Carlsbad, CA, USA) followed the protocols. Targeted exogenous 

DNAs were amplified using PCR primer containing gateway sequence (F: 

attB1+kozac sequence and R: attB2, Table 1). Amplified fragments were 

recombined with BP and LR clonase (Invitrogen). BP reaction was controlled by 

lisogenic pathway which is catalyzed by bacteriophage λ Integrase (Int) and E. 

coli Integration Host Factor (IHF) proteins (BP clonase). attB sequence 

(contained PCR products) reactivated with attp sequence (contained the entry 

vector, pDonor, Invirtogen) under the BP enzyme, the sequence were changed to 

attL and attR, by the pathway, the targeted DNAs recombined into pDonor vector. 

While in LR reaction, lytic pathway is catalyzed by the bacteriophage λ Int, 

Excisionase (Xis) proteins and the E. coli Integration Host Factor (IHF) protein 

(LR Clonase). The attL sequence in pDonor vector, formed from BP reaction, 

was reacted with attP (in destination vectors) and recombined. Finally, targeted 

DNAs were cloned into destination expression vectors with changing to attB 
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sequence. Destination vectors, PB-CA with p-CCAGG promoter and PB-TET 

with inducible promoter by tetracycline dependent mini-CMV promoter from 

Addgene (http://www.addgene.org) were used to produce final expression 

vectors (Fig 2.) except the Oct4 gene.
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Table 1. Primer sequences of gateway cloning in present study 

Primer name Sequence 

Gateway sequence 

F: ggggacaagtttgtacaaaaaagcaggcttcACC (attB1+Kozak sequence) 

R: ggggaccactttgtacaagaaagctgggtc (attB2) 

Gateway-RFP 

F: ggggacaagtttgtacaaaaaagcaggcttcACCATGGATAGCACTGAGAACGTCAT 

R: ggggaccactttgtacaagaaagctgggtcCTACTGGAACAGGTGGTGGC 

Gateway-pOSM 

F: ggggacaagtttgtacaaaaaagcaggcttcACCATGGCCAGCAAAGGAGAAGAAC 

R: ggggaccactttgtacaagaaagctgggtcTTATGGGCAAGAGTTCCGTAGCTGT 

Gateway-pKlf4 

F: ggggacaagtttgtacaaaaaagcaggcttcACCATGGCTGTCAGCGACGCG 

R: ggggaccactttgtacaagaaagctgggtcTTAAAAGTGCCTCTTCATGTGTAA GGCAAGG 

 * pOSM: Porcine Oct4-Sox2-Myc, Linked by 2A peptide sequence 
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.

 

Figure 2. Gateway cloning for construct of piggyBac transposon vectors. 

Amplified fragments were recombined with BP and LR clonase. BP reaction was 

controlled by BP clonase. The attB sequence reactivated with attp sequence that 

contained the entry vector. While in LR reaction, depend by LR Clonase. The attL 

sequence in pDonor vector, formed from BP reaction, was reacted with attP that 

was exist in destination vectors and recombined. Finally, targeted DNAs were 

cloned into destination expression vectors with changing to attB sequence. 
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3. General cell culture 

3.1. Primary culture of porcine fibroblasts 

Primary culture was performed using ear skin biopsies from neonatal piglets 

or whole-body of 35 days fetus. The lumps of tissue were minutely homogenized 

and then cultured overnight in collagenase IV in a 37 °C incubator. The 

homogenized tissues were washed more than three times with phosphate-

buffered saline (PBS; Life Technologies, Carlsbad, CA, USA) and collected by 

centrifugation at 1500 rpm, for 2 min. The collected clusters of cells were 

cultured in 60-mm culture dishes with Dulbecco's Modified Eagle Medium 

(DMEM, Life Technologies), supplemented with 10% fetal bovine serum (FBS, 

Life Technologies) and 1% Pen Strep (Life Technologies). 

3.2. Cell culture of porcine fibroblasts 

General cell culture using DMEM (Life Technologies), supplemented with 

10% fetal bovine serum (FBS, Life Technologies) and 1% Pen Strep (Life 

Technologies). Cell was filled in dish, was performed subculture to new dish or 

cryopreservation. In subculture process, fully filled cells were treated 0.25% 

trypsin/0.038% EDTA (Invitrogen) for detachment from dish in 37 °C incubator. 

And digested cell were collected by centrifugation at 1500 rpm, for 2 min. After 

discard supernatant media, two times washing with PBS (Life Technologies). 

Re-collected cell were suspended with culture media and subculture to new 

tissue-culture dish with optimized cell numbers. Cryopreservation was 
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performed under liquid nitrogen using 70% culture medium with 20% FBS and 

10% dimethyl sulfoxide. 

3.3. Cell culture of induced pluripotent like cells 

Generally, induced pluripotent like cells were cultured with stem cell culture 

medium (DMEM/F12, Life Technologies) containing 15% FBS, 10ng/ml bFGF, 

1% Pen Strep and 2 µg/ml doxycycline on to CF1 feeder cells. In subculture 

process, iPSC-like conies were picked using fined capillary pipette by manual 

and collected 1ml triple (Invitrogen) in 1.5 ml tube. Colonies were digested by 

enzyme during 2~3 min in 37 °C incubator. Digested cell were collected by 

centrifugation at 1500 rpm, for 2 min, re-suspended cells with stem cell culture 

media were subculture to 4-well dish with CF1 MMF feeder every 2 days or 

cryopreservation was performed under liquid nitrogen using 70% culture 

medium with 20% FBS and 10% dimethyl sulfoxide. 

 

4. Preparation of somatic cell nuclear transfer in pig 

 

4.1. Oocytes collection and in vitro maturation  

Pig ovaries were collected from a slaughterhouse in 0.9% (w/v) NaCl 

solution at 30-37 ℃. Antral follicles (3-6 mm) were aspirated using an 18-gauge 

needle attached to a 10 ml syringe and collected in a conical tube at 39 °C. A few 

minutes later, the sediment was washed with Dulbecco’s PBS (D-PBS; 

Invitrogen, USA) containing 1% Pen Strep. Cumulus-oocyte complexes (COCs) 
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with intact compact cumulus cell layers were selected and washed 3 times in 

TCM-Hepes before being transferred to a modified TCM-199 supplemented with 

10 ng/ml EGF, 0.57 mM cysteine, 0.91 mM sodium pyruvate, 5 μg/ml insulin, 1% 

(v/v) pen-strep, 0.5 μg/ml follicle stimulating hormone, 0.5 μg/ml luteinizing 

hormone and 10% porcine follicular fluid. For the first 22 h only, the IVM 

medium also contained gonadotropin. The COCs were cultured at 38 °C with 5% 

CO2. After total 44 h of maturation without hormones. Matured oocytes were 

denuded cumulus cells by pipetting with 0.1% hyaluronidase in TCM-Hepes. 

Then denuded oocytes were treated according to each experimental design. 

 

4.2. Donor cell preparation 

Two days before the SCNT process, the transgenic donor cell were prepared 

by sub-culturing or thawing in the 4-well dish with 500 μl DMEM (Life 

Technologies), supplemented with 10% fetal bovine serum (FBS, Life 

Technologies) and 1% Pen Strep (Life Technologies). At the date, fully filled 

cells were treated 0.25% trypsin/0.038% EDTA (Invitrogen) for detachment 

from dish in 37 °C incubator. And digested cell were collected by brief 

centrifugation. After discard supernatant media, washed with PBS (Life 

Technologies) and again briefly spin down. Finally the cell pellet was re-

suspended with TALP-Hepes and stored in RT before injection. 
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4.3. Somatic cell nuclear transfer and embryo culture 

To produce cloned porcine embryos, SCNT was performed as described in 

the previous report [163]. Briefly, in vitro–matured oocyte stained with 5 μg/ml 

bisbenzimide (Hoechst 33342) for 10 min and observed under an inverted 

microscope equipped with epifluorescence at 200 X magnification. Each 

matured oocyte was held with holding micropipette (150 μm inner diameter), 

then enucleated with a micromanipulator (Nikon-Narishige, Tokyo, Japan) in 

TALP with 5 μg/ml cytochalasin B. First polar body and adjacent cytoplasm, 

containing the metaphase-Ⅱ chromosomes, were aspirated using a fined 

micropipette. The enucleated oocytes were placed in TALP-Hepes and used for 

SCNT. Transfected cells were used as donor cells for SCNT. The donor cells 

were injected into the perivitelline space of the enucleated oocytes and then 

electrically fused using an electro cell fusion generator (LF101; Nepa Gene Co., 

Japan). After 40 min of fusion, the artificial activation of the fused embryos was 

performed with a single direct current electric pulse of 1.5 kV/cm for 60 μsec 

using BTX Electro Cell Manipulator 2001 (BTX Inc., San Diego, USA). The 

activated SCNT embryos were cultured in Porcine Zygote Medium-5 (PZM-5) 

[164] under the mineral oil at 39 °C in 5% CO2, 5% O2 and 90% N2. Embryos 

were evaluated for cleavage on Day 2 and for blastocyst formation from Days 5 

to 7 and count total cell number of cloned blastocysts. 

 

5. Statistical analysis 

All experiments were replicated at least three times and statistically analyzed 
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using Prism 5 software (GraphPad, La Jolla, CA, USA). The Student’s t-test was 

used to analyze any differences between two groups. The one-way analysis of 

variance (ANOVA) was used to analyze any differences between three or more 

groups. A P-value less than 0.05 was considered significant. 
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PART III 

 

INTRODUCING 

TRANSPOSON SYSTEM IN 

PORCINE CELL   
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Chapter I. Confirmation of piggyBac transposon system to 

generate transgenic cell line and cloned embryos in pig 

 

1. Introduction 

 

Pigs are one of valuable animal models for human biomedical research, 

particularly, xenotransplantation, because they have similar characteristics in 

aspects of organ size and physiology [165-167]. Hence, for xenotransplantation, 

transgenesis in pigs is considered as a prerequisite process for reducing or 

removing the immune rejection. Since the first transgenic pigs via microinjection 

were born [132], several transgenic pigs have been produced by SCNT, which is, 

a somatic donor cell injected into an enucleated oocyte, and then transferred 

cloned embryos into surrogate mothers so far [166]. Many cloned transgenic 

pigs were derived from plasmid vector or viral infection system for knockout or 

over-express the target gene [166, 168, 169]. While homologous recombination 

has been still widely employed to produce knockout animal models, particularly 

pigs [170, 171], plasmids or viral vector with constitutive promoters like CMV 

has been used for over-expressing the target gene [172]. However, constitutive 

expressions of the foreign gene often make it difficult to use them when the 

target genes are to be expressed in a temporarily and spatially controlled manner. 

To circumvent these problems, methods for inducible transgenic systems have 

been developed, including tetracycline inducible system that has been 

extensively used mostly in rodent animal models [173, 174]. 
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Recently, a gene delivery system, PB transposon, is successfully applied to 

produce transgenic mice [85, 175]. In that study, PB transposon delivered genes 

into transgenic mice efficiently. Accordingly, this study investigated the 

feasibility of tetracycline inducible gene expression using PB transposon to 

produce transfected cell line and transgenic embryos. 
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2. Materials and methods 

 

2.1. Porcine fibroblast preparation 

Procedures for preparation of porcine cells were described in general 

methodology. 

2.2 Gene constructions and transfection 

Procedures for preparation of RFP inducible expression vector construction 

were described in general methodology. Three plasmids (Fig 3, A: Transposase, 

B: PB-CA-rtTA (from Addgene) and C: PB-TET-RFP) were transfected using 

Fugene HD (Promega). Transfections protocol was followed by manufacture’s 

instruction. Briefly, once growing cells were 50-60% confluent, transfection 

were carried. Serum-free DMEM (Invitrogen) containing a ratio of one to three 

(DNA: transfection reagent) was added as a culture medium and 20 min 

incubated in RT. After then, the mixtures were spread onto culture cells. 24~48 h 

after, media was changed using DMEM (Life Technologies), supplemented with 

10% fetal bovine serum (FBS, Life Technologies) and 1% Pen Strep (Life 

Technologies). For establishing the stable cell line, 800 μg/ml neomycin (G418, 

Gibco, Invitrogen) and 2 μg/ml doxycycline were treated during two weeks after 

transfection for 48 h. After RFP expressing cells were established, the cells were 

cultured for more 10 days without doxycycline in order to observe disappearance 

of RFP protein. 
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2.3. Somatic cell nuclear transfer and in vitro culture  

The RFP expressing cells were used for SCNT. Procedures for preparation of 

SCNT were described in general methodology  

2.4. RT-PCR of RFP mRNA level 

RT-PCR was performed as described previously [176] with some 

modification. Briefly, total RNA was extracted from transfected cells when 

timely dependent with or without doxycycline respectively (Dox+ 48 h and 96 h, 

Dox- 48 h, 96 h and 144 h), and each cDNA were synthesized and used for PCR 

amplification as described earlier with RFP detectable primer set (F: 

AGTTCCAGTACGGCT CCAAGGT, R: TGTAGTCCTCGTTGTGGGAGGT, 

product size: 435 bp) For comparing the range of expression levels, Gapdh was 

used as a housekeeping control (F: ACCTGCCGTCTGGAGAAACCTGCC, R: 

GACCATGAGGTCCA CCACCCTG, product size: 252 bp). 
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3. Results 

 

To make the cell line, it took two weeks from initial transfection. Expression 

on or off of RFP mRNA or protein using PB transposon in porcine fibroblasts 

well worked under the doxycycline presence or absence (Fig 4A). Expression 

level of mRNA of RFP was also gradually decreased according to absence time 

of doxycycline (Fig 4B). Using the transfected cells for donor, 123 oocytes for 

SCNT were used. Developmental ratio of two-cell and blastocyst stage from an 

activated reconstructed oocytes were 58.5% (n=72) and 11.4% (n=14), 

respectively (Table 2). When early blastocysts were cultured for two more days 

with doxycycline, the blastocysts ubiquitously expressed RFP in all embryonic 

cells (Fig 5). 
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Figure 3. The constructure of the inducible RFP expression pigggyBac 

transposon vector set. Three plasmid DNAs [A (pCy43): Encoding piggyBac 

transposase under CAG promoter, B (PB-CA-rtTA): containing rtTA sequences in 

PB-CA piggyBac vector, C (PB-TET-RFP): containing the DsRed2, one of RFP 

proteins in PB-TET piggyBac vector, controlled by tetracycline dependent] 

transfected into porcine fetal fibroblast for establishment an inducible RFP 

expression cell line. 
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Figure 4. Timely RFP expression in the cells and the transcription levels by doxycycline dependent. RFP proteins in 

transfected cells were regulated with or without doxycycline (A). Expression level of mRNA of RFP using RT-PCR was 

decreased without doxycycline (B; Lane 1: positive control, plasmid DNA, 2: non-transfected cells, 3: without doxycycline 

before turn on, 4: with doxycycline after 48 h, 5: with doxycycline after 96 h, 6: without doxycycline after 48 h, 7: without 

doxycycline after 96 h, 8: without doxycycline after 144 h, Upper panel is for RFP expression, band size (435 bp), lower 

panel is for Gapdh (252 bp). 
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Table 2. Development of SCNT porcine embryos 

 Total No. Cleavage (%) Blastocyst (%) 

RFP expression 

donor cell 
123 72 (58.5) 14 (11.4) 

 

 

Figure 5. Doxycycline dependent RFP expression in SCNT-derived blastocysts 

using established cell donor. With or without doxycycline, RFP expression was 

well controlled in the blastocysts. The blastocysts ubiquitously expressed RFP in 

all embryonic cells under the doxycycline treatment. 
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4. Discussion 

 

Technically, for delivering a foreign gene, the cDNA from the cells or tissues 

was cloned, sequenced and inserted into expression vector with circular form. 

Before the DNA were transfected with several transfection protocols including 

electroporation, the DNA were linearized for more efficiently transferring the 

gene into host genome. However, without linearization, circular form PB-DNAs, 

they transpose through “cut-and-paste” mechanism whereby transposase 

catalyzes the excision of the transposon from one chromosomal site and its 

reinsertion elsewhere in the genome.  

Since the discovery of the first transposon in maize by McClintock [80], 

transposable elements have become invaluable tools for genetic analysis in many 

organisms. Recently, it was shown that PB efficiently transposase in human [177] 

and mouse cell lines [85]. That could readily mediate the introduction of foreign 

genes (up to 14 kb) in the mouse germ line [85].  

In this study, the exogenous gene that on/off of RFP gene was regulated with 

doxycycline using PB transposon system was inserted into porcine fibroblast and 

expressed the gene in whole embryos without any mosaicism under treatment of 

doxycycline. Gene inducible system with tetracycline has been considered as a 

powerful tool to understand the gene expression [178, 179].  

Expressed reverse tetracycline-controlled Transcriptional Activation (rtTA), 

was rolled the transcription of Tet-On system. The rtTA protein is capable of 
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bound with tetracycline class drugs and form complex. The complex recognizes 

and binds at the specific site in which was called Tet-Response-Element (TRE) 

on operator of constructed plasmid promotor. In this circumstance, The Tet-on 

system starts transcription of targeted gene most precisely. In contrast, in the 

absence of tetracycline, the transcription must stop. Although the RFP was still 

shown strongly expressing in the cells at absence of doxycycline, the 

fluorescence RFP detection actually was remained RFP proteins in cytoplasm 

that already expressed. Substantially, it took more than 192 h to degrade the 

remained RFP proteins and transcribed form mRNA was still existed until 144 h 

from elimination of doxycycline treatment.  

The cloned embryos from SCNT, were well-developed to preimplantation 

stage with expressing transgene and average development rate using transgenic 

cell lines by PB transposon for donor. It means that TTAA sites that pasted-site 

by PB transposon were existed in porcine chromosome, and predicted the 

inserted site was not hampered site to develop the embryos, although it was not 

determined correctly integrated site.  

While viral infection and simple plasmid transfection have been applied to 

generate cloned transgenic pigs [180, 181], the data from this study, transposon 

using PB could be an alternative and effective way to produced transgenic pig 

cell lines and transgenic models by SCNT using its cell lines. 
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Chapter Ⅱ. The Key factor of pluripotency, Oct4 enhance 

proliferation of porcine fibroblasts and development of 

cloned embryos 

 

1. Introduction 

 

Octamer-binding transcription factor 4 (Oct4) is a transcription factor of the 

POU family that can be characterized as a critical molecule for modulating the 

self-renewal and pluripotency of embryonic stem cells [182-184]. The precise 

regulation of Oct4 is very important for maintaining and differentiating 

embryonic stem cells; thus, both the over-expression [185, 186] and 

downregulation [185, 187-190] of Oct4 induces a loss of pluripotency and 

induces differentiation. Apart from embryonic stem cells, the expression of Oct4 

is also found in other cell types, including mesenchymal stem cells [185], early 

embryonic tissues [191] and cancer cells [192], though its roles and underlying 

mechanisms are still unclear. Recently, several reports have shown that the 

expression of Oct4 controls cell cycle progression and enhances the proliferation 

of the cells for both embryonic stem cells [193] and other cell types [185, 191, 

192]. 

The high proliferation of nuclear donor cells is important in transgenic 

animal production using the SCNT technique, since the transgenesis and 

selection procedures of the donor cells require multiple subcultures and 
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expansion steps. Because only primary cultured cells (fibroblasts in most cases) 

can be used for SCNT, it is critical to maintain the highly proliferative properties 

of the cells that are intended for use in SCNT after gene modification. From this 

point of view, we wondered whether the expression of Oct4 in primary cultured 

porcine fibroblasts enhances proliferation, as has been suggested by previous 

reports. However, the role of Oct4 expression in porcine fibroblasts is still 

unclear. 

Hence, I hypothesized that the expression of Oct4 in porcine fibroblasts 

might play a role in cell proliferation. In this study, we cloned porcine-

endogenous Oct4 cDNA and established and analyzed Oct4-overexpressed 

porcine fibroblasts. In addition, we produced cloned embryos using the Oct4-

overexpressed fibroblasts by the SCNT technique and observed the effects of 

Oct4 expression on the development of porcine embryos. 
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2. Materials and methods 

 

2.1. Primary culture of porcine fibroblasts 

Primary culture was performed using ear skin biopsies from neonatal piglets. 

And later procedures for preparation of porcine cells were described in general 

methodology. 

2.2. Porcine Oct4 cloning and the construction of an expression vector 

For cloning the coding domain sequences (CDS) of porcine Oct4, total RNA 

was extracted from pig ovaries using an RNA extraction kit (Qiagen, Hilden, 

Germany). One microgram of total RNA was used for reverse transcription with 

Superscript III (Life Technologies). The CDS of the porcine Oct4 was amplified 

by PCR using specific primer sets (Table 3). The PCR fragments were cloned 

into the NT-GFP Fusion TOPO-cloning vector (Life Technologies) and 

sequenced for confirmation. The vectors containing porcine Oct4 CDS were 

digested using two restriction enzymes, NheI and XhoI (New England Bio Labs, 

Inc., Beverly, MA, USA), and ligated into the pIRES2 RFP-Express2 vector 

(CLONTECH Laboratories Inc., Palo Alto, CA, USA). The map of the 

expression vector is illustrated in Fig 6A.  

2.3. Transfection and establishment of stable Oct4-overexpressed cell line 

One day before transfection, fibroblasts were plated at a density of 1 x 10
5 

cells/ml in a 35 mm culture dish and cultured overnight to achieve 50–70% 

confluence. Next, 1 µg of the Oct4 vector (linearized by AflII; New England Bio 
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Labs, Inc.), 3 µl of the transfection reagent (Fugene HD; Roche Inc., Switzerland) 

and 96 ul of DMEM were incubated for at least 20 min at 25 °C in a 1.5 ml 

micro-tube and were then overlaid on a prepared porcine fibroblast. After two 

days of culture, 1 mg/ml neomycin (G418, Life Technologies) was added for 

another two weeks of culture to select the stable Oct4-expressing cells.  

2.4. Immunocytochemistry validation of Oct4 expression 

To determine the transfected cells that expressed the Oct4 protein, the cells 

were immune-stained. The cells were fixed with 4% paraformaldehyde for 20 

min, permeabilized with 0.1% triton X-100 (Sigma) for 10 min and blocked with 

10% normal goat serum for 1 h. The fixed cells were incubated overnight with 

primary antibody (Oct3/4, Santa Cruz Biotechnology, Inc., CA, USA) and then 

with secondary antibody (Cy3- AffiniPure Goat Anti-Mouse IgG, Jackson 

ImmunoResearch Laboratories, Inc., PA, USA) for 2 h. In addition, DAPI was 

used as a counter-stain. The stained cells were examined under ultraviolet light 

using a fluorescent microscope (Nikon, Japan).  

2.5. Analysis of cell growth and proliferation 

Cell growth was analyzed using an automated cell counter (Countess®  Cell 

Counter, Invitrogen). For analysis, 0.5 x 10
5
/ml cells were plated and cultured in 

12-well plates (Falcon, NJ, USA), and the cultured cells were collected every 24 

h by 0.25% trypsin-EDTA treatment. The collected cells were re-suspended in 1 

ml of PBS, and 10 µl of the sample were mixed with 10 µl of trypan blue and 

then pipetted into a Countess®  Chamber slide for analysis. Cell number results 
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were analyzed with population doubling time (PDT) calculating software 

(http://www.doublingtime.com/compute.php). To determine the cell 

proliferation ability, a cell migration assay was performed. Monolayers of the 

wild-type and Oct4-transfected cells were prepared by seeding 2 x 10
4
 cells onto 

Oris™ Cell Migration Assay kit 96-well plates (PLATYPUS Technologies, WI, 

USA). After 24 h, following the removal of the stopper, phase-contrast images 

were taken for a pre-migration reference (t = 0 h), and then cells were allowed to 

grow for 36 h to permit cell migration. After 36 h of culture, images of migrated 

cells were recorded. The images were analyzed to establish the migration range 

from pre-migration (t = 0 h) to post-migration (t = 36 h), using NIH Image J 

freeware, and the Z factor was evaluated as previously reported [194].  

2.6. Quantitative gene expression analysis 

To analyze the expression of the endogenous stemness-related genes, Oct4, 

Sox2 and Nanog, quantitative RT-PCR was performed as described previously 

[176] with some modification. Briefly, total RNA was extracted from wild-type 

or Oct4-transfected cells, and cDNA was synthesized and used for PCR 

amplification as described earlier. To distinguish the endogenous genes from 

those transfected with Oct4, specific primers including the untranslated region 

were designed and used (Table 3). For comparing the range of expression levels, 

Gapdh was used as a housekeeping control. For analyzing gene expression 

related with the cell cycle progression and apoptosis, real-time RT-PCR was 

used as described previously [195] with some modification. For the analysis, 

SYBR®  Green PCR master mix and 7300 Real-Time PCR System (Applied 

http://www.doublingtime.com/compute.php
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Biosystems, Foster City, CA, USA) were used. Specific primers used in the 

study are shown in Table 3. The expression levels of different genes were 

normalized to the housekeeping gene Gapdh using the ΔΔCt method, as 

previously described [196].  

2.7. Somatic cell nuclear transfer and embryo culture 

To produce Oct4-expressing and WT porcine embryos, SCNT procedures for 

preparation were described in general methodology. Embryos were evaluated for 

cleavage on Day 2 and for blastocyst formation on Days 5 and 6. 

2.8. Statistical analysis 

Procedures for statistical analysis were described in general methodology. 
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3. Results 

 

3.1. Morphology change and Oct4 expression in nucleus of established cells 

After transfection and selection, the expression of Oct4 was validated with 

immunochemistry (Fig. 6B). Because Oct4 is a transcription factor, most of the 

cells showed Oct4 positive staining in the nucleus (Fig. 6B) as expected. 

Interestingly, the morphology of the fibroblasts was remarkably changed in 

Oct4-overexpressed cells. (Fig. 6B; a and b) The Oct4 cells were smaller in size 

with sharper and clearer margins compared to the wild-type cells.  

3.2. Cell proliferation and migration 

The overexpression of porcine Oct4 protein also facilitated cellular doubling 

and proliferation. The population doubling time was noticeably reduced from 

55.77±1.32 h in the wild-type cells to 42.67±0.84 h in the Oct4-overexpressed 

cells, and as a result, the growth curves were significantly different between the 

two groups (Fig. 7A). But, cell viability was not shown any significant 

difference within two groups (Fig 7B). A cell migration assay was also 

performed to analyze the proliferation capacity of Oct4-overexpressed cells. The 

migrations of the cells were more active in the Oct4 cells. The same size blanks 

in each cell types were filled differently in same time (Fig. 8A and B). Therefore, 

the migration speed of the Oct4 cells (2.10 x 10
6 

±3.67 x 10
4 

μm
2
/h) was 

significantly faster than that of the wild-type cells (1.66 x 10
6 
±2.21 x 10

4
μm

2
/h, 

Fig 8C). These data exhibited high reliability, evidenced not only by a CV of 2.3 
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and 3.0 for wild-type and Oct4-overexpressed cells, respectively, but also a Δ 

migration of (0.5< Z<1.0). 

3.3. Quantitative gene expression analysis 

To investigate the underlying mechanism of enhanced proliferation by Oct4 

overexpression, we examined the transcription level of the cell cycle-related 

genes, p16, Cyclin D2, p53 and Myc, and the apoptosis-related genes, Bax and 

Bcl2 (Fig. 9B). Results showed that p53, Cyclin D2 and Bax expression was not 

significantly different between the two groups. However, p16 transcription was 

increased more than fourfold and Myc was increased about threefold in the Oct4-

overexpressed cells. The expression of the anti-apoptosis gene Bcl2 was also 

increased about twofold in the Oct4-overexpressed cell line. 

We also analyzed the expression of the endogenous stemness-related genes, 

Oct4, Sox2 and Nanog, in Oct4-overexpressed cells. As shown in Fig. 9A, the 

expression of endogenous Oct4 in porcine fibroblasts was very weak and did not 

change after transfection of the Oct4 vector. Also levels of Sox2 and Nanog were 

reduced from WT cells (about 20% and 30% respectively).  

3.4. Somatic cell nuclear transfer and embryo culture 

The effects of Oct4 overexpression in porcine embryos were also 

investigated in the study. For this purpose, we produced cloned embryos 

reconstructed with wild-type or Oct4-overexpressed cells. Oct4 overexpression 

improved both the cleavage and blastocyst formation rate of cloned embryos 
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(Table 4). Interestingly, developmental velocity was also increased in the Oct4 

group, and the formation of blastocysts could be observed as early as Day 5 of 

culture, while blastocysts were observed from Day 6 in the wild-type group. 
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Table 3. Primer sequences lists 

*
Control for RT-PCR, 

**
Control for real time RT-PCR 

Primer name Sequence Reference 

CDS-Oct4 
F : ATGGCGGGACACCTGGCTTCCGACTT 

R : TCTGGGCTCCCCCATGCATTCAAACTGA 

ENSSSCT 

00000001516 

UTR-Oct4 
F : CAAACTGAGGTGCCTGCCCTTC 

R : CTTAATCCCAAAGCCCTGGT 

ENSSSCT 

00000001516 

UTR-Sox2 
F : GTTCCATGGGCTCAGTGGTCAAG 

R : AAGCGTACCGGGTTTTTCTCCATAC 

ENSSSCT 

00000012883 

UTR-Nanog 
F : AGCCCCAGCTCCAGTTTCAGC 

R : AATGATCGTCACATATCTTCAGGCTGTA 

ENSSSCT 

00000000727 

Gapdh
*
 

F : ACCTGCCGTCTGGAGAAACC 

R : GACCATGAGGTCCACCACCCTG 

ENSSSCT 

00000000756 

p16 
F : CTGGACACTTTGGTGGTCCT 

R : GCGGGATCTTCTCCAGAGTT 
AJ242787 

p53 
F : CCTCACCATCATCACACTGG 

R : GGCTTCTTCTTTTGCACTGG 
NM-213824.3 

Bax 
F : GCCGAAATCTTTGCTGACGG 

R : CGAAGGAAGTCCAGCGTCCA 
AJ606301 

Bcl2 
F : TGGTGGTTGACTTTCTCTCC 

R : ATTGATGGCACTAGGGGTTT 
AF216205 

Cyclin D2 
F : AGGAGCAGATTGAGGTCGTG 

R : ATATCCCGCACGTCTGTAGG 
NM-214088.1 

Myc 
F : CTGCCAAGAGGGCTAAGTTG 

R : AGCTTTTGCTCCTCTGCTTG 
FJ882404 

Gapdh
**

 
F : TCTCTGCTCCCTCCCCGTTC 

R : TGGCAATGCACGGAACACAC 
AF069649.1 
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Figure 6. Constructure of the Oct4 expression vector (A) and Oct4 

expression in cell nuclear (B). The vector was constructed containing porcine 

Oct4 linked to a RFP2 reporter gene and neomycin resistance; expression was 

controlled by a CMV promoter (A). Donor fibroblasts (B, a-b, bright-field, 

before the fixation) which were transfected with the DNA (Oct4) and non-

transfected fibroblasts (WT) were stained with Oct4 antibody (B, a’’-b’’) and 

DAPI (B, a’-b’).
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Figure 7. Comparison of cell proliferation within Oct4-overexpression cells (Oct4) and normal porcine fibroblasts (WT) 

by cell growth curve and viability. The cell growth curves of both cell types and their proliferation doubling times (PDT) 

were significantly different (A, WT: 55.77±1.32 h VS Oct4: 42.67±0.84 h). PDT of the Oct4 transfected cell line was reduced 

compared with the non-transfected cell line, but cell viability was not significantly different (B). 
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Figure 8. Cell migration of normal porcine fibroblasts (WT) and Oct4-overexpressed (Oct4) porcine fibroblasts. 

Migration ability of non-transfected (WT) and Oct4-transfected cell lines (Oct4) during 38 h culture (A: a-a’, b-b’). The 

circle indicates cell migration boundary lines of the open area before (a, b) and 38h after (a’, b’). The open area space was 

significantly different between WT and Oct4. In the WT, cell migrated to open area and filled in from 2.49 X 10
6 
uM

2
 to 

8.25 X 10
5 
uM

2
, while the Oct4 cell line was filled in from 2.41 X 10

6 
uM

2
 to 3.09 X 10

5 
uM

2
 (B). The migration speed of 

both cell lines is shown in (C). The symbol (★) indicates a significant difference (P<0.05).
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Figure 9. Transcription levels of endogenous genes (A) and transcriptional 

levels of cell cycle and apoptosis related genes in Oct4-overexpressed cells (B). 

Endogenous Oct4 expression was not significantly different but Sox2 and Nanog 

showed lower expression levels in the transfected cell line than in WT cDNA but 

had no significantly difference (M: 1kb plus marker; W: WT, Control cDNA; O: 

Oct4-overexpression cell cDNA; and N: Negative control, blank template, Oct4 

Size: 190bp, Sox2 Size: 347bp, Nanog Size: 183bp and Gapdh Size: 252bp). In the 

qRT-PCR results, Gene expression levels of the WT cell line were considered as 

level 1. Transcription gene levels of Oct4-overexpression cell were: p16 

(4.48±0.37, P<0.001); p53 (1.17±0.02); Bax (1.10±0.02); Bcl2 (2.23±0.24, P<0.05); 

Cyclin D2 (1.13±0.01); and vMyc (3.10±0.34, P<0.001). The symbol (★) indicates 

a significant difference (P<0.05). 
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Table 4. Development of porcine cloned embryos reconstructed with normal porcine fibroblasts (WT) or Oct4-

overexpressed (Oct4) cells 

 

Total Fused (%) Cleaved (%) 

Day5 Day 6 

BL (%) Hatched (%) BL (%) Hatched (%) 
  

WT 249 196 (78.7±4.5) 113 (57.7±3.9)
a

 0 (0.0)
 a

 - 6 (5.3) 3 (50) 
  

Oct4 252 206 (81.7±6.7) 146 (70.9±6.8)
b

 6 (4.1)
 b

 6(100) 12 (8.2) 11 (91.7) 
  

a,b
 within the same column values with different superscripts are significantly different (P<0.05), *BL = blastocyst, 6 times 

replicated. 

 

 



６９ 

4. Discussion 

 

In this study, we cloned the CDS of porcine endogenous Oct4 and used it for 

overexpression in porcine fibroblasts. A number of studies have used human-

derived Oct4 in porcine cells to generate induced pluripotent stem cells [197-

200]. However, few previous reports have tried to use porcine endogenous Oct4 

[201]. The sequencing results of our cloned porcine endogenous Oct4 showed 

that the homologies of the amino acid sequence of porcine Oct4 and human Oct4 

were 93% identical (data not shown). The Oct4 cells changed the morphology 

compared to the wild-type cells. These changes in morphologies were similar to 

those seen in less senescent cells presented by previous reports [202, 203]. 

In the transcription level of the cell cycle-related genes results, usually in 

highly proliferative cells, p16 and p53 expression is reduced. If p16 and p53 

expression is increased, cells are likely undergoing cell senescence and cell cycle 

arrest [204-208]. Thus, the upregulation of p16 in Oct4-overexpressed cells was 

somewhat unexpected. However, a previous report showed that the expression of 

Myc bypassed the p16 pathway and promoted cell proliferation even in the 

presence of p16 [209]. The present study also showed that the expression of Myc 

is upregulated by the expression of Oct4. Thus, we suggest that Myc is one of the 

key molecules of proliferation in Oct4-overexpressed cells. On the other hand, 

the expression of the anti-apoptosis gene Bcl2 was also increased about twofold 

in the Oct4-overexpressed cell line. This means that the reduced apoptosis by 
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Bcl2 expression also contributed to faster proliferation in the Oct4-

overexpressed cells. On the other hand, the expression of the anti-apoptosis gene 

Bcl2 was also increased about twofold in the Oct4-overexpressed cell line. This 

means that the reduced apoptosis by Bcl2 expression also contributed to faster 

proliferation in the Oct4-overexpressed cells. ).  

In the expression of the endogenous stemness-related genes, Oct4, Sox2 and 

Nanog, The results were different as expectation. This means that the cellular 

and molecular changes found in the present study were affected by transfected 

Oct4 and not by the expression of endogenous Oct4. Sox2 and Nanog are also 

known as molecules that modulate cell cycle progression and promote 

proliferation [185, 210]. However, the present study showed that the expression 

of endogenous Sox2 and Nanog was downregulated. Therefore, we conclude that 

enhanced proliferation in the Oct4-overexpressed cells is not related with the 

effect of Sox2 and the Nanog pathway. Current results were similar to previous 

reports indicating that Oct4 overexpression induced negative feedback to Sox2 

and Nanog expression [211, 212]. 

As we reported earlier, the expression of Oct4 in cloned embryos was 

significantly lower compared to fertilized embryos [213]. Thus, the 

overexpression of Oct4 in donor cells might be helpful for the proper 

development of cloned SCNT embryos. In addition, the higher expression of 

Bcl2 in Oct4-overexpressing donor cells may affect the development of SCNT 

embryos. The phenomenon that Oct4-overexpressed embryos increased 
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development velocity is similar to the result of increased PDT in Oct4-

overexpressed fibroblasts in the present study. Therefore, we conclude that the 

overexpression of Oct4 can facilitate cell cycle progression in both fibroblasts 

and cloned embryos. 
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Chapter Ⅲ. Establishment of transgenic cell line with 4 

transcriptional factors using piggyBac transposon and 

evaluation of development the SCNT cloned embryos. 

 

1. Introduction 

Transgenic pigs are important to study human diseases and cell therapy 

models [165-167]. To access the production of high efficient transgenic pig, 

somatic cell nuclear transfer (SCNT) protocol has been widely used with genetic 

modified donor cells. In SCNT, somatic cells are needed for the donor to 

produce embryos. Nevertheless, the efficiency of production of cloned embryos 

or animals using SCNT is lower than that of other IVP protocols. To overcome 

this problem, many studies have been developed. One of these efforts to enhance 

the efficiency of SCNT has focused on donor cells [138]. These efforts include 

synchrony of the cell-cycle stage [139], age [140, 141], origins [142, 143], 

passage [143], and type [144]. Actually, the conditions of donor cells have not 

yet been optimized for high-efficiency production, the G0 or G1 phase of the 

donor cell cycle, long telomere lengths, or early passage and cause no/less 

damage or mutation of the chromosome of origin and cell types [145]. All of 

these conditions facilitate nuclear reprograming during the developmental events 

via SCNT-cloned embryos and coordinate the donor nucleus and recipient 

oocyte nucleus and cytoplasm [146, 147]. Especially focus on the cell stage, G1 
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and/or G0 stage donor cells are generally more suitable to reprogram SCNT-

derived embryos, and several studies have suggested using serum starvation or 

high density cultured cells to synchronize the donor cell stage to G1 and/or G0 

for SCNT. Moreover, it had been known that stem cell not suitable as somatic 

cell nuclear transfer (SCNT) donor cells to generate cloned embryos and animals 

[214]. But in recently, other studies that have used stem cells as donor cells for 

SCNT demonstrated that cloned embryos reconstructed with stem cells at the M 

phase develop more efficiently [215-217]. These studies have described the 

successful production of cloned embryos and animals from several stem cell 

types, and the rates appear to be higher than those of fully differentiated cells 

[215, 216, 218-220]. These results suggest that undifferentiated donor cells may 

increase the developmental rate of embryos and the birth rate of cloned animals. 

Although embryonic stem cells (ESCs) are well-known stem cells, the pig 

ESCs is rarely a germline transmission limit to the ESC line [221]. Moreover, as 

generation of ESCs involves destroying the pre-implantation stage embryo, there 

has been much controversy surrounding their usage. Because ESCs can only be 

derived from embryos, it has not been feasible to create patient-matched ESC 

lines [222]. Induced pluripotent stem cells (iPSCs) are a new tool with self-

renewal features and potential differentiation into the three germ layers that may 

be useful for producing transgenic pigs [223, 224]. iPSCs are artificial reverse-

differentiated pluripotent cells by transcription of specific genes (Oct4, Sox2, 

Myc and Klf4) from fully differentiated cells. This technology was developed in 

2006 by Shinya Yamanaka’s lab in Japan [148]. These induced cell lines are 
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pluripotent with self-renewal ability dependent on the leukemia inhibitory 

factor/signal transducer and activator of transcription 3 (LIF/STAT3) pathway. 

Several pluripotent markers, tetratomic formation, and differentiation into three-

germ layers are useful characteristics of these cells. As pluripotent cells have 

been demonstrated to be re-generated from adult cells, this innovative 

methodology has been applied worldwide and in several species [159, 225-235], 

including humans [150, 158, 236]. Stem cells hold great expectation in the field 

of regenerative medicine. Because those can propagate indefinitely, as well as 

give rise to every other cell type in the body, they represent a single source of 

cells that could be used to replace those damaged or malfunctioned tissue. Thus, 

iPSCs have become an alternative stem cell line. Many studies have employed 

viral-mediated vectors to transfer exogenous transcription factors into adult cells 

for sufficient induction and successful re-generation [115, 237-239]. However, 

using viral-mediated vectors to induce pluripotent cells restricts their therapeutic 

use because of the risks of mutation and potential activation of oncogenes [240]. 

iPSCs have been evaluated in several species using adenoviral vectors [241], 

episomal DNAs [242] and small molecules [243] those were evade integration 

into the vector and chromosomal DNA. Using piggyBac (PB) transposition 

reduces the risk of insertional mutagenesis and is safer to deliver exogenous 

DNA than other gene delivery systems [115] [116]. The certain pig ESCs were 

not only absence but piPSCs also were not demonstrated that have abilities of 

donor cell for SCNT to generate cloned embryos.  
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In this study, using a PB transposon-inducible vector which was constructed 

with four transcriptional factors controlled by doxycycline, induced 

undifferentiated cell lines, such as iPS-like cell which has some pluripotency 

containing self-renewal feature, were established. Furthermore, SCNT-derived 

cloned embryos were evaluated for developmental competence using iPS-like 

cell lines as donors. 
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2. Materials and methods 

 

2.1. Transcriptional factors cloning and expression vector construction  

Coding domain region of porcine Oct4, Sox2, c-Myc and Klf4 were amplified 

from pig ovarian cDNA by PCR and cloned to TA-vectors. Among the attained 

transcription factors, Oct, Sox2, and Myc were linked by 2A peptides (F2A and 

E2A) except Klf4 which was solely constructed. For designing of PB expression 

vectors, the targeted DNA fragments were used for gateway cloning system 

(Invitrogen, Carlsbad, CA, USA) followed the protocols. Targeted exogenous 

DNAs were amplified using PCR primer containing gateway sequence (Table 5). 

Four transcription factors were separated to Oct4-Sox2-Myc and Klf4, 

constructed on two expression vectors respectively. 

 

2.2. Gene Transfection 

One day before transfection, fibroblasts were plated at a density of 1 x 10
5
 

cells /ml in a well of 6-well plate and cultured overnight to achieve 50–70% 

confluence. Next, total 2 µg of constructed expression vector (PB-TET-OSM, 

PB-TET-Klf4, PB-CA-rtTA and pCy43), 6 µl of the transfection reagent 

(Fugene HD; Roche Inc., Switzerland) and 92 ul of DMEM were incubated for 

at least 20 min at room temperature (RT) in a 1.5 ml tube and were then overlaid 

on a prepared porcine fibroblast. After 24 h transfection, 2 µg/ml doxycycline 

was added in DMEM/F12 (Life Technologies) culture media contained 15% 
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FBS, 10ng/ml basic fibroblast growth factor (bFGF) and transfected cells were 

cultured until cell colonies appearance. 

 

2.3. Generation iPS colony and culture 

Procedures for iPSCs like cell culture were described in general 

methodology. 

 

2.4. Additional transfection of reporter gene to colonized cells 

To prove the colony formation from single cell, PB-CA-GFP, a transposon 

vector that express GFP by CAG promotor, was transfected to colonies using the 

transfection reagent (Fugene HD; Roche Inc.). One day before transfection, the 

culturing-colonies were sub-cultured onto CF1 feeder in new 4-well dish and 

cultured overnight. Next day, total 1 µg of the constructed vector were 

conjugated with 3 µl Fugene HD and 96 ul of DMEM were incubated for at least 

20 min at RT in a 1.5-ml tube and were then overlaid on a formatted colonies. 

After 24 h transfection, the colonies were sub-cultured with stem cell culture 

medium. To establish the stable GFP-expressing cells, only GFP expressed 

colonies were collected and sub-cultured by manual selection. On the other hand, 

RFP-expressing cells were also established by same procedures using PB-TET-

RFP vector which is doxycycline-dependent inducible RFP expression 

transposon vector.  
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2.5. Alkaline Phosphatase (AP) staining and CDy1 staining 

 To determine the existence of pluripotent cell surface marker of transfected 

cells, the cells were stained Alkaline Phosphatase (AP), using AP staining kit 

(Vector laboratories, Burlingame, CA, USA) and CDy1 (Active motif, Carlsbad, 

CA, USA) staining as followed manufacture’s the protocol [244], respectively. 

The staining protocols need not fixation and permeabilization processes, and 

these were available in vitro and in vivo. 

 

2.6. Immunocytochemistry 

To determine expression levels of the Oct4 and Sox2 protein, the cells were 

performed immune-staining. The cells were fixed with 4% paraformaldehyde for 

20 min, permeabilized with 0.1% triton X-100 (Sigma) for 10 min and blocked 

with 10% normal goat serum for 1 h. The fixed cells were incubated in 4 °C 

refrigerator overnight with primary antibody (Oct3/4; Santa Cruz Biotechnology, 

Inc., CA, USA, Sox2; R&D system, Minneapolis, MN, USA, SSEA-1, 4 and 

Nanog; Millipore, USA, 1:2000) and then with secondary antibody (Cy3- 

AffiniPure Goat Anti-Mouse IgG, Jackson ImmunoResearch Laboratories, Inc., 

PA, USA, 1:5000) for 2 h. In addition, DAPI was used as a counter-stain. The 

stained cells were examined under ultraviolet light using a fluorescent 

microscope (Nikon, Japan). 

 

2.7. Somatic cell nuclear transfer and embryo culture 
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The base procedures for the NT were described in general methodology. The 

preparation of donor cells was followed next description. Two days before NT, 

colonized cells were sub-cultured or thawed onto mitomycin C (MMC) treated 

CF1 feeder cells. At the date, colonies were picked using fine capillary pipette 

by manual and collected into 1ml Tryple (Invitrogen) solution in 1.5 ml tube. 

Colonies were digested by enzyme for 2-3 min in 37 °C incubator. Digested cells 

were collected by brief centrifugation, re-suspended with modified Tyrode's 

solution (TALP)-Hepes and stored at RT. The prepared cells mixed with some 

CF1 feeder cells, but, both cells were easily distinguished by morphology and its 

size. 

To determine of blastocysts origin, the SCNT driven-blastocysts were 

stained by β-gal staining kit (Invitrogen). The procedure was followed 

manufacture’s the protocol. Briefly, the blastocysts were washed once in PBS, 

and then fixed in fixative solution for 10min at room temperature. Fixed-

blastocysts were rinsed more than twice in PBS. After that, those were located in 

prepared staining solution, incubated less than 2 h at 37 °C. The blastocysts were 

finally washed with PBS and observed under a microscope. Additionally, to 

prove the cloned embryo’s originality, GFP expressing colonized cells were also 

used for SCNT donor, and evaluated development up to preimplantation stage. 

 

2.8. Embryoid Body (EB) formation 

Culturing-colonies were manually detached from CF1 feeder using pined 

capillary tube-pipette and transferred to prepared petri-dish filled with DMEM 
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medium contained 20% FBS and without bFGF and doxycycline. The detached 

colonies were cultured during 7-10 days. During the periods, the media was 

periodically changed, and the EBs were trimmed using pipetting with 

manufactured capillary tube that had an appropriated diameter. After then, 

formatted EB were transferred onto tissue-culture plate. 

 

2.9. Generation chimeric parthenotes by iPSCs aggregation 

For determining the pluripotency of cells, generation of chimeric embryos 

via iPSCs aggregation with parthenote’s blastomere was used [245]. Established 

RFP expressing cells were used in this study for generation of chimeric embryos, 

injecting 15~20 RFP expressed iPSCs to a 4-8cell stage electro-activated 

parthenote using fine injection needle attached to micromanipulator. The 

parthenotes were prepared two days before using electronic activation as same 

protocol as activation process that described in methodology of SCNT 

(described below). The cells-injected parthenotes were cultured in PZM-3 media 

to 7 days, and then observed under ultraviolet light using a fluorescent 

microscope (Nikon, Japan). Additionally, the aggregated and hatched blastocysts 

were seeding-cultured on to MMC treated feeder cell layer then obtained 

trophoblasts were stained by β-gal staining kit (Invitrogen). The procedures were 

followed manufacture’s the protocol. 

 

2.10. Statistical analysis 

Procedures for statistical analysis were described in general methodology. 
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Table 5. Primer sequences of pig transcription factors cloning and 2A peptide sequences 

*Absence of stop codon 

Primer name Sequence Reference 

CDS-Oct4 
F : ATGGCGGGACACCTGGCTTCCGACTT 

R : TCTGGGCTCCCCCATGCATTCAAACTGA 

ENSSSCT 

00000001516 

CDS-Sox2 
F : ATGTACAACATGATGGAGACGGAGCTGAAGC 

R : TCACATGTGAGAGAGAGGCAGTGTACCGTTGATG 

ENSSSCT 

00000012883 

CDS-Myc 
F : ATGCCCCTCAACGTCAGCTTCA 

R : TTATGGGCAAGAGTTCCGTAGCTGT 

ENSSSCT 

00000006548 

CDS-Klf4 
F : ATGGCTGTCAGCGACGCACT 

R : TTAAAAGTGCCTCTTCATGTGTAAGGCAAGG 

ENSSSCT 

00000032943 

F2A 
Oct4*-gtgaaacagactttgaattttgaccttctcaagttggcgggagacgtggagtccaacccagggccc-Sox2 

VKQTLNFDLLKLAGDVESNPGP – Amino acid sequence 

[246] 

E2A 
Sox2*-caatgtactaactacgctttgttgaaactcgctggcgatgttgaaagtaaccccggtcct-Myc 

QCTNYALLKLAGDVESNPGP – Amino acid sequence 
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3. Results 

 

3.1. Colony formation and sing cell-driven culture 

From day 10, iPSCs-like colonies were formatted in different spots (Fig 10A), 

then after culturing on irradiated CF1 feeder cells. After first subculture on CF1 

feeder, the cell colonies formed more clearly margin and dome like (Fig 10B). 

The colonies were routinely single cell passaged every 2~3 days by enzyme. The 

generated colonies were cultured up to 37
th
 passages by single cell culture.  

To prove whether the colony was formatted from single cell, the colonies 

were additionally transfected reporter gene (GFP) and then only expressing GFP 

colonized cell selectively were cultured. A GFP expressing single cell grew and 

divided on the CF1 feeder, finally a cell were formatted dome-like colony after 

48h culture. The formatted colonies strongly homogenous expressed GFP (Fig 

14). It was cleared that a colony is generated from single cell and a transgenic 

cell has an ability of self-renewal feature. 

 

3.2. Characterization of the transgenic colonized cells 

To identify the characteristic of the transgenic colonized cells, first some 

pluripotent markers were evaluated by specific staining. Alkaline Phosphatase 

staining was shown positive activity but the sensitivity too low to determine the 

established cell lines whether pluripotent or not (Fig 11A). Unlikely, CDy1 

staining was shown very strongly detected (Fig 11B). 

In the results of immunocytochemistry, Oct4 and Sox2 were located and 
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strongly expressed in the nucleus of established cell lines (Fig 12). But other 

pluripotent marker SSEA-1, 4 and Nanog was not shown in the established cell 

lines (data not shown). To evaluate the ability of differentiation, the colonies 

were induced to format EB. At the 5 days of float-culture, the colonies were 

formatted EB-like lumps. Their morphology was spheroid structure with dark 

center and brightness outline as similar as general EBs in previous reports (Fig 

15). However, unlikely other previous reports, the formatted EBs were reduced 

solidity, harsh margin, went easily be crumbled as time passes. Ultimately the 

EB of this study, it had not shown the ability of adherence and differentiation.   

The colonized cells were shown the ability of aggregation with parthnote’s 

blastomeres. It could be generated to the chimeric blastocysts. RFP which 

originated from colonized were mosaic expressed in both inner cell mass and 

epiblast regions (Fig 16A). In the β-gal staining result, it was clearly confirmed 

that the cells were successfully aggregated with blastomeres of a parthenote. 

Indigo-blue stained parts were sparsely existed in the blastocysts and the 

cultured trophoblast which is established by seeding the blastocysts onto CF1 

feeder cells (Fig 16B). 

 

3.3 Developmental of SCNT derived embryos 

To assess the potential development using the cells as the donor for nuclear 

transfer, single iPS-like cell were reprogrammed into enucleated oocyte and 

developed into pre-implantational stage. Out of 306 cloned embryos, 145 

(47.3±2.7%) embryos were reached into 2 cell stage and 48 (15.7±2.3%) 
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blastocysts were generated (Table 6). The cleavage rate, blastocyst formation 

rate were not significant difference with non-transfected cells and established 

cell lines. But on the cell number were composed BL was significantly higher 

than non-transfected cells (47.4±3.8 vs 36.5±2.5). Furthermore, the origin of 

blastocysts was identified by β-gal staining and using reporter gene expressed 

cell for SCNT donor. The generated cloned-blastocysts were homologous 

stained by β-gal staining kit (Fig 13b), and overall expressed GFP in cloned 

blastocysts (Fig 14d′). 
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Figure 10. First generation of colony after transfection (A) and colony formation on CF1 feeder (B). Cells make 

clusters during the induction after 7-10days of transfection (a-a′). After subculture on CF1 feeder, the cell colonies 

formed more clearly margin and dome like (b-b′). 
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Figure 11. Alkaline phosphatase (A) and CDy1 (B) staining of colonies. AP was weekly stained on the surface of 

colonized cells, but it was shown positive activity (A-a and a’). From the results of CDy1 staining, the colonies were 

shown strongly stained with CDy1 substrate (B-c) and the stained cells were correctly matched only colonized cells (B-

d). 
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Figure 12. Oct4 (A) and Sox2 (B) immuno-staining of transfected cell line. The transfected cells were strongly 

expressed Oct4 and Sox2 in the nucleus of cells (A-a’ and B-b’). Actually, the factors such as Oct4 and Sox2 only 

express in pluripotent cells, because it is indicator of pluripotency. The expression aspect of Oct4 and Sox2 (A-a’ and B-

b’) were correctly matched the nucleus of cells by dapi (A-a and B-b). 
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Table 6. Comparison developmental rate of cloned embryos within piPSc like cell and fibroblast  

Cell type Total embryo NO. Cleavage rate (%) BL formation rate (%) Total cell NO. 

Fibroblast 503 44.6±3.8 12.8±2.5 36.5±2.5
(a)

 

iPS-like cell 306 47.3±2.7 15.7±2.3 47.4±3.8
(b)

 

 a,b
 within the same column values with different superscripts are significantly different (P<0.05) 

 

 

Figure 13. The blastocysts derived from porcine iPS-like cells by SCNT. Blastocyst development was normally 

performed (a: brightness) and the results of β-gal staining determined the origin (b: β-gal was stained with b-geo). 
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Figure 14. Timely colonization of GFP-expressed iPS-like cells from a single cell and development of cloned NT 

blastocyst using GFP-expressing iPS-like cell. Single cell cultured iPS-like cell line after GFP transfection 12-72 h (a, b, c 

lines). GFP transfected iPS-like cells on brightness (a-a’’), Expression GFP on fluorescence (b-b’’) and 72 h cultured (c-c’). 

NT blastocyst of using GFP expressing iPS-like for donor cell on brightness and fluorescence (d-d’). 
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Figure 15. Embryoid Body (EB) formation at Day 5. The detached colonies were floating-cultured in 20% FBS 

contained DMEM. At 5 day, the colonies were formatted EB-like masses that look like as similar as mouse’s EC and 

pig’s EB on previous reports. The morphology was spheroid structure with dark center and brightness outline. However, 

unlikely other previous reports, the formatted EBs were not sturdy, no clear margin, went easily crumble as time passes.  
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Figure 16. Generation of chimeric parthenotes by transgenic cells aggregation. After injection colonized cells into 

parthenotes, the blastocysts were shown mosaic RFP expression in blastocysts (A-a’). Partheno-blastocysts were not 

shown any fluorescence (A-b’, No injected). In the results of β-gal staining, chimeric blastocysts and culturing 

trophoblast that injected transgenic cells were shown mosaicism (B-a, and B-a’). 
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4. Discussion 

 

These data demonstrate that the established iPS-like cells from fetal 

fibroblasts using PB and transcription factors can be propagated without 

senescence as a single cell culture with the self-renewal feature. In the present 

study, pluripotent features, such as self-renewal from a single cell, formation of 

dome colonies, and rapid proliferation, were retained in stem cell media. 

Pluripotent cells are categorized into “primed” and “naïve” types. Primed 

pluripotent cells, including mouse epiblast stem cells, human ESCs, and human 

iPSCs appear as flattened colonies and have low clonogenicity via clumps and 

bFGF/activin dependent self-renewal. Naïve stem cells, such as mouse ESCs, are 

tight domed colonies, are highly clonogenic from single cells, and are LIF/Stat3-

dependent self-renewing. Ambiguously, the present established transgenic cells 

were not included in either type, as they had a compact-domed colony 

morphology, high clonogenicity from single cells, but a bFGF/activin-dependent 

self-renewal pathway [247]. Ambiguously, in present study, established 

transgenic cells were not included in both types. The cell lines were shown 

compact-domed colony morphology, high clonogenicity from single cells and 

but bFGF/activin dependent self-renewal pathway. Also stem cell marker, only 

Oct4 and Sox2, were detectable no detection of SSEA-1, 4 and Nanog. The stem 

cell markers Oct4 and Sox2 were detectable but SSEA-1, 4 and Nanog were not 

detected. Oct4 and Sox2 are main key factors in stem cell whether the cell type is 

naïve or primed status cells. These factors must be existed in nuclear of stem 
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cells. But, in case of SSEA-1 and 4, there has been still controversy their 

expression and existence for stem cell marker in pig. These markers expression 

aspect has been shown difference according the several studies [159, 225, 226]. 

The number of reports about expression aspect and levels of markers which 

indicating the pluripotency of stem cells are limited in pig inner cell mass [248]. 

So the role of transcription factors and pluripotency markers expression aspect 

has been still unidentified in pigs that further analysis is needed for a complete 

characterization.  

The ability to differentiate into three germ layers is the most pluripotent 

feature of a stem cell. Formation of the embryonic body (EB) and teratoma are 

often used to evaluate differentiation in vitro and in vivo, respectively. In this 

study, EB formation was utilized. The EBs formed well from the floating 

colonies at the early stage until 5 days, and their morphology was very similar 

with previous mouse and pig reports [148, 159]. However, as time passes, the 

EBs gradually lost viability and developed cleared margins. Finally, the EBs 

crumbled and lost adherence to the coated plate dish, so differentiation ability 

could not be evaluated. Some studies have reported varying characteristics of 

porcine iPSCs [159, 225, 227, 249]. Moreover, adequate porcine ESCs or iPSCs 

have not been established and the culture conditions have not been clarified. 

Although the results of this study were anticipated such as “failed”, but could not 

conclude under the situation.  
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Cell aggregation is another feasible method to determine differentiation 

capacity [245]. IPS-like cells (15–20 cells) were injected into an electrically 

activated parthenote, and the parthenote was developed into a chimeric 

blastocyst. The chimeric blastocysts were identified using RFP expressing and β-

gal staining. The iPS-like cells aggregated completely with the blastomere of the 

parthenote. As a result, the chimeric blastocysts sparsely expressed RFP and 

showed an indigo-blue spot after β-gal staining.  

The established cell line must retain pluripotency without exogenous 

inducing factors to successfully generate iPSCs. However, the transgenic cell 

lines in this study did not maintain pluripotency in the absence of doxycycline, 

which controls transcription of exogenously targeted DNAs in the PB transposon 

vectors. These results coincided with those of previous reports, but continuous 

expression of exogenous transcription factors is still necessary to maintain the 

pluripotency of presumptive iPSCs in pigs [159, 225, 226]. Porcine iPSCs in 

which the inducing factors are silenced and pluripotency is maintained by 

endogenous pluripotent factors have not yet been reported [227]. 

The transformed cells were successfully reprogrammed into blastocysts stage 

after reconstructed with pig oocytes. Furthermore additional gene was also 

transduced till preimplantation embryos without mosaicism. Considering some 

advantages using undifferentiated cells to SCNT for donor cells, the efficiency 

of generating cloned embryos appeared greater than that of differentiated cells 

for SCNT. More importantly, undifferentiated cells can be maintained in vitro 
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without becoming senescence, which allows genes within these cells to be 

manipulated easily in large animals. But, adequate porcine ESCs or iPSCs have 

not been established and the culture conditions so still have not been clarified 

that further study is more essential step. 

In conclusion, it was demonstrated that the constructed PB transposon vector 

linked with four transcription factors could be used to generate the transgenic 

cell lines, which have shown some pluripotency in pigs. These cell lines could 

be potentially suitable donor for application to generate genetically modified 

embryos and animals through SCNT. It could also be a useful resource for 

generating pig models for human biomedical research. 
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PART V 

 

FINAL CONCLUSION 
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This thesis was conducted to introduce transcriptional factors to cells using a 

PB transposon gene delivery system and established cell lines. Furthermore, use 

of the system for donor cells was evaluated with SCNT.  

First, a PB transposon gene delivery system was used to introduce exogenous 

DNA into pigs, as the chromosomal DNA of the pig possesses the TTAA sites 

available for exogenous DNA to adopt via transposase. Although some 

exogenous factors were copied to the chromosomal DNA, developmental 

efficiency of the cloned embryo was not hampered.  

Second, Oct4, which regulates self-renewal and proliferation of pluripotent 

cells, facilitated cell proliferation and development efficiency of SCNT-derived 

embryos by upregulating endogenous Myc. Overexpressing Oct4 in 

differentiated cells for SCNT donors allowed the specific features related to 

Oct4 to be maintained during embryonic development.  

Last, transcriptional 4-factors constructed in the PB transposon gene delivery 

system induced fetal fibroblasts using undifferentiated cell lines, such as iPSCs. 

The established cell lines formed dome type colonies and were single cell 

derived. SCNT was performed using transfected cells with transcriptional 4-

factors. The transformed cells were successfully reprogrammed into the 

blastocyst stage. This system will be useful for generating pig models for human 

biomedical research. 
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국문초록 

 

형질전환복제돼지 생산을 위한  

PiggyBac transposon system 의 적용 

 

김 수 진 

(지도교수: 이 병 천) 

 

서울대학교 대학원 

수의학과 수의산과•생명공학 전공 

 

 PiggyBac transposon 은 transposase 라는 효소단백질이 

전달하고자 하는 재조합된 외부유전자 양끝말단에 존재하는 특이적 

서열인 Inverted Terminal Repeat sequence (ITRs)를 인식하여 

숙주세포의 염색체 내에 TTAT 라는 염기서열위치에 외부의 

유전자를‘절단-복사’ 방법을 이용하여 전달하는 시스템으로서 최근 

많이 이용되고 있다. 본 논문은 형질전환돼지 생산에서 본 시스템을 

이용하여 형질전환 세포 주와 역분화줄기세포를 수립하고 복제 배아 
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형성을 평가함으로써 형질전환 복제돼지 생산을 위한 공여세포로서의 

가능성을 규명하기 위해 실시되었다. 

형질전환 세포 주를 수립하기 위해 RFP (RFP2)가 발현되는 

벡터를 piggyBac transposon 을 이용해 돼지 체세포에 도입하여 

형질전환 세포 주를 수립하였고, 세포단계에서 doxycycline 처리 

하에 RFP 가 유도됨을 확인하였다. 이 세포 유래 복제 배아에서도 

RFP 가 doxycycline 처리 후 배반포에서 homogenous 하게 

발현됨을 확인하였다. 

Oct4 는 미분화된 세포에서 만능성을 나타내며 이 단백질을 

인위적으로 과 발현 시에 세포증식과 이 세포 유래 복제 배아 발육에 

어떤 영향을 미치는 지를 알아보기 위해 돼지의 Oct4 를 획득하여 

발현벡터에 클로닝 하였고, 이를 돼지의 섬유아세포에 형질도입을 

시켜 Oct4 과발현 세포를 수립하였다. 세포에서 Oct4 발현은 

면역염색법으로 확인하였으며, Oct4 가 과 발현되는 세포는 

형태학적으로 변화가 있었으며, 세포의 증식 및 이주 능력에 있어 

증가되었고 p16, Bcl2 와 Myc 의 발현이 증가되었다. 복제 배아 

발달률의 경우 Oct4 과 발현 세포유래 복제배아가 대조군에 비해 

분할률 및 배반포형성율이 유의적으로 증가되었으며 특히 배반포가 

형성되는 시기가 24 시간 이상 단축되는 양상을 보였다.  



１２４ 

돼지역분화줄기세포 주 수립에 piggyBac transposon 시스템의 

적용 가능성을 알아보기 위해 세포의 만능성 전사유도체 중 Oct4, 

Sox2, c-Myc 그리고 Klf4 의 유전자를 doxycycline-inducible 

piggyBac 시스템을 이용하여 돼지 세포에 도입하였다. 도입 24 시간 

후부터 doxycycline 을 처리하여 도입된 유전자들의 발현을 유도한 

결과, 도입 10 일 후부터 역분화줄기세포와 유사한 colony 가 

형성되었고 이를 선택적 분리하여 지지세포 위에서 배양하였다. 

배양된 세포 주는 2~3 일 간격으로 1:4 또는 1:6 비율로 

37 계대수까지 단일 세포 유래로 계대 배양하였다. 수립된 세포 주 

유래 복제배아를 배양한 결과 분할률과 배반포 형성율은 대조군과 

유의적 차이는 없었으나 배반포의 발달능의 지표인 세포 수에서 

유의적으로 높았다 (p<0.05). 

결론적으로 piggyBac transposon 시스템은 형질전환 돼지 

생산을 위한 형질전환 세포 주 및 배아제작에 유용하게 적용될 수 

있으며, 돼지 역분화줄기세포주 수립에도 적용되어 무한 증식 가능한 

세포 주 수립 및 이 세포를 이용한 유래 복제 배아 생산이 가능하였다. 

이에 형질전환 돼지 생산에서 piggyBac transposon 시스템은 

타겟팅을 통한 유전자 조작의 용이성 및 안정성 측면에서 향후 

유용하게 쓰일 수 있을 것이다. 
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주요어: piggyBac transposon, 만능성 전사유도체, 미분화세포, 

체세포핵이식, 돼지 
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