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Abstract 

The ROSA26 locus in mouse, human and rat has been widely used in genetic modification as 

it can be targeted with high efficiency and a gene of interest inserted into the ROSA26 locus 

can be expressed stably and ubiquitously. Here the porcine ROSA26 gene was also identified 

and four exons were confirmed on chromosome 13. 

Cre/loxP site-specific recombination is a powerful and versatile tool that allows for precisely 

controlled conditional gene expression and many other genetic modifications in mice. This 

work extends this system to pigs, with a particular focus on conditional and tissue-specific 

expression of oncogenic mutations to model human cancers. Cre reporter strains that reveal 

the location, pattern and extent of Cre recombination in vivo are an important component of 

this technology. This work reports viable pigs with a dual fluorochrome cassette under the 

control of a strong synthetic promoter that switches expression after Cre-recombination, from 

membrane-targeted tandem dimer Tomato to membrane-targeted green fluorescent protein. 

The reporter cassette was placed at the porcine ROSA26 locus by conventional gene 

targeting using primary mesenchymal stem cells, and animals generated by nuclear transfer. 

Gene targeting efficiency was high, and analysis of foetal organs and primary cells indicated 

that the reporter is highly expressed and functional. This indicates that the porcine ROSA26 

locus conserves the functions of its orthologues in mouse, human and rat. Cre reporter pigs 

will provide a multipurpose indicator of Cre recombinase activity, an important new tool for the 

rapidly expanding field of porcine genetic modification. 

The other part of this work is to generate a porcine model for pancreatic cancer. A 

conditional transcription stop cassette (LSL) was inserted into the intron 1 of porcine KRAS, 

and the KRASG12D was inserted into exon 2. Thus, KRASG12D can be expressed after Cre 

recombination. Furthermore, Cre recombinase was placed into a site after the stop codon of 

porcine PDX-1 locus. These targeted cells were evaluated in vitro and can be used for nuclear 

transfer. 
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Zusammenfassung 

Der ROSA26 Locus wird sowohl in der Maus als auch im Menschen und der Ratte häufig für 

Genetic Engineering verwendet, da hier mit hoher Effizienz exogene Gene eingefügt werden 

können, deren Expression anschließend stabil und ubiquitär erfolgt. In der vorliegenden 

Arbeit wurde das porcine ROSA26-Gen identifiziert und vier Exons auf Chromosom 13 

verifiziert. 

Das Cre/loxP-Rekombinationssystem ist ein wichtiges und flexibel einsetzbares Werkzeug, 

welches genau gesteuerte Genexpression sowie viele weitere genetische Modifikationen 

ermöglicht. In dieser Arbeit wurde das System auf Schweine ausgeweitet, mit besonderem 

Fokus auf die konditionelle und gewebsspezifische Expression von onkogenen Mutationen für 

Modelle menschlicher Krebserkrankungen. Cre-Reporterstämme, die genaue Lokalisierung, 

Muster und Ausmaß der Cre-Rekombination abbilden, spielen hierbei eine wichtige Rolle. Im 

Rahmen dieser Arbeit wurden lebensfähige Reporterschweine erzeugt, die eine doppelt 

fluorochrome Kassette tragen. Diese wird von einem stark exprimierten  synthetischen 

Promoter gesteuert, welcher nach Cre-Rekombination von der Expression von 

membranlokalisierten Tomato zu membranlokalisierten GFP wechselt. Die ganze Kassette 

wurde mit Hilfe von konventionellem Gene Targeting in den porcinen ROSA26 Locus in 

primären mesenchymalen Stammzellen integriert, aus welchen in einem weiteren Schritt via 

Kerntransfer Schweine generiert wurden. Die Effizienz des Gene Targetings war hoch und die 

Analyse foetaler Organe und primärer Zellen zeigte, dass der Reporter stark exprimiert wird 

und funktional ist. Hieraus lässt sich schließen, dass der porcine ROSA26 Locus die 

Funktionen seiner Orthologe in Maus, Mensch und Ratte konserviert hat. 

Cre-Reporterschweine können vielfach für die Detektion von Cre-Rekombinase-Aktivität 

eingesetzt werden und stellen einen wichtigen Baustein in der Entwicklung des 

schnellwachsenden Feldes der porcinen genetischen Modifikationen dar. 

  Um ein porcines Modell für Pankreaskreb zu erstellen, wurde ein konditionelle 

Transkriptions-Stop-Kassette (LSL) in Intron 1 des porcinen KRAS integriert, während  

KRASG12D in Exon 2 integriert wurde. Somit kann KRASG12D nach Cre-Rekombination 

exprimiert werden. Weiterhin wurde Cre-Rekombinase nach dem Stop-Codon im porcinen 
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PDX-1 Locus platziert. Die so modifizierten Zellen wurden in vitro analysiert und können nun 

für den Kerntransfer eingesetzt werden. 
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1 Introduction 

1.1  Pancreatic cancer 

Pancreas is one of the most important digestive organs in the human body that regulates two 

major physiological processes: protein and carbohydrate digestion and homeostasis of 

glucose [1]. There are different types of pancreatic neoplasms, as defined by their histological 

resemblance to various normal pancreatic cellular constituents [2]. These multiple tumor 

types possess distinct histological and genetic features, and among them, pancreatic ductal 

adenocarcinoma (PDAC) is the most common type of pancreatic neoplasm, accounting for 

more than 85 % of pancreatic tumor cases. Not only PDAC is the fourth leading cause of 

cancer death in the United States [3] but also is one of the lethal human cancer across the 

world [4]. Despite many efforts in the past decades, PDAC is still a major unsolved health 

problem and has poor prognosis, with a median survival of less than 6 months and a 5-year 

survival rate of only 3% [5]. Although around 15-20% of patients undergoes potentially 

curative resection, the 5-year survival was only 20% [5]. The therapeutic methods, such as 

surgery, chemotherapy, radiotherapy, or combinations of these, have minimal impact on the 

course of the aggressive neoplasm [4]. So, it is very urgent to find out effective approaches to 

prevent, diagnose, and treat pancreatic cancer. Therefore, it is of important to conduct a more 

in-depth analysis of its molecular biology and develop refined animal models. 

1.1.1 Pancreatic ductal adenocarcinoma (PDAC) 

Pancreatic Intraepithelial Neoplasia (PanIN), Mucinous Cystic Neoplasm (MCN), and 

Intraductal Papillary Mucinous Neoplasm (IPMN) are three precursors to PDAC identified 

after clinical and histopathologic studies [6,7]. Among these precursor lesions, PanIN is the 

most common and well studied one [2], and it originates in small terminal (<5 mm) pancreatic 

ducts [6]. Based on the degree of divergent morphologic alterations, PanINs are further 

classified as three stages PanIN-1, PanIN-2 and PanIN-3 (Figure 1.1). PanIN-1 can be further 

subdivided into PanIN-1A and PanIN-1B. In PanIN-1A stage, the normal ductal epithelium 

cells are transformed into tall columnar cells with basally located nuclei and abundant 
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supranuclear mucin, whereas the epithelial lesions in PanIN-1B stage have a papillary 

micropapillary or basally pseudostratified architecture, and the other respects are identical to 

PanIN-1A. PanIN-2 lesions have some nuclear abnormalities, including enlarged nuclei, 

nuclear crowding, some loss of polarity, pseudo-stratification and hyperchromatism. PanIN-3 

lesions are characterised by a loss of nuclear polarity, severe nuclear atypia, occasionally 

abnormal mitoses, nuclear irregularities, prominent nucleoli and intraluminal necrosis [8]. 

Ultimately, the highest grade PanINs transform into PDAC, which is characterised by invasive 

growth and having a dense stroma of fibroblasts and inflammatory cells, called desmoplasia 

[2]. Compared with PanINs, MCNs and IPMNs are less common precursor lesions and 

macroscopically visible cystic neoplasms [9]. MCNs are mucinous epithelial cystic lesions in 

association with a distinctive ovarian-type stroma [10]. IPMNs are similar with PanINs at the 

cellular level and arise in the mucin-producing pancreatic duct where they enlarge the duct 

system by abundant mucin production and intraductal growth of the neoplasm [11]. Finally, 

these precursor lesions described above may evolve towards PDAC [12].  

 
Figure 1.1: Characterization of different stages of PanINs and PDAC.  

1.1.2 Molecular genetics of PDAC 

Research into the molecular genetic mechanisms of pancreatic cancer revealed that the 

process towards PDAC involves oncogenes activation, loss of tumor suppressor genes, 

telomere shortening. For instance, KRAS (Kirsten rat sarcoma viral oncogene homolog) 

mutations, loss of CDKN2A (Cyclin-dependent kinase inhibitor 2A), TP53 (Tumour protein 53) 

and SMAD4 (SMAD family member 4), telomere shortening are confirmed to contribute to 

pancreatic carcinogenesis [5,13,14]. 

Activating oncogene KRAS mutations are the earliest genetic alterations observed in the 

progression series of PDAC. At least 99% of PanIN-1 lesions have shown KRAS mutations, 
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indicating its activation is a vital initial step in carcinogenesis of PDAC [15]. KRAS is a 

member of the RAS family and encodes a guanosine triphosphate (GTP)-binding protein that 

mediate a wide variety of cellular signaling pathway, such as proliferation, differentiation, 

cellular survival, motility, and cytoskeletal remodeling [16,17]. Ras protein cycles between an 

inactive GDP-bound form and active GTP-bound form [18]. In the inactive state, Ras is initially 

bound to GDP. Then this form is converted into the GTP bound form when GDP is removed 

from RAS, allowing GTP to bind, triggered by extracellular signaling through growth factor 

receptors. On the other hand, the active GTP-bound form is converted to the GDP-bound 

form when GTP is hydrolyzed by the intrinsic GTPase activity, which can be accelerated by 

GTPase activating proteins (GAPs) [2]. The KRAS activating mutations result in loss of the 

intrinsic GTPase activity of Ras protein and GTP cannot be hydrolysed into the GDP-bound 

form [19,20]. Therefore, the Ras protein remains always in the activated state and 

permanently activates downstream signaling events even in the absence of extracellular 

signals that may contribute to carcinogenesis [21]. KRAS is activated by point mutations and 

most often activating mutation in PDAC occurs in KRAS codon 12 resulting in amino acid 

substitution of glycine with aspartate [2,22,23]. In addition, there are also some other KRAS 

mutation in codon 15, 16, 18, 31, 59 and 61 found in the patients with adrenocortical tumours 

[24,25]. Activated KRAS leads to persistent stimulation of several downstream signaling 

pathways, for example: the phosphoinositide-3-kinase PI3K-AKT signaling pathway and 

RAF/mitogen-activated protein (MAP) kinase pathway that drive many hallmarks of the cancer 

[9,13,26]. 

The loss of function of the tumor suppressor gene CDKN2A, caused by mutation, deletion or 

promoter hypermethylation, occurs in 80-95% of sporadic pancreatic adenocarcinomas 

[27,28]. The CDKN2A encodes two tumor suppressors (p14/ARF and p16/INK4A) through 

different first exons and alternative reading frames in shared downstream exons. The vast 

majority of CDKN2A loss arises from the PanIN-2 stage. The protein p14/ARF stabilize 

tumour suppressor TP53 by inhibiting MDM2 (Mouse double minute 2 homolog). p16/INK4A 

act to inhibit CDK4/CDK6 mediated phosphorylation of retinoblastoma (RB), thus regulating 

the G1 checkpoint and blocking cells entry into the S (DNA synthesis) phase of the cell cycle. 
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p16/INK4A inactivation plays an important role in pancreatic carcinogenesis; and germline 

and sporadic mutations have been identified that target p16/INK4A, but spare p14/ARF. 

The tumour suppressor gene TP53 acts to regulate many interrelated cellular processes 

including cell cycle progression, DNA repair and apoptosis [29,30]. Inactivation of TP53 

through mutation is observed in more than 50% of pancreatic adenocarcinomas [28], and 

TP53 mutations mostly arise in later-stage PanIN-3 lesions [31]. Wild type TP53 acts like a 

tumor suppressor because it facilitates normal cell cycle progression by regulating the G1-S 

checkpoint and maintaining a G2-M arrest [32]. Thus, cells can be maintained in normal 

growth, genomic stability or induced to apoptosis in response to variety of cellular stresses 

[33]. Inactivation of TP53 facilitates rampant genomic instability and influences PTEN 

(Phosphatase and tensin homolog), which inhibits the AKT signaling pathway in pancreatic 

cancers [13]. In addition, TP53 inactivation in tumours may be associated with their agressive 

biological behavior due to the finding that TP53 controls both growth and epithelial cell 

differentiation [34]. 

Another common alteration in pancreatic adenocarcinoma is the loss of SMAD4 observed in 

high-grade PanIN-3 lesions [35]. The loss of SMAD4 is achieved either by homozygous 

deletion or intragenic mutation with the loss of the second allele with a frequency of about 

55% of pancreatic ductal adenocarcinomas [36]. SMAD4 encodes a transcriptional regulator 

that is an integral component of the TGF-β signaling cascade, which plays an integral role in 

tumor initiation and progression [37,38]. There are three TGF-β ligands (TGF-β1, TGF-β2 and 

TGF-β3), which can bind to serine/threonine kinase cell surface receptors type II and lead to 

phosphorylation of type I receptor. The type I receptor phosphorylates the downstream 

mediators SMAD2 and SMAD3 proteins. The phosphorylated SMAD2 and SMAD3 complexes 

together with SMAD4 enter the nucleus to regulate gene transcription involved in a variety of 

cellular processes including cell differentiation, cell cycle control and growth [39,40]. 

Inactivation of SMAD4 thus disruptes the TGF-β signaling and the loss of SMAD4 is a key 

event in abrogating the TGF-β mediated tumor cell growth and metastasis [41]. 
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1.2  Animal models of pancreatic cancer 

The therapeutic methods (such as surgery, chemotherapy, radiotherapy, or combinations of 

these) in PDAC remain poor in effect [4]. The development of animal models for pancreatic 

cancer is still the essential method to evaluate different strategies for treatment, early 

detection, chemoprevention and finally helping the patients to overcome pancreatic cancer. 

The reveal of the molecular genetic basis of PDAC, such as activation of KRAS and 

inactivation of the p16INK4A, TP53 and SMAD4 tumor suppressors, open an avenue to 

generate animal models to mimic human pancreatic cancer [42]. 

1.2.1 Mouse models of pancreatic cancer 

Since the sophisticated ability to experimentally manipulate of mouse genome, mouse is 

widely used as the animal model for a series of human diseases [42–44]. The generation of 

mouse models for pancreatic cancer started as early as in 1987 [45,46], but the one model 

that has closest resemblance to human pancreatic cancer was established by Hingorani et al. 

in 2003 [47]. This mouse model has a KRASG12D mutant allele blocked by inserting loxP floxed 

transcriptional stop cassette (LSL) into intron 1. Then LSL-KRASG12D mice were further 

crossed with the mice expressing Cre recombinase under the control of pancreas specific 

promoter PDX-1 (Pancreatic and duodenal homeobox 1) or Ptf1a/P48 (pancreas-specific 

transcription factor 1a) to activate the KRASG12D mutant allele. Such alteration in the 

compound mice showed all three stages of PanINs identical to the conditions in human. 

However, the low frequency of spontaneous development into invasive PDAC suggests that 

activation of oncogenic KRAS is not sufficient to induce the invasive stage of pancreatic 

adenocarcinoma. Therefore, multi-transgenic mouse models were generated to capture the 

progress to invasive and metastatic PDAC. A number of such multi-transgene mouse models 

have been generated, which combined PDX-1-Cre/LSL-KRASG12D or 

Ptf1a/P48-Cre/LSL-KRASG12D with deletions or mutations of p53 [48], Ink4 [49], Smad4 [50], 

Mist [51] or TGFβ [52] (Table 1.1). For instance, the PDX-1-Cre, LSL-KRASG12D, 

LSL-Trp53R172H/- transgenic mouse model was generated by activation of both the KRASG12D 

and Trp53R172H alleles only in mouse pancreas through interbreeding with PDX-1-Cre 
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transgenic animals. This mouse model showed the full spectrum of preinvasive lesions at ten 

weeks of age and developed differentiated PDAC afterwards. They showed dramatically 

shortened median survival of approximately 5 months, significantly less than 

PDX-1-Cre/LSL-Trp53R172H/-, PDX-1-Cre/LSL-KRASG12D and wild type mice. Moreover, these 

triple mutant animals showed abdominal distension, cachexia, hemorrhagic ascites, and 

metastasis in the liver, diaphragm and adrenals, and all of them died before 12 months. 

Table 1.1: Mouse models of pancreatic adenocarcinoma 

 

1.2.2 Pigs as model in biomedicine 

In spite of huge progress of generating a wide range of mouse models for various human 

diseases, mice still have limited value for preclinical studies due to their considerable 

differences from human in size and lifespan [53]. However, the pig is an animal very similar to 

human in terms of size, anatomy, genetics and physiology [54]. More specifically, from 

genetical point of view, the size and the composition of the porcine genome are comparable to 

that of human; in terms of physiology, both pigs and human are omnivorous and their organs 

generally share common functional features. Therefore, nowadays pigs are widely used as 
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models in biomedicine research e.g. xenotransplantation [55], cancer [56,57], diabetes [58], 

cardiovascular disease [59], atherosclerosis [60], cutaneous pharmacology [61], wound repair 

[62], ophthalmological studies [63] and toxicology research. 

1.3  Genetically modified (GM) animals 

A genetically modified animal is an animal whose genetic material (DNA) has been altered by 

using genetic engineering techniques, and which does not occur naturally by mating. So far, 

genetically altered animals have been produced in a wide range of species (Table 1.2).  

Transgenic vertebrates have been produced in species with both scientific and commercial 

value including fish, amphibians, birds, and mammals. While transgenic invertebrate species 

mainly include some model organisms such as the arthropod fruit fly Drosophila melanogaster, 

and the nematode Caenorhabditis elegans, and organisms with commecial value including 

dwarf surfclams, eastern oysters and the Japanese abalone [64]. For mammals, transgenic 

animals are being generated mainly for two distinct fields of applications: agriculture and 

human medicine. During the past few decades, genetically modified mammals have been 

produced mainly based on methods which can be divided into 3 categories: direct 

transgenesis, cell-mediated transgenesis and genome editing. 

1.3.1 Direct transgenesis 

Direct transgenesis methods include DNA microinjection, sperm mediated gene transfer, 

transposon-mediated DNA transfer, viral transduction. 

DNA microinjection: DNA microinjection is a popular and most direct method for creating 

transgenic animals. By this method, a very fine glass pipette is used to manually inject 

exogenous DNA into the eggs. In 1974, Jaenisch and Mintz microinjected the simian virus 40 

(SV40) viral DNA into explanted mouse blastocysts and generated the first transgenic mice 

[65]. Later, Gordon et al. microinjected a recombinant plasmid composed of segments of 

herpes simplex virus and simian virus 40 viral DNA into pronuclear of fertilized mouse oocytes 

and also obtained the transgenic mice [66]. This approach was subsequently extended into 
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livestock to generate transgenic rabbits, sheep and pigs [67]. Although this method is 

straightforward, it has several limitations. First of all, it always leads to transgenic DNA 

randomly integrated into host genomic DNA. Thus, host genomic DNA close to the site of 

integration often undergoes various forms of sequence deletion, duplication or rearrangement 

as a result of transgene incorporation. If such alteration is sufficiently drastic, it may disrupt 

the function of host genes at the integration site and constitute insertional mutagenesis, 

causing an aberrant phenotype. It is also inefficient, with approximately 1-4% of injected eggs 

resulting in transgenic offspring among different species [68–70]. 

Table 1.2: A part of reported transgenic animals in some species. 
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Sperm mediated gene transfer (SMGT): SMGT as a method to obtain transgenic mammals 

was firstly established using sperm cells as vectors for introducing foreign DNA into mouse 

eggs [71]. This method was also applied in rats, rabbits and pigs with efficiencies around 

50-80% [72–75]. However, this method has undergone considerable problems of 

reproducibility. It also reported that transgenes introduced by using this way frequently suffer 

rearrangement [76]. 

Transposon-mediated DNA transfer: Transposons are natural mobile genetic elements of 

genomes. Based on the different transposition mechanism, transposons can be categoried 

into two groups: class I transposons (retrotransposons), which use copy-and-paste 

mechanism via RNA intermediate; class II transposons (DNA transposons), which transpose 

through a cut-and-paste mechanism. Generally, DNA transposons are used for genetic 

engineering because they can direct the integration of a transgene [77]. Transposon systems 

have been extensively used for developing methods of human gene therapy and identifying 

oncogenes in mice, while they are less frequently used in large genetically modified animals 

[78]. 

Viral transduction: Two types of retroviral vectors have been developed for producing 

transgenic animals: vectors derived from the genome of prototypic retrovirus (such as MLV) 

and vectors derived from the genome of a more complex retrovirus (such as lentiviruses) [68]. 

By using retroviral vectors based on prototypic retroviruses, transfer of foreign genes into 

animal genome has already been accomplished [79]. Although embryos can be infected with 

retroviruses up to midgestation stage, oocytes to 16 cell stage are frequently used for 

infection with recombinant retroviruses containing foreign genes of interest [80]. After infection, 

the entered retroviral RNA reverse transcribed into DNA in cells and the integration of the 

DNA provirus into the host genome is mediated by specific nucleotide sequences at the ends 

of the retroviral genome and the retroviral integrase [81–83]. However, this method has some 

limitations, for example: the transgenes transferred by a retroviral vector can be silenced in 

the transgenic animal [84]; completion of infection process requires that the host cells are 

undergoing the S phase of cell cycle, causing effective retrovirus infection only in mitotically 

active cells [80]; the retroviral long-terminal-repeats can interfere with mammalian promoters 
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to misdirect or suppress host gene expression [68]; it is difficult to package a gene of more 

than 10 kb size because of the small size in volume of such prototypic viruses [68]. Yet, the 

development of lentiviral vectors brings a breakthrough in using viral vectors to generate 

transgenic animals [85,86]. There are some improvements of lentiviral vectors, such as, 

lentiviral vectors have been developed with incorporated enhancer elements to increase the 

expression of transgenes; viral enhancer and promoter sequence within the retroviral 

long-terminal-repeats (LTRs) have been deleted and replaced by tissue specific promoter or 

ubiquitous promoter sequences to reduce the effect of misregulating host genes by the viral 

LTRs [87–89]; some lentiviral vectors even carry tetracycline regulatable transgenes to 

regulate the expression of the transgene is desired [90]. Therefore, lentiviral transgenesis is 

one of the most efficient methods for generating transgenic animals due to their capacity for 

infecting a large spectrum of host cells and cells at different cycle stages. By using this 

method, a range of transgenic animals, such as mouse, rat, pig, cattle and chicken, have 

been successful generated [87,91–95]. 

1.3.2 Cell-mediated DNA transfer 

Transgenic animals can also be generated via the method of cell-mediated DNA transfer. By 

using this method, it requires that the transgenic cells can be used either for chimera 

formation or somatic cell nuclear transfer (SCNT). Cell-mediated DNA transfer is widely used 

for precise genetic modification through gene targeting which is based on the mechanism of 

homologous recombination (HR). HR represents the precise way to engineer the genome 

because defined changes can be introduced into specific genomic loci while leaving the rest 

of the genome unperturbed (Figure 1.2) [96,97]. Gene targeting by HR is a powerful tool to 

precisely manipulate the genome for a wide range of purposes [98–101]. For gene targeting, 

the targeting DNA can integrate into the genome of the cells through two possible ways: 

random integration and HR [102]. In mammalian somatic cells, gene targeting by homologous 

recombination is a very rare event because for every 1 gene targeting event, there will be 105 

to 107 random integrants [103]. However, the relative rate of gene targeting in mouse ESCs is 

10-100 fold higher than that found in mammalian somatic cells [102]. Thus, genetically 
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manipulated mouse ES cells were often injected into blastocysts, and then the injected 

embyos can be implanted into a foster mother to generate chimeric mice. As there are no 

confirmed ES cells in pig, the somatic cell nuclear transfer (SCNT) was widely used for the 

generation of transgenic pigs. SCNT is a technique in which the nucleuses of somatic cells 

are transferred into enucleated oocytes, thereby reprogramming future development (Figure 

1.3). SCNT can be used to generate genetically engineered animals by using modified donor 

cells [104].  

 

 

 

 

 

Figure 1.2: Schematic of gene targeting via HR. The gene targeting vector contains left and right 
homologous arms which are designed according to the targeted gene. When extracellular DNA is 
transfected into cells, gene replacement occurs by homologous recombination. 
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Figure 1.3: Schematic diagram of SCNT. A matured oocyte derived from oocyte doner pig is 
enucleated and then the nuclear from somatic cells of nuclear donor pig is transferred into enucleated 
oocyte. After electrofusion, reconstructed embryos are activated and cultured in vitro. Then, the 
embryos can be implanted into a surrogate sow to generate cloned animals. 

The technique of somatic cloning in mammals was established by using blastomeres from 

early stage embryos as donor cells in the 1990s [105]. “Dolly” the sheep, as the landmark 

report in 1997, was the first mammal cloned using SCNT [106]. Subsequently, human factor 

IX transgenic sheep was also produced by nuclear transfer [107]. Afterwards, SCNT was 

rapidly extended to generate transgenic goats, cattle and pigs [108–112]. Therefore, with 

nuclei obtained from either mammalian stem cells or differentiated adult cells, SCNT is an 

especially important development in species beyond the mouse model. In particular, this 

technology allows to obviate the difficulties in identifiying and isolating pluripotential domestic 

animal stem cells [80]. In addition, if all of the donor cells are transgenic, the offspring via 

SCNT are 100% transgenic. 

1.3.3 Genome editing 

Genome editing is a method that DNA is removed, inserted, or replaced from a genome by 

using artificially engineered site-specific nucleases. Those site-specific nucleases allow 

precise and efficient genetic modification by inducing targeted DNA double-strand break 

(DSBs) that stimulate the non-homologous end joining (NHEJ) and HR. Three recent 

engineered nucleases, including customised zinc finger nucleases (ZFN), transcription 

activator-like (TAL) effector nucleases (TALENs), and clustered regularly interspaced short 

palindromic repeats/CRISPR associated endonuclease cas9 (CRISPR/Cas9) have been 

widely used in several organisms [113–119]. 

Taking TALENs as an example, TAL effectors (TALEs) were discovered from the plant 

pathogenic bacteria genus Xanthamonas and composed of N- and C-termini for localization 

and activation, and DNA-binding domains (Figure 1.4) [120–122]. The DNA binding domain 

consists of a series of 33-35 amino acid repeats that each recognizes a single base pair [123]. 

Each amino acid repeat is highly conserved except for two variable amino acids at positions 

12 and 13 which convey the specific DNA-binding properties (Figure 1.4) [124]. Usually, the 
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end of the tandem repeat region is truncated and referred to as a “half repeat” [123]. A specific 

TALEN is created by fusing the functional endonuclease FokI with TALEs. As FokI works in a 

dimeric way, therefore, a pair of TALENs is required to make a cut at a specific site of the 

genome [121,125–127]. A pair of designed TALENs binds to targeted DNA sequences 

flanking a spacer sequence (usually 14-18 bp), where the FokI heterodimerization forms 

(Figure 1.5). The dimeric FokI then cuts in the spacer DNA region, causing a double strand 

DNA break (DSB). DSB can be repaired by NHEJ or HR pathway (Figure 1.6). By NHEJ 

pathway, it often generates small insertions and/or deletions (indels), a usefull means of 

inactivating a chosen gene. DSBs can stimulate HR pathway in the presence of homologous 

donor DNA, enabling insertion of an exogenous DNA sequence into a specified chromosomal 

locus [119,128,129]. 

 
Figure 1.4: Structure of TAL effectors. Top, TAL effectors contain a N-terminal translocation domain, 
a tandem repeats region for recognizing targeted nucleotide sequence, a nuclear localization signal 
(NLS) and C-terminal region for transcriptional activation. Below, Individual TALE repeats contain 34 
amino acids that recognize a single base pair via two repeat variable diresidues (RVDs) at position 
12-13. 
 

 
Figure 1.5: Schematic of a pair of TALE nuclease (TALEN) dimer bound to DNA sequence. A 
pair of TALENs binds on a targeted DNA sequence, allowing FokI dimerisation. Cleavage by the FokI 
nuclease domains occurs in the spacer sequence that locates between the two TALE DNA binding 
sites. 
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Figure 1.6: DNA repair pathways after a nuclease-induced DNA double-strand breaks (DSBs). In 
the absence of donor template, the DSBs is repaired by error-prone non-homologous end joining 
(NHEJ), yielding small insertion or deletion (indel) mutations at the targeted DNA sequence. In the 
presence of donor template with extended homology arms, DSB can be repaired by homologous 
recombination (HR), which lead to insertion of precise DNA sequences. 

1.3.4 Gene-targeted animals 

Gene targeting, defined as the introduction of site-specific modification into the genome by 

homologous recombination, paved the way towards the analysis of mammalian functional 

genomics [130]. Smithies et al [131] was first reported gene targeting in mammalian cells for 

the human β-globin gene. In 1981, two groups reported murine embryonic stem cells (ESCs) 

isolated from the inner cell mass of blastocysts [132,133]. Since the rapid development of 

murine embryonic stem cells (ESCs) technology, the combination of gene targeting with 

ESCs allows to generate targeted mice conveniently (Figure 1.7) [134]. The first successful 

gene targeting in murine ESCs was achieved for the selectable hypoxanthine phosphoribosyl 

transferase (HPRT) gene locus [135,136]. Subsequently, targeting of non-selectable genes, 

such as c-abl and int-2, also reported after development of strategies for homologous 

recombination [137,138]. Isolation of ES cells from humans, monkeys and rats has been 

successfully achieved [139–141], but isolation of ES cells from livestock species has made 
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limited progress. Although, embryo-derived pluripotent cell lines have been reported in cattle 

and pig, successful germ-line chimeric offspring have not yet been reported [142]. The failure 

of ES cell isolation has hampered development and applications of gene targeting 

technologies in livestock animals. Combining gene targeting with SCNT has opened the 

avenue for targeted genetic manipulations of domestic animals (Figure 1.7). McCreath et al. 

[143] reported the first gene targeted large animal which was produced by placing a 

therapeutic transgene at the ovine alpha1(I) procollagen (COL1A1) locus. Subsequently, 

other gene targeted large animals, such as rabbit, pig and cattle, were reported as well 

[55,113,144,145].  

 

Figure 1.7: Schematic of gene targeting in mice and livestock. For mice, gene targeted embryonic 
stem (ES) cells can be either injected into blastocyst or used for nuclear transfer (NT) to generate 
gene-targeted mice. While ES cells isolated for domestic animals has limited progress, thus gene 
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targeted and nuclear transfer (NT) are combined to produce gene-targeted livestock. 

1.3.5 Gene-targeted pigs 

The first gene targeted pig, carrying heterozygous knock-out of α-1,3-galactosyltransferase 

(GGTA1) gene, was generated for xenotransplantation to avoid hyperacute rejection (HAR) in 

pig-to-human transplantation [55,144]. Shortly after, a homozygous GGTA1 knock-out pig 

was produced [146], which provide a potential resource for xenotransplantation experiments. 

The first gene targeted porcine disease model was established for studying cystic fibrosis 

(CF). CF is an autosomal recessive disease caused by mutations in the gene expressing the 

CF transmembrane conductance regulator (CFTR). The most common mutation is a deletion 

of a phenylalanine residue at amino acid position 508 (ΔF508) of the protein [147]. CFTR 

expressed predominantly in epithelia is an anion channel [148]. Previously created CF mouse 

models failed to develop the lung and pancreatic disease that cause most of the morbidity and 

mortality in humans with CF [149,150]. Therefore, gene targeted pigs were generated with the 

CFTR gene either disrupted or containing the most common CF associated mutation (ΔF508) 

[148]. The homozygous CFTR gene knock out pigs were further bred, which showed 

replicating abnormalities seen in newborn patients with CF [151]. The first gene-targeted pigs 

for cancer were produced by inactivating breast cancer associated gene 1 (BRCA1) causing 

predisposition to breast cancer using adeno-associated virus-mediated method [152]. Our 

chair is also engaged in generating a series of human cancer and cancer predisposition 

models in pigs. So far, we have reported the first gene-targeted ‘oncopigs’ which are carrying 

truncated mutations in the adenomatous polyposis coli (APC) gene at sites orthologous to 

germ line mutations responsible for an inherited form of colorectal cancer, familial 

adenomatous polyposis (FAP) [57]. We have also produced gene-targeted pigs carrying a 

conditionally activated mutant form of the key tumour suppressor p53, TP53R167H, orthologous 

to mouse Trp53R172H and human TP53R175H, to model Li-Fraumeni syndrome and other 

cancers [153].  
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1.3.6 Cre/loxP system 

The Cre recombinase of the P1 bacteriophage is a 38.5 kDa protein and belongs to the 

integrase family of site-specific recombinases [154,155]. It can efficiently catalyze the 

recombination between two of its consensus 34 base pair DNA recognition sites (loxP sites) 

which consists of a core spacer sequence of 8 bp and two 13 bp palindromic flanking 

sequences (Figure 1.8) [156]. The orientation of the loxP site was defined by the asymmetric 

core sequence. Each 13 bp inverted repeat serves as a binding site for the recombinase, 

whereas the 8 bp spacer region participates in strand exchange during the recombination 

reaction. The Cre/loxP recombination system requires no additional sequence elements or 

co-factors for efficient recombination [157]. The postrecombination loxP sites are formed from 

the two complementary halves of the prerecombination sites. Cre recombinase can induce 

deletion, inversion or chromosomal translocation events depending on the orientation and 

location of the loxP sites (Figure 1.9) [157]. DNA flanked by two loxP sites with the same 

direction is deleted upon recombination, whereas DNA flanked by two loxP sites with the 

opposite direction is inverted upon recombination. Cre recombinase mediates a chromosomal 

translocation if the loxP sites are located on different chromosomes [158]. Since the Cre/loxP 

system has been successfully applied in mammalian cells and in vivo, it became a powerful 

tool for the generation of conditional gene activation and knock out [159,160]. Nowadays, our 

chair is extending the Cre/loxP system to pigs. 

 

 

 

 

 

 

Figure 1.8: Wild-type loxP sequence. The loxP site contains an asymmetric 8 bp spacer region 
flanked by 13 bp inverted repeats where the Cre recombinase can recognize and bind to. 
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Figure 1.9: The Cre/loxP recombination system. Cre mediateds inversion, excision and 
translocation recombination events between two loxP sites, which depends on the direction and 
location of two loxP sites. 

1.4  Reporter animal strains 

1.4.1 Reporter genes 

Reporter genes refer to certain genes with a readily measurable phenotype that can be easily 

distinguished from a background of endogenous proteins [161]. Generally, reporter genes are 

chosen based on the sensitivity, dynamic range, convenience, and reliablility of their assay 

[161–163]. Here reporter protein shall be classified into two categories: non-fluorescent 

proteins and fluorescent proteins. 

Non-fluorescent proteins  

Chloramphenicol acetyltransferase (CAT): CAT is a bacterial enzyme and the first reporter 

gene used to monitor transcriptional activity in cells [162]. Chloramphenicol, an inhibitor of 

prokaryotic protein synthesis, can be detoxified by CAT through catalyzing the transfer of 

acetyl groups from acetyl CoA to the 3’-hydroxyl-position of chloramphenicol. This enzyme is 

stable [164,165] and no endogenous expression is detected in mammalian cells. Although an 

automated ELISA has been developed, facilitating its application, the sensitivity of this assay 

is still not as high as for other reporters [162,166].  

β-galactosidase: The lacZ gene, which encodes β-galactosidase, is a well-characterized 

bacterial enzyme and one of the most commonly used reporter genes in molecular biology 
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[167]. β-galactosidase can catalyze the hydrolysis of X-Gal and produce a blue product, which 

can be easily visualized. Therefore, it has the advantage over CAT because the assays tend 

to be simple. 

Fluorescent proteins 

Green fluorescent protein (GFP): The GFP from the jellyfish, Aequorea victoria, discovered in 

1962 by Shimomura [168], is a protein composed of 238 amino acid residues (26.9 kDa) that 

exhibits bright green fluorescence when exposed to light in the blue to ultraviolet range 

[169,170]. Its discovery triggered a hot research interest in the structure, biochemistry, and 

biophysics of GFP-like fluorescent proteins, which resulted in an avalanche of scientific 

reports about fluorescent proteins and their applications to solve a series of basic issues in 

molecular and cell biology [171]. GFP and its variants, such as enhanced yellow (EYFP) and 

enhanced cyan (ECFP), have been developed and are nowadays used in a wide range of 

areas [4,5]. GFP has become well established as a marker of gene expression in cell and 

molecular biology [173]. In 1997, Okabe et al. [174] generated the first ‘green mouse’, which 

expressed enhanced green fluorescent protein (EGFP) driven by a CAG promoter (chicken 

beta-actin promoter combined with the cytomegalovirus enhancer element). The successful 

generation of such ‘green mice’ suggested that EGFP expression is non-toxic in mouse. 

Variants of green fluorescent protein (EYFP and ECFP) were also rapidly used in mice for 

living imaging [175,176]. Later GFP and its variants were also applied in other species such 

as pig [177,178]. 

Red fluorescent protein (RFP): The emission spectra of GFP variants (YFP and CFP) are very 

close and it is difficult to visually differentiate between them with readily available imaging 

systems [179]. In addition, a double reporter system is often required to establish reporter 

strains; therefore, easily identifiable, spectrally distinct colors, such as red, had to be 

developed. Over the past few years, a number of RFPs that emit orange, red and far-red 

fluorescence have been discovered from anthozoans (corals), and are available for a wide 

range of biological applications [171,180,181]. The first RFP isolated from Discocoma sp. was 

DsRed1 [182]. Hadjantonakis et al. [183] tried to generate a DsRed1 transgenic mouse but 
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failed to establish this line, which indicated that DsRed1 was not developmentally neutral or 

that constitutive transgene expression may not be sustained. Because DsRed1 has slow 

maturation times and poor solubility, improvements were made for DsRed1 to generate the 

mutant DsRed S197Y [184]. DsRed S197Y is brighter and essentially free from the secondary 

fluorescence peak, which makes it an ideal reporter for double labeling with GFP. A further 

improved DsRed variant, DsRed.T3, was produced through random mutagenesis [185]. 

Vintersten et al. [186] generated an Z/RED ES cell line and the corresponding transgenic 

reporter mouse, which expresses β-geo before Cre recombination and DsRed.T3 after Cre 

excision. These transgenic reporter mice developed normally and DsRed.T3 expression was 

inherited by their offspring at expected Mendelian ratios. As DsRed.T3 can form multimers, a 

series of monomeric RFP were generated subsequently. Campbell et al. [187] generated the 

first actual monomeric RFP, monomeric RFP 1 (mRFP1), which was later used for examining 

the expression of native mRFP1 in ES cells and its germline transmission [188]. They found 

that mRFP1 expression in a wide range of tissues is compatible with normal development and 

fertility in mRFP1 transgenic mice. Now, many monomeric RFPs improved from DsRed or 

other fluorescent proteins are available and are also widely applied in biology [171] and 

transgenesic reporter strains. Two examples are monomeric cherry (mCherry) and tandem 

dimer Tomato (tdTomato). mCherry, which is brighter, matures faster, and has higher 

photostability than mRFP1, has been already used to generate ubiquitous mCherry 

transgenic reporter lines [189–193]. tdTomato exhibits a short maturation time, greater 

brightness and folds equivalenty to a monomer, which may minimize toxicity when used in 

transgenic reporter strains [194]. 

1.4.2 Random reporter strains 

Reporter animal lines can be generated through two main ways to introduce exogenous 

genes into animal genome: random transgenesis and targeted transgenesis by homologous 

recombination.	
  

In mice, a series of random reporter mice have been generated by random transgenesis. 

Exogenous DNA with a promoter-cDNA cassette is either introduced into mouse ES cells via 
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transfection or micro-injected directly into zygotes [66,183]. Choosing an appropriate 

promoter is one of the crucial factors for the successful random transgenesis. The most 

commonly used promoter for ubiquitous expression of a transgene is the CAG promoter [195]; 

but some studies showed that the CAG promoter might cause non-ubiquitous or sometimes 

even silencing of transgenes [196,197]. Other promoters, such as the human ubiquitin C 

(UBC) promoter [190,198] and the ROSA26 promoter [199], are also used for inducing 

widespread expression of transgenes. Since both UBC and the ROSA26 promoter are 

derived from endogenous genes, the expression activities are lower than the CAG promoter 

[200]. But the UBC promoter and ROSA26 promoter with genomic insulators show a more 

ubiquitous expression of the transgene than the CAG promoter according to recent 

publications [197,201].  

1.4.3 Mouse Cre reporter strains 

Along with the wide application of the Cre/loxP system in experimental genetics, it has now 

become possible to generate conditional genome alterations that are spatially and temporally 

restricted or activated by combining this system with random transgenesis technologies 

[202,203]. Double reporter system was developed based on the Cre/loxP system. In the 

double reporter system, a first reporter gene flanked by two loxP sites with the same direction 

can be expressed prior to Cre recombination, then a second reporter gene after Cre 

recombination. A series of double reporter constructs have been widely used for generating 

double reporter mice, such as CAG-CAT-Z (chloramphenicol acetyltransferase/lacZ) [204], 

Z/EG (lacZ/EGFP) [205], Z/AP (lacZ/ human alkaline phosphatase) [206] et al. Those Cre 

random reporter mice are capable of monitoring Cre activity in diverse tissues and cell types. 

However, when used in the random integration method, those reporter strains showed some 

drawbacks. Firstly, the expression patterns of reporter lines vary due to different copy 

numbers and positional effects of the integration sites [207] and the inserted gene can be 

subject to gene-silencing effects in later offspring [134]. Secondly, it is not easy to choose a 

suitable reporter line for one’s research among the many transgenic lines that have been 

established in different laboratories and assessed under different standards [208]. 

Furthermore, reporter mice that show high expression of the fluorescent reporter are often 
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infertile or not viable [209]. In order to overcome these issues, the ubiquitously expressed 

ROSA26 locus was used to generate genetically modified reporter strains [210]. 

1.4.4 ROSA26 locus 

Friedrich et al. [211] introduced several promoter trap constructs containing fusion lacZ-neo 

gene (β-geo) into mouse ES cells by electroporation or retroviral infection. Embryos from 

gene-trap line ROSAβ-geo (reverse orientation splice acceptor β-geo) 26 showed ubiquitous 

β-galactosidase (β-gal) expression during embryonic development. Zambrowicz et al. [210] 

later reported that in that mouse line the gene-trap vector was integrated into a gene with 

unknown function. This gene was subsequently named ROSA26. In mouse the Rosa26 gene 

is located on chromosome 6 between THUMPD3 and SETD5 genes. It has 3 non-coding 

transcripts (NR_027008.1, NR_027009.1 and NR_027010.1). ROSA26 transcripts 1 and 2 

contain 2 exons and 1 intron, while transcripts 3 is tail-to-tail overlapping (3’ to 3’) with 

THUMPD3 gene containing 3 exons (Figure 1.10). The mouse ROSA26 locus shows 

ubiquitous transcriptional activity and loss of this gene is not lethal [210]. The ubiquitous 

transcriptional activity of this locus indicates that the genomic region is not affected by 

chromatin configurations which may cause transcriptional repression of exogenous 

transgenes. Therefore, this locus is widely used as a permissive site for targeted placement of 

transgenes in mice [212,213], with no effect on animal viability or fertility. In mice, transgenes 

have been introduced into the XbaI site in the first intron of the ROSA26 forward transcript 

where the presence of a splice acceptor allows the transgene expression to be driven by the 

ubiquitously expressed endogenous promoter [200]. Irion [214] and Kobayashi [215] 

demonstrated ubiquitous expression of red-fluorescent protein cDNA, after integration into the 

human and rat homolog of the mouse ROSA26 locus through homologous recombination, 

indicating that the human and rat ROSA26 locus conserve properties of its orthologue in 

mouse. 
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Figure 1.10: Mouse Rosa26 genomic locus and its adjacent genes (Thumpd3 and Setd5) on 
chromosome 6. The red arrowheads indicate the transcriptional orientation of Rosa26, Thumpd3 and 
Setd5 and genes are shown with exons and introns. Mouse Rosa26 has three transcripts (Accession 
number: NR_027008.1, NR_027009.1 and NR_027010.1) and the transcript NR_027010.1 contains 
three exons and two introns. The third exon of NR_027010.1 is tail-to-tail overlapping (3’ to 3’) with 
Thumpd3 gene. 

1.4.5 ROSA26 reporter strains 

The mouse Rosa26 locus is widely used as a permissive site for targeted placement of 

transgenes. A series of reporter genes have been inserted into the Rosa26 locus to generate 

reporter mouse lines with precisely designed genome modifications through homologous 

recombination in ES cells (Figure 1.11). Soriano [212] constructed the Rosa26 targeting 

vector which comprises a splice acceptor sequence (SA), a PGK promoter, a neo expression 

cassette flanked by two loxP sites with the same direction, followed by a triple polyadenylation 

sequence to prevent neo cassette transcriptional read-through, a lacZ gene and a 

polyadenylation sequence. This Rosa26 reporter construct was then linearized and inserted 

into a unique XbaI site approximately 300 bp 5’-stream of the original gene-trap integration 

site in intron 1 of the mouse Rosa26 locus. Thus, a reporter mouse line for monitoring Cre 

recombinase activity at desired time points at the Rosa26 locus was successfully established. 

However, the endogenous ROSA26 promoter is weaker than exogenous artificial promoters 

(e.g. CAG promoter) [200,213], causing hardly detectable reporter signals in tissues and cells. 

Therefore, a stronger promoter, such as the CAG promoter, is often used in knock-in reporter 

lines in order to enhance expression activity at the ROSA26 locus (Figure 1.11) [216–218]. 

The CAG promoter was shown to yield the highest expression levels at approximately 8-10 

fold the level of the endogenous ROSA26 promoter [200]. A series reporter genes driven by 

the CAG promoter were targeted into the mouse Rosa26 locus to generate ROSA26 reporter 
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lines, such as a multifunctional teal-fluorescent Rosa26 reporter mouse line [219], which 

strongly expresses mTFP1 (bright teal fluorescent protein) after Cre and Flp mediated 

recombination; a global double-fluorescent Cre reporter mouse [194], which expresses 

membrane-targeted tandem dimer Tomato (mT) before Cre mediated excision and 

membrane-targeted green fluorescent protein (mG) after Cre recombination. All of those 

ROSA26 reporter strains can be applied in live cell imaging, lineage tracing, monitoring Cre 

activity, analysis of cell morphology and so on. 

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure 1.11: Strategies of targeting reporter genes into the ROSA26 locus. From top to bottom: 
the wild type ROSA26 locus with the indicated targeting site; the structure of the targeted R26R allele 
before and after Cre excision of the loxP flanked selection marker with stop cassete; the structure of the 
targeted R26R-CAG allele before and after Cre excision of the loxP flanked selection marker with stop 
cassete, where the CAG promoter is inserted in front of the loxP-flanked selection marker with stop 
cassette; the structure of R26R-SA-CAG allele before and after Cre excision of the loxP flanked cDNA 
with stop cassette. loxP sequences are indicated by arrowheads and the ROSA26 exon 1 is shown as 
a black rectangles. 

1.5  Functions of reporter animal lines 

1.5.1 Live cell imaging  

Live cell imaging is a powerful tool that can be used to understand embryonic development, 

the dynamic behaviors of cells driving, the morphogenesis of tissues and organs et al. 

[208,220]. Reporter animal lines labeled with fluorescent proteins fused to different subcellular 
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localization signals allow for the observation of real-time states of cells and molecules in 

specific organelles of living organisms (Figure 1.12). 

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure 1.12: Live imaging of homozygous Rosa26GR (GR stands for green nucleus-red 
membrane) pre-implantation embryos at different stages. The chromatin-associated H2B-EGFP 
and plasma membrane-bound mCherry-GPI targeted into the Rosa26 locus allow live cell imaging. 

Reporter lines, that mark plasma membrane, Golgi apparatus, nucleus, mitochondria, 

microtubules, actin filament and focal adhesion, have been reported suitable for live imaging 

[208]. More specifically, Lyn, Ras, GAP43, and Display were used to target fluorescent 

proteins to the plasma membrane, which provides information on membrane dynamics and 

cell morphology [221–224]. Mouse β-1,4-galactosyltransferase 1 was used to target 

fluorescent proteins to the Golgi apparatus becuse it is known to localize at both trans- and 

cis-Golgi [225]. Histone H2B was used to target fluorescent proteins to the nucleus [226]. 

Mouse cytochrome c oxidase subunit (Cox8a) was used to target fluorescent proteins to the 

mitochondria [227]. Mouse α-tubulin 2 and human microtubule-binding protein EMTB were 

used to target fluorescent proteins to microtubules [228]. Actin and moesin were used to 

target fluorescent proteins to actin filaments [229,230]. Paxillin was used to target fluorescent 
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proteins to the focal adhesions [231]. The establishment of these reporter animals has 

enabled scientists to get more detailed information by observing the behavior of each 

organelle, thus it is benificial for investigate cell behaviors involving cell division, cell 

movement, cell death and morphological changes. 

1.5.2 Cell lineage tracing 

Lineage tracing is the identification of all progeny of a single cell with the help of a 

transmittable mark that has been introduced into a single cell [232]. Lineage tracing is now 

widely used in stem cell research since it provides information about how the cell behaves in 

the context of intact tissue or organ. It is also a powerful method for understanding tissue 

developemt, signals regulating cell-fate decisions and diseases. Usually, Cre reporter animal 

lines are used for genetic lineage tracing. In one animal line, Cre recombinase is expressed 

under the control of a tissue- or cell- specific promoter. This line can be crossed with reporter 

lines in which a reporter gene is blocked by a loxP-stop-loxP sequence. In the offspring which 

carries both constructs, Cre recombinase specifically activates the reporter gene in certain 

tissue or cells, by ablating the stop cassete. Therefore, the labeled Cre recombined tissues or 

cells can be monitored and traced easily. For example, the Sox9 promoter can drive the Cre 

recombinase expression specifically in hair follicle bulge stem cells. Thus in the Sox9-Cre 

animal lines, the reporter gene can be activated to trace the origin of bulge stem cells and 

their progeny during epidermal morphogenesis, indicating that Sox9 activated cells can give 

rise to all epidermal lineages [233]. Subsequently, double Cre-reporter lines were also 

established for lineage tracing because double-fluorescent marker system would allow for 

visualization of recombined and nonrecombined cells, simplifying mosaic analysis especially 

in live tissues. Mandar et al. [194] reported a membrane-targeted 

tdTomato/membrane-targeted EGFP (mT/mG) double-fluorescent Cre reporter mouse that 

expresses mT prior to Cre recombination and mG after Cre-mediated recombination. Later, 

multicolor reporters animal lines, such as ‘Brainbow’ mouse, were generated as a useful tool 

for lineage tracing [234]. In the ‘Brainbow’ mouse, Cre/loxP recombination leads to a 

stochastic distribution of expression between three or more fluorescent proteins (XFPs). For 

Brainbow-1, the Cre recombinase can mediate excision between pairs of incompatible loxP 
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sites, alternated to create mutually exclusive recombination events. In Brainbow-2, the 

fluorescent proteins were positioned in a tandem way and the Cre recombinase is able to 

invert DNA fragments delimited by two loxP sites in opposite directions, causing generation of 

several recombination outcomes. The various expression of multiple copies of those 

fluorescent genes generates mixtures of fluorescent proteins, allowing the labelling of 

individual cells with as many as 90 distinguishable colours. The Brainbow-2 has also been 

combined with the ROSA26 locus to generate ROSA26 reporter animal lines, such as the 

Rosa26-Confettie mouse which was produced by placing the CAG promoter, a loxP-flanked 

neo cassette and the Brainbow-2 cassette at the mouse Rosa26 locus [217]. In these mice 

Cre-mediated recombination occurs at high frequencies in small intestinal crypts. For Lgr5 

stem cells, multicolored cells were initially observed, later on each crypt became labeled with 

a single color as it became populated by cells derived from a single clone. It was shown that 

murine intestinal crypts homeostasis is maintained by symmetrically dividing Lgr5 stem cells 

through neutral competition [217]. For all these applications, it has to be ensured that the 

fluorescent protein can be easily visualized after tissure preparation. In order to achieve this, 

some fluoresent antibodies were used for fixed, paraffin-embedded or unfixed and frozen 

sections [235,236]. A serials of imaging devices have also been applied for detecting 

fluoresence, such as two or multiphoton fluorescence microscopes, which allow in-depth 

scanning and optimal fluorophore separation of the multicolor fluorescence [232]. 

1.5.3 Cell cycle indicator 

Visualizing the progress of the cell cycle in cells plays a valuable role in undersanding 

developmental processes, such as cell differentiation, growth, pattern formation, 

morphogenesis, cell migration and cell death [220]. In order to visualize the cell cycle in live 

cells, a fluorescent ubiquitylation-based probe, named the fluorescent ubiquitylation-based 

cell cycle indicator (Fucci) was produced by fusing monomeric Kusabira Orange 2 (mKO2) 

[237] and monomeric Azami Green (mAG) [238] to the ubiquitylation domains of human Cdt1 

[hCdt1(30/120)] and Geminin [hGem(1/110)], respectively [201]. Those two chimeric proteins, 

mKO2-hCdt1(30/120) and mAG-hGem(1/110), are able to accumulate reciprocally in the 

nuclei during different stages of the cell cycle, labeling the nuclei of G1 phase cells in orange 
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and the nuclei of S, G2 and M phase in green (Figure 1.13). Therefore, they function as G1 

and S/G2/M probes, respectively. By using those cell cycle probes, two mouse lines, 

CAG-mKO2-hCdt1(30/120) and CAG-mAG-hGem(1/110), were generated by random 

transgenesis for visualizing the cell cycle in live embryos or animals. Then the CAG-Fucci 

mouse line, in which both CAG-mKO2-hCdt1(30/120) and CAG-mAG-hGem(1/110) were 

present, was obtained by crossing these two transgenic lines. These CAG-Fucci mice have 

been successfully applied to monitor the cell cycle in the head region of embryonic day 13 

embryos which demonstrated regional differences in cell proliferation activities in the neural 

tissue. However, the CAG-Fucci expression was too weak to analyze the cell cycle in some 

tissues, such as extraembryonic tissues in early post-implantation embryos [201]. 

Subsequently, a new Fucci probe Fucci2 was created, which used a red monomeric 

fluorescent protein (mCherry) and Aequoea green fluorescent protein (mVenus) to improve 

the imaging quality. Two Fucci2 reporter mouse lines were generated. One is the 

R26p-Fucci2 reporter line, in which the Rosa26 promoter (R26p) bidirectionally drives 

mCherry-hCdt1(30/120) and mVenus-hGem(1/110) expression. For another Fucci2 reporter 

line, one Rosa26 allele harbors mCherry-hCdt1(30/120) and the other allele harbors 

mVenus-hGem(1/110). Both reporter lines demonstrated the dynamic changes in cell cycle 

behavior during development and will therefore be a valuable tool for examining a variety of 

developmental processes, behaviors of adult stem or progenitor cells and pathogenetic 

processes, such as oncogenesis in tumor-prone mice [201].  

 
Figure 1.13: A fluorescent ubiquitylation-based cell cycle indicator (Fucci) probe labels 
individual G1 phase nuclei in red and S/G2/M phase nuclei in green. 
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1.5.4 For immunological research and cancers 

The immune system plays a vital role in organisms and has the capacity to recognize and 

destrory malignant cells and pathogens [239]. Reporter animal lines, such as cytokine 

reporter strains, immune cell populations labled reporter strains and so on, are also extending 

into this field to facilitate the immunological studies. In the immune system, cytokines are 

soluble messenger molecules having important regulatory function [240]. Cytokine reporter 

strains have been established by placing reporter genes under the control of elements from 

cytokine genes, enabling easy identification of their cellular sources. For example, IL-4, which 

is the hallmark cytokine for Th2 cells, plays an important role in immunity against extracellular 

pathogenes. A bicistronic IL-4 reporter mouse was generated by inserting an internal 

ribosome entry site-green fluorescent protein (IRES-GFP) into the 3’ untranslated region of 

the IL-4 gene [241]. This reporter line faithfully showed IL-4 expression under Th2 polarizing 

conditions [242–247] and it also labled other constitutive IL-4 producers, like basophils, 

natural killer (NK) T cells, eosinophils and mast cells [242,246,247]. A series of other cytokine 

reporter lines, such as IL-2 [248,249], IL-7 [250,251], IL-10 [252–254], IL-17F [255–257], 

IFN-γ [247], have been applied in immunological research. Reporter strains can also be used 

for visualization of immune responses to cancer [239]. One of the reporter lines was created 

by using the T cell specific human CD2 promoter to drive reporter genes, facilitating the 

studies on T cell localization. This reporter line was subsequently crossed with CD8+ [258] or 

CD4+ [259] T cell receptor transgenic mice, generating dual transgenic lines with expression 

of reporter gene in antigen-specific CD8+ T cells or CD4+ T cells. These dual transgenic 

strains allow longitudinal tracking of antigen-specific T cells in vivo, and they have been 

successfully used to follow responses to model antigens. The kinetics of T cell localization to 

transplantable tumors can be directly evaluated by challenging the reporter mouse with 

transplantable tumors expressing the model antigen. The ongoing development of reporter 

strains is opening an avenue for noninvasive and longitudinal studies of immune cell 

localization and function in cancer. Also, reporter transgenes have become a common 

approach to investigate diverse aspects of tumor biology in vivo [260]. 
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1.6  Aim of this project 

This project had three goals. The first aim was to generate a ROSA26 dual, Cre-inducible 

reporter porcine model that can be applied in a wide range of fields, such as the studies of 

cellular differentiation, organogenesis, developmental biology, cancer initial cell lineage 

tracing, cell fate as well as transplantation. The second aim was to generate PDX-1-Cre 

transgenic pigs which are able to express Cre recombinase specifically in the pancreas. The 

last aim was to generate transgenic pigs containing an LSL-KRASG12D allele that can be 

activated to express mutated KRASG12D after Cre recombination. 

In order to achieve the first goal, the following measures were adopted. Firstly, the location of 

the porcine ROSA26 gene and its gene structure had to be indentified properly. Then the site 

in the porcine ROSA26 intron 1 similar to that frequently used in mouse Rosa26 was chosen 

as a preferential target site. The targeting vectors were constructed based on a promoter-trap 

approach and porcine mesenchymal stem cells were used for gene targeting. The dual, 

Cre-inducible reporter systerm was achieved by combining a loxP flanked first reporter gene 

with a second reporter marker. Functionality of the Cre-inducible system could be tested both 

in in vitro and in vivo. Afterwards, correctly targeted cells were used for somatic cell nuclear 

transfer (SCNT) to generate gene targeted pigs. Then, transgenic piglets and foetuses were 

analysed for correct transgenesis, ROSA26 gene expression patterns and functionality of the 

double fluorescent system. Testing of the double fluorescent system in vitro was conducted 

by transducting Cre recombinase into targeted cells or somatic cells from transgenic piglets or 

foetuses. There are two approaches to check the double fluorescent system in vivo. One 

strategy is to cross ROSA26 dual reporter pigs with pigs expressing Cre recombinase under 

the control of cell or tissue specific promoter (e.g. PDX-1). Another method is to re-target Cre 

recombinase under the control of a tissue specific promoter into kidney fibroblasts from 

ROSA26 dual reporter foetuses or piglets. Via SCNT and embroy transfer (ET), genetically 

modified animals had to be analysed. To achieve the second aim, a targeting vector 

containing an IRES-Cre cassette had to be inserted after the stop codon of the endogenous 

PDX-1 locus with the help of TALENs. Regarding the third aim, a targeting vector containing 
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LoxP-stop-LoxP- KRASG12D (LSL- KRASG12D) had to be targeted in the KRAS locus. Finally, a 

porcine model of pancreatic cancer containing PDX-1-Cre, LSL-Trp53R172H, LSL-KRASG12D, 

ROSA26mT/mG alleles can be generated through intercrossing. 
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2 Material and methods 

2.1  Material 

2.1.1 Chemicals 

Acetic acid      Fluka Laborchemikalien GmbH, Seelze, Germany 

Alcian blue      Sigma, Steinheim, Germany 

Ammonium persulfate (APS)   Carl Roth GmbH, Karlsruhe, Germany 

Blocking solution     Roche Diagnostic GmbH, Mannheim, Germany 

for Southern Blot 

Biozym LE Agarose    Biozym, Oldendorf, Germany 

Boric Acid      Fluka Laborchemikalien GmbH, Seelzle, Germany 

Bovine Serum Albumin, pH 7.0 PAA, Pasching, Austria 

Bromphenol blue     Sigma, Steinheim, Germany 

Chloroform      Sigma, Steinheim, Germany 

CDP Star      Roche Diagnostic GmbH, Mannheim, Germany 

Dimethyl sulfoxide (DMSO)  Sigma-Aldrich Chemie GmbH, Steinheim 

DIG Easy Hyb Granules   Roche Diagnostic GmbH, Mannheim, Germany 

Digoxygenin-11-2’-deoxy   Roche Diagnostic GmbH, Mannheim, Germany 

-uridine-5’-triphosphate 

Ethylene diamine tetracetic acid Sigma, Steinheim, Germany 

(EDTA) 

Ethanol       Riedel-de-Haen, Seelze, Germany 

Ethidiumbromid solution   Sigma, Steinheim, Germany 

Formalin      Sigma, Steinheim, Germany 

Formamide (deionized)   Sigma, Steinheim, Germany 

GenAgarose L.E.    Genaxxon Bioscience GmbH, Biberach, Germany 

Glacial acetic acid    Fluka Laborchemikalien GmbH, Seelze, Germany 

Glutaraldehyde     Fluka Laborchemikalien GmbH, Seelzle, Germany 

Glycerol       Carl Roth GmbH, Karlsruhe, Germany 
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Glycine         Carl Roth GmbH, Karlsruhe, Germany 

Hydrochloric acid 37%     Merck KGaA, Darmstadt 

Isopropanol (2-Propanol)     Carl Roth GmbH, Karlsruhe, Germany 

Kanamycin (Kana) Sigma-Aldrich Chemie GmbH, Steinheim, 

Germany 

Magnesium chloride-hexahydrate   Merck KGaA, Darmstadt, Germany 

Methanol        Sigma, Steinheim, Germany 

NP40 (Igepal CA-630)     Sigma-Aldrich, Steinheim, Germany 

Potassium chloride      Sigma-Aldrich, Steinheim, Germany 
Saccharose        Sigma, Steinheim, Germany 
Sodium chloride       J.T. Baker, Deventer, Holland 
Sodium citrate tribasic dehydrate   Sigma, Steinheim, Germany 
Sodium thiosulfate      Sigma, Steinheim, Germany 
Sodium acetate       Roth, Karlsruhe, Germany 
Sodium dodecyl sulfate (SDS)    Sigma, Steinheim, Germany 
Sodium hydroxide pellets    Riedel-de Haen Laborchemikalien GmbH,  

Germany 
Sucrose         Sigma, Steinheim, Germany 
TEMED         Roth, Karlsruhe, Germany 
Trizma base (Tris base)     Sigma, Steinheim, Germany 
Tris hydrochloride (Tris HCl)    Sigma, Steinheim, Germany 
Trypan blue solution (0.4%)    Sigma-Aldrich Chemie GmbH, 

Steinheim, Germany 
Trizol         Invitrogen, Karlsruhe, Germany 

Tween 20        Sigma, Steinheim, Germany 

2.1.2 Enzymes 

Antarctic Phosphatase     New England Biolabs, Frankfurt, Germany 

DNA polymerase I,      New England Biolabs, Frankfurt, Germany 

large (Klenow) fragment 

GoTaq DNA polymerase     Promega GmbH, Mannheim, Germany 

PCR Extender System     5Prime GmbH, Hamburg, Germany 

Proteinase K     Sigma-Aldrich Chemie GmbH, Steinheim, 

Germany 
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Restriction endonucleases    New England Biolabs, Frankfurt, Germany 

(including corresponding buffers and 100x BSA)     

RNase A solution      Sigma-Aldrich Chemie GmbH, Steinheim, 

Germany 

T4 DNA Ligase       New England Biolabs, Frankfurt, Germany 

2.1.3 Kits 

Amaxa Human MSC Nucleofector Kit  Lonza, Cologne, Germany 

Mammalian Genomic DNA Miniprep Kit Sigma-Aldrich Chemie GmbH, Steinheim,  

Germany 

NucleoBond Xtra Plasmid Purification Macherey-Nagel GmbH and Co. KG, Dueren, 

Germany 

pGEM-T Easy Vector System    Promega, Mannheim, Germany 

Turbo DNA-free       Ambion, huntingdon, UK 

innuSPEED Tissue RNA Kit    analytikjena, Biometra, Yena, Germany 

SurePrepTMTrueTotalTM RNA Fisher BioReagents, Canada 

Purification Kit  

ProtoScriptTM M-MuLVTaq RT-PCR Kit New England Biolabs GmbH, Frankfurt, Germany 

Nanofection Kit PAA, Pasching, Austria 

Wizard SV Gel and PCR Clean-up System Promega, Mannheim, Germany 

2.1.4 Media, solutions, cells and supplements for molecularbiology and 

microbiology 

2.1.4.1 Bacterial growth media 

Difco LB Agar, Miller  Becon, Dickinson, Erembodegem-Aalst, Belgium 

2.1.4.2 Solutions and supplements for molecular biology and microbiology 

dNTPs         Biomers, Ulm, Germany 

100 bp Ladder       New England Biolabs, Frankfurt, Germany 

1 kb Ladder        New England Biolabs, Frankfurt, Germany 
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β-Glycerol phosphate Sigma-Aldrich Chemie GmbH, Steinheim, 

Germany 

X-Gal (5-Bromo-4-chloro-3   Sigma-Aldrich Chemie GmbH, Steinheim, 

-indolyl-β- D-galactopyranoside)  Germany 

Gel loading buffer (5×)     5 ml Glycerol 

4 ml EDTA (0.5 M)  

point of a spatula Bromphenol blue  

filled up with ddH2O to 10 ml 

Miniprep solution I      5 mM sucrose 

TRIS (pH 8.0)  

10 mM EDTA 

Miniprep solution II      1% SDS  

0.2 N NaOH 

Miniprep solution III      3 M sodium acetate (pH 5.3) 

TAE buffer (50×)     2 M Trisbase  

50 mM EDTA (0.5 M)  

57.1 ml Glacial acetic acid  

filled up with ddH2O to 1L  

autoclaved 

TBE buffer (10×)       0.9 M Tris  

20 mM EDTA (0.5 M)  

0.9 M boric acid 

filled up with ddH2O to 1L  

autoclaved 

RNase Away       Roth, Karlsruhe, Germany 

X-Gal solution       100 mg X-Gal  

1 ml N,N-Dimethylformamid (DMF) 

2.1.4.3 Antibiotics for microbiology 

Ampicillin        Sigma-Aldrich, Steinheim, Germany 
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Kanamycin        Sigma-Aldrich, Steinheim, Germany 

2.1.4.4 Bacterial strains 

E. Coli DH10B ElectroMAX    Invitrogen, Karlsruhe, Germany  

Genotype: F-mcrA ∆(mrr-hsdRMS-mcrBC) 

Φ80lacZ∆M15 ∆lacx74 recA1 endA1 araD139 

∆(ara, leu)7697 galU galK λ- rpsL nupG 

2.1.5 Meida, solutions, supplements and cell lines for mammalian cell culture 

2.1.5.1 Culture media 

Advanced Dulbecco’s Modified   Gibco BRL, Paisley, Scotland 

2.1.5.2 Solutions and supplements for cell culture 

Accutase        PAA, Pasching, Austria 

β-Mercaptoethanol      Sigma-Aldrich, Steinheim, Germany 

Cell Culture Water, EP-grade    PAA, Pasching, Austria 

Chicken serum       PAA, Pasching, Austria 

Dulbecco's PBS, w/o Ca & Mg   PAA, Pasching, Austria 

Dimethyl sulfoxide (DMSO)    Sigma-Aldrich, Steinheim, Germany 

Fetal calf serum (FCS)     PAA, Pasching, Austria 

GlutaMAX        Gibco BRL, Paisley, Scotland 

Hypoosmolar Buffer      Eppendorf, Hamburg, Germany 

Human Fibroblast Growth Factor (FGF-2) Genaxxon, Biberach, Germany 

HEPES         Invitrogen, Karlsruhe, Germany 

Hank’s buffered salt solution (HBSS),  PAA, Pasching, Austria 

w/o Phenol red, with Ca and Mg 

Nanofectin solution      PAA, Pasching, Austria 

Non-essential amino acids (NEAA)  PAA, Pasching, Austria 

Nucleofector solution      Lonza, Cologne, Germany 

Sodium pyruvate       PAA, Pasching, Austria 
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Trypsin-EDTA       PAA, Pasching, Austria 

2.1.5.3 Antibiotics and antimycotics 

Amphotericin B solution     PAA, Pasching, Austria 

Blasticidin S        InvivoGen, San Diego, USA 

G418         PAA, Pasching, Austria 

Penicillin/Streptomycin solution   PAA, Pasching, Austria 

2.1.5.4 Mammalian cell lines 

poMSC-071210    Porcine mesenchymal stem cell line isolated 

from bone marrow by Dr. Krzysztof Flisikowski 

(TUM, Germany); sex: male; breed: DL×DL 

(Deutsche Landrasse); isolated: 7th Dec. 2010. 

poMSC-110111 Porcine mesenchymal stem cell line isolated from 

adipose by Dr. Tatiana Flisikowska (TUM, 

Germany); sex: male; breed: DL; isolated: 11st Jan. 

2011. 

2.1.6 Primers 

All primers were synthesized by Eurofins MWG Operon (Ebersberg, Germany). 

Primers Primer sequences (5’-3’) 
ROSA26 SAR CAAACTCTTCGCGGTCTTTC 
ROSA26 targF TCTGCTGCCTCCTTTTCCTA 
R26endoR GTTTGCACAGGAAACCCAAG 
ROSA26 BSR AGCAATTCACGAATCCCAAC 
R26Ex1F1 CGCCTAGAGAAGAGGCTGTG 
R26Ex2R TATGCTTAGCAGCTTCCTC 
GAPDHF TCCCACGGCACAGTCAA 
GAPDHR GCAGGTCAGGTCCACAA 
BSprobF ATGGCCAAGCCTTTGTCTC 
BSprobR GATTTAGCCCTCCCACACAT 
NeoprobF GGTTGAGGACAAACTCTTCG 
NeoprobR CAGCAGCAGACCATTTTCAA 
mTR GTACAGCTCGTCCATGCCGTA 
mTF ACATGGCCGTCATCAAAGAG 
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2.1.7 Consumable Supplies 

0.5 ml, 1.5 ml and 2.0 ml EP tubes   Brand, Wertheim, Germany 

14 ml Polypropylene round bottom tube Becton, Dickinson and Company, Sparks, 

USA 

15 and 50 ml centrifugation Tubes    Greiner bio-one, Frickenhausen, 

Germany 

Cell culture flasks (25, 75, 150 cm²)   Corning Inc., New York, USA 

Cell culture plates (6-, 12-, 24-, 48-well)  Corning Inc., New York, USA 

CryoTubes         Nunc, Wiesbaden-Biebrich, Germany 

Disposable inoculating tube (10 µl)   Cole-Parmer Instrument Company,  

           Illinois, USA 

Electroporation Cuvettes, 2 mm    peqlab, Erlangen, Germany 

Electroporation Cuvettes, 4 mm    peqlab, Erlangen, Germany 

Glass transfer pipettes      Brand, Wertheim, Germany 

Glassware (bottles, flasks)     Marienfeld GmbH, Lauda-Königshofen,  

           Germany 

Hybond-N+, positively charged    Amersham Bioscience, Freiburg,  

nylon transfer membrane, 0.45 µm pore size Germany 

mCF CCTGTCCCCTCAGTTCATGT 
R26LR CTTGCCCCACGACAAGATCA 
R26Ex1F2  AGAAGAGGCTGTGCTCTGG 
3’RACE adapter GCGAGCACAGAATTAATACGACTCACTATAGGT12VN 
3’RACE outer primer GCTGATGGCGATGAATGAACACTG 
3’RACE inner primer CGCGGATCCGAACACTGCGTTTGCTGGCTTTGATG 
PDX-1targF ATGTCAGCTCTGTATCGGCG 
PDX-1IRESR CACACCGGCCTTATTCCAAG 
PDX-1neoF TGGGAAGACAATAGCAGGCA 
PDX-1RAR AAGCCCACTAAGTCCAGGTC 
KRAStargF2 ACGCGGGGAATGAGGAAT 
KRASendoR1 TGCTGTGGCTGTGGAGTAAG 
SAR GAAAGACCGCGAAGAGTTTG 
KRASmutatedF AGACCCCTATCCTGGGAATG 
KRASmutatedR TTCACATTTTCACCCTCTGCT 
R26E4R2 CTGCTGTGGCTGTGGTGTAG 
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Immobilon-P Transfer Membrane,    Millipore Corporation, Billerica, USA 

PVDF membrane, 0.45 µm pore size 

Petri dish (10 cm)       Brand, Wertheim, Germany 

Photometer Cuvettes       Eppendorf, Hamburg, Germany 

Pipette tips         Brand, Wertheim, Germany 

Plugged pipette tips (2, 20, 200    Mettler Toledo GmbH, Dreieich,  

and 1000 µl)         Germany 

Rotilabo® Blotting paper (1 mm)    Carl Roth GmbH, Karlsruhe, Germany 

Sterile plastic pipettes 1-25 ml     Corning Inc., New York, USA 

Syringes (BD DiscarditTM)      Becton Dickinson GmbH, Sparks, USA 

Sterile syringe filter (0.2 µm)   Sartorius stedim biotech, Goettingen, 

Germany 

2.1.8 Cloning vectors and plasmids 

pBluescriptIISK+        Stratagene, La Jolla, USA 

pCAGGS-Cherry        Laboratory stock 

pGEM-T Easy        Promega, Mannheim, Germany 

pJET1.2/blunt        Invitrogen, Karlsruhe, Germany 

pSL1180      Amersham Bioscience, Piscataway,   

     New Jersey, USA 

pGEM-T + rosaF9R9 (reverse)   Livestock Biotechnology, TU Munich,  

Germany 

2.1.9 Laboratory equipment 

Agarose Gel Electrophoresis apparatus:  Thermo Electron GmbH, Dreieich, Germany 

Classic CSSU78 and CSSU1214 

Amaxa Nucleofector       Lonza, Cologne, Germany 

Axiovert 25         Zeiss AG, Oberkochen, Germany 

Accu-Jet         Brand, Dietenhofen 

Bio Imaging System Gene Genius    Syngene, Cambridge, UK 
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BioPhotometer 6131      Eppendorf, Hamburg, Germany 

Cell counting chamber                  Neubauer, Marienfeld, Lauda-K^nigshofen 

Countess®automated cell counter        Invitrogen, USA 

Digital Graphic Printer UP-D895MD  Syngene, Cambridge, UK 

Digital camera for microscope    Carl Zeiss Jena GmbH, Jena 

Fluorescence microscope Axiovert 135 Carl Zeiss Jena GmbH, Jena 

Forma orbital shaker      Thermo Electron Corporation, Dreieich, 

Germany 

Glassware (bottles, flasks)    Marienfeld GmbH, Lauda-Königshofen,  

          Germany 

Incubator        Binder GmbH, Tuttlingen, Germany 

Ice maker        Eurfrigor, Lainate (MI), Italy 

Laboratory centrifuges 4K15C, 1-15  Sigma, Osterode, Germany 

Microwave MDA MW12M706-AU   MHA, Barsbüttel, Germany 

Mr. Frosty        Nalgene, Rochester, USA 

Membrapure high-purity water system  Membrapure, Bodenheim, Germany 

MJ Research PTC Thermal Cycler   GMI Inc., Ramsey, USA 

Nano Drop Lite       Thermo Scientific, USA 

Pipetman P20, P200, P1000    Gilson, Bad Camberg, Germany 

Pipetman Ultra U2      Gilson, Bad Camberg, Germany 

Pipetus red dot       Hirschmann Laborgeräte, Eberstadt, Germany 

Power supply EC105      Thermo Electron GmbH, Dreieich, Germany 

Power PAC 300       Bio-Rad Laboratories GmbH, Munich, Germany 

Precision Balances 440-33N    Kern, Balingen-Frommern, Germany 

Safety Cabinets HERAsafe Type HSP  Heraeus Instruments, Munich, Germany 

Shaker, Forma orbital shaker    Thermo Electron GmbH, Dreieich, Germany 

Steri-Cycle CO2 incubator     Thermo Electron GmbH, Dreieich, Germany 

UV-Photometer DU-640     Beckman Coulter GmbH, Krefeld 

Varifuge 3.0 R       Heraeus Instruments, Hanau 

Vortex Mixer        VELP Scientifica srl, Milano, Italy 
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Water bath: Haake C10-K15    Thermo Fisher Scientific, Karlsruhe, Germany 

+4°C fridge        Beko Technologies, Dresden, Germany 

-20°C freezer       Liebherr International, Bulle, Switzerland 

-80°C freezer       Thermo Electron GmbH, Dreieich, Germany 

2.1.10 Softwares 

AxioVision        Zeiss AG, Oberkochen, Germany 

ClusterW        http://www.ebi.ac.uk/clusterw/index.html 

Enzyme and Double Digests Finder  http://www.neb.com 

Finch TV      www.geospiza.com/finchtv 

GenBank        http://www.ncbi.nlm.nih.gov 

primer3 (version 0.4.0)     http://fokker.wi.mit.edu/primer3/input.htm 

Vector NTI Advance 10, ContigEx-  Invitrogen, Karlsruhe, Germany 

press and Alingx 

2.2  Methods 

2.2.1 Molecular biology methods 

2.2.1.1 Isolation of nucleic acids 

Isolation plasmid DNA from E.coli (Escherichia coli) 

Each single bacterial colony was picked by toothpick and transferred into 15 ml falcon which 

contains 5 ml corresponding antibiotic LB medium and incubated overnight at 37°C in an 

orbital shaker at 220 rpm. Depending on the required amount for plasmid DNA, different 

protocols of isolating plasmid DNA from E.coli were performed.  

Miniprep: Miniprep was applied to obtain small amounts of plasmid DNA. 2 ml of 5 ml 

overnight cultured bacterial cells liquid were transferred into a 2 ml Ep tube and centrifuged 

for 1 minute at 14,000 rpm. The supernatant was discarded and the cell pellet was 

resuspended in 100 µl of miniprep solution I by vortexing. Then 200 µl of miniprep solution II 

were added and mixed by inverting the tube several times. After incubation at room 



	
   	
   2 Material and methods 

42	
  
	
  

temperature for 3 minutes, 150µl of miniprep solution III were applied. Afterwards, the tube 

was inverted again for mixing and incubated on ice for 30 minutes. Subsequently, the mixture 

was centrifuged for 5 minutes at 14,000 rpm in order to remove proteins, and the supernatant 

was transferred into a new 1.5 ml Ep tube and precipitated with 1 ml of 95% EtOH by 

vortexing. Then, the plasmid DNA was collected by centrifugation at 14,000 rpm for 15 

minutes and the ethanol removed. The pellet was washed by 500 µl of 80% EtOH and 

followed with 500 µl of 95% EtOH. After each washing steps, centrifugation was conducted at 

14,000 rpm for 10 minutes. Finally, after removal of EtOH, the plasmid DNA pellet was air 

dried at room temperature and resuspended in 50 µl of ddH2O supplemented with RNase. 

Midiprep: For medium-scale plasmid DNA isolation, 100 ml LB medium containing the 

appropriate antibiotic were inoculated with bacteria and bacterial pellets were harvested by 

centrifugation in two 50 ml facons. The plasmid DNA isolation was performed by using 

NucleoBond xtra Midi kit according to the manufacturer’s manual. 

Maxiprep: For large-scale plasmid DNA isolation, preparation was performed with 300ml 

over night culture. The plasmid DNA isolation was conducted with the NucleoBond xtra Maxi 

kit according to the manufacturer’s manual. 

Genomic DNA isolation from mammalian cells 

Igepal solution method: Genomic DNA isolations from trypsinized porcine MSCs or KDNF 

were carried out for screening PCR of positive targeting event. About 100 µl of harvested cell 

suspension were centrifuged in a PCR tube at 14,000 rpm for 5 minutes and then the 

supernatant was removed completely. The cell pellet was resuspended in 50 µl Igepal lysis 

buffer (50 mM KCl, 1.5 mM MgCl2, 10 mM Tris pH 8.0, 0.5% NP40, 0.5% Tween 20) 

containing 0.25 µl of freshly added proteinase K (20 mg/ml) and incubated for 1 h at 60°C 

followed by proteinase K heat inactivated step at 95°C for 15 min. Afterwards, the cell lysate 

was centrifuged at 14,000 rpm for 10 minutes and 5 µl of the supernatant were used for 

screening PCR. 

DNA kit method: In order to get high pure mammalian cells genomic DNA, DNA was isolated 
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by using the GenElute Mammalian Genomic DNA Miniprep Kit accoding to the manufacturer’s 

protocol. Genomic DNA was eluted in 100 µl of elution buffer and measured the 

concentration. 

Phenol-chloroform method: To get higher amount of genomic DNA, such as for the 

southern blot, this classical DNA isolation methold was applied. Trypsinized porcine MSCsor 

KDNF were centrifuged at 300 g for 5 minutes in order to get cell pellets. The cell pellets were 

then resuspended in 500 µl cell lysis buffer (0,1M Tris, 5mM EDTA, 0,2% SDS, 0,2M NaCl, 

100µg/ml Proteinase K) and incubated at 37°C overnight. Afterwards, 500 µl 

Phenol-chloroform-isoamyl alcohol mixture were added and incubated at room temperature 

for 15 minutes. Subsequently, the mixuture was centrifuged for 15 minutes at 14,000 rpm, and 

the supernatant was transferred into a new 1.5 ml Ep tube and added 500 µl Chloroform. After 

vortexing the tube several times, the mixture was centrifuged for 10 minutes at 14,000 rpm, 

and the supernatant was transferred into another new 1.5 ml Ep and added 350µl Isopropanol. 

Then, the mixture was centrifuged at 14,000 rpm for 5 minutes to get the pellet and the 

supernatant was completely removed. The pellet was washed by 1 ml 70% EtOH and 

centrifuged for 10 minutes at 14,000 rpm. Finally, after removal of EtOH, the genomic DNA 

pellet was air dried at room temperature and dissolved in 50 µl TE-buffer. Isolated DNA was 

stored at 4 °C. 

Total RNA isolation  

For mammalian cells  

Trypsinized porcine MSCs or KDNF were centrifuged at 300 g for 5 minutes in order to get cell 

pellets for RNA isolation. Total RNA isolation was performed using the 

SurePrepTMTrueTotalTM RNA Purification Kit (Fisher) according to the manufacturer’s manual. 

Additionally, to remove DNA from RNA preparation, the TURBO DNA-free kit was used 

according to the supplier’s instructions. RNA was then stored at -80°C. 

For tissues 

Up to 20 mg tissues were homogenized by using SpeedMill plus (analytikjena) for 30 seconds 
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twice and then the total RNA isolation was peformed by InnuSPEED Tissue RNA kit 

(analytikjenaBiometra) according to supplier’s protocol. 

Photometric determination of nucleic acids concentration 

The concentration of nucleic acids was determined photometrically by using the 

BioPhotometer (Eppendorf). DNA and RNA samples were diluted from 1:35 to 1:100 

depending on the original concentration and optical density (OD) was measured at 260nm 

after blanking by same amount of water. DNA and RNA concentrations were calculated 

according to the following formulas: 

DNA [µg/µl] = (OD260 × 50 × dilution factor)/1000 

RNA [µg/µl] = (OD260 × 40 × dilution factor)/1000 

Nano Drop Lite determination of nucleic acids concentration 

By using Nano Drop Lite for nucleic acids concentration measurement, 1 µl H2O was used as 

a blank, and then 1 µl DNA or RNA was loaded on the Nano drop. The program of dsDNA 

(factor: 50) and RNA (factor: 40) has to be chosen, and the concentration of each sample is 

showed on the screen. 

2.2.1.2 DNA manipulation 

Restriction digestion 

Restriction digestion of DNA was carried out using 3 units of enzyme per microgram DNA in 

the final volume of 50-100 µl. Generally, for restriction patterns analysis, 1 to 3 µg DNA were 

digested and for different preparative purposes up to 40 µg were used. All digestions were 

performed using applicable NEB buffer and at the specific temperature according to the 

manufacturer’s instructions. As the same principle, double or triple digestions performed in 

the appropriate buffer with highest activity for two or three enzymes were also applied in this 

study. Table 2.1 shows the standard reaction system for the restriction digestion. 
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Table 2.1: Standard restriction enzyme reactions 
 

Components                   Amount 
DNA 

10×NEB buffer 
100×BSA (if required) 

Restriction enzyme 
Nuclease-free water 

1-3 µg 
0.1 times of final volume 

0.01 times of final volume 
2-5 U/µg DNA 

Up to final volume (50-100 µl) 

Klenow reaction for DNA fragments blunting 

For some restriction digest products, overhangs of DNA fragments had to be removed or filled 

in with DNA Polymerase I, Large (Klenow) Fragment for the further ligation steps. The 

enzyme forms blunt ends by 3’ overhangs removal and 5’ overhangs filling in. Table 2.2 

shows the standard reaction system. The reaction can be stopped by adding EDTA to a final 

concentration of 10mM and heating at 75°C for 20 minutes. 

Table 2.2: Standard Klenow reaction 

Components                   Amount 
DNA 

T4 ligase buffer 
dNTPs 

Klenow enzyme 
T4 ligase 

Nuclease-free water 

up to 5 µg 
1× 

0.1 mM 
1 µl  
1 µl 

Up to 25 µl 

Dephosphorylation of DNA fragments 

In order to avoid religation of linearized plasmid, which had compatible DNA ends after 

restriction digestion, Antarctic Phosphatase or Calf Intestine Alkaline Phosphatase (CIP) were 

used for removing 5’ phosphate groups from DNA. The reaction system was conducted 

according to the supplier’s instructions. After dephosphorylation, the enzyme was heat 

inactivated or removed by using the Wizard SV Gel and PCR Clean-Up System. 

Ligation 

In cloning experiments, it’s often required to ligase two DNA fragments with compatible ends 
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together by using T4 DNA ligase, which can mediate the formation of phosphodiester groups 

between the 3’-OH and 5’ phosphate group. The reaction was prepared according to the 

manufacturer’s protocol and the ligation mix was incubated at room temperature for 1 to 2 

hours or stored at 16°C overnight for the purpose of higher ligation efficiency. Afterwards, this 

ligation mix can be transformed in E. coli. 

Agarose gel electrophoresis 

In order to separate DNA fragments with different size, such as analyzing the restriction 

pattern of plasmids and PCR product, agarose gel electrophoresis was performed. Depending 

on different size of DNA fragments, 0.8-1.5% agarose gels were prepared by melting 

appropriate amount of agrose in 1×TAE or 1×TBE buffer and adding 0.5 µg/ml ethidium 

bromide. Usually, TAE gel and buffer were used when DNA fragments need to be isolated 

from the gel. Before loading samples into the gel, samples were mixted with the 

corresponding volume of 5×DNA loading buffer and loaded to the gel together with 1 kb or 

100 bp DNA ladders in different lanes. After loading the samples and corresponding ladders, 

gels were run for 45 minutes to 2 hours at 80 to 120 V based on the sizes of DNA fragments. 

Visualisation of DNA under UV light (366 nm) and photograhpy were carried out by using the 

Bio Imaging System Gene Genius.  

Purification of DNA fragments from agarose gels 

In order to cut and isolate the aimed bands from gels, DNA fragments were visualized by 

putting the gel on a UV table. Correct DNA bands were cut out from the gel with a sharp and 

clean scalpel and then transferred into 1.5 ml Ep tubes. The DNA was purified from the gel by 

using Wizard SV Gel and PCR Clean-Up System according to the manufacturer’s protocol. 

The DNA was eluted in 50 µl nuclease free water and stored at -20°C. 

Precipitation of DNA with sodium chloride and ethanol 

To get sterile DNA for transfection experiments in tissue culture, precipitation of DNA was 

done according to the following protocol. 0.1 volume of 3 M NaAC and 2 volume of 100% 

ethanol (precooled to -20°C) were added to the DNA solution and incubated over night at 
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-20°C. Then, the mixture was centrifuged for 10 minutes at 14,000 rpm and the supernatant 

was discarded after centrifugation. The pellet was washed with 1 ml 70% sterile ethanol and 

centrifuged for 5 minutes at 14,000 rpm. Afterwards, the ethanol was removed and the pellet 

air dried under a laminar flow hood. At last, the DNA was dissolved in 50 to 100 µl low 

Tris-EDTA solution and the concentration was then measured for the further studies. 

2.2.1.3 Polymerase Chain Reaction (PCR) 

Polymerase chain reaction (PCR) was conducted for specific amplification of desired DNA 

fragments from plasmids or genomic DNA. All primers were supplied by Eurofins MWG 

company and diluted in ddH2O to the stored solution with the concentration of 100 µM. Then 

the stored solution of primers were diluted into 10 µM for PCRs. GoTaq DNA polymerase, 

PCR Extender System (5 Prime) and Phire polymerase were used for PCRs by using 

corresponding supplier’s protocols. Table 2.3 describes the components of the PCR master 

mix and cycling conditions by using different polymerases. 

Table 2.3: Components of PCR reaction master mix and cycling conditions 

Components Final concentration Steps Degree Time Cycle 
Initial 

denaturation 
 

95 
 

2 min 
 

1 
Denaturation 

Annealing 
Elongation 

95 
56-65 

72 

1 min 
30 sec 

1 min/Kb 

 
35-40 

 
Final elongation 72 5 min 1 

Go Taq PCR 
5×Green buffer 

dNTPs 
Forward primer 
Reverse primer 

GoTaq 
DNA 
H2O 

 
1× 

200 µM each 
20 pmol 
20 pmol 
1.25 U 
100 ng 

up to 50µl 
Storage 8 forever  

Initial 
denaturation 

 
94 

 
2 min 

 
1 

Denaturation 
Annealing 
Elongation 

94 
60-65 

72 

20 sec 
20 sec 

1 min/Kb 

 
35-40 

 
Final elongation 72 5 min 1 

5Prime PCR 
10×Buffer 

dNTPs 
Forward primer 
Reverse primer 

Polymerase 
DNA 
H2O 

 
1× 

200 µM each 
20 pmol 
20 pmol 

2 U 
100 ng 

up to 50µl 
Storage 8 forever  

Phire PCR 
5×Buffer 
dNTPs 

Forward primer 
Reverse primer 

Polymerase 
DNA 
H2O 

 
1× 

200 µM each 
20 pmol 
20 pmol 
0.5 µl 

100 ng 
up to 50µl 

Initial 
denaturation 

 
98 

 
30 sec 

 
1 
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2.2.1.4 Reverse transcriptase polymerase chain reaction (RT-PCR) 

RT-PCR reactions were performed with the ProtoScriptTM M-MuLVTaq RT-PCR Kit (NEB) 

according to the supplier’s manual. The procedure is shown in Table 2.4. To exclude 

contamination with genomic DNA, PCR controls were carried out by using only GoTaq 

polymereae without the synthesized cDNA under the same conditions for tested samples.  

Table 2.4: RT-PCR reaction master mix set ups and conditions 

Components Final concentration Used volumes 
Total RNA 500 ng-2 µg Up to 10 µl 

Random Primer Mix (60 µM) 6 µM 2 µl 

dNTP mix (2.5 mM) 0,5 mM 4 µl 

Nuclease free H2O - up to 16 µl 
70°C for 5 min, immediately chill on ice, then add followed components 

10×RT Buffer 1× 2 µl 
Murine RNAse inhibitor 1 U/µl 1 µl 

M-MuLV Reverse Transcriptase 0,5 U/µl 1 µl 
Total volume  20µl 

25 °C 5 min 
42 °C 1 h 
90 °C 10 min 

2.2.1.5 Sequencing of DNA 

Sequencing was carried out by MWG Eurofins Operon (Ebersberg, Germany). All of samples 

and primers were prepared according to the company’s guidelines. 

2.2.1.6 Southern blot analysis 

Southern blot hybridisation was carried out for analysis the gene targeted structures. 

Initial 
denaturation 

 
98 

 
30 sec 

 
1 

Denaturation 
Annealing 
Elongation 

98 
60 
72 

5 sec 
5 sec 

15 sec/Kb 

 
35-40 

Final elongation 72 1 min 1 

Phire PCR 
5×Buffer 
dNTPs 

Forward primer 
Reverse primer 

Polymerase 
DNA 
H2O 

 
1× 

200 µM each 
20 pmol 
20 pmol 
0.5 µl 

100 ng 
up to 50µl Storage 8 forever  
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Preparation of DIG labelled probes 

For the detection of DNA on the membrane, DIG-labeled probe was amplified with 

digoxigenin-11-2’-deoxy-uridine-5’-triphosphate (20 µM) and primers by GoTaq PCR. A 

control PCR reaction without DIG labeled UTPs was set up to compare the fragment shift of 

the DIG-labeled probe after agrose gel electrophoresis. The DIG-labeled probe was slightly 

larger than the control because of the higher molecular weight of DIG-labeled dUTPs. Then 

the DIG-labeled fragment was cut out from the gel and purified by using Wizard SV Gel and 

PCR Clean-Up System. The probe was stored at -20°C for the next research. 

Southern blot 

For Southern blot analysis, 10 µg genomic DNA were digested with 40 U restriction enzymes 

for 4 h at 37°C and then separated by agarose gel electrophoresis on a 1% TAE gel without 

ethidium bromide in order to avoid a high background. All samples were mixed with 5×DNA 

loading buffer and loaded into the gel. In order to compare the fragment sizes of samples and 

the progress of separation, 6 µl of 1 kb NEB ladder and 3 µl of DIG labeled molecular weight 

marker VII were loaded into the gel as well. The gel was run at 40 V for 16 hours. Afterwards, 

the gel lane with 1 kb NEB ladder was cut off and stained with ethidium bromide for 20 

minutes. By using the Bio Imaging System Gene Genius, the 1 kb NEB ladder was visualized. 

Comapred with the ladder bands, the gel parts with DNA fragments which were unnecessary 

to retain were cut off from the gel to minimize the gel area for blotting. The gel was then 

incubated in 250 mM HCl for 10 minutes for DNA depurination and rinsed with water. 

Denaturation step was carried out by soaking the gel in denaturation solution at Room 

temperature for 15 minutes. After rinsing the gel with water, the gel was neutralized in 

neutralisation solution (0.5 M Tris-HCl (pH 7.5), 1.5 M sodium chloride) twice for 15 minutes at 

room temperature. Subsequently, the gel was equilibrated in 20×SSC (3.0 M sodium chloride, 

0.3 M sodium citrate, adjust with 1.0 M HCl to pH 7.0) for 10 min. All steps were performed 

with gentle shaking. The capillary blot was assembled according to the manual. After 

transferring the DNA onto the membrane, the membrane was washed by 2×SSC and baked 

at 120°C for 30 min to link the DNA to the membrane. Then the membrane was incubated 
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with DIG Easy Hyb for 1 hour in a rotating hybridization glass tube at the properly hybridized 

temperature. In parallel, 7.5 µl DIG-labeled probe (1.5 µl probe per 1 ml hybridization buffer) 

were diluted in ddH2O to the final volume of 50 µl and denatured for 5 min at 95°C. After 

cooling down the probe on ice, the hybridization solution was prepared by adding this 

denatured probe into 5 ml 37°C pre-warmed DIG Easy Hyb and the mixture was mixed 

thoroughly. The pre-hybridization solution was then removed from the hybridization glass tube 

and replaced by hybridization solution. To improve hybridization efficiency, hybridization took 

place over night at the properly hybridized temperature. 

When hybridization finished, the membrane was washed with low stringency buffer (2×SSC, 

0.1% SDS) twice at room temperature for 15 minutes with gentle shaking. Afterwards, the 

membrane was incubated twice in 68°C pre-heated high stringency buffer (0.5×SSC, 0.1% 

SDS) for 15 minutes at 68°C with gentle shaking. Subsequently, the membrane was soaked 

with washing buffer (0.1 M maleic acid, 0.15 M sodium chloride (adjusted with sodium 

hydroxide to pH 7.5), 0.3% Tween 20) for 2 minutes and blocking solution (0.1 M maleic acid, 

0.15 M sodium chloride (adjusted with sodium hydroxide to pH 7.5), 1×blocking solution) for 1 

hour at room temperature with gentle shaking. After removing the blocking solution, the 

membrane was incubated in the antibody solution (Blocking solution, anti-Digoxigenin-AP, 

Fab fragments 1:1000) for 30 minutes at room temperature under shaking. Then the 

membrane was washed twice with washing buffer for 15 minutes at room temperature and 

equilibrated in detection buffer (0.1 M Tris-HCl, 0.1 M NaCl, pH 9.5) for 3 min at Room 

temperature. The membrane was put into an open plastic wrap and the CDP star solution 

which was diluted 1:100 in the detection buffer were dropwise added onto the membrane. 

After 5 minutes of incubation at room temperature, excess liquid in the plastic wrap was 

carefully squeezed off and the plastic wrap was sealed around the membrane. Developing 

and detection of the chemiluninescence was carried out by exposure of membrane to 

Lumi-Film-X-ray film for 15 to 60 minutes. 

2.2.2 Microbiology methods 

2.2.2.1 Cultivation of E.coli 
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E. coli were grown over night at 37°C on either agar plates or in LB medium in an orbital 

shaker at 220 rpm. Based on different antibiotic resistance genes on plasmid DNA, agar 

plates and LB medium were supplemented with the appropriate antibiotic: such as 100 µg/ml 

ampicillin or 30 µg/ml kanamycin. Toward blue-white screening, agar plates were coated with 

20 µl X-Gal (40 mg/ml in DMF) and 40 µl IPTG (100 mM in H2O) per plate prior to plating of 

bacteria. For Miniprep, 5 ml LB medium containing corresponding antibiotic were inoculated 

with a bacterial colony picked by a sterile toothpick. For liquid culture of 100 ml LB medium 

were inoculated with either 200 µl of an overnight culture or 100 µl aliquot of a glycerol stock 

solution. 

2.2.2.2 Transformation of E.coli 

For transformation of electro-competent DH10B E. coli, a 50 µl aliquot of competent bacterial 

cells was thawed on ice and mixed with 1 µl of ligation solution. Then, the mixture was pipette 

into a pre-cooled 2 mm electroporation cuvette avoiding bubbles and pulsed for 5 ms at 2500 

V in the electroporator. Cells were immediately incubated in 1 ml of LB medium (without 

antibiotics) and incubated at 37°C in an orbital shaker for 1 hour at 220 rpm. Afterwards, 100 

µl to 300 µl of cell suspension were plated on agar plates containing corresponding antibiotics 

for selection and the plates were incubated at 37°C over night in an incubator. 

2.2.2.3 Storage of E.coli 

For short period storage, agar plates with E. coli colonies can be stored at 4°C in the fridge. 

For long term storage of correct bacterial colonies, 750 µl of bacterial liquid were mixed with 

250 µl sterile 99% glycerol and stored at -80°C. 

2.2.3 Tissue culture methods 

2.2.3.1 General cell culture 

All cells were cultivated with the corresponding medium in a humidified Steri-Cycle CO2 

incubator at standard conditions of 5% CO2 and 37°C. The cell culture work was performed in 

the sterile class II laminar flow hood using plugged pipette tips and autoclaved material. 
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Generally, cultured cells were kept on observing in terms of cell morphology, confluence and 

viability under a microscope and medium was changed every other day. The amount of PBS, 

medium, detachment solution and growth area are showed in the table 2.5. 

Table 2.5: Cell culture vessels and cultural conditions 

Cell culture vessel PBS (ml) Medium (ml) Detachment solution (ml) Growth area (cm2) 

24 well plate 0.1 0.5 0.1 2.5×105 

12 well plate 0.3 1 0.3 5×105 

6 well plate 0.5 2 0.5 1.2×106 

T-25 flask 1 5 1 3.1×106 

T-75 flask 5 15 5 9.4×106 

T-150 flask 15 25 15 1.9×107 

In order to avoid cells growing to more than 90% confluence, cultured cells had to be 

passaged regularly. Therefore, old medium was discarded and culture vessels were washed 

with appropriate amount of PBS. The cells were splitted by adding Accutase or Tripsion and 

incubated at 37°C for 3 to 5 minutes until cells completely detached. After gentle shaking of 

the culture vessel, cells were resuspended in suitable amount of fresh medium and pipette up 

and down several times for mixing. Then, after transferring a required volume of cells into a 

new dish containing pre-warmed medium, the dish was moved forward and backward to 

distribute evenly. The dish was migrated into the incubator for cultivation. Sometimes, an 

exact amount of cells required for the cell culture work, the cell numbers had to be determined 

by using either improved Neubauer counting chamber or counting machine. 

2.2.3.2 Freezing and thawing of cells 

During cell culture, it’s often required to keep cells available for analysis over a prolonged 

range of time. Therefore, cells have to be frozen down according to the requirment of 

experiments and freezing cells can also avoid cell senescence and genetic drift. In addition, 

whenever we need to continue culture cells, cells can be thawed with appropriate method. 

The details protocol of freezing and thawing cells are described below. 
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For freezing of cells, the desired amount of cells was detached by Acutase and centrifuged at 

300 g for 5 minutes to obtain cell pellet. Then the cell pellet was resuspended with freezing 

medium (10% DMSO, 50% FCS, 40% medium) and transferred into several 2 ml cryovials. 

Then those cryovials were immediately stored in Mr Frosty and transferred into -80°C. After 2 

days, the cells were stored in the vapour above the liquid nitrogen inthe tank.  

Thawing of cells had to be conducted as quickly as possible due to the cytotoxicity of DMSO. 

Cells were thawed in a water bath at 37°C and then transferred into a 15 ml falcon containing 

10 ml of pre-warmed medium immediately. The cells were centrifuged at 300 g for 5 minutes 

to get the cell pellet. Cell pellet was resuspended in suitable amount of fresh medium and 

transferred everything into a new culture vessel. At last, the cells were stored in the incubator 

without disturbing for at least 6 hours. 

2.2.3.3 Isolation of porcine cells 

In the cell culture work, it is necessary to isolate various porcine cells according to the 

requirments of research. Therefore, pigs were slaughtered and desired tissues for cell 

isolation were kept at 37°C during transport to the laboratory. All required equipment and 

tissues were thoroughly cleaned with 80% ethanol before cell isolation. For the primary cell 

culture, the medium containing 100 µg/ml Penicillin/Streptomycin and 100 µg/ml Amphotericin 

B was used for the first 3 days in order to reduce the risk of contamination. After this period, 

antibiotic-free medium was applied and cells were culture accorcing to the standard method 

descrived above. 

Isolation and cultivation of porcine mesenchymal stem cells (poMSCs) 

Mesenchymal stem cells (MSCs) were isolated either from fat or bone morrow. For MSCs 

isolation from adipose tissues, 6 g of fat was minced into small pieces using scalpel. Minced 

tissues were then transferred into a 100 ml sterile glass flask containing 10 ml of a 

collagenase I solution (0.1% in PBS) and incubated at 37°C for 45 minutes with uninterrupted 

stiring. Subsequently, the mixture was filtered through a 100 µm filter into a new 50 ml falcon 

and an equal amount of pre-warmed medium was added into the falcon. Then the tube was 
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centrifuged at 600 g for 10 minutes and the cell pellet was resuspended in suitable amount of 

fresh medium containingantibiotic. Cells suspension liquid was pipetted up and down, seeded 

into two T-25 flasks and cultured. 

Isolation of porcine bone marrow MSCs was performed from femur and tibia. The epiphyses 

of bone were opened by a saw and bone marrow was flushed with pre-warmed heparin 

solution (1000U heparin/ ml HBSS) into a 100 mm petri dish. A maximum amount of 20 ml of 

the cell suspension was loaded into 25 ml of lymphocyte separation medium LSM 1077 and 

centrifuged for 20 min at 1000g. The centrifuge acceleration and brake were switched to soft 

mode in order to prevent gradient disturbance. After centrifugation, mononuclear cells from 

the interphase were transferred into 20 ml HBSS for washing. Then the cell suspension were 

centrifuged at 600 g for 10 minutes and the cell pellets were resuspended in MSC medium 

containing antibiotics. The medium containing cells was transferred into two T-25 flasks and 

cultured in the incubator. 

Isolation and cultivation of porcine fetal fibroblasts (poFFs) 

In order to get porcine fetuses for the isolation of poFFs, sows were slaughtered at 28-30 

days after fertilization and the uterus containing the embryos were excised. The uterus was 

opened carefully by sterile scissors and the amniotic sacs with the embryos were transferred 

into 100 mm2 dishes which were containing pre-warmed PBS. The embryos were removed 

from the amniotic sacs carefully under the sterilized hoods. For each of the embryos, a foreleg 

was cut for genomic DNA isolation and a rare leg was separated for poFFs isolation. The rest 

bodies of embryo were transferred to the 50 ml tubes for fixation by 4% paraformaldehyde. 

The rare legs were then washed with 80% ethanol and PBS twice and digested in 0.5ml 

Tripsin-EDTA (1×) solution containing 2% chicken serum at 37 °C for 30 minutes with gentle 

vortexing. Subsequently, the digested mixture was transferred into a new 15 ml falcon 

containing 10 ml pre-warmed porcine fetal fibroblast medium (DMEM with 4.5 g/l glucose, 2 

mM GlutaMAX, 1×NEAA, 1×sodium pyruvate, 10% FCS, 5 ng/ml FGF-2) and centrifuged at 

300 g for 5 minutes. The cell pellets were resuspended by poFFs medium supplemented with 

100 µg/ml Penicillin/Streptomycin and 100 µg/ml Amphotericin B and transferred into two 
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collagen deposited T-25 flasks for culturing in the incubator. After three days, the poFFs 

medium without Penicillin/Streptomycin and Amphotericin B was used instead. The poFFs 

medium was changed every 2 or 3 days after rinsing the cells once by PBS. Cells were 

passaged regularly by using Accutase to avoid more than 90% confluence of the cells 

growing. 

Isolation and cultivation of porcine kidney fibroblasts 

For the isolation of porcine kidney fibroblasts, the tissues were minced and digested with 

collagenase II at 37°C for 30 minutes under gentle vortexing. Subsequently, the digested 

mixture was transferred into a new 15 ml falcon containing 10 ml pre-warmed porcine 

fibroblast medium (DMEM with 4.5 g/l glucose, 2 mM GlutaMAX, 1×NEAA, 1×sodium 

pyruvate, 10% FCS, 5 ng/ml FGF-2) and centrifuged at 600 g for 10 minutes. The cell pellets 

were washed by HBSS, spun down again and resuspended in fresh culture medium 

containing antibiotics. Cells were then seeded into two collagen deposited T25 flasks and 

passaged regularly by using Accutase to avoid more than 90 % confluence of the cells 

growing. 

2.2.3.4 Transfection of mammalian cells 

Electroporation 

For transfection by using electroporation, cells were washed by PBS and detached with 

Accutase. 1×106 cells were pelleted by centrifugation at 320 g for 5 minutes and resuspended 

in 800µl prewarmed (37°C) hypoosmolar electroporation buffer. 10 µg sterile DNA (dissolved 

in low-TE buffer) were added and the cell suspension was transferred to a 4 mm 

electroporation cuvette avoiding bubbles. Cells were pulsed at 1,200 V for 85 µs and 

incubated at room temperature for 5 minutes. Then, all liquid in the electroporation cuvette 

was equally splitted into two T-25 flasks containing fresh prewarmed medium. After 48 h, the 

medium containing appropriate concentration of G418 or blasticidin S for selection was 

replaced. 

Nucleofection 
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Nucleofection of porcine MSCs was perfomed using the Amaxa Human MSC Nucleofector Kit 

(Lonza) according to the supplier’s protocol. 5×105 cells were pelleted by centrifugation at 320 

g for 5 minutes and resuspended in 100 µl nucleofection solution. 2 µg sterile DNA (dissolved 

in low-TE buffer) were added and cell suspension was transferred to a nucleofection cuvette. 

The cells were pulsed by using the program “C-17” of the Amaxa Nucleofector. Subsequently, 

500 µl of fresh pre-warmed medium were added to the cuvette and all liquid was transferred 

to a T-25 flask containing prewarmed medium. After 48 h, the medium containing appropriate 

concentration of G418 or blasticidin S for selection was replaced. 

Nanofection 

Nanofection was carried out by using the Nanofection kit (PAA) according to the 

manufacturer’s manual. One day before transfection, 3×105 cells were seeded in a 6-well 

plate. For each well, 3 µg sterile DNA (dissolved in low-TE buffer) were mixed with 100 µl 

Diluent in a sterile tube and 9.6 µl Nanofectin were added to 100 µl Diluent in a second sterile 

tube. Then, the nanofectin solution was transferred to the first sterile tube containing DNA and 

incubated at room temperature for 20 minutes. Meanwhile, cells were washed with PBS and 2 

ml fresh pre-warmed medium were added to each well. The final mixture was added dropwise 

to the cells of each well. After 2-4 hours, the medium was changed because of the toxic 

side-effects of Nanofectin to cells. 

Stemfect RNA transfection 

RNA transfection was performed using Stemfect RNA Transfection Kit by Stemgent®. Cells 

were harvested using Accutase and 3×105 cells were seeded in 1 well of a 6 well plate (12 

well plate) and incubated at 37°C until 90% confluency. 1-2 hours prior transfection the 

medium was aspirated and 2 ml (1 ml) of new medium was added. The Stemfect RNA 

Transfection Reagent and the Stemfect Transfection Buffer was warmed to room temperature, 

while the mRNA was thawed on ice. 60 µl (25 µl) of Stemfect Transfection Buffer was added 

in 2 sterilized tubes. To the first tube 4 µl (2 µl) of Stemfect RNA Transfection Reagent and to 

the second tube 300-500 ng of RNA was added. Then the first tube was mixed with the 

second tube and incubated for 20-25 min at room temperature. The entire mRNA transfection 
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complex was added dropwise to the cells and to ensure an even distribution within the well 

the plate was gently rocked crosswise. Cells were incubated at 37°C and medium was 

changed every 2 days.  

2.2.3.5 Selection of transfected cells and picking clones 

After 48 hours after transfection, cells cultured in the T-25 flasks were splitted 1:3 to the 15 cm 

dishes containing corresponding medium with 500 µg/ml G418 or 8 µg/ml blasticidin S. The 

selective medium was changed every other day and obvious single cell colonies were formed 

roughly after 10-15 days for selection. The visible colonies were picked by either filter paper or 

plastic rings. For using the method of filter paper, the cells were washed with PBS and the 

Accutase soaked filter papers were placed on the top of each colony for 2 minutes. Filter 

papers were transferred to 24-well plates with pre-warmed fresh medium supplemented with 

G418 or blasticidin S. The filter papers were removed after 48 hours. For using rings method, 

after cells washing with PBS, the rings touched with suitable amount of glue were surrounded 

each colony. 100 µl Accutase were added directly to the colonies for 2 minutes and 100 µl 

pre-warmed medium were applied. Finally, the 200 µl cell suspension was transferred to 

24-well plates with pre-warmed fresh medium supplemented with G418 or blasticidin S. After 

cells reaching 80-90% confluence, cells were passaged and checked the targeted events by 

screening PCR. 

2.2.3.6 PCR and RT-PCR from cell culture 

Screening PCR from cell culture 

To screen the correct gene targeting of single-cell colonies, cells cultured in the 24-well were 

washed once with PBS, detached with 100 µl Trypsin-EDTA per well and mixed with 100 µl 

pre-warmed MSCs medium. 100 µl of this cell suspension were aliquoted into a new 24-well 

plate for continued culturing, whereas the residual 100 µl of the cell suspension were pipetted 

into a PCR tube for genomic DNA isolation by using IPGAL method (see 2.2.1.1). Each 

screening PCR was performed by using 6 µl aliquot of the genomic DNA solution. 

RT-PCR from cell culture 
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Cells were detached with suitable amount of Accutase and the RNA isolation was carried out 

by using the SurePrepTMTrueTotalTM RNA Purification Kit (Fisher) according to the supplier’s 

protocol (see 2.2.1.1). 

2.2.3.7 β-Galactosidase staining of eukaryotic cells 

5×105 cells were seeded in 6-well plates one day beforeβ-Galactosidase staining. After 

aspiration of medium, cells were rinsed with PBS once and fixed with 2 ml of fixation solution 

(2% Formaldehyde and 0.2% Glutaraldehyde in PBS) for 5 to 10 minutes at room temperature. 

The fixation solution was aspirated and the cells were washed with PBS 3 to 5 times. 

Subsequently, the staining solution (1 mg/ml X-Gal) was added in the 6-wells and the cells 

were stained in the staining solution at 37°C for 20 hours in the bacterial incubator. After 

staining, the cells were washed with PBS in order to remove staining solution and kept the 

cells in PBS to avoid drying.  

2.2.3.8 Cell preparation for somatic cell nuclear transfer (SCNT) 

The gene-targeted clones were thawed and induced to cell cycle synchronization by serum 

starvation. Two days before the somatic cell nuclear transfer, MSC medium was replaced with 

starvation MSC medium which contained only 0.5% FCS and were lack of FGF. 

2.2.3.9 Cre transduction 

Cre protein was produced in vitro with the vector pTriEx-HTNC (Addgene plasmid 13763) 

according to the method described by Peitz et al [261] and Münst et al [262]. 4×104 cells were 

seeded in a 24 well dish and cultured with 5 µM purified Cre recombinase in culture medium 

containing 0.5% serum for 8 hours. Afterwards, medium was replaced with standard medium 

and culture continued. 

2.2.3.10  Cryosection 

Around 1 cm3 tissues of brain, skin, bladder, spleen, liver, colon, heart, lung from TGROSA 

transgenic fetuses were embedded into the OCT embedding compound, frozen down on the 

dry ice and stored in -80°C for a long period. The embedded tissue probes were sliced into 5 

µm sections by the cryosection machine and detected the fluorescence under microscope. 
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2.2.3.11  Whole animal Tomato fluorescence 

Tomato fluorescence was revealed in foetuses and piglets using a hand held flashlight with 

excitation light source UFP-MDS-G2/B/HB, photographs were taken using camera filter 

FS/CEF-4R2 (Biological Laboratory Equipment Maintenance And Service Ltd., Hungary). 
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3 Results 

3.1 Identification of porcine ROSA26 gene 

To identify ROSA26 locus in the porcine genome, the nucleotide sequence of the promoter 

region and exon 1 of Rosa26 in mouse (NR_027008.1) were used as a reference sequence to 

align with the NCBI Sus scrofa 10.2 porcine genome assembly. A highly conserved genomic 

region on porcine chromosome 13 (NW_003611693: 29648-30716), which shares 85%, 86% 

and 91% similarity with the promoter region of mouse, rat, human ROSA26 promoter and 

exon 1 respectively, was identified. Then, the forward primer binding on identified porcine 

ROSA26 exon1 region was used for the 3’ RACE (rapid amplification of cDNA end) and an 

800 bp fragment was amplified (Figure 3.1). Alignment of the 3’RACE amplified fragment for 

porcine ROSA26 gene with the porcine genomic sequence (NW_003611693) indicated that 

exon 2 has a size of 112 bp, exon 3 is 118 bp and exon 4 is 480 bp in size. The sequence of 

porcine ROSA26 gene was submitted into the NCBI and got the accession number: 

KF768776. The 3' ROSA26 cDNA sequence overlaps the 3' region of an adjacent gene 

THUMPD3. The primers located in porcine ROSA26 exon 1 and 2, and primers binding on 

ROSA26 exon 1 and 4 were used to investigate the expression pattern of porcine ROSA26 

gene in wild type pig. The RT-PCR results showed similar levels of expression in all porcine 

tissues examined (Figure 3.2).  
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Figure 3.1: PCR of porcine ROSA26 3’RACE. 3’RACE 1, 2 and 3 indicate the ROSA26 3’RACE 
results by using three different forward primers and correct 800 bp fragments were amplified by using 
the forward primer 1. H2O was used as a negative control. Kidney RNA isolated from a wild type pig 
was reverse transcribed to cDNA which was used as the template for performing 3’RACE. M, NEB 100 
bp ladder. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Expression of porcine ROSA26 in different adult wild type tissues detected by 
RT-PCR. The primers anneal in exon 1 and exon 2 and amplify a correctly spliced product of 168 bp 
(top). The primers anneal in exon 1 and exon 4 and amplify a correctly spliced product of 621 bp 
(middle). GAPDH expression was used as a control for RNA quality (below).  

3.2  Construction of ROSA26 gene targeting constructs 

3.2.1 Construction of the GCROSA targeting vector 

The DNA sequence on porcine chromosome 13 (NCBI accession number NW_003611693) 

was used to generate the promoter trap ROSA26 gene targeting vector which was named 

GCROSA (Figure 3.3). GCROSA comprised: a 2.166 kb 5’ short arm of homology 

corresponding to a region of ROSA26 intron 1 from position 32043 to 34208 
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(NW_003611693); a 159 bp adenoviral splicing acceptor; a 7.739 kb floxed β-geo caste 

(loxP-beta-geo-loxP); a 1.681 kb mCherry-poly A cassette; a 4.675 kb 3’ homology long arm. 

The 7.739 kb floxed β-geo cassette (loxP-β-geo-loxP) of targeting vector comprised: a 34 bp 

loxP site; a 3.707 kb promoterless β-geo cassete; three polyadenylation signals derived from 

SV40, bovine growth hormone and cytomegalo virus (CMV); a 3.053 kb HPRT Stuffer 

sequence; a second loxP site.  

 
Figure 3.3: Schematic diagram of wild type porcine ROSA26 gene and the GCROSA26 targeting 
vector. Top. Porcine ROSA26 gene. Exon numbers are indicated. Below. GCROSA targeting vector. 
PCR and RT-PCR primers used to identify targeted cell clones and detect mRNA are indicated. SbfI 
and BamHI restriction sites and the hybridisation probe used for Southern analysis are also shown. 

3.2.2 Construction of the TGROSA targeting vector 

The DNA sequence on porcine chromosome 13 (NCBI accession number NW_003611693) 

was used to generate the promoter trap ROSA26 gene targeting vector which was named 

TGROSA (Figure 3.4). TGROSA comprised: a 2.110 kb 5’ short arm of homology 

corresponding to a region of ROSA26 intron 1 from position 32043 to 34152 

(NW_003611693); a 159 bp adenoviral splice acceptor; a 426 bp promoterless blasticidin 

resistance gene (bsr) followed by two polyadenylation signals derived from SV40 and the 

bovine growth hormone gene; a 1.715 kb CAG promoter; a 2.440 kb membrane-targeted 

tdTomato (mTomato) gene flanked by two loxP sites; a 1.099 kb membrane-targeted EGFP 

(mEGFP) gene; and a 4.647 kb 3’ long arm of homology. The mTomato and mEGFP cassette 

was derived from Addgene (plasmid no. 17787). 
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Figure 3.4: Schematic of wild type porcine ROSA26 gene and the TGROSA targeting vector. Top. 
Porcine ROSA26 gene. Exon numbers are indicated. Below. TGROSA targeting vector. PCR and 
RT-PCR primers used to identify targeted cell clones and detect mRNA are indicated. SbfI restriction 
sites and the hybridisation probe used for Southern analysis are also shown. 

3.2.3 Linearization of targeting vectors 

Uncut plasmid DNA has three conformations: supercoiled, open circular and linear. If the 

plasmid is cut once by a restriction enzyme, the supercoiled and open circular conformations 

are reduced to a linear conformation. It has been reported that linearized plasmids enhance 

the homologous recombination frequency about 10-fold in mammalian somatic cells [263]. 

Therefore, before transfection, GCROSA and TGROSA targeting vectors were linearized with 

the NotI and MluI respectively (Figure 3.5). After linearization of targeting vectors, the DNA of 

targeting vectors was precipitate by using NaAC/ethanol method. 

 

Figure 3.5: Linearization of targeting vectors. A. Lane 1-2, linearised GCROSA targeting vector; 
lane 3-4, undigested GCROSA targeting vector as a control. B. Lane 1-4, linearised TGROSA targeting 
vector; lane 5, undigested TGROSA targeting vector as a control. M, NEB 1 kb ladder. 

3.3  Porcine ROSA26 gene targeting 

Mesenchymal stem cells (MSCs) were isolated from adipose tissue and bone marrow of pure 
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German landrace male pig. The characterization of MSCs was confirmed via differentiation 

assay. MSCs capable of differentiation into osteogenic, adipogenic and chondrogenic 

lineages were used for cell targeting (MSCs were obtained from Chair of Livestock 

Biotechnology, TUM). 

3.3.1 Transfection and selection of MSC clones 

For the GCROSA targeting vector, the MSCs isolated from bone marrow were used for 

transfection, and MSCs derived from adipose tissues were used for the transfection of 

TGROSA targeting vector. Electroporation was used for the transfection of the two targeting 

vectors. The GCROSA and TGROSA targeting vectors contain promoterless G418 and bsr 

resistance marker respectively. The promoterless selection markers targeted into the porcine 

ROSA26 intron 1 can be driven by the endogenous ROSA26 promoter. This promoter trap 

approach can improve the efficiency of gene targeting. For the GCROSA targeting, the clones 

were picked after around 10-15 days of selection. Regarding TGROSA targeting, the clones 

were checked under fluorescence microscope, and only clones with mTomato expression 

were picked because it is a sign of intact cassette integration. 

3.3.2 PCR screening for gene targeting events 

After picking the clones, single-cell clones were expanded and screened by PCR. The 2.6 kb 

DNA fragments were amplified by using forward primer, which hybridizes to a point in the 

ROSA26 intron 1 outside of the 5’ homologous arm of targeting vector and reverse primer, 

which hybridizes to the splice acceptor. In order to assess the DNA quality and detect the 

existence of single or double ROSA26 targeted allele in screened samples, endogenous 

PCRs were performed for each sample. The 3.2 kb endogenous fragment were amplified by 

using the same forward primer as above and another reverse primer, which hybridizes the 

ROSA26 intron 1 that has been deleted on the targeted allele. Twenty-four of fifty (48%) 

GCROSA transfectants and sixteen of thirty-eight (42%) TGROSA transfectants were 

identified as targeted according to the targeting PCR results. Representative screening 

results are shown in Figure 3.6 and 3.7. All of the screened clones were amplified correct 
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endogenous fragment, indicating only one ROSA26 allele was targeted and sufficient DNA 

was present in screened samples (Figure 3.6 and 3.7). 

 
 

Figure 3.6: PCR screening of GCROSA targeting events. A part of results of targeting PCR (left) 
and endogenous PCR (right) for G418 resistant single-cell clones. The size of positive targeting PCR 
product is 2.6 kb and the length of endogenous PCR fragment is 3.2 kb. WT (wild type DNA) and H2O 
were used as negative control. M, NEB 1 kb ladder.  

 

 

 

 

 

 

 

Figure 3.7: PCR screening of TGROSA targeting events. Selected results of targeting PCR (left) 
and endogenous PCR (right) for bsr resistant single-cell clones. The size of positive targeting PCR 
product is 2.6 kb and the length of endogenous PCR fragment is 3.2 kb. WT (wild type DNA) and H2O 
were used as negative control. M, NEB 1 kb ladder. 

3.3.3 RT-PCR analyses of ROSA26 targeted clones 

The cell clones positive for targeting PCR were chosen to isolate RNA and analyse on the 

RNA level. GCROSA transfectants with correctly targeted cassette in the ROSA26 intron 1 

are able to express mRNA from the ROSA26 exon 1 spliced to the β-geo cassette. For 

TGROSA transfected clones with correctly targeted cassette in the ROSA26 intron 1 can 

express mRNA from the ROSA26 exon 1 spliced to the blasticidin selectable gene (bsr). The 

RT-PCR screening was established using forward primer that hybridizes in ROSA26 exon 1 
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and reverse primer hybridizing in the β-geo cassette or blasticidin selectable gene (bsr) 

respectively. Figure 3.8 A shows the RT-PCR screening of GCROSA targeted clones, and the 

four tested clones indicated the correct 750 bp fragment. For TGROSA targeted clones, 

RT-PCR results (Figure 3.8 B) showed correct 500 bp fragment for six out of seven screened 

clones. Wild type cDNA were used as negative control and no fragments were amplified as 

predicted. 

 

 

 

 

 

 

 
 
Figure 3.8: RT-PCR screening of GCROSA (A) and TGROSA (B) targeted MSCs clones. A: 
Selected results of RT-PCR detection of GCROSA targeted ROSA26 RNA from exon1 splice to β-geo. 
Amplified fragment size: 750 bp. B: Selected results of RT-PCR detection of TGROSA targeted 
ROSA26 RNA from exon1 splice to bsr. Amplified fragment size: 500 bp. WT (wild type cDNA) and H2O 
were used as negative control. M: NEB 100 bp ladder. 

3.3.4 Southern blot analyses of ROSA26 targeted clones 

Southern blot was performed for the positive clones to confirm the structure of the targeted 

ROSA26 alleles and to exclude random integrants. For this, two different probes were used: 

the β-geo probe for GCROSA and the bsr probe for TGROSA targeted MSC clones. Southern 

blot analysis of selected GCROSA MSC clones 2, 3, 6 and 12 showed expected 5644 bp 

fragment, while clone 7 indicated random integration due to an unpredicted fragment at 8.5 kb 

(Figure 3.9). For selected TGROSA targeted MSC clones, southern blot results demonstrated 

correct 5783 bp fragment in MSC clones 1, 2, 4, 6 and 18, confirming right ROSA26 targeted 

structure for those clones, while clones 5, 8 and 9 showed no fragment, indicating incorrect 

targeted structure in these clones (Figure 3.10). 
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Figure 3.9: Selective results of southern blot analysis for GCROSA targeted cell clones. Lanes 
show SbfI and BamHI double digested genomic DNA from five GCROSA targeted MSC clones 2, 3, 6, 
7, 12 and wild type DNA. The probe binds on the β-geo cassette and the 5644 bp diagnostic fragment 
detected by the β-geo probe is shown. 
 

 
Figure 3.10: Selective results of southern blot analysis for TGROSA targeted cell clones. Lanes 
show SbfI digested genomic DNA from eight TGROSA targeted MSC clones 1, 2, 4, 5, 6, 8, 9 and 18. 
The probe binds on the bsr cassette and the 5783 bp diagnostic fragment detected by the bsr probe is 
shown. 

3.3.5 lacZ staining and activation of mCherry for GCROSA targeted MSC cell 

clones 

The correct GCROSA targeted allele leads to the β-geo expression prior to Cre excision and 

mCherry activated after Cre recombination (Figure 3.11). The lacZ staining was carried out to 

check the expression of β-geo of the GCROSA26 targeted MSC clones. The positive targeted 

clones were stained blue because the ROSA26 promoter drives the lacZ gene that encodes 
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the bacterial enzyme β-galactosidase expression, which can cleave the substrate X-gal into 

blue precipitates. After lacZ staining, representative GCROSA targeted MSC clone was 

stained blue, indicating the expression of β-geo (Figure 3.12). GCROSA targeted MSC clone 

showed no mCherry fluorescence without processing Cre protein transduction, which indicate 

the polyadenylation cassette after β-geo was sufficient to block the expression of mCherry 

expression. After Cre protein transduction, the mCherry fluorescence gene was activated in 

GCROSA targeted MSC clone, which demonstrate that mCherry activation is Cre-dependent 

(Figure 3.12). MSCs transfected with CAG promoter directed β-geo/mCherry constructs were 

used as a control, which were produced by Simon Leuchs (Figure 3.12). 

 

 

 

 

 

 

 

 
Figure 3.11: Schematic overview of dual reporter system of GCROSA targeted allele. Top. The 
GCROSA targeted allele leads to β-geo expression and blocade of mCherry expression before Cre 
excision. Below. Cre protein mediates excision of β-geo and activation mCherry gene expression. Ex1 
and Ex2 indicate porcine ROSA26 exon 1 and 2. SA, splice acceptor.  
 

 

 

 

 

 

 

 
Figure 3.12: lacZ staining and Cre protein mediated mCherry activation of reporter constructs. 
a1-3, e1-e3, black and white channel. b1-b3, f1-f3, red fluorescence channel. c1-c3, non-filtered color 
channel. d1-d3, color channel with gray filter. Top panels, GCROSA targeted MSCs; middle panels, 
MSCs transfected with CAG promoter directed β-geo/mCherry constructs. Wild type MSCs were used 
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as negative control. 

3.3.6 Activation of mEGFP expression for TGROSA targeted MSC clones 

The correct TGROSA targeted allele leads to mTomato expression prior to Cre excision and 

mEGFP activated after Cre recombination (Figure 3.13). For TGROSA targeted MSC clones, 

only mTomato and no mEGFP expression was observed (Figure 3.14). This indicates that the 

polyadenylation cassette after mTomato cassette blocked the expression of mEGFP. To 

determine whether double reporter system functions effectively as a Cre reporter, the effects 

of Cre protein transduction into TGROSA targeted MSC cells was examined. After 8 hours of 

Cre transduction, both the mTomato fluorescence and mEGFP fluorescence could be 

detected for the TGROSA targeted cells. A steady decline in double-labeled cells was 

observed after about 8 days interval for loss of mTomato in nearly all mEGFP labeled cells. 

This demonstrates that mEGFP labeling is Cre-dependent (Figure 3.14). 

 

 

 

 

 

 
 
 
 
 
Figure 3.13: Schematic overview of dual reporter system of TGROSA targeted allele. Top. The 
TGROSA targeted allele leads to mTomato expression and blocking of mGFP expression before Cre 
excision. Below. Cre protein mediates losing of mTomato and activated mGFP expression. Ex1 and 
Ex2 indicate porcine ROSA26 exon 1 and 2. SA, splice acceptor. 
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Figure 3.14: Cre-induced loss of Tomato and activation of GFP fluorescence in TGROSA 
targeted MSC cell clones. Fluorescence before, and eight days after Cre transduction as indicated. 
Wild-type MSCs are shown. 

3.4  Generation of ROSA26 targeted foetuses and pigs 

In order to generate ROSA26 gene targeted pigs, correctly GCROSA and TGROSA targeted 

MSC clones were used for nuclear transfer (NT). This part of work was conducted in the 

collaborative Institute of Molecular Animal Breeding and Biotechnology (Prof. Dr. Wolf, LMU). 

For each NT, three GCROSA targeted clones (2, 3 and 6) were mixed. Two rounds of nuclear 

transfer experiment were carried out and reconstructed embryos were transferred into 4 

recipients. One pregnancy was established and two fully developed male piglets #132 and 

#133 were born. However, those two piglets showed macroglossia causing asphyxia and 

death after birth. To obtain TGROSA targeted pigs, three TGROSA targeted cell clones (4, 6 

and 18) were pooled and used for nuclear transfer and pregnancies established. One 

pregnant sow was sacrificed and four fetuses explanted for analysis. Other pregnancies were 

allowed to continue to birth. One normal healthy piglet (#131) was unfortunately killed by the 

sow. Two normal healthy piglets (#258 and #265) were born, and when mature these will be 

mated and used to found a reporter pig line.  
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3.4.1 Analysis of GCROSA targeted piglets by PCR and southern blot 

GCROSA targeted piglets were analysed by 5’ and 3’ terminal region PCR, indicating that 

genotype of pigs is identical to the original cell clones (Figure 3.15 A and B). The endogenous 

PCR shows one porcine ROSA26 allele was targeted both in piglet #132 and #133, which is 

consistent with the original cell clones (Figure 3.15 C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15: PCR screening of GCROSA nuclear transfer derived piglet #132, #133 and original 
GCROSA targeted MSC clones 2, 3 and 6. A, PCR detection of GCROSA targeted 5’ terminal region. 
Amplified fragment size: 2616 bp. B, PCR detection of GCROSA targeted 3’ terminal region. Amplified 
fragment size: 6331 bp. C, Endogenous PCR detection of wild type ROSA26 allele. Amplified fragment 
size: 3206 bp. 

The southern blot analysis was subsequently performed to confirm the structure of targeted 

allele for the GCROSA piglet #132 and #133. Figure 3.16 shows that a diagnostic 5644 bp 

fragment was detected both in piglet #132 and #133, like in the original MSC clone 2, 3 and 6. 
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Figure 3.16: Southern blot analysis of GCROSA targeted porcine ROSA26. Lanes show SbfI and 
BamHI double digested genomic DNA from three GCROSA targeted MSC clones 2, 3 and 6, two 
newborn piglet #132 and #133, and a wild type piglet as indicated. The probe binds on the β-geo 
cassette and the 5644 bp diagnostic fragment detected by the β-geo probe is shown. 

3.4.2 Analysis of GCROSA targeted piglets by RT-PCR 

Tissues of spleen, lung, pancreas, kidney, muscle, liver, heart and skin were collected from 

the GCROSA targeted piglet #132, and total RNA was isolated from each tissues respectively. 

The RT-PCR was performed to check the presence of RNA transcribed from the ROSA26 

promoter extending from exon 1 spliced to the β-geo. RT-PCR results showed the presence 

of predicted amplified 750 bp fragment in all the tested tissues (Figure 3.17).  
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Figure 3.17: RT-PCR screening of GCROSA nuclear transfer derived piglet #132. Top: RT-PCR 
detection of targeted ROSA26 RNA from exon1 splice to β-geo in different tissues derived from 
GCROSA piglet #132. Amplified fragment size: 750 bp. Below: RT-PCR performed for porcine 
housekeeping gene GAPDH in different tissues derived from GCROSA piglet #132. Wild type cDNA, 
DNA, and H2O were used as controls. Amplified fragment size: 575 bp. 

3.4.3 lacZ staining and activation of mCherry for fibroblasts derived from 

GCROSA piglet 

Kidney fibroblasts (pKDNF) isolated from GCROSA targeted piglet #132 showed no mCherry 

fluorescence detected before Cre recombination (lack of leakiness), and pKDNF were stained 

into light blue colour after lacZ staining (Figure 3.18). Cloned foetuses derived from MSCs 

transfected with CAG promoter directed β-geo/mCherry constructs were used as control, 

which were produced by Simon Leuchs. Fibroblasts isolated from CAG β-Geo/mCherry 

randomly integrated foetuses were stained dark blue and no mCherry fluorescence visible 

before Cre excision (Figure 3.18). After Cre protein transduction, fibroblasts from CAGGS 

β-Geo/mCherry randomly integrated foetuses showed stronger mCherry fluorescence than 

pKDNF isolated from piglet #132 (Figure 3.18).  

 

 

 

 

 

 

 

 

Figure 3.18: lacZ staining and Cre protein mediated mCherry activation of reprter constructs. 
a1-3, e1-e3, black and white channel. b1-b3, f1-f3, red fluorescence channel. c1-c3, non-filtered color 
channel. d1-d3, color channel with gray filter. Top panels, pKDNF isolated from GCROSA piglet #132; 
middle panels, pKDNF derived from CAG β-Geo/mCherry randomly integrated foetuses. Wild-type 
pKDNF were used as negative control. 
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3.4.4 Analysis of TGROSA foetuses and piglet by PCR and southern blot 

TGROSA targeted foetuses and piglets #131 were confirmed by PCR amplification across 5’ 

and 3’ junction regions, which showed that the genotype of piglets is identical to the original 

cell clones (Figure 3.19 A and B). The endogenous PCR showed only one porcine ROSA26 

allele to be targeted in foetuses and piglet #131, which is consistent with the original cell 

clones (Figure 3.19 C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.19: PCR screening of TGROSA nuclear transfer derived foetuses, piglet #131 and 
original TGROSA targeted MSC clones 4, 6 and 18. A, PCR detection of TGROSA targeted 5’ 
terminal region. Amplified fragment size: 2630 bp. B, PCR detection of TGROSA targeted 3’ terminal 
region. Amplified fragment size: 7868 bp. C, Endogenous PCR detection of wild type ROSA26 allele. 
Amplified fragment size: 3206 bp. 
 

The southern blot analysis was subsequently performed to confirm the structure of targeted 
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allele for the TGROSA targeted foetuses and piglet #131. Figure 3.20 showed that a 

diagnostic 5783 bp fragment was detected in TGROSA targeted foetuses and piglet #131, the 

same as in the original MSC clone 4, 6 and 18. 

  

 

 

 

 

 

 

 

Figure 3.20: Southern blot analysis of TGROSA targeted porcine ROSA26. Lanes show SbfI 
digested genomic DNA from three TGROSA targeted MSC clones 4, 6 and 18, four foetuses, newborn 
piglet #131 and a wild type piglet as indicated. The probe binds on the β-geo cassette and the 5783 bp 
diagnostic fragment detected by the bsr probe is shown.  

3.4.5 Analysis of TGROSA targeted piglets by RT-PCR 

The pattern of reporter gene expression was further detected in TGROSA targeted piglet 

#131. Tissues of spleen, lung, pancreas, kidney, muscle, liver, heart and skin were tested by 

RT-PCR for the presence of RNA transcribed from the ROSA26 promoter extending from 

exon 1 spliced to the blasticidin gene, and also for mTomato RNA transcribed from the CAG 

promoter. The results showed that both RNA species were present in all tested samples 

(Figure 3.21). 
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Figure 3.21: RT-PCR screening of TGROSA piglet #131. A: RT-PCR detection of targeted ROSA26 
RNA from exon1 splice to blasticidin selectable gene (bsr) in different tissues derived from TGROSA 
piglet #131. Amplified fragment size: 500 bp. Wild type piglet and H2O were used as controls. B: 
RT-PCR detection of mTomato RNA in different tissues. Amplified fragement size 686 bp. Wild type 
piglet and H2O were used as controls. C: RT-PCR performed for porcine housekeeping gene GAPDH 
in different tissues derived from TGROSA piglet #131. Amplified fragment size: 575 bp. Wild type piglet 
and H2O were used as controls. 

3.4.6 mTomato fluorescence detection for TGROSA foetuses and live piglet 

#258 

TGROSA targeted foetuses were also checked for mTomato fluorescence. Figure 3.22 shows 

four TGROSA targeted foetuses and four wild type foetuses of the same gestational age, and 

mTomato fluorescence was easily visualized for TGROSA targeted foetuses while no 

detectable fluorescence at all for wild type foetuses. Cryosections were further prepared and 

analysed from a series of foetal organs including bladder, brain, colon, heart, liver, lung, skin, 

pancreas and spleen. The results showed that mTomato fluorescence was evident in all 

organs from TGROSA foetuses and there were no mTomato expression in the organs 

isolated from the wild type animal (Figure 3.23). The live piglet #258 was identified by Tomato 

fluorescence as well (Figure 3.24). 
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Figure 3.22: TGROSA and wild-type foetuses at day 77. mTomato fluorescence (left) and bright 
light (right). 
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Figure 3.23: Fluorescence microscopy of tissue cryosections. Panels a-i, organs from a 77 day 
gene-targeted foetus4 derived by nuclear transfer as indicated. Panels j-r, organs from a 77 day 
wild-type foetus. Each section is visualised through black and white, red (excitation=554nm, 
emission=581nm) and green (excitation=489nm, emission=509nm) channels as indicated. 

 

 

 

 

Figure 3.24: Nuclear transfer derived TGROSA piglet (left) and wild-type piglet (right). 

3.4.7 Activation of mGFP for fibroblasts derived from TGROSA foetus 

To investigate the response of the dual reporter to Cre activity, kidney fibroblasts prepared 

from explanted foetuses were transduced with Cre protein. Prior to Cre transduction mEGFP 

fluorescence was not detected in pKDNF, indicating blockade by the floxed transcriptional 

termination cassette, while strong Tomato fluorescence was evident (Figure 3.25). After Cre 

transduction, EGFP fluorescence became evident and Tomato fluorescence steadily declined 

over a period of 8 days until it was absent from almost all cells (Figure 3.25).  
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Figure 3.25: Cre-induced loss of mTomato and activation of EGFP expression in kidney 
fibroblasts derived from four 77 day TGROSA targeted foetuses. Fluorescence before, and 8 days 
after Cre transduction are indicated. Wild-type foetal kidney fibroblast are also shown. 

3.5  Porcine PDX-1 gene targeting 

In order to generate pigs expressing Cre recombinase under the control of PDX-1 promoter, 

an IRES-Cre cassette can be inserted after the stop codon of the endogenous PDX-1 locus 

with the help of TALENs. The targeting diagram is shown in Figure 3.26. For this, pKDNF 

isolated from TGROSA foetuses were used for PDX-1 gene re-targeting. The 

PDX-1-IRES-Cre vector and a pair of PDX-1 TALENs RNA were produced by Lena 

Glashauser. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.26: Schematic overview depicting the targeting strategy for the PDX-1 gene. Top: 
PDX-1-IRES-Cre vector containing IRES-Cre cassette and neo selection marker. Middle: Two exons 
and targeted site are showed for the wild type PDX-1 gene. Individual TALE repeats are shown by 
different colours, and their recognized DNA bases are according to the following code (NI=A, HD=C, 
NN=G, NG=T). Below: PDX-1 targeted allele. 

3.5.1 Transfection and selection of pKDNF clones 

The PDX-1-IRES-Cre vector was linerized by NotI and co-transfected with a pair of PDX-1 

TALENs RNA. After 10-15 days of selection in 400 µg/ml G418, the individual stable 

transfected cell clones were isolated. Samples of each clone was cryopreserved at an early 

stage and replicate samples cultured further for analyses. 
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3.5.2 PCR screening for gene targeting events 

Single-cell clones were expanded and screened by targeting PCR. The 969 bp DNA 

fragments were amplified by using forward primer, which hybridizes outside of the 5’ 

homologous arm of PDX-1-IRES-Cre vector in the intron 1 of PDX-1 gene and reverse primer, 

which hybridizes to the internal ribosome entry site (IRES) cassete. In order to assess the 

DNA quality and detect the existence of single or double PDX-1 targeted allele in screened 

samples, endogenous PCRs were performed for each sample. The 1100 bp endogenous 

fragment was amplified by using the same forward primer as above and another reverse 

primer, which hybridizes the exon 2 of PDX-1 gene that has been deleted on the targeted 

allele. Based on the targeting PCR results, two clones (15 and 20) out of fifty-five 

transfectants were identified as correctly targeted (Figure 3.27). Clone 15 and 20 were further 

analysed by 3’ PCR across junction region using two different forward primers, both of which 

hybridizes on the neo selection marker and the reverse primer, which hybridizes outside of 

the 3’ homologous arm of PDX-1-IRES-Cre vector. 1339 bp and 1579 bp fragments were 

amplified by using two pairs of primers in those two clones (Figure 3.28). 
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Figure 3.27: PCR screening of PDX-1 targeting events. A part of results of screening PCR (top) and 
endogenous PCR (below) for G418 resistant single-cell clones. The size of positive targeting PCR 
product is 969 bp and the length of endogenous PCR fragment is 1100 bp. H2O were used as negative 
control and clone 15 was used for positive control for later screening. 

 

 

 

 

 

 

 

 

 

Figure 3.28: 3’ PCR across junction region for clone 15 and 20 using two different pair of 
primers. Amplified fragment size: 1339 bp and 1579 bp. 

3.5.3 Southern blot analysis of PDX-1 targeted clones 

Clone 15 and 20 were further analyzed by Southern blot to confirm correct targeting. Southern 

blot analysis was performed by using a neo probe to distinghuish between the PDX-1 targeted 

allele and random integrants. After genomic DNA digested by XmnI, BamHI and XmaI, the 

correct diagnostic fragments were expected at 3748 bp, 4102 bp and 5019 bp, respectively. 

The Southern blot results showed that a larger fragment for clone 15, and multiple fragments 
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for clone 20 (Figure 3.29). This indicated that clone 15 has random integration, while clone 20 

has integrated several copies of the targeting vector due to off-target effects of the used 

PDX-1 TALENs. 

 

 

 

 

 

 

Figure 3.29: Southern blot analysis of PDX-1 targeted clones 15 and 20. Lanes show XmnI, 
BamHI, and XmaI digested genomic DNA from clone 15 (left) and 20 (right), and wild type cells as 
indicate as negative control. The probe binds on the neo cassette. 

3.6  Porcine KRAS gene targeting 

3.6.1 KRAS gene targeting vector 

In order to generate pigs carrying a KRASG12D mutant allele that can be activated by Cre 

recombination, a floxed transcriptional stop cassette (LSL) was inserted into introl 1 of porcine 

KRAS gene. The mutation KRASG12D was inserted into exon 2 of KRAS. Targeting scheme of 

porcine KRAS gene is shown in Figure 3.30. KRAS gene targeting vector was generated by 

Alexander Tschukes. The vector comprised: a 3.090 kb 5’ short arm of homology 

corresponding to a region of KRAS intron 1 from position 660 to 3749 (NC_010447); a floxed 

transcriptional terminaton signal (LSL cassette) consisting of 34 bp loxP site; a 159 bp 

adenoviral splice acceptor; a 1476 bp promoterless neomycin resistance gene (neo) followed 

by three polyadenylation signals derived from SV40, the bovine growth hormone gene and 

CMV; another 34 bp loxP site; a 9.195 kb 3’ long arm of homology, which included also the 

engineered G to A point mutation within exon 2 that results in a glycine to aspartic acid 

substitution at codon 12 (G12D). 
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Figure 3.30: Porcine KRAS gene targeting scheme. Top. Porcine KRAS gene. Exon numbers are 
indicated, coding and non-coding regions are marked as black and white boxes. Below. KRAS-neo 
targeting vector. The transcription termination cassette and its insertion site in intron 1 is shown, the G 
to A substitution mutation in exon 2 is indicated by an asterisk. PCR primers used to identify targeted 
cell clones are indicated. ScaI and SacI restriction sites are also shown. 

3.6.2 Transfection and selection of pKDNF clones  

The KRAS targeting vector was linearized by NotI and transfected by using electroporation. 

After 10-15 days selection in 400 µg/ml G418, the individual stable transfected cell clones 

were isolated. Samples of each clone were cryopreserved at an early stage and replicate 

samples were cultured further for analysis. 

3.6.3 PCR screening for gene targeting events 

Single-cell clones were expanded and screened by PCR. The 3378 bp DNA fragment was 

amplified by using forward primer, which hybridizes outside of the 5’ homologous arm of 

KRAS gene targeting vector and reverse primer, which hybridizes to the splice acceptor. The 

1597 bp fragment was amplified by endogenous PCRs to assess the DNA quality. Thirteen 

clones were identified correctly targeted based on the screening PCR results (Figure 3.31). 
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Figure 3.31: PCR screening of KRAS targeting events. A part of results of screening PCR (left) and 
endogenous PCR (right) for G418 resistant single-cell clones. The size of positive screening PCR 
product is 3378 bp and the length of endogenous PCR fragment is 1597 bp. H2O were used as 
negative control and positive control was also used. (Conducted by Marlene) 

Those thirteen clones were further checked for the presence of mutation (G to A) within the 

exon 2 of KRAS. The 772 bp PCR fragment across exon 2 was amplified and then digested 

by the restricted enzyme BccI (Figure 3.32). If case of the mutation presence, the 772 bp PCR 

fragment can be digested into 257 bp, 190 bp, 134 bp, 114 bp and 77 bp, otherwise it can be 

digested into 391 bp, 190 bp, 114 bp and 77 bp. The clones 12, 14, 15, 19, 27, 30, 37, 54 and 

57 were digested into 257 bp, 190 bp, 134 bp, 114 bp and 77 bp, indicating the presence of 

the G to A mutation within the exon 2 of KRAS gene (Figure 3.32). 
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Figure 3.32: Mutation screening PCR and its digestion fragments. Top. 772 bp fragment amplified 
for thirteen screening PCR positive clones. Below. 772 bp PCR fragment digested by BccI. (Conducted 
by Marlene) 

3.6.4 RT-PCR analyses of KRAS targeted clones 

The clone 15, 19, 27, 30, 37 and 54 were further analysed for the mutation (G to A) on the 

RNA level. The 408 bp RT-PCR fragment was amplified by using forward primer, which 

hybridizes to the exon 2 of KRAS and reverse primer, which hybridizes to the exon 4 of KRAS. 

The reverse primer was then used for sequencing the 408 bp RT-PCR fragment sequencing 

in order to detect the mutation G to A. Before Cre transduction, the 408 bp RT-PCR fragment 

from six clones were mixed and sequenced (Figure 3.33). The G to A mutation within exon 2 

was not detected for the pool of all of the clones, which indicate the lack of expression from 

the mutated KRAS allele (Figure 3.34). After Cre transduction, the 408 bp RT-PCR fragment 

from the six clones were sequenced seperately (Figure 3.35). The KRAS mutation mRNA was 

detected in clone 15, 19, 27, 30 and 37, but not in clone 54 (Figure 3.36). 
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Figure 3.33: The 408 bp RT-PCR fragment amplified from six clones before Cre transduction. 

 

 

 

 

 

 

 

Figure 3.34: Sequencing of 408 bp RT-PCR fragment from the pool of six clones before Cre 
transduction. Arrow indicates mutation site. 

 

Figure 3.35: The 408 bp RT-PCR fragment amplified from six clones after Cre transduction. 
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Figure 3.36: Sequencing of 408 bp RT-PCR fragment from each clone after Cre transduction. 
Arrows indicate mutation site. 

3.6.5 Southern blot analyses of KRAS targeted clones 

Southern blot analysis was performed by using a neo probe to detect the structure of KRAS 

targeted allele. A diagnostic 5004 bp fragment was detected in clone 15, 19, 27 and 30, 

confirming right KRAS targeted structure for those clones. Clone 12, 14 and 54 showed 

unexpected size of band, indicating random integration of KRAS targeting vector (Figure 

3.37). 
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Figure 3.37: Southern blot analyses of KRAS targeted structure. Lanes show SacI digested 
genomic DNA from seven KRAS targeted pKDNF clones and wild type pKDNF cells. The probe binds 
on the neo cassette and the 5004 bp diagnostic fragment detected by a neo probe is shown. 
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4 Discussion 

4.1  Gene targeting of porcine ROSA26 

4.1.1 Identification of the porcine ROSA26 gene and its importance 

It has been reported that transgenic mice generated by random transgenesis have limitations. 

For example, expression patterns vary among transgenic animals due to differences in copy 

number; unpredictability of expression and inheritance of the transgene due to positional 

effects of integration sites and promoter silencing [207,264]. In addition, if random reporter 

transgenic lines generated in different laboratories and assessed under different standards, it 

is difficult to evaluate whether they are suitable for one’s research interest [265]. Furthermore, 

reporter lines that show high fluorescence are often infertile or not viable [209]. Therefore, it is 

vital to use an endogenous locus which is ubiquitously expressed and the loss of which is not 

lethal in order to overcome these issues. The ROSA26 locus has been established as the 

preferred placement site for transgene expression because the expression of transgenes 

inserted into the ROSA26 locus has been demonstrated at suitable levels in every tissue from 

embryonic to adult stages [176,212]. Moreover, animals with homozygous mutation at the 

ROSA26 locus are viable and fertile [210]. Mouse, human and rat ROSA26 loci have been 

characterized and widely used in genetic modification as they can be targeted with high 

efficiency by homologous recombination. The porcine ROSA26 has not been characterized 

yet, therefore, it was of important to identify the ROSA26 gene in pigs. 

Mouse, rat and human ROSA26 gene have been identified and characterized [210,214,215], 

which made identification of the porcine ROSA26 possible. Here the porcine ROSA26 gene 

was firstly identified by using the sequence of promoter and exon 1 regions of the mouse 

Rosa26 to search the NCBI Sus Scrofa 10.2 porcine genome database. A highly conserved 

putative porcine ROSA26 promoter and exon 1 region on chromosome 13 were identified. 

Based on this putative porcine ROSA26 region, exon 2-4 were further identified with 3’RACE 

method. The results accord with the partial description published recently [266], although we 
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identified four rather than two exons. This suggests that the porcine ROSA26 expresses 

multiple transcript variants, as found in other species [210]. In mouse and human, 3’ ROSA26 

cDNA sequence overlaps the 3’ region of the adjacent gene THUMPD3, and the putative 

porcine ROSA26 was also found overlapping with THUMPD3. This supplies another evidence 

of the correctness of the identified porcine ROSA26 gene. 

In mouse, the Rosa26 locus shows expression in a variety of adult tissues [210] and human 

ROSA26 also gives this broad expression pattern in tested adult tissues, such as brain, 

pancreas, lung, kidney, bone marrow, skeletal muscle and three human ES cell lines [214]. 

Toshihiro et al. [215] reported that transcripts from the rat ROSA26 locus are ubiquitously 

expressed as shown by the detected expression of rat ROSA26 in brain, duodenum, kidney, 

pancreas, liver, lung, spleen and ESC. In pigs, the RT-PCR results showed the porcine 

ROSA26 is expressed in a wide range of tissues, including spleen, lung, pancreas, kidney, 

muscle, liver, heart, skin, bladder and stomach. These data demonstrate the conservation of 

the Rosa26/ROSA26 locus among mouse, human, rat and pig, which also supports the 

identity of the porcine ROSA26 gene. 

4.1.2 Construction of the targeting vectors 

For gene targeting into mouse, human and rat ROSA26 locus, a promoter trap approch was 

adopted for the generation a series of targeting vectors [212,214,215]. The Promoter trap 

approach is based on the integration of a promoterless gene into the genome behind an 

endogenous trigger, which will initiate transcription of the transgene [211,267,268]. In this 

study, such promoter trap approach was also applied to the construction of GCROSA and 

TGROSA for targeting of the porcine ROSA26. In mouse Rosa26 targeting, exogenous genes 

were placed into a unique XbaI site in the intron 1 region [212]; since a homologous site was 

identified in the porcine gene, we designed the short and the long homologous arms of the 

GCROSA and TGROSA targeting vectors to flank this site. A splice acceptor sequence was 

placed in front of the promoterless reporter gene or selectable marker in the constructs, as it 

can allow for the expression of the cassette when it integrates into an intron. In the GCROSA 

and TGROSA targeting vectors, the splice acceptor was added in front of the β-gal and bsr 
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selection marker. After targeting porcine ROSA26 locus with those two vectors, both the RNA 

spliced from porcine ROSA26 exon 1 to β-gal and to bsr were detected. Moreover, promoter 

trap constructs in which the ATG was omitted were significantly less efficient [267,269]. In the 

porcine ROSA26 targeting vectors, the reporter genes, namely β-gal, mCherry, mTomato, 

mGFP, and bsr selection marker, include a Kozak sequence with an ATG codon as an initiator 

to allow for recognition and translation by the ribosome [270].  

In addition, in order to obtain a double Cre recombinase reporter system, the first reporter 

genes on the targeting vectors were flanked by two loxP sites with the same direction on both 

porcine ROSA26 targeting vectors. Thus, the Cre protein will excise the first floxed reporter 

gene, thereby allowing expression of the second reporter gene. This double reporter system 

has also been widely used in generating mouse Cre reporter lines [194,205,206,271]. In pigs, 

Li et al. [177] generated a reporter pig, which can express EGFP only after Cre-mediated 

excision of a loxP-flanked stop cassette. However, it is widely recognised that dual reporters 

are more useful and reliable indicators of Cre recombination, because one reporter gene is 

always active in any individual cell providing an internal control. Another group has recently 

generated a porcine ROSA26 reporter porcine model by placing mTomato gene flanked by 

wild type loxP and loxP2272 into the ROSA26 locus through recombinase-mediated cassette 

exchange (RMCE) [266]. Compared with wild type loxP, loxP2272 has two nucleotide 

mutation within the spacer region. loxP sites with same spacer region have efficient Cre 

recombination, while loxP sites whose spacer regions are different in even as litle as one 

nucleotide have dramatically reduced recombination efficiency. This ROSA26 reporter 

porcine model carrying mTomato gene flanked by wild type loxP and loxP2272, thus it can not 

be used for monitoring Cre recombinase activity. Therefore, in this study, GCROSA and 

TGROSA containing loxP-β-gal-loxP-mCherry and loxP-mTomato-loxP-mGFP respectively 

were constructed in order to obtain ROSA26 dual reporter pigs. 

4.1.3 Targeting efficiency of the ROSA26 locus 

Soriano et al [212] targeted the mouse Rosa26 locus with a reporter construct containing a 

lacZ gene. After transfection and G418 selection, 8 of 23 (34.7%) G418 colonies were 



	
   	
   4 Discussion 

92	
  
	
   	
   	
  

confirmed to have correctly undergone homologous recombination. These results show the 

high rate of homologous recombination and successful targeting to the ROSA26 locus in 

mouse. Kobayashi et al. [215] reported that on average about 30% of picked clones 

demonstrated correct targeting to rat ROSA26 locus by using rat pluripotent stem cells 

(PSCs). This also shows the high targeting efficieny at rat ROSA26 locus. Irion et al. [214] 

performed gene targeting to the human ROSA26 locus, overall 2 targeted clones out of 88 

clones were confirmed, with a targeting efficiency around 2.3%. Compared with the high 

targeting efficiency in mouse and rat ROSA26 locus, these results indicate lower targeting 

frequencies in the human ROSA26 locus. This might be related to locus-specific species 

differences in homologous recombination, but technical issues might also play a role. For 

example, the optimal transfection method, critical parameters for optimizing homologous 

recombination in the hES cells used remain to be further investigated.  

In this study, it was shown that ROSA26 targeting in porcine MSCs is quite efficient using 

targeting vectors without the help of site-specific nucleases. 24 of 50 (48%) GCROSA 

transfectants and 16 of 38 (42%) TGROSA transfectants were identified as targeted by 

screening PCR. In other work we also obtained efficient targeting (28% of cell clones 

analysed) when placing an atherosclerosis marker gene under the control of a tissue-specific 

promoter at the same site (unpublished). These findings contrast with those recently 

described by Li et al. [266], who reported poor targeting efficiency into the porcine ROSA26 

using a conventional vector, which could be due to the different location they used within the 

ROSA26 intron 1. Efficient gene targeting is an important factor if, as in mice, porcine 

ROSA26 is to be used as a 'general purpose' permissive locus for transgene placement. 

Reliable ubiquitous or tightly controlled transgene expression, free of position effect variation 

or silencing, is a basic requirement for many new biomedical applications where genetically 

modified pigs are playing an increasingly important role [272]. 

4.1.4 Activity of the ROSA26 promoter 

Since the ROSA26 locus has become the preferred placement site for transgene expression 

in mouse, rat, human and pig, it is important to analyse the endogenous ROSA26 promoter 
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activity. Chen et al. [200] compared the activities of nine ubiquitous promoters (ROSA26, 

CAG, CMV, CMVd1, UbC, EF1α, PGK, chicken β-actin and MC1) in mouse embryonic stem 

cells. Their results showed that the CAG promoter has the highest level of expression at about 

9-10 fold the level of the mouse endogenous ROSA26 promoter. Nyabi et al. [213] also 

reported that the CAG promoter is approximately 8-10 fold the level of the mouse ROSA26 

promoter. In this study, the GCROSA integrated into ROSA26 intron 1 at a site equivalent to 

that frequently used in mouse ROSA26, under the control of the endogenous porcine 

ROSA26 promoter. The results showed that expression of lacZ (before Cre recombination) 

and mCherry (after Cre recombination) directed by the porcine endogenous ROSA26 

promoter was weak. On the other hand, the TGROSA was inserted at the same site, higher 

expression of mTomato and mGFP genes were detected. This also indicates that the CAG 

promoter activity is higher than that of the porcine ROSA26 promoter, consistent with findings 

with the mouse Rosa26 promoter [200]. 

4.1.5 Ubiquitously expression of genes placed in the ROSA26 locus 

Transgenes integrated into the mouse Rosa26 locus are ubiquitously expressed and not 

subject to gene-silencing effects [210]. Muzumdar et al. [273] reported a global 

double-fluorescent Cre reporter mouse, in which the reporter gene was placed in the mouse 

Rosa26 locus, was expressed in all tissues examined, such as brain, retina, heart, lung, rib, 

liver, spleen, kidney, bowel, ovary. Another Rosa26 reporter mouse line also proved 

ubiquitous expression of mTFP1 (bright teal fluorescent protein) in brain, heart, liver, lung, 

kidney, stomach, spleen, tail, intestine, eye and embryo day 16.5 [274]. In human, insertion of 

RFP (red fluorescent protein) into the ROSA26 locus allows ubiquitous expression of RFP in 

both undifferentiated and differentiated populations representative of the three germ layers 

[214]. Kobayashi et al. [215] identified the rat ROSA26 locus and inserted tdTomato into the 

rat ROSA26 locus to generate knock-in rat lines which showed ubiquitous expression of 

tdTomato.  

In this study, a promoter trap vector, TGROSA, was constructed to place an mTomato, mGFP 

dual reporter cassette driven by the constitutive CAG promoter into the porcine ROSA26 
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locus, and TGROSA foetuses and live piglets were generated. Tomato fluorescence was 

evident in all foetal organs examined including bladder, brain, colon, heart, liver, lung, skin, 

pancreas and spleen. The live TGROSA piglet showed Tomato fluorescence throughout its 

body. Both RNA species (mTomato RNA and RNA transcribed from the ROSA26 promoter) 

were detected in all the tissue samples from TGROSA piglet, such as spleen, lung, pancreas, 

kidney, muscle, liver, heart and skin. These results support ubiquitous expression of a 

transgene inserted into the porcine ROSA26 locus, consistent with results from mouse, rat, 

and human. Thus, these results indicate that the porcine ROSA26 locus conserves the 

properties of its orthologues in rat, mouse and human. The ubiquitous transcriptional activity 

of the ROSA26 locus suggests that the genomic region is not affected by chromatin 

configurations which could cause transcriptional repression of inserted transgenes. Therefore, 

the ROSA26 locus has become a reliable insertion site for exogenous transgenes in mouse, 

rat, human and pig. 

4.1.6 Placing gene of interests into porcine ROSA26 locus through RMCE 

Cre/loxP site-specific recombination system is a powerful and versatile tool that has been 

widely used to engineer the genome of experimental animals. Cre recombination happens 

efficiently between two loxP sites having the identical spacer region, while Cre recombination 

does not occur between two loxP sites with different spacer region [275]. Recombinase 

mediated cassette exchange (RMCE) is a site-specific recombination that enables the 

exchange of one chromosomally preinserted DNA cassette flanked by two different 

heterospecific loxP sites for another cassette on a replacement vector flanked by the same 

heterospecific loxP site [276]. So far, several heterospecific loxP sites, such as loxP511, 

loxP2272, and loxP5171, have been widely used in RMCE [277–279]. Among these 

heterospecific loxP sites, loxP2272 showed the highest recombination efficiency and resulted 

in a stable recombined structure [280]. Therefore, loxP2272 has been frequently used in 

RMCE. Irion et al. [214] generated a valuable human embryonic stem cell line having a 

loxP/loxP2272 homing site, which allows for efficient introduction of any gene of interest into 

the human ROSA26 locus via RMCE. This technology has also been extended into pigs. Li et 
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al. [266] inserted loxP/loxP2272 sites along with EGFP into the porcine ROSA26 locus, and 

later successfully replaced tdTomato with EGFP through RMCE. This demonstrated that 

RMCE is a feasible and efficient way to replace any gene of interest into the ROSA26 locus. 

In a further step of this study, RMCE could be also used to place any gene into the porcine 

ROSA26 locus. 

4.2  Somatic cell nuclear transfer 

4.2.1 Factors influencing efficiency of generating genetically modified pigs 

by SCNT 

SCNT is widely used for the generation of genetically modified large animals, such as cattle 

[281], sheep [107], goat [282] and pig [55,283]. In the pig, although cloned pigs produced by 

SCNT have been reported more than ten years ago, the efficiency of cloning (live cloned 

piglet per reconstructed embryos transferred to recipients) is still very low, typically between 1 

to 5% [284]. There are several factors that may contribute to this inefficiency. These include 

season, oocyte quality, donor cell type, type of genetic modification, number of cloning rounds, 

loss of somatic imprinting in the nuclei of the reconstructed embryo, and pre-selection of 

cloned embryos for early development [110,284]. 

Recipient sows have lower pregnancy rate after embryo transfer (ET) in winter [284]. It is not 

always guaranteed to maintain reconstructed embryos in an optimal temperature, therefore, 

low temperatures in winter might affect the developmental capability of the embryos. However, 

in winter, cloning efficiency is highest for performing SCNT and ET because the cloning 

efficiency is calculated only for the recipients generated offsprings.  

Faast et al. [285] reported that using porcine bone marrow MSCs for SCNT can lead to higher 

blastocyst rates compared with fibroblasts isolated from the same animal. These results were 

also supported by Jin et al. [286] and Kumar et al. [287]. MSCs isolated from peripheral blood 

can be used for SCNT as well, and they can increase the number of SCNT embryos that 

develop to term [285]. So it seems like MSCs are superior to fibroblasts for SCNT in pigs 
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based on the previous research. Kurome et al. [284] analysed a large data set and showed 

there were no differences in the cloning efficiency among the different donor cell types. 

However, a higher pregnancy rate was observed when MSCs were used for SCNT. In this 

study, bone marrow MSCs were also used for SCNT, and piglet # 132 and 133 were 

generated from bone marrow MSCs clones. Nevertheless, cloned piglets # 132 and 133 

showed enlarged tongues, a phenomenone that has also been observed in other offspring 

cloned from bone marrow derived mesenchymal stem cells [153]. MSCs derived from adipose 

tissue, on the other hand, showed a high proportion of viable offspring without malformations, 

such as cloned piglet # 258. On the other hand, Richter et al. [288] characterized primary 

porcine kidney fibroblast and demonstrated that these are a valuable cell source for the 

generation of genetically modified pigs via SCNT. One of the advantage of kidney fibroblast is 

that they can be cultured up to 71 passages while maintaining a stable karyotype, whereas 

porcine ear fibroblasts and fetal fibroblasts are difficult to be cultured for more than 20 

passages. In addition, compared with porcine fetal fibroblasts and ear fibroblasts, kidney 

fibroblasts showed a higher proliferation rate and double higher blastocyst rate after SCNT 

[288]. Thus, in this study, porcine kidney fibroblasts derived from TGROSA foetuses were 

isolated and used for gene targeting. 

Usually, genetic modification of donor cells takes a long time in in vitro culture for transfection 

and selection, which could cause cellular changes. This may lead to a decrease in cloning 

efficiency. Therefore, it is necessary to use donor cells with lower passage numbers (less 

than 8 passages for additive gene transfer and less than 10 passages for gene targeting) for 

SCNT [284]. Some studies have demonstrated that additional rounds of cloning cause a 

decrease in cloning efficiency [289–291]. Kurome et al. [284] also reported that additional 

rounds of cloning decreased cloning efficiency, thus the cloning efficiency in the first, second 

and third round are 4.4%, 3.5% and 2.9% respectively. The reduced cloning efficiency of 

multiple rounds of cloning might be due to altered gene expression patterns and accumulation 

of epigenetic errors after nuclear transfer [292].  

In vitro culture of cloned embryos and selection of normal development embryos for ET also 

influences the cloning efficiency. The in vitro culture conditions for porcine embryos have 
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been substantially improved during the past years, which is helpful for improving the cloning 

efficiency. Kurome et al. [284] showed that using re-constructed embryos during the 2-cell to 

4-cell stage for ET resulted in the highest percentage of offspring per re-constructed embryos 

transferred. Genetically modified animals generated by SCNT and ET often show anomalies. 

Common anomalies include reduced or increased birth weight, respiratory distress, 

cardiovascular abnormalities and enlargement of organs [293]. Many cloned offspring even 

die soon after birth. These phenotypic defects and unique pattern of mortality during the 

neonatal stage may be related to changes in the expression of imprinted genes. Examples 

include insulin-like growth factor II (IGF2) and H19, both of which play an important role in 

regulating growth during fetal development. And in fact, decreased expression of IGF2 has 

been detected in the liver, kidney, heart and muscle of unusually large cloned sheep fetuses 

[294]. In mice, imprinting errors have also been detected in overgrown foetus, while they were 

not observed in phenotypically normal foetuses [295]. Besides to the improper expression of 

some imprinted genes, dysregulation of non-imprinted genes has also been reported in 

cloned animals [296]. The abnormality has been noted after nuclear transfer in pigs [297]. In 

this study, cloned piglets # 132 and # 133 showed large tongue and died at birth, which might 

be a consequence of defective epigenetic reprogramming and related to the donor cell type. 

4.2.2 Cell cycle synchronization between donor cells and recipient oocytes 

Normal development of cloned embryos depends on maintaining correct ploidy and 

preventing DNA damage by coordinating the cell cycle between the recipient cytoplasm and 

the donor nucleus [298]. MII oocytes are often used as the recipient cytoplasm [299]. Because 

maturation/meiosis/mitosis-promoting factor (MPF) activity is maximal at MII stage [298], and 

in the MII oocyte, the donor nuclear envelope is broken down and premature chromosome 

condensation occurs because of the high activity of MPF [300]. When MII oocytes are used as 

recipients, one of the following strategies is adopted for embryo reconstruction by nuclear 

transfer. In the first strategy, nuclei in G0 or G1 phase are directly transferred into untreated 

enucleated MII oocytes [298], and reconstructed embryos are able to develop to offspring in 

many species [110,281,299,301]. The second is the transfer of nuclei in G1, S or G2 phase 
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into enucleated MII oocytes which are activated before nuclear transfer, thereby reducing 

MPF activity. This is applied when using blastomeres as donor nuclei, because it is difficult to 

synchronize embryonic nuclei, and most of blastomeres are in the S phase [302]. The last 

strategy is the transfer of G2/M phase nuclei into untreated enucleated MII oocytes, the 

reconstructed embryos can return to the normal ploidy when a polar body has been excluded 

after parthenogenetic activation, and the embryos are able to develop to offspring. This 

strategy has been reported with mouse embryonic stem cells [303] and bovine somatic cells 

[304] used as nuclear donors.  

In this study, the first strategy was adopted. In order to arrest diploid cells in the G0/G1 phase, 

the genetically modified donor cells underwent serum starvation for 48 hours before SCNT. It 

has already been understood that most the serum starved cells used as nuclear donors are 

cell cycle arrested in G0/G1. Contact inhibition also reported as a method to arrest the cell 

cycle, but the contact-inhibited cells used as nuclear donors for embryo reconstruction contain 

both of cell-cycle arrested diploid cells (G0/G1) and unarrested diploid cells (G1) [110]. 

Therefore, in this study, the serum starvation method was used to arrest the cell cycle for 

donor cells. 

4.3  TALENs and CRISPR/Cas9 for genome engineering 

TALENs are a tool that has been used for a broad range of genetic modifications [305–308]. 

In this study, TALENs were also used for targeting the porcine PDX-1 locus. When 

co-transfecting cells with a pair of TALEN plasmids and donor plasmid, it is possible that the 

TALEN plasmids can integrate into the host genome. In order to avoid this, TALEN plasmids 

were in vitro transcribed into mRNA. Cells were then transfected with TALEN mRNA and the 

donor plasmid. Two out of 50 clones were positive based on the screening PCR. However, 

according to the southern blot result, one of the clones showed an unexpected band pattern in 

the southern blot with fragments larger than expected, indicating random integration of the 

donor plasmid. The other clone had the correct fragment together with some additional 

fragments, hinting at a mixed population with both correctly targeted cells and cells with 

random integration. Therefore, another transfection needs to be done. 
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So far, CRISPR/Cas9 system has widely used to target desired genomic sites in mammalian  

cells, bacteria, zebrafish and mice [118,309,310]. CRISPR/Cas9 RNA-based adaptive 

immune system was found in bacteria and archaea with the function of protecting hosts againt 

invasion of viruses and plasmids [311–313]. The type II CRISPR system is the well 

characterized and used in genomic engineering [314–318], and it comprises of the nuclease 

Cas9, the crRNA array that encodes the guide RNAs and a trans-activating crRNA (tracrRNA). 

Cas9 nucleases displayed strong DNA strand cleavage activity because it contains the 

conserved HNH and RuvC nuclease domains [319]. Cas9 nuclease activity can be guided by 

two RNA elements: crRNA which contains a 20 base pairs of target sequence (spacer 

sequence) and tracrRNA [320]. The combination of crRNA and tracrRNA is able to direct 

Cas9 to spacer sequence via Watson-Crick complementary base pairing between the spacer 

sequence on the crRNA and the complementary sequence (protospacer) on the target DNA 

[321]. In this CRISPR/Cas9 system, three nucleotides (5’ NGG) located at the 3’ side of the 

protospacer is called the protospacer adjacent motif (PAM) which is required to ensure the 

cleavage specificity in target sequences [315]. Recent publications showed that the 

crRNA:tracrRNA complex can be further fused together to generate a chimeric, single-guide 

RNA (sgRNA) [315]. Cas9 can be guided by sgRNA to cleave double-strand DNA at desired 

site defined by the spacer sequence on sgRNA and a 5’ NGG PAM. This indicated that 

Cas9/sgRNA complexes is a concise and versatile RNA-guided system for causing DSBs 

which could facilitate site-specific genome engineering. 

The TALEN and CRISPR/Cas9 based methods for genome engineering share common 

features, but also differ in a few aspects. Both TALENs and CRISPR/Cas9 are able to cause 

DSBs, which can either generate indels via NHEJ, or allow for knock-in of an exogeneous 

DNA with homologous sequences via the HR-directed DNA repair system. But compaired 

with TALENs, the CRISPR/Cas9 system has some advantages, namely: ease of 

customization, higher targeting efficiency, and the ability of multiplex genome editing. So the 

CRISPR/Cas9 system can be changed to target any DNA sequences by simply exchanging a 

pair of 20 nucleotides oligos, whereas targeting a new DNA sequence with TALENs requires 

cloning a number of repetitive sequences encoding for the DNA binding domains into a 
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recipient vector. So it is more time-consuming to construct a new pair of TALENs, even 

though many protocols exist for TALEN construction.  

Although the CRISPR/Cas9 system has several advantages over TALENs, there are some 

limitations as well. The 20 bp target sequence requires a PAM sequence in the 3’-terminal 

end, thereby limiting the number of available target sites. Another limitation is the high 

potential for off-target mutagenesis [117,322,323]. So far, several strategies have been 

reported to improve the specificity of RNA-guided Cas9, such as adding two guanine 

nucleotides before the 20 nucleotide complementarity region of the gRNA or truncation of the 

3’-end of the gRNA (i.e. the tracrRNA domain where interaction with Cas9 is mediated). 

However, by using these altered gRNAs, CRISPR RNA-guided nucleases have also 

decreased on-target activities [323,324]. Double nicking by RNA-guided CRISPR Cas9 has 

reported as another approach to enhance the specificity. For this approach, two gRNAs can 

target adjacent sites on opposite DNA strands. Then each gRNA recruits a Cas9 nickase 

(Cas9 D10A) that nicks DNA instead of cleaving both strands. It has been reported that this 

approach can reduce off-target activity by 50- to 1500-fold in mouse cell lines [325]. However, 

the additional gRNA might lead to new off-target mutations because a single gRNA-directed 

Cas9 nickase can also induce indels at some sites [118,324,326]. Recently, Fu et al [327] 

reported that truncted gRNAs, with a target sequence of less than 20 nucleotides (e.g. gRNA 

with targeting segments of 17 nucleotides), can decrease undesired mutagenesis at some 

off-target sites by 5000-fold without sacrificing on-target genome editing efficiency. Therefore, 

such truncated gRNAs are a promising approach to minimize off-target effects of Cas9 

nucleases. By using them, the CRISPR/Cas9 system could be used as an alternative way for 

targeting the porcine PDX-1 locus in the near future. 

4.4  PDX-1 gene targeted locus 

The mouse, human, and rat pancreatic duodenal homeobox 1 (PDX-1) gene is located on 

chromosomes 5 [328], 13 [329,330], and 12 [331], respectively, and they comprise two exons. 

In pig, the PDX-1 gene is located on chromosome 11 and also has two exons. PDX-1 plays an 

important role in pancreas development and islet β−cell function [332]. Thomas et al. [333] 
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developed a transgenic mouse model expressing an antisense ribozyme specific for PDX-1 

mRNA. In this transgenic mouse, the expression of the PDX-1 was decreased, which causes 

impaired glucose tolerance, elevated glycated hemoglobin levels, and decreased 

insulin/glucose ratios. Mice heterozygous for PDX-1 gene have also been shown to be 

glucose intolerant [334], and targeted disruption of the PDX-1 gene in mice results in 

pancreatic agenesis [335]. In humans, early-onset type-II diabetes mellitus (MODY4) is linked 

to heterozygosity for mutations in the PDX-1 gene, and mutation of PDX-1 gene also results in 

agenesis of the pancreas [336]. Therefore, in order to avoid inducing diabetes in the targeted 

pigs, the 3’-untranslated region of the PDX-1 gene (after the stop codon of the coding region) 

was targeted in this study. More specifically, an IRES linked to a Cre recombinase gene was 

inserted. The IRES was used in this study, because it allows ribosomes to internally bind at 

the initiation codon (AUG) without scanning the 5’-untranslated region of the transcript [337]. 

In addition, without IRES connecting two genes, the relative efficiency of expression of the 

second gene was even less than 1% that of expression of the first gene; while the presence of 

IRES dramatically increased second gene expression for more than 10 to 100 fold [338]. 

However, some studies have reported that the gene in the downstream of the IRES is often 

still expressed at a lower level than the gene located upstream [338]. Recently, the 2A peptide 

has become a popular alternative to the IRES. This 2A peptide can cause the ribosome to 

skip and begin to translate from the next codon, causing the expression of two independent 

proteins from a single transcription event [339]. Thus, the 2A peptide has already become a 

useful tool for the coexpression of two or more separate proteins from a single open reading 

fragment (ORF) [340]. In this study, the PDX-1 gene targeting site is after the stop codon, 

therefore, the IRES was used in stead of the 2A peptide. Thus, the PDX-1 gene and the Cre 

recombinase gene connected by an IRES sequence will be both expressed from the PDX-1 

promoter. 

4.5  Outlook 

Application of ROSA26 dual Cre reporter pigs The ROSA26 dual Cre reporter pigs will be 

used to establish a reporter line to characterise and monitor Cre-driver pigs designed to 
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express Cre recombinase in specific cell types, at defined time points, or in response to drug 

induction, as widely used in mice [341]. For instance, ROSA26 dual Cre reporter pigs can be 

crosses with the PDX-1-Cre porcine model (Cre recombinase drived by a pancreatic specific 

promoter) to visualize pancreatic cells expressing Cre recombinase and non-expressing cells, 

which will pave a useful way for studying the pancreas development and regeneration.  

The dual reporter pigs can also be crossed with pigs carrying Cre-ERT or Cre-ERT2 drived by 

various promoters, thereby allowing for monitoring of the spatial and temporal expression of 

the Cre recombinase. Cre-ERT or Cre-ERT2 is fusion protein between the mutant estrogen 

ligand-binding domain (ERT or ERT2) and the Cre recombinase, the activity of which can be 

induced by 4-hydroxy-tamoxifen (OHT) [342]. One limitation of using OHT in vivo may be its 

toxicity [342], but Cre-ERT2 is approximately 10 times more sensitive to OHT induction in vivo 

than Cre-ERT [343]. So, using Cre-ERT2 instead of Cre-ERT can minimize the toxicity issue. 

The F1 generation of ROSA26 dual Cre reporter pigs corssed with Cre-ERT2 pigs is a useful 

tool to monitor Cre recombinase activity at defined time points by injection of OHT.  

Combining the ROSA26 dual Cre reporter pigs with porcine cancer models carrying inducible 

mutations in tumour suppressor genes and proto-oncogens will provide a powerful tool to 

monitor tumor formation, neoplastic leisions and so on in real time. For example, so far, a 

triple transgenic LSL-KrasG12D/+; LSL-Trp53R172H/+; PDX-1-Cre mouse model of pancreatic 

cancer has proven to present pancreatic intraepithelial neoplasia (PanIN) and well 

differentiated infiltrating ductal adenocarcinoma of the pancreas (PDAC) [42,44]. However, 

such a triple transgenic porcine model is still missing. This study is an important contribution 

to the establishment of such a triple transgenic porcine model which can mimic the human 

pancreatic cancer at a more realistic scale [344]. For this, ROSA26 reporter pigs then can be 

crossed with pancreatic cancer pigs to monitor and trace pancreatic neoplasia forming, 

cellular pathology of pancreatic neoplasia and PanIN leisions.  

The ROSA26 Cre reporter pig line can also be used to directly assess the pattern of Cre 

expression administered locally, for example by in vivo viral transduction, DNA transfection, or 

protein transduction [345,346].  
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Therefore, these ROSA26 dual reporter pigs will be an important and useful resource that will 

help to investigate basic biological principles, developmental biology and new therapeutic 

approaches for cancers. 

Alternative way to generate transgenic pigs In this study, the currently common strategy 

used to generate gene modified pigs was applied, which requires two steps. Firstly, gene 

modified porcine somatic cells are obtained with the help of site-specific nucleases (ZFNs, 

TALENs, CRISPR/Cas9 system) or using traditional targeting vectors. Secondly, the nuclei of 

gene modified porcine somatic cells are transferred into enucleated oocytes to generate gene 

engineered pigs. However, the technical challenges of SCNT and low efficiency of cloning 

have limited the application of porcine models. An alternative and promising way to generate 

transgenic pigs is direct injection of site-specific nucleases (such as Cas9 mRNA and sgRNA) 

into zygotes. This method only requires one step. Highly efficient one-step generation of gene 

engineered mice and rats have been reported by direct injection of the CRISPR/Cas9 system 

into one-cell embryos. Recently, it has been reported that vWF (von Willebrand factor) gene 

knock-out pigs have also been efficiently generated by zygote injection of CRISPR/Cas9 

system in one step [347]. The high efficiency of one step generation of gene modified pigs by 

zygote injection of the CRISPR/Cas9 system will accelerate the development of gene 

engineered pigs applied in agriculture and biomedicine. 

Porcine cancer model Generation of porcine models to mimic human cancers can bridge the 

gap between laboratory and clinical oncology and transit into practical benefits for human 

patients. Triple transgenic LSL-KrasG12D/+; LSL-Trp53R172H/+; PDX-1-Cre pigs will be generated 

as pancreatic cancer model. Pigs having a LSL-KrasG12D/+; LSL-Trp53R172H/+ background can 

also be extended to the generation of other porcine cancer models, such as porcine model for 

human lung cancer, since human lung cancer is also linked to mutation of KRAS and Trp53. 

For this, pigs expressing Cre recombinase specific in the lung will be established. Afterwards, 

triple transgenic LSL-KrasG12D/+; LSL-Trp53R172H/+; lung specific Cre recombinase pig can be 

generated as a human lung cancer model. 

Pig used for other disease model 



	
   	
   4 Discussion 

104	
  
	
   	
   	
  

Genomic modified porcine models also can be generated for other diseases, such as 

Alzheimer’s disease, cardiovascular diseases, cystic fibrosis [151], retinitis pigmentosa 

[348,349], spinal muscular atrophy, Huntington’s disease, xenotransplantation and so on. 

These porcine models provide the preclinical data for treatments of these diseases. 
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6 Abbreviations 

%     percent 
°C     Degree Celsius 
µg     Microgram 
µM     Micromolar 
µm     Micrometer 
ADMSC    Adipose mesenchymal stem cell 
APC    adenomatous polyposis coli 
bFGF    Basic fibroblast growth factor 
bmMSC    Bone marrow mesenchymal stem cell 
bp     Base pair 
bsr     Blasticidin S-resistance gene 
BRCA1    breast cancer associated gene 1 
β-geo    fusion gene of β-galactosidase and neomycine resistance 
CAG chicken beta-actin promoter combined with the cytomegalovirus 

enhancer element 
CAT Chloramphenicol acetyltransferase 
cDNA    Complementary DNA 
cm2     Square centimeter 
CO2     Carbon dioxide 
Cre     causes recombination 
CRISPR    clustered regularly interspaced short palindromic repeats 
CDKN2A   Cyclin-dependent kinase inhibitor 2A 
ddH2O    Double distilled water 
dNTP    Deoxynucleotide triphosphate 
dUTP    Desoxyuridin-5’-triphosphate 
DSB    Double strand break 
DMSO    Dimethylsulfoxide 
DMEM    Dulbecco’s Modified Eagle’s Medium 
DNA    Desoxyribonucleic acid 
DL     Deutsche Landrasse 
EDTA    Ethylenediaminetetraacetic acid 
ESC    Embryonic stem cell 
ET     Embryo transfer 
E. coli    Escherichia coli 
EtOH    Ethanol 
FCS    Fetal calf serum 
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FAP    familial adenomatous polyposis 
g     Gram 
g     Gravitational acceleration 
GAPDH    Glyceraldehyde 3-phosphate dehydrogenase 
GFP    Green fluorescent protein 
GGTA1    α-1,3-galactosyltransferase 
GCROSA   ROSA26 β-geo/mCherry gene targeting vector 
G418    geneticin 
HR     homologous recombination 
HPRT    hypoxanthine phosphoribosyl transferase 
HAR    hyperacute rejection 
IRES    Internal ribosome entry site 
IPMN    Intraductal Papillary Mucinous Neoplasm 
KRAS    Kirsten rat sarcoma viral oncogene homolog 
KDNF    Kidney fibroblast 
kDa     kilodalton 
L     Liter 
LTRs    long-terminal-repeats  
Min     Minute 
Ml     milliliter 
mRNA    Messenger RNA 
MCN    Mucinous Cystic Neoplasm 
mCherry   monomeric cherry 
NHEJ    non-homologous end joining 
NaCl    sodium chloride 
NaOH    sodium hydroxide 
NaAC    Sodium Acetate 
neo     neomycin 
PBS    Phosphate buffered saline 
PCR    Polymerase Chain Reaction 
PDX-1	
   	
   	
   	
   Pancreatic and duodenal homeobox 1 
PDAC    Pancreatic ductal adenocarcinoma  
PanIN    Pancreatic Intraepithelial Neoplasia 
Ptf1a/P48   pancreas-specific transcription factor 1a 
poFFs    porcine fetal fibroblasts 
RT-PCR    Reverse transcriptase polymerase chain reaction 
RACE    rapid amplification of cDNA end 
RFP    Red fluorescent protein 
s     Second 
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SCNT    Somatic cell nuclear transfer 
SDS    Sodium dodecyl sulfate  
SMAD4    SMAD family member 4 
SMGT    Sperm mediated gene transfer 
SV40    simian virus 40 
TALENs    transcription activator-like (TAL) effector nucleases 
tdTomato   tandem dimer Tomato 
TGROSA   ROSA26 mTomato/mEGFP gene targeting vector 
TP53    Tumour protein 53 
U     Unit 
UBC    human ubiquitin C 
UV     Ultraviolet 
V     Volt 
X-Gal    5-Brom-4-chlor-3-indolyl-β-D-galactopyranosid 
ZFN    zinc finger nuclease 
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7 Appendix 

A.1 Molecular cloning of TGROSA targeting vector 

1, The pBluescript LSL SA-neo-PA and pBluescript LSL SA-BS-PA were double digested by 

BamHI-HF and SpeI to get the 1562 bp SA-neo-PA and 1203 bp SA-BS-PA cassette, 

respectively. 
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2, The pSL1180 (3422 bp) was double digested by BamHI and NheI, and 1562 bp SA-neo-PA 

and 1203 bp SA-BS-PA were subcloned into double digested pSL1180 plasmid to get 

pSL1180-SA-neo-PA and pSL1180-SA-BS-PA. (pSL1180- SA-neo-PA is shown below) 
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3, The mouse ROSA26 CAG mT/mG was double digested by PmeI and AgeI to get the CAG 

mT/mG cassette. 

 

 

 

 

 

 

 

 

 

 

 

 

4, pSL1180-SA-neo-PA and pSL1180-SA-BS-PA were double digested by Hpa I and BspEI, 

and CAG mT/mG cassette was subconed into double digested pSL1180-SA-neo-PA or 

pSL1180-SA-BS-PA to get pSL1180-SA-neo-PA-CAG mT/mG or pSL1180-SA-BS-PA-CAG 

mT/mG, respectively. (pSL1180-SA-neo-PA-CAG mT/mG is shown in below). 
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5, ROSA26 F9R9 was double digested by SnaBI and AvrII. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 



	
   	
   7 Appendix 

137	
  
	
   	
   	
  

pSL1180-SA-neo-PA-CAG mT/mG was double digested by SmaI and AvrII. 

 

 

 

 

 

 

 

 

 

 

 

6, Subclone double digested pSL1180-SA-neo-PA-CAG mT/mG into double digested 

ROSA26F9R9 to generate GCROSA and TGROSA targeting vector. 
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Figure A.1 DNA sequence alignment of the promoter region and exon1 of ROSA26 in mouse, 
rat, pig and human. The porcine sequence shown is located on chromosome 13 (NCBI Sus 
Scrofa 10.2 porcine genome NW_003611693: 29648-30716). The mouse, rat and human 
ROSA26 sequences shown are located on chromosome 6 (AC_000028), chromosome 4 
(NC_005103) and chromosome 3 (NC_000003) respectively. 

 

GGAAGCCGCCGGGGCCGCCTAGAGAAGAGGCTGTGCTCTGGGGCTCCGGCTCCTCA

GAGAGCCTCGGCTAGTTTTAATTTCTAGTATGGTAAAATACTGGTAAACAAAGCATTT

GGGACCCTCAGCTTTTAATAATGTGAAGATATCCTGAGACCAAGAAGTTGGAGGAAG

CTGCTAAGCATACCAATGGATTATTATCGCCAGCAATATGGTAACAGTTAGACCATTC

TGTAGCCCCCTAAAAGACAAGAGAATATATTAAAAGAGAAGTAACAAACTGCAAAAC

AGAAAAGATTAAAGGGCCACACTTGCATCATATGAAGAACTCTAGAGGTTGAATTGG

AGCTGTAGCGGCCAGCCTATGTTACAGCCACAGCAACCTGGGATCCAAGCTCAATCT

GTGACCTATAACACAGATCATGGCAATGCTGGATCCTTAACCCACTGAGCGAGGCCA

GGGATCAAACCTACATCCTCATAGATCCTAGTCGGGCTCGTTAACTGCTGAGCCACAA

AGGGAACTCCCTTATTTATTTGCATTTTATTTTTGTCTTTTTAGGGCTGCATCCACAGCC

TGTGTAAGTTCCCAGGCTAGGGGCTGAAGCGGAGCTATAGCTGTCAGCCTACACCAC

AGCCACAGCAGTGCCAGATCCTAGTGGTGTCTGTGACCTACACCACAACTCACAGCA

ATGCCGGATCCTTAACCACTGAGCCAGGACAGGGATTAAACACACATCCTCATGGAT

ACTAGTTGGGGTTCCTTATAGCTGAAGTCATCATG 

 

Figure A.2 Porcine ROSA26 cDNA with the four exons indicated by different colours. 
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