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Summary 

Thirumala Rao Talluri 

Approaches for derivation of Induced pluripotent stem cells from Cattle  

Pluripotency describes the ability of a stem cell to form every cell type of the body. Direct 

reprogramming of somatic cells into induced pluripotent stem (iPS) cells has been achieved by 

forced expression of combinations of defined reprogramming factors, such as Oct4, Sox2, c-

Myc, Klf4, Nanog and Lin28 in the mouse model and other species. The resulted murine iPS 

cells are morphologically and functionally similar to embryonic stem (ES) cells and can 

differentiate into virtually any cell type of the body including germ cells. These features makes 

iPS cells an attractive tool for basic and applied research in the fields of biomedicine and 

biotechnology. With regard to livestock species, the iPS technology promises to improve 

productive and reproductive traits.  

Viral methods of gene transfer for reprogramming ensure a high transduction efficiency, but 

have some disadvantages like i) limited cargo, ii) potential genotoxicity and iii) safety concerns. 

Here, I assessed a non-viral transposon method for reprogramming of bovine somatic cells to iPS 

cells. I compared two transposon systems namely, piggyBac (PB) and Sleeping Beauty (SB) 

employing different combinations of reprogramming factors. Advantages of the transposon 

systems are i) low costs, ii) larger cargo, iii) no safety concerns (transposons are non-infectious) 

and iv) potential of seamless removal of transposon cassettes. 

The first aim included to test and to compare the suitability of the transposon systems for 

reprogramming in the well-defined mouse species. Then the suitability of transposon iPS cells 

for targeted differentiation into a terminally differentiated cell type was assessed. Finally, bovine 

iPS cells were derived by employing optimized transposon conditions. 



Summary 

 

X 

 

Initially the PB and SB transposon systems have been tested for the derivation of iPS cells from 

cells of inbred (BL6) and outbred (NMRI) mice, respectively. The murine fibroblasts derived 

from an inbred BL/6 mouse line carrying a pluripotency reporter, Oct4-EGFP, allowed to 

following reprogramming by fluorescence microscopy. The reprogramming PB transposon 

encoded the cDNAs of reprogramming factors OCT4, SOX2, KLF4, c-MYC, LIN28 and 

NANOG, each separated by self-cleaving peptide sequences and driven by the chimeric CAGGS 

promoter, whereas SB transposon encoded for the same transcription factors excluding LIN28 

and NANOG. Both transposon systems resulted in the successful isolation of murine iPS cell 

lines. The reduction of the core reprogramming factors to omit the proto-oncogene c-MYC was 

compatible with iPS cell line derivation, though with reduced reprogramming efficiencies. For 

targeted differentiation a transgenic mouse model with expression of a vital fluorophore reporter, 

tdTomato, in the eye lens was exploited. IPS cells from the transgenic mice were generated by 

SB reprogramming and these iPS cells were differentiated into lentoid bodies in-vitro. The lens-

specific reporter allowed fluorescence detection of lens cell differentiation in-vitro.  

Finally, the optimized conditions for transposon reprogramming were used to derive bovine iPS 

(biPS) cells. Fetal fibroblasts were electroporated with SB and PB systems, respectively. 

Different culture media conditions were tested for maintaining the pluripotent status of biPS 

cells. By using bFGF (8 ng/ml) and hLIF (1000 U/ml) supplementation a stable bovine iPS 

culture, biPS-1, could be established by PB reprogramming. The derived biPS line expressed 

typical endogenous markers of embryonic stem cells, proliferated rapidly, showed long term 

proliferation and readily formed teratomas. Importantly, additive gene transfer was possible in 

the biPS-1 line. This study is the first demonstration that biPS cells can be generated by a non-

viral transposon system, it suggests that ectopic NANOG and LIN 28 are necessary for 
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reprogramming of bovine cells. These results are a major step towards the routine derivation of 

biPS cells and will facilitate the genetic modifications of the bovine genome.  
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Zusammenfassung 

Thirumala Rao Talluri 

Ansätze zur Ableitung von induzierten pluripotenten Stammzellen vom Rind 

Pluripotenz beschreibt die Fähigkeit von Stammzellen sich in jede Körperzelle zu entwickeln. 

Die direkte Reprogrammierung somatischer Zellen zu induzierten pluripotenten Stammzellen 

(iPS) konnte durch ektopische Expression von Kombinationen definierter 

Reprogrammierungsfaktoren, wie Oct4, Sox2, c-Myc, Klf4, Nanog und Lin28 im Mausmodell 

und in anderen Spezies erreicht werden. Die erhaltenen murinen iPS-Zellen stehen 

morphologisch und funktionell den embryonalen Stammzellen (ES) nahe, und können in alle 

Körperzellen einschließlich der Keimzellen differenzieren. Diese Eigenschaften machen iPS-

Zellen zu einem attraktiven Werkzeug für grundlegende und angewandte Forschung in 

biomedizinischen und biotechnologischen Bereichen. Im Hinblick auf Nutztierspezies verspricht 

die iPS-Technologie die Verbesserung von Produktions- und Reproduktionseigenschaften. 

Der virale Gentransfer der Reprogrammierungsfaktoren gewährleistet eine hohe 

Transduktionseffizienz, hat aber auch Nachteile, wie i) eine limitierte DNA-Beladung, ii) 

potentielle Genotoxizität, und iii) Sicherheitsaspekte. In dieser Arbeit untersuchte ich nicht-virale 

Transposonsysteme für die Reprogrammierung boviner somatischer Zellen zu iPS-Zellen. Ich 

verglich die piggyBac (PB) und Sleeping Beauty (SB) Systeme, und nutzte unterschiedliche 

Kombinationen von Reprogrammierungsfaktoren. Vorteile der Transposon-System sind i) 

geringe Kosten, ii) wesentlich größere DNA-Beladung, iii) keine Sicherheitsbedenken 

(Transposons sind nicht-infektiös), und iv) die potentielle nahtlose Entfernung aus dem Genom. 

Zuerst wurde die Eignung der Transposon-Systeme für die zelluläre Reprogrammierung im 

gutdefinierten Mausmodell untersucht. Dann wurde die Eignung von Transposon-iPS-Zellen für 
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die gerichtete Differenzierung in einen terminal differenzierten Zelltyp studiert. Schließlich 

wurden bovine iPS-Zellen mit den optimierten Transposon-Konditionen generiert. 

Zunächst wurden die PB und SB Transposon-Systeme für die Ableitung von iPS-Zellen aus 

Inzucht (BL/6) und Auszucht (NMRI)-Mauslinien getestet. Die BL/6-Mausfibroblasten trugen 

einen Pluripotenzreporter, Oct4-EGFP, der es erlaubte die Reprogrammierung durch Vital-

Fluoreszenzmikroskopie zu verfolgen. Das PB-Reprogrammierungstransposon kodierte die 

cDNAs der OCT4, SOX2, KLF4, c-MYC, LIN28 und NANOG Reprogrammierungsfaktoren, 

jeweils durch selbstschneidende Peptid-Sequenzen getrennt und unter transkriptioneller 

Kontrolle des chimären CAGGS-Promoters. Das SB-Transposon kodierte die gleichen Faktoren, 

aber ohne NANOG und LIN28. Beide Transposon-System resultierten in der erfolgreichen 

Generierung muriner iPS-Zell-Linien. Die Reduktion der Faktoren auf den PB-Transposon, um 

das Proto-Onkogen c-MYC zu entfernen, erlaubte die iPS-Zell-Ableitung allerdings mit 

verringerter Effizienz. Für die gezielte Differenzierung muriner iPS-Zellen wurde ein 

Mausmodell mit Linsenzell-spezifischer Expression des fluoreszenten Reporterproteins 

tdTomato erstellt. Induzierte PS-Zellen dieser Maus wurden mit dem SB-Transposon erstellt, 

und in vitro zu Linsenkörperchen (lentoid bodies) differenziert. Die Expression des 

Reporterproteins erlaubt es das Wachsen der Linsenkörperchen in vitro zu verfolgen. 

Optimierte Bedingungen der Transposon-Reprogrammierung wurden dann für die Ableitung 

boviner iPS-Zellen verwendet. Fetale Rinderfibroblasten wurden jeweils mit den SB und PB-

Systemen elektroporiert, und in unterschiedlichen Nährmedien kultiviert. Durch die Verwendung 

des PB-Systems und einer Supplementierung des Nährmediums mit bFGF (8 ng/ml) und hLIF 

(1000 U/ml) konnte eine stabile Linie, biPS-1, erhalten werden. Die biPS-1-Linie zeigte typische 

Charakteristika pluripotenter Zellen, einschließlich der Bildung von vollentwickelten Teratomen, 
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und erlaubte weitere genetische Modifikation. In dieser Arbeit wurde erstmals gezeigt, dass 

bovine iPS-Zellen über ein nicht-virales Transposon-System ableitbar sind, offenbar ist die 

ektopische Expression on NANOG und LIN28 notwendig für die erfolgreiche 

Reprogrammierung boviner Fibroblasten. Die Ergebnisse sind ein wichtiger Schritt für die 

routinemäßige Ableitung boviner iPS-Zellen und werden die genetische Modifikation des 

Rindergenoms vereinfachen. 
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CHAPTER I 

1. General introduction  

1.1. A short synopsis of mammalian ontogenesis 

Mammalian development begins with fusion of oocyte and spermatozoon, resulting in the 

formation of the diploid zygote (Austin and Braden, 1952). Then the zygote undergoes rapid 

mitotic cleavage divisions with no significant growth, which leads to morula and later on to the 

blastocyst stage. Following cleavage divisions, the blastocyst forms 5 days post fertilization (dpf) 

in human and 3.5 dpf in mice (Bleil and Wassarman, 1980; Stephenson et al., 2012). The 

blastocyst consists of the first committed cells, the inner cell mass (ICM) cells and an outer layer 

of cells called trophoblast (Fig.1). The trophoblasts mediate the implantation of the blastocyst 

into the uterine endometrium. These cells later develop into extra-embryonic tissues such as the 

placenta (Winkel and Pedersen, 1988). The ICM cells differentiate into epiblast and hypoblast. 

The epiblast and hypoblast will form the embryo and the yolk sac, respectively. The ICM cells 

give rise to all three germinal layers (endoderm, mesoderm, and ectoderm) (Fig.1) and form the 

embryo proper (Gilbert, 2000). 

 

Fig.1. Blastocyst showing ICM and trophoblast and derivatives of ICM and trophoblast 
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The ectoderm develops into tissues such as the epidermis, sensory organs, and the nervous 

system. The endoderm develops into the inner linings of the gastrointestinal tract, the liver, 

pancreas and respiratory tract and associated structures. The mesoderm gives rise to muscles, 

connective tissue, bone and the urogenital and circulatory systems (Gardner, 2001). These germ 

layers form distinct lineages of terminally differentiated post-mitotic cells, which contribute to 

specific organ function (Maherali et al., 2007). As a fertilized egg develops into an adult 

organism, specialized cells are formed in a unidirectional manner and they become increasingly, 

and normally irreversibly, committed to their fate (Jaenisch and Young, 2008). 

1.2.  Classification of cellular developmental potentials 

Ontogenesis begins with the formation of the zygote and results with the establishment of 

hundreds of tissue-specific stem cells and specialized cell types (Tsonis, 2004). During 

mammalian development, cells become increasingly specialized and restricted in their 

developmental and differentiation potential. It is common to classify individual cell populations 

according to their specific developmental potential (Rudel and Sommer, 2003). Totipotent cells 

have the capacity to differentiate into all embryonic and extra-embryonic cell types and thus can 

construct a complete, viable organism. In mammals, only the zygote and the first cleavage stage 

blastomeres are totipotent (Amabile and Meissner, 2009; Hochedlinger and Plath, 2009).  

Pluripotent cells have the potential to form all cell types of the embryo, but are thought to lack 

the ability to form extra-embryonic tissues such as the placenta (Thomson et al., 1998; Reubinoff 

et al., 2001), however, recent reports showed that, ES cells, as the prototype of pluripotent stem 

cells, can form trophoblast, which is a placental cell type (Xu Rh et al., 2002) . They exist in vivo 

only for a short period of time that includes later blastomeres, ICM cells of the blastocyst and the 



General Introduction 

 

3 

 

ICM derived epiblast. Under appropriate culture conditions explanted ICM cells give rise to 

pluripotent embryonic stem (ES) cells (Nagy et al., 2003). Additional pluripotent cell types can 

however be derived from various stages of development and propagated and cultured in vitro. 

Examples are embryonic carcinoma (EC) cells, embryonic germ (EG) cells and epiblast stem 

(EpiS) cells (Hochedlinger and Plath, 2009). 

Multipotent cells are more restricted in their developmental potential compared to pluripotent 

cells; however, they retain the potential to form multiple cell types within one lineage (Orkin, 

2000b; Godin and Cumano, 2002). This group includes most adult stem cells such as intestinal 

stem cells, skin stem cells, neural stem cells and hematopoietic stem cells (HSCs) (Orkin, 2000a; 

Orkin and Zon, 2008; van der Flier and Clevers, 2009). For example, HSCs in the bone marrow 

can give rise to all cell types of the hematopoietic lineage, and continue in their ability to self-

renew and differentiate long after the embryo has developed into an adult (Morrison et al., 1995; 

Morrison and Weissman, 1995). However, HSCs do not contribute to other lineages (Wagers and 

Weissman, 2004). Multipotent stem cells act as a repair system for the body by replacing lost or 

damaged cells, and thereby maintaining the normal turnover of organs by generating precursors 

and restocking specialized cells (Collas and Taranger, 2006).  

Unipotent cells are capable of sustaining only one cell type or cell lineage. Examples include 

differentiated cells such as hepatocytes stem cells (Sekhon et al., 2004), committed progenitors 

like common lymphoid progenitors (Kondo et al., 1997) and spermatogonial stem cells, which 

exclusively differentiate into sperm (Guan et al., 2006). 
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1.3. Differentiation, cell lineage commitment and epigenetic landscape 

Mammalian development is a unidirectional process characterized by constant loss of 

developmental potential of the involved cells as ontogenesis progresses (Walia, 2011). Cells 

progress through a state of totipotency to pluripotency, multipotency and then finally commit to 

differentiated cell fates (Jaenisch and Young, 2008). With the exceptions of few cell types, such 

as lymphocytes that undergo gene rearrangement and terminally differentiated erythrocytes and 

lens cells, which extrude their nuclei, all somatic cells within an organism share an identical 

genome and cell types are determined by their unique gene expression profiles. Epigenetic 

mechanisms regulate gene transcription by altering the accessibility of the chromatin state rather 

than the DNA sequence (Medvedev, 1989). A mechanism for understanding the various states of 

potency is the epigenetic landscape that was proposed by Waddington (Eguizabal et al., 2013) 

(Fig. 2). A cell’s genetic expression profile and subsequently its identity, is depicted by a marble 

rolling down the surfaces of hills and valleys that represent various stable and unstable cellular 

phenotypes, while symmetric and asymmetric cell divisions are ongoing. A pluripotent stem cell 

would be depicted high up in the landscape, capable of rolling down towards the bifurcations 

into any of the valleys representing more differentiated cells, gradually losing their ability to 

choose other cell fates (Jaenisch and Young, 2008). The vertical height of each point on the 

surface represents the cell fate potential, whereby the gradient and surrounding contours at each 

point can be thought of as a force either pushing the cell towards a new fate, or maintaining a 

stable state and providing barriers that needs to be overcome in order for the cell to progress to 

another state (Waddington, 1963).  
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Fig. 2. A modification of the original Waddington’s landscape. The grey marble at the top 

represents a totipotent cell. In normal development a cells progresses down the landscape and 
its potential becomes increasingly limited. The bottom of the landscape represents terminally 

differentiated cell types. The diagram illustrates that ontogenesis is an unidirectional process 
inherently coupled with loss of cellular potency. (Adapted from Waddington. The Strategy of the 
Genes (1957)).  

1.4.  Stem cells 

Stem cells are unspecialized cells that have the intrinsic abilities of self-renewal, as well as of 

differentiation, giving rise to more specialized cell types (Wang and Na., 2011). The ability of 

stem cells is referred to as the cell’s potency and several different levels of potency exist 

(Mitalipov and Wolf, 2009). Totipotent cells exist for a short time between fertilization and until 

formation of the blastocyst. These cells have the potential to become any cell type in the body, as 

well as the extra-embryonic tissues such as the placenta or yolk sac. Pluripotent stem cells have 

lost the ability to form the extra-embryonic tissues, but they can contribute to the formation of all 

three germ layers of the developing embryo (endoderm, mesoderm and ectoderm) (Wobus and 

Boheler, 2005). ES cells can be found in the ICM of the blastocyst and they are pluripotent. 

Adult or somatic stem cells are multipotent and they are found for example in self-renewing 

adult tissues including the hematopoietic system, the skin and the intestinal epithelium. They are 
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multipotent stem cells, able to differentiate into different cells of their host tissue and crucial for 

life-long organ and tissue-maintenance, repair and regeneration (Watt and Driskell, 2010). A 

unipotent stem cell refers to a cell that can differentiate along only one lineage (Ilic and Polak, 

2011). A unipotent stem cell, in comparison with other types of stem cells, has the lowest 

differentiation potential. This means that the cell has the capacity to differentiate into only one 

type of cell or tissue. Unipotent adult stem cells have the important property of self-renewal, 

usually via asymmetric cell divisions, that is shared by all stem cells (Fortier, 2005). Due to the 

above mentioned special properties of stem cells, they can be effectively used in regenerative 

medicine (Malgieri et al., 2010).  

2. Experimental approaches for nuclear reprogramming  

Under experimental conditions the commitment of cells can be redirected. Reprogramming is a 

term used to describe the process that reverts nuclear gene expression of a differentiated state to 

a pluripotent state (Nizzardo et al., 2013). This process is of immense interest for three reasons. 

Understanding the reprogramming process can help to better understand how cell differentiation 

and specialized gene expressions are normally maintained (Gurdon and Melton, 2008). It can 

open several new opportunities of in-vitro disease modelling thus leading to devising new 

strategies for curative treatment (Mummery et al., 2007). Nuclear reprogramming enables the 

culture of lines of cells from diseased tissues, and hence allows us to analyze the nature of the 

disease and to screen for drugs important for pharmaceutical research and therapeutic purposes 

(Kang et al., 2014).  

In addition, the derivation of pluripotent cells from livestock will have an immense potential for 

reproductive biotechnology, targeted genome manipulation and transgenesis for improving 
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production traits. The experimental techniques developed for nuclear reprogramming are briefly 

discussed in the following chapters. 

2.1. Somatic cell nuclear transfer (SCNT) 

Somatic cell nuclear transfer technique (SCNT) involves the physical transplantation of a single 

nucleus into a meiotic metaphase II (MII) arrested oocyte, usually after removal of recipient 

oocyte’s genetic material (Fig.3) (Yamanaka and Blau., 2010). The first cloning of amphibians 

and later of mammals was obtained by SCNT (Gurdon et al., 1958; Wilmut et al., 1997; 

Wakayama and Yanagimachi, 1999). Critical factors in the oocyte reprogram the incoming 

somatic nucleus into an embryonic state (Gao et al., 2007). Somatic cell nuclear transfer can be 

used for reproductive cloning or for therapeutic cloning to generate pluripotent stem cells 

(Kfoury, 2007) (Fig.3). 

 
 

 

Fig.3. SCNT derivation of ES cells in mice. (Yamanaka and Blau, 2010; Nature, 465, 
(modified)). 

 
 

Fully differentiated cells can be de-differentiated to ES cells through SCNT (Ramesh et al., 

2009; Patel and Yang, 2010;). However, cloned blastocysts often had faulty reprogramming, 

which lead to the death of cloned neonates after embryo transfer (ET) or the cloned neonates 

were born with abnormalities (Hochedlinger and Jaenisch, 2003; Yang et al., 2007). Examination 
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of these failed animals revealed several nuclear defects resulting from incomplete remodeling of 

the donor cell nuclei and/or from misregulation of gene expression. Some clones may display a 

number of phenotypically, molecular and physical abnormalities (Wilmut et al., 2002; Yang et 

al., 2007). The low efficiency and abnormalities are likely to attribute to a failure to completely 

reprogram the donor genome (Wakayama et al., 2000; Rhind et al., 2003). The efficiency of 

SCNT, as judged by the generation of normal born animals, is in the range of ~1-2% per 

reconstructed embryos for most species (Yang et al., 2007). Only in cattle cloning higher success 

rates of 5 to 10% could be achieved, mainly due to advanced micromanipulation and embryo 

culture techniques in this economically important species (Niemann and Kues, 2007). 

2.2. Cell fusion 

Cell fusion technique involves fusion between a somatic cell and an ES cell. The cytoplasm of 

pluripotent ES cells contains reprogramming factors, which can modify the epigenetic state of 

the somatic nucleus back into a pluripotent state (Miller and Ruddle, 1976; Andrews and 

Goodfellow, 1980; Gmur et al., 1980; Tada et al., 1997; Flasza et al., 2003). Upon fusion, the 

nuclei of both cell types can remain separate in the common cytoplasm (heterokaryon formation) 

or, fuse to form a hybrid genome (synkaryon). Intraspecies hybrid cells generated from cell 

fusion with murine ES cells have shown similar properties to that of diploid ES cells. These 

reprogrammed cells also expressed reactivated pluripotent genes including Oct4, Sox2 and 

Nanog (Do and Scholer, 2004; Cowan et al., 2005), and they are able to form teratomas. Cell 

fusion process has been reported for intraspecies combination in mouse (Tada et al., 2001) and 

human cells, and for inter-species combinations or between murine ES cells and somatic cells 

from different species (Surani, 2005; Yu et al., 2006; Nowak-Imialek et al., 2010).  
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Currently, no technique has been devised to remove the ES cell chromosomal components, 

which limit the application of this technique. Moreover, due to the inefficiency of the fusion 

process it has been difficult to even study molecules involved in reprogramming. 

2.3. Reprogramming through cell extracts 

In this method, cell extracts obtained from ES or EG cells are used for reprogramming somatic 

cells (Fig.4.). Somatic cells are co-incubated with some chemicals, such as streptolysin-O, which 

permeabilise the cell membranes and facilitate the entry of macromolecules (Collas and 

Taranger, 2006). As the isolated extract contains critical transcription factors for reprogramming, 

the somatic nucleus will be redirected back to an undifferentiated state (Patel and Yang, 2010). 

Among other transcription factors, Brg1 has been identified to play a pivotal role in this type of 

nuclear reprogramming (Hansis et al., 2004). Reprogramming through cell extracts has been 

applied for human cells; however they were only partially reprogrammed to pluripotency 

(Taranger et al., 2005).  

 

Fig.4. Reprogramming through cell extracts. (Adapted from (Yamanaka and Blau, 2010; Nature, 

465, (modified)).  
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2.4. Direct reprogramming to induced pluripotent stem cells (iPS) 

The recent discovery that induced pluripotent stem cells can be achieved by forced expression of 

core reprogramming factors was a seminal milestone in stem cell biology (Fig.5.). The first 

murine iPS cells were generated (Takahashi and Yamanaka, 2006) by retroviral transduction of 4 

core reprogramming factors (OKSM), which were narrowed down from a pool of 24 genes 

important for maintaining stemness properties of ES cells (Walia, 2011). The murine iPS cells 

show all hallmarks of pluripotency, including unlimited self- renewal, differentiation capability 

in-vitro and in-vivo, chimera contribution and germline transmission (Takahashi and Yamanaka, 

2006; Okita et al., 2007). Subsequently, human iPS cells were generated by viral transduction of 

adult dermal fibroblasts with this approach (Okita et al., 2007; Takahashi et al., 2007). Also 

combination of Oct4, Sox2, Nanog and Lin28 was shown to be effective for the generation of 

human iPS cells (Yu et al., 2007). Human iPSCs have been shown to form teratomas and have 

been utilized to produce many differentiated cell types in-vitro (Takahashi et al., 2007). To 

achieve complete reprogramming, DNA methylation, histone modification and chromatin 

structure need to reprogram to a state which mimics those of ES cells (Orkin and Hochedlinger, 

2011). The mechanisms of direct reprogramming are a complex process (Patel and Yang, 2010). 
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Fig. 5. Direct reprogramming of somatic cell to an induced pluripotent cell via viral delivery of 

core reprogramming factors. (Yamanaka and Blau, 2010; Nature, 465, (modified)). 

 

It has been shown that Oct4, Sox2 and Klf4 work together to control of gene expression and 

repression programs (Loh et al., 2006; Kim et al., 2008;). Expression of these factors including c-

Myc leads to a sequence of epigenetic events, which influence chromatin modifications and 

changes in DNA methylation. Once a somatic cell is introduced with these factors its phenotype 

transforms to a partially reprogrammed state (Okita et al., 2007; Wernig et al., 2007). Studies 

have shown that c-Myc proteins may open chromatin structure of somatic cells, thus rendering 

them a property similar to those of pluripotent cells (Takahashi and Yamanaka, 2006). This 

structure allows for Oct4 and Sox2 to bind to their target genes and the addition of Klf4 assists 

them to initiate a key set of ES cell genes in somatic cells (Wernig et al., 2007). Oct4 and Sox2 

then establish an autoregulatory loop which maintains this pluripotent state in somatic cells 

(Masui et al., 2007). Direct reprogramming is being widely studied because it is relative simple 

and presents a possibility of creating a reprogrammed nucleus by introducing a set of defined 

core reprogramming factors. Some common assays used for evaluation of the developmental 

potency of iPS cells are as listed in Table .1. 
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Table.1. Hallmarks of pluripotency in terms of molecular and functional assays. 

Molecular assays Functional assays 

ES cell-like morphology with round and shining borders  In vitro differentiation : to all three germ layers  

Alkaline phosphatase expression Teratoma potential 

Pluripotency markers: iPS cells express the pluripotency 

related genes, Oct4, Sox2, and Nanog. 

 

Chimera contribution in blastocyst complementation 

DNA demethylation of promoter regions, e.g. of Oct-4 Germline transmission 

2.4.1. Core transcription factors used for generation of iPS cells 

Oct4 is known as one critical regulator of pluripotency (Walia., 2011). The Oct4 gene, named as 

octamer (ATGCA/TAAT)-binding protein-4, encodes a transcription factor that belongs to the 

class of POU factors which have a bipartite DNA-binding domain (Wang et al., 2004). Oct4 is 

known to be required for the formation of the inner cell mass in early embryos and for the 

maintenance of the pluripotency of ES cells (Niwa et al., 2000; Rodda et al., 2005). Oct4 can 

form a homodimer by itself, as well as a heterodimer with Sox2, and its cooperative binding with 

Sox2 promotes the transcriptional regulation of various target genes such as Nanog (Rodda et al., 

2005).  

The Sox2 gene, designated as SRY (Sex-determining Region Y) box2, encodes a transcription 

factor belonging to the Sox family of proteins, which bind to DNA through their 79-amino-acid 

HMG domain (Bullejos et al., 2000). Sox2 is a transcription factor that acts as co-activator of 

Oct4 in order to attain a more stable and efficient DNA binding (Chew et al., 2005 and Walia., 

2011). It regulates the transcription of key pluripotency genes like Oct4 and Nanog (Masui et al., 

2007 and Walia., 2011). 
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The Klf4 gene, named as Kruppel-like zinc-finger protein 4, encodes a transcription factor and is 

known to be required for establishment of left-right asymmetry in early embryos (Wei et al., 

2009). Klf4 can also directly bind to the Oct4-Sox2 heterodimer in mouse ESCs, and tetrameric 

complexes containing the DNA element of a target gene are required for somatic cell 

reprogramming (Wei et al., 2009).  

The c-Myc gene, named as cellular homolog of retroviral v-Myc oncogene, encodes a 

transcription factor containing a basic helix-loop-helix/leucine zipper domain (Walia., 2011). c-

Myc binds to DNA through its bHLH (basic Helix-loop-helix) motif and heterodimerizes with 

other interacting proteins through its leucine zipper motif. c-Myc is involved in the maintenance 

of pluripotent ESCs through signaling (Hall et al., 2009) and promotes cell proliferation by 

inducing global histone acetylation by histone acetyltransferases (HATs).  

The Nanog gene, encodes a transcription factor containing a conserved NK2-family 

homeodomain motif. Nanog is expressed in pluripotent stem cells and is involved in cell 

proliferation and maintaining self-renewal of ES cells (Kohler et al., 2011). Nanog is a 

homeobox-containing transcription factor (Masui et al., 2007). It helps to maintain the 

undifferentiated state of pluripotency by inhibiting and regulating the activity of pro-

differentiation bone morphogenetic protein (BMP). Nanog can also assemble into homodimers 

with itself through a specialized tryptophan-rich C-terminal domain for the cooperative 

regulation of target genes (David et al., 2009).  

Lin28 (Lin-28 homolog A) encodes a cytoplasmic mRNA-binding protein that can drive specific 

mRNAs to translational machinery for the enhancement of protein synthesis (Heo et al., 2008).  
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3. Methods for the generation of iPS cells 

Different methods have been used for gene transfer of the core reprogramming factors into 

somatic cell types. These methods can be broadly classified in to viral, non-viral and DNA free 

approaches (Fig.6).  

 

Fig.6. Efficiency versus safety of different reprogramming methods. (Modified from Bernal. 

(2013).  J. Cardiovasc. Trans. Res. 6:956–968). 

3.1. Viral vector systems 

Most researchers in the field still use integrative viral methods to reprogram differentiated cells 

into iPS cells, given that they are powerful gene delivery systems for most cell types. In fact, the 

first iPS cells were reprogrammed using retroviral vectors (Takahashi and Yamanaka, 2006). 
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Retroviral vectors can be efficiently transduced into target cells, and randomly integrated into the 

host genome of dividing cells (Bernal, 2013). Although retroviral vectors have high efficiency of 

transduction, the expression of integrated viruses could become silenced during epigenetic 

processes. Retroviruses infect only dividing cells, whereas lentiviruses can infect both dividing 

and non-dividing cells, which means that wide variety of cell types can be used for 

reprogramming (Klimatcheva et al., 1999; Robinton and Daley, 2012; Vodicka, 2001).  

Beside their high transduction rates, retro- and lentiviral delivery systems have some limitations. 

For example, viral vectors may evoke an immune response (Thomas et al., 2003; Manno et al., 

2006), their production requires S2 safety cabinets and it is relative expensive (Grimm et al., 

1998; Tiscornia et al., 2006), retro- and lentiviruses prefer to integrate within 5’UTR regions of 

genes, which may result in integration mutagenesis (Thomas et al., 2003; Wu et al., 2003; Wu et 

al., 2006), and they have a relatively limited cargo capacity of about 8 kb (Thomas et al., 2003). 

In order to circumvent these hurdles efforts have been made for the development of alternative 

approaches. 

3.2. Integration-free viral vectors and DNA Systems 

One of the major conceptual advances in the development of reprogramming technologies for 

further safe use and clinical applications was the observation that the integration of transcription 

factors into the genome is not required for the reprogramming of somatic cells (Wand and Na., 

2011 and Walia., 2011). Under this category, integration free viral vector systems, DNA systems 

and DNA free systems have been developed. 
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3.2.1. Non-integrating viral vectors for reprogramming 

By using adenoviral vectors, which are non-integrating double-stranded DNA vectors that 

remain in epichromosomal form in cells (Stadtfeld et al., 2008b; Stadtfeld and Hochedlinger, 

2010), virus-free iPSCs have been successfully generated, although with reduced efficiency 

compared to retro- or lentiviral methods (Fig.7) (Takahashi et al., 2007; Stadtfeld et al., 2008a). 

In addition, since the adenoviral vector system gives rise to only transient expression, repeated 

delivery of reprogramming factors may be required.   

More recently, the sendai virus, a non-integrating RNA virus, was employed for reprogramming. 

Sendai virus has RNA genome that replicates exclusively in the cytoplasm. The advantages of 

sendai virus vectors for reprogramming are: i) nonpathogenic, ii) high efficiency of infection in 

dividing and quiescent cells, iii) high levels of gene expression, iv) non-integrative, and v) 

removal is possible. To date, sendai viral vectors have proven to be an efficient method to deliver 

transgenes into a wide range of host cell species and tissues (Griesenbach et al., 2005; Nakanishi 

and Otsu, 2012). Disadvantages of using sendai viruses include they are immunogenic like retro- 

and lentiviruses, fusogenic, relatively expensive, and safety measures for virus preparation by 

using higher biosafety cabinets are required (Nishimura et al., 2011; Macarthur et al., 2012; 

Robinton and Daley, 2012). 

3.3. Non-viral plasmid DNA  

Okita et al. 2009 reported the first successful generation of iPS cells via repeated transfection of 

two expression plasmids expressing Oct4, Sox2, Klf4 and c-Myc. Most iPS cell lines generated 

by this method are free from plasmid integration into the host genome, even though plasmid 



General Introduction 

 

17 

 

DNA integration can happen spontaneously. However, the efficiency of iPS cell generation is 

substantially lower (Fig.7) than that of viral systems (Okita et al., 2008).  

Episomal plasmid vector Ori P/ EBNA1 derived from Epstein-Barr virus can be established as a 

stable episome in transfected cells through drug selection (Yates and Guan, 1991; Leight and 

Sugden, 2001; Yu et al., 2009). If drug selection is absent, the vectors are gradually lost at a rate 

of 5% during cell division (Nanbo et al., 2007; Yu et al., 2007). Yu et al. successfully generated 

human iPS cells using an oriP/EBNA1 episomal plasmid containing reprogramming factors, but 

reprogramming efficiency was found to be extremely low (Yu et al., 2009).  

3.3.1. Minicircle vectors 

Minicircle vectors are supercoiled vectors in which the plasmid DNA backbone has been deleted, 

leaving only the eukaryotic promoter and cDNA(s) of the desired transgenes (Walia., 2011). 

Recently, Jia et al. (2010) reported the successful generation of iPS cells from adult human 

adipose-derived stem cells (ADSCs) by nucleofection of minicircle vector DNA. Their smaller 

molecular size allows  more efficient transfections and offers sustained expression over a period 

of weeks as compared to regular plasmid vectors, which only work for a few days. However, the 

overall reprogramming efficiency was found to be low (Fig.7). Therefore more trials and 

validation will be needed before this method can be widely used (Jia et al., 2010; Narsinh et al., 

2011; Li and Izpisua Belmonte, 2012; Hayes and Zavazava, 2013). 

3.4. Reprogramming with protein factors 

In 2009 transgene-free iPS cells were produced by repeated treatments with reprogramming 

proteins (Zhou et al., 2009) fused with cell penetrating peptides (Wang and Na, 2011). However, 
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the protein-based reprogramming experiments have not been widely used due to relative low 

reprogramming efficiencies, and high costs for repeated treatments with protein factors.  

3.5. Reprogramming with non-autonomous transposon systems 

Transposons or mobile genetic elements were first described by Barbara McClintock as 

“jumping genes” responsible for mosaicism in maize (Mc Clintock, 1950; Ravindran, 2012). The 

two most commonly used non-autonomous transposon system for genetic modification of 

mammalian and human cells are Sleeping Beauty (SB) and piggy Bac (PB). The SB transposon 

was reconstructed from the genome of salmonid fish using molecular phylogenetic data (Ivics et 

al., 1997) and belongs to the Tc1/mariner superfamily of transposons. The SB transposon is 

flanked by 230bp IRs which contains non-identical direct repeats. The piggyBac transposon was 

isolated from cabbage looper moth Trichoplusia ni (Cary et al., 1989). The recently developed 

hyperactive transposases such as piggyBac and SB100X are promising alternatives to viral 

approaches (Cadinanos and Bradley, 2007; Mates et al., 2009). 

 

Fig.7. Mechanism of transposition in a recombinant non-autonomous Class II DNA transposon 

(Modified and adopted from Adams, D. J. & van der Weyden, L.  (2008), Physiol. 
Genomics 34, 225–238).  
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3.6. Advantages of transposon systems for reprogramming  

DNA based transposon vectors offer a mechanism for non-viral gene delivery into mammalian 

cells. The high integration efficiency of transposons together with their ability of being excised 

from the cells post reprogramming make them an attractive choice for generating iPS cells. 

Importantly, integrated transposon can be removed by supplying the respective transposase in 

trans (remobilisation) (Wilber et al., 2006; Wilber et al., 2007). The PB system has been 

successfully used to generate transgene free iPSCs from both mouse and human embryonic 

fibroblasts with efficiency comparable to retroviral vectors (Woltjen et al., 2009; Yusa et al., 

2009). After excision, the transposon will not be reintegrated in a certain ratio of cases (Huang et 

al., 2010; Li et al., 2013). The development of integration-defective transposase variants (Li et 

al., 2013) will facilitate this feature of transposon systems. PB can be seamlessly excised (Yusa 

et al., 2009); the removal of SB transposon leaves only a 2 bp footprint. 

Transposon systems are inexpensive and easier to produce, and are non-immunogenic (Ohlfest et 

al., 2005; Aronovich et al., 2007; Ivics and Izsvak, 2010). The transposon systems have been 

commonly used for mobilizing transposons of up to 10kb, but the successful transposition of 

transposon larger than 100kb (Tab.2) has been described both for SB and PB systems (Li et al., 

2011a; Li et al., 2011c; Rostovskaya et al., 2012).  
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Table.2. Characteristics of DNA transposons used in genetic engineering. 

Transposon Origin Target 
Integration site 

preference 

Capacity of 

cargo 

Sleeping Beauty (Superfamily 

Tc1/mariner) 

Salmon species 

(reconstructed) 
TA Intergenic regions 

≥150 Kb, 

efficiency 

decrease 

with size 

piggyBac (Superfamily 

piggyBac) 
Trichoplusia ni TTAA 

Transcription 

units (introns) 
>100 Kb 

Tol2 (Superfamily hAT) 
Oryzias 

latipes(Medaka fish) 

Heterogenic 

sequence of 8 

bp 

Probably 5’ 

regions of genes 
>60 Kb 

(Munoz-Lopez, M and Garcia-Perez, J.L., 2010. Current Genomics 11, 115-128 (Modified 
and adopted). 
 

 
4. Bovine pluripotent cells  

4.1. Bovine ES cells 

The establishment of pluripotent cell lines in farm animals may provide new opportunities for the 

production of transgenic animals, the advancement of reproduction techniques, the development 

and validation of large animal disease models and the general understanding of cellular potency 

in mammals. 

The establishment of ES cell lines obtained from mouse (Evans and Kaufman, 1981; Martin, 

1981) and human (Shamblott et al., 1998; Thomson et al., 1998) embryos revolutionized cell and 

developmental biology. The establishment of pluripotent cell lines from large domestic animals 

is of immense interest for agriculture and biomedical application (Telugu et al., 2010). At 

present, true ES cells have not been reported from farm animals (Blomberg and Telugu, 2012; 

Malaver-Ortega et al., 2012; Nowak-Imialek and Niemann, 2012; Hanning wang , 2014; Koh 

and Piedrahita, 2014). Due to the presence of different mechanisms for self-renewal in different 

species, the ES cell culture conditions vary significantly. Cells isolated from the ICM of cattle 
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and other species often lack evidence long term proliferation without differentiation, teratoma 

formation, and germline transmission, which limits their further use in genetic modification 

(Nowak-Imialek and Niemann, 2013). 

Among all domesticated farm animal species, cattle have the highest economic importance in the 

livestock industry (Malaver-Ortega et al., 2012). Successful establishment of bovine ES cells 

would not only be of economic interest, but would allow targeted modification of the bovine 

genome and thus would be a tool for agronomical applications (Maruotti et al., 2012). The first 

attempts to generate bovine ES cells date back to 1991 with a brief report on the isolation of 

primary cultures of ICM cells. The isolated cells maintained a normal karyotype for four 

passages (Saito et al., 1992). Later on, many researchers have attempted to establish bovine ES 

cells by using day 7–9 blastocysts (Lim et al., 2011; Maruotti et al., 2012), in vitro derived 

blastocysts (Yadav et al., 2005; Jin et al., 2012;) and parthenogentic blastocysts (Pashaiasl et al., 

2010). Sources of embryos from either in vitro embryos (Gong et al., 2010; Jin et al., 2012; 

Maruotti et al., 2012), in vivo embryos (Saito et al., 1992; Talbot et al., 1995; Stice et al., 1996; 

Cao et al., 2009), parthenogenetic embryos (Talbot et al., 2007; Pashaiasl et al., 2010) or cloned 

embryos (Wang et al., 2005; Kwon et al., 2009) did not result in establishment of true ES cells in 

bovine. Putative bovine ES-like cells produced by the above methods displayed significant 

variability with regard to their morphology and differentiation potentials (Munoz et al., 2008). 

Some of the cell lines proliferated slowly and had a low nuclear-to-cytoplasm ratio (Stice et al., 

1996; Mitalipova et al., 2001). In the majority of the experiments bovine ES-like cell lines 

showed some AP activity (Gong et al., 2010; Pashaiasl et al., 2010; Lim et al., 2011), and 

expressed some pluripotency markers like  OCT4, NANOG, SSEA-1, SSEA-4, TRA-1-60 and 

TRA-1-81(Munoz et al., 2008; Cao et al., 2009). These bovine ES-like cells differentiated 
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spontaneously in various cell types (Mitalipova et al., 2001; Saito et al., 2003; Wang et al., 2005; 

Gong et al., 2010; Kwon et al., 2009; Lim et al., 2011). However, successful formation of 

teratomas  was demonstrated in only one experiment (Lim et al., 2011). Low level cell 

chimerism formation was shown after aggregation with embryos (Iwasaki et al., 2000), or after 

insertion of putative ES cells into preimplantation embryos (Cibelli et al., 1998; Saito et al., 

2003), and did not result in the functional contribution to the germline. Hence from the above 

reports is clear that till now no authentic bovine ES cells have been established.  

4.2. Bovine iPS cells (biPS) 

Recent advances in cellular reprogramming from different species will provide an opportunity to 

understand pluripotency networks and to elucidate differences between mammals (Li et al., 

2014). Therefore, the understanding of the signaling pathways underlying pluripotency in 

domestic animals represents important aspects of mammalian and stem cell biology.  

Domesticated animals such as dogs and pigs, are considered excellent models for long-term 

experiments in regenerative medicines, and biomedical research in general, because of their 

greater similarities in physiology with humans compared with the laboratory rodents (Piedrahita 

et al., 1992; Mestas and Hughes, 2004; Brevini et al., 2007; McCalla-Martin et al., 2010; 

Schneider et al., 2010; Malaver-Ortega et al., 2012; Seok et al., 2013).  

IPS cells from farm animals will likely serve as a bridging link between well-developed rodent 

iPS and poorly characterized human iPS, supporting the translation of innovative cell therapies 

from experimental studies to curative treatments (Kues et al., 2010; Lu et al., 2012; Koh and 

Piedrahita, 2014). Research on iPS cells from farm animals is much less controversial and has 

encountered fewer obstacles (Lu et al., 2012). Furthermore, the methodology for generation of 
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iPS cells is relative simple and reproducible. The use of iPS cells can benefit animal transgenesis 

in several aspects: i), genetically modified iPS cells can be used to produce chimeric animals 

(Boland et al., 2009; Zhao et al., 2009), and ii) the use of genetically modified iPS cells as 

donors may increase the efficiency of SCNT owing to the pluripotent status of iPS cells 

(Cebrian-Serrano et al., 2013). These advantages, in combination with successful derivation of 

iPS cells from domestic animals give a new opportunity to produce transgenic animals using iPS 

cells (Esteban et al., 2009; Ezashi et al., 2009; Wu et al., 2009). 

Only four publications describe attempts to generate bovine iPS cells till now. Bovine induced 

pluripotent stem cells have been generated from fetal (Han et al., 2011; Huang et al., 2011) and 

skin fibroblasts (Sumer et al., 2011; Cao et al., 2012) by retroviral (Han et al., 2011; Sumer et al., 

2011), lentiviral (Cao et al., 2012), and plasmid approaches (Huang et al., 2011) (Table.3). In-

vitro (EBs) and in-vivo (teratoma) assays were utilized to test their pluripotency obtained (Han et 

al., 2011; Huang et al., 2011; Sumer et al., 2011; Cao et al., 2012). Both FGF and LIF were used 

as culture media supplements for the growth of iPS cell lines (Sumer et al., 2011; Cao et al., 

2012). The biPS cells exhibited normal karyotype and could be passaged for several passages 

(Sumer et al., 2011; Cao et al., 2012). Kinase inhibitors like, PD0325901 and CHIR99021, with 

N2/B27 medium were used for generating LIF-dependent bovine iPSCs (Huang et al., 2011). All 

of them reported AP expression, and the expression of endogenous OCT4, SOX2, and NANOG 

(Han et al., 2011; Huang et al., 2011; Sumer et al., 2011; Cao et al., 2012). However, full 

silencing of exogenous transcription factors, additive or subtractive gene modification, chimera 

generation and chromosomal instability are lacking at the moment, and warrant further research 

(Koh and Piedrahita, 2014).  
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Table.3. State of art in generation of bovine iPS cells  

Reprogrammed 

cells 

Vectors for 

transduction 

Reprogramming 

factors 

Expression of pluripotency related genes/ 

markers 

Differentiation 

 Chimera 

generation 

Germ line 

contribution 
References 

PCR Immunostaining (in vitro)  (in vivo) 

Fetal fibroblasts 

Virus free 

poly-promoter 
vector 

Bovine OCT4, SOX2, 

KLF4 AND c-MYC 

OCT4, SOX2, 

CDH1,DPPA-3, 

NANOG, SALL4, 
STAT3 and ZFP42 

AP, OCT4, 

SOX2,TRA-1-60, 

TRA-1-81, and 
SSEA- 3&4 

EB Teratoma n.a n.a 
Huang et 

al., 2011 

Fetal fibroblasts Retrovirus 

Bovine OCT4, SOX2, 

KLF4 c-MYC, LIN 

28 and NANOG 

Human OCT4, 
SOX2, KLF4 AND c-

MYC 

DPPA-3, DPPA-

4,ESRRB, SALL 

4,TERT and E- 
CADHERIN 

AP, NANOG, SSEA-

1, and Weakly SSEA 
4 

EB Teratoma n.a n.a Han et al., 

2011 

Fetal fibroblasts Lentivirus 

Human OCT4 

Porcine SOX2, KLF4 

AND c-MYC 

OCT4 and NANOG 
AP, OCT4, NANOG 

and SSEA-1 

EB Teratoma n.a n.a Cao et al., 

2012 

Adult fibroblasts Retrovirus 

Human OCT4, 

SOX2, KLF4 c-

MYC, and NANOG 

OCT4, SOX2, 

NANOG,REX1, 

ALP1,c-MYC and 

KLF4 

AP, OCT4 and 

SSEA-1 

EB Teratoma n.a n.a Sumer et 

al., 2011 

n.a- not assessed. 
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Abstract 

The generation of induced pluripotent stem (iPS) cells is a promising approach for innovative 

cell therapies. The original method requires viral transduction of several reprogramming factors, 

which may be associated with an increased risk of tumorigenicity. Transposition of 

reprogramming cassettes represents a recent alternative to viral approaches. Since binary 

transposons can be produced as common plasmids they provide a safe and cost-efficient 

alternative to viral delivery methods. Here, we compared the efficiency of two different 

transposon systems, Sleeping Beauty (SB) and piggyBac (PB), for the generation of murine iPS. 

Murine fibroblasts derived from an inbred BL/6 mouse line carrying a pluripotency reporter, 

Oct4-EGFP, and fibroblasts derived from outbred NMRI mice were employed for 

reprogramming. Both transposon systems resulted in the successful isolation of murine iPS cell 

lines. The reduction of the core reprogramming factors to omit the proto-oncogene c-Myc was 

compatible with iPS cell line derivation, albeit with reduced reprogramming efficiencies. The 

transposon-derived iPS cells featured typical hallmarks of pluripotency, including teratoma 

growth in immunodeficient mice. Thus SB and PB transposons represent a promising non-viral 

approach for iPS cell derivation. 

Key words: Pluripotency reporter, transposition, genetic background, inbred, outbred, 

stemness 
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CHAPTER III 

6. Publication 2 

Lentoid Body Differentiation from iPS Cells Carrying a Lens Cell 

Specific Fluorescent Reporter  
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 Abstract  

Curative approaches for eye lens abnormalities suffer from a lack of appropriate models. 

Here, we present a new, double transposon-based approach for in vitro growth of lentoid 

bodies as a tool for ophthalmological research. Therefore we developed a transgenic mouse 

line with lens-specific expression of a fluorescent reporter, tdTomato, by in ovo-

transposition. The alphaA crystallin promoter-tdTomato construct faithfully mirrored lens 

cell formation in a spatial and temporal manner during ontogenesis. Fibroblasts were 

isolated from transgenic murine fetuses and reprogrammed to induced pluripotent stem 

cells. We developed a novel targeted differentiation approach into the ectodermal lineage, 

which induced in vitro-growth of lentoid bodies. The lens-specific reporter allowed 

fluorescence-based detection of lens cell differentiation and monitoring lentoid body 

formation. The employment of cell type-specific reporters for establishing and optimizing 

targeted differentiation in vitro is an efficient and generally applicable approach for 

developing differentiation protocols for desired cell populations.  
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 Introduction  

Age-related cataract development represents the major eye lens disease in humans. A 

systematic approach to study human cataracts is hampered by the lack of appropriate animal 

models (Yang et al., 2010). Therefore, the development of in vitro systems for studying lens 

formation and disease mechanisms is an important issue in ophthalmological research.  

The eye lens originates from a single progenitor lineage, which comprises both the posterior 

lens fiber cells and the anterior lens epithelial cells (Yang et al., 2010). In mammals, the 

lens progenitor cells originate from the preplacodal region (Streit, 2004). Lens progenitor 

cells appear at the lens placode and through inversion a lens vesicle is formed (Cvekl et al., 

2007). During lens morphogenesis the lens fiber cells terminally differentiate. This includes 

a massive upregulation of lens-specific genes, such as alpha- and beta-crystallins (Wolf et 

al., 2008, Cornett et al. 2010). Expression of alphaA-crystallin (Cryaa) is initiated in the 

cells of the inverting lens placode and remains restricted to the lens (Wolf et al., 2008; 

Cornett et al., 2011). The alphaA-crystallin represents 20-40% of the crystallin content in 

the lens (Andley et al., 2007; Bloemendal et al., 2004; Horwitz et al., 2003). Knock-out or 

loss-of-function mutations of the Cryaa gene have been shown to result in the formation of 

cataracts (Brady et al., 1997; Xi et al., 2008) and in apoptosis of lens epithelial cells (Xi et 

al., 2003), clearly indicating its pivotal role for lens function. Genetic studies in humans 

suggested a causative correlation between Cryaa mutations and cataract formations (Khan 

et al., 2007; Graw et al., 2006; Hansen et al., 2007; Beby et al., 2007; Santhiya  et al., 2006).  

Here, we exploit the cell-type specificity of the Cryaa promoter for the generation of a 

transgenic mouse model with expression of a vital fluorophore reporter, tdTomato, in the 

eye lens. Fetal fibroblasts derived from these transgenic mice were reprogrammed to 

induced pluripotent (iPS) cells, and the suitability of the reporter to follow targeted 
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differentiation into lens cells in vitro was assessed. Previously, embryonic stem (ES) cells 

were differentiated into lentoid bodies (Yang et al., 2010; Hirano et al., 2003) and retinal 

cells (Hirano et al., 2003) in vitro. Targeted differentiation into lens cell lineage was 

achieved by co-culture on stromal cells (Hirano et al., 2003), or by the sequential 

supplementation of the culture medium with Noggin, fibroblast growth factor 2 (FGF2) and 

Wnt-3a (Yang et al., 2010). Recently, the generation of lens progenitor cells from cataract 

patient-specific iPS cells (Qiu et al., 2012), and the derivation of corneal epithelial cells 

from patient cells via iPS were achieved (Hayashi et al., 2012). The invention of the iPS 

technology (Inoue et al. 2014) opens the possibility to obtain an unlimited source of patient-

specific undifferentiated cells, which can be triggered to differentiate into desired 

differentiated cell types, thus enabling to investigate molecular mechanisms of disease 

development in vitro. Moreover it may allow to assess curative approaches (Hanna et al., 

2007).   

Here, we hypothesized that the derivation of iPS cells from a transgenic mouse line carrying 

the Cryaa-tdTomato construct can be used to follow targeted differentiating into lens cells 

in vitro (Fig.1). This approach will facilitate the controlled development of more efficient 

protocols for lens cell-differentiation, and will aid to improve differentiation protocols with 

human cells. The here presented approach appears to be generally applicable for the 

development of differentiation protocols for other cell lineages and may be instrumental for 

the development of curative treatments.  
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Results   

Characterisation of cryTom mouse line  

A transgenic founder carrying an alphaA crystallin promoter-tdTomato construct (cryTom) 

showed eye-specific expression of the tdTomato transposon (Fig.2). Genotyping by 

Southern blotting indicated specific transposition of the cryTom construct (not shown). The 

monomeric transposon was inherited in a Mendelian fashion and transgenic F1 and F2 

offspring exhibited an identical phenotype (Fig.2C).  

During fetal development, the first expression of the reporter was found in the eye lens of 

day 12.5 fetuses (Fig.3), and lenses of older fetuses showed increasing fluorescence 

intensities. No ectopic expression of the reporter construct was found by whole mount 

imaging of fetuses, indicating that the reporter construct faithfully mirrors differentiation of 

the eye lens in fetal stages.  

In accordance with the known expression pattern of the Cryaa gene (Wolf et al., 2008; 

www.genevestigator.com), the highest expression level of the cryTom was found in the 

adult eye lens and reduced levels were detected in retina and ciliary muscle (Fig.4). In 

postnatal lens samples the full size tdTomato and three to four smaller products were 

consistently found in immunoblots using a polyclonal antibody (Fig. 4, Fig. S1). The 

smaller products most likely represent degradation products of tdTomato, which seemed to 

be removed at a slow rate in mature lenses. The apparent accumulation of smaller 

“degraded” products of tdTomato raised the question, whether the presence of these ectopic 

protein products may interfere with the highly ordered organisation of crystallin proteins in 

the lens. Therefore the light transmittance properties of wildtype and cryTom lenses were 

assessed. Fig.5 shows a representative image of adult lenses recorded while illuminated 
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from below in a stereomicroscope. A quantitative determination suggested that the 

transgenic lens showed a reduced light transmittance in comparison to non-transgenic lens.  

 

Reprogramming of cryTom cells to induced pluripotent stem (iPS) cells   

Heterozygous matings were initiated to isolate fetuses of day 11.5 of gestation, which were 

used to derive fetal fibroblasts. The fibroblasts were genotyped by PCR for the presence of 

the cryTom construct. As expected both cryTom-positive and cryTom-negative fibroblast 

populations did not express the reporter. Reprogramming of the fibroblasts to iPS was done 

by a non-viral approach employing a Sleeping Beauty (SB) transposon system as described 

previously (Grabundzija et al., 2013, Kues et al., 2013). Seven to nine days after co-

electroporation of SB helper plasmid and multi-cistronic reprogramming transposon, 

encoding the murine cDNAs of Oct4, Sox2, Klf4 and c-Myc separated by sequences coding 

for the self-cleaving 2A peptides, initial colonies appeared. Around day 18 post 

electroporation, individual colonies were picked and expanded. None of these iPS cultures 

did express the cryTom reporter, supporting the notion that lens-exclusive expression of 

cryTom is maintained under in vitro culture conditions.   

The iPS cells expressed typical features of pluripotent cells (Fig.6). They were alkaline 

phosphatase positive and showed the typical colony growth of murine pluripotent cells. 

They showed an upregulation of the stemness genes Oct4, Sox2, Nanog, Utf2 and Rex1.   
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Targeted differentiation to lentoid bodies in vitro   

Then we assessed, whether the cryTom construct can be utilized to establish and to follow 

targeted differentiation into the lens cell lineage in vitro. Therefore mitotically-inactivated 

NTERA-2, P19 and STO cells were used as feeder cells, respectively. The NTERA-2 cells 

represent a committed human neuronal precursor line, and the P19 is a murine embryonic 

carcinoma cell line with differentiation potential into all three germ layers. We assumed that 

NTERA-2 and P19 may provide a suitable niche for targeted differentiation of the iPSs into 

a neuroectodermal direction, including lens cell differentiation. Critical factors for 

ectodermal differentiation may be surface epitopes and the secretion of paracrine factors, 

like BMP4. STO cells, a murine embryonic fibroblast line, served as control feeders.   

One day after seeding of the iPS cells on the different feeders, the stem cell medium was 

switched to a DMEM-based medium without LIF. The proliferation of iPS cells slowed 

down under these conditions. The cultures were split three days later and again seeded on 

the respective feeders. Around day 28 after seeding on feeders, the first tdTomato-positive 

cells were identified in the cultures with NTERA-2 and P19 feeders, but not in co-culture 

with STO cells. In some cases individual cells expressed the reporter (Fig. 7), in other cases 

the positive cells grouped to lentoid bodies. The lentoid bodies also showed a changed light 

refraction in the brightfield view (Fig.7). Expression analyses indicated that the co-cultures 

with NTERA-2 cells upregulated the tdTomato and the endogenous Cryaa transcripts, and 

expression of the tdTomato could be confirmed by Western blotting (Fig.7).  
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Discussion  

Here, we tracked directed differentiation of murine iPS cells into the lens cell lineage by 

employing a cell type-specific promoter–reporter construct. Therefore we exploited a 

transgenic mouse line carrying an alphaA crystallin-promoter driven tdTomato reporter 

(cryTom). The cryTom mouse line was generated by in ovo-transposition, co-injecting the 

cryTom-transposon and a piggyBac helper plasmid. A detailed characterisation of the 

cryTom mouse line suggested that the reporter faithfully mirrored the spatial and temporal 

expression patter of the Cryaa gene. Induced PS cells could be derived from cryTom 

fibroblasts; upon exposing the cryTom iPS cells to a targeted differentiation protocol, 

expression of the tdTomato reporter was resumed, thus allowing simple identification and 

vital recording of lentoid body growth in vitro.   

For targeted differentiation we used a novel co-culture systems with the human NTERA-2, a 

committed neuronal precursor line (Damjanov et al., 1984) and P19, a murine embryonic 

carcinoma line (Rossant and McBurney, 1982). Previously, in vitro differentiation to lens 

cells was achieved by co-culture (Hirano 2002), but also by supplementation of the culture 

media with defined growth factors, such as Noggin, FGF2 and Wnt-3a (Yang et al., 2010). 

We hypothesized that the NTERA-2 and the P19 cell form “niches” for ectodermal 

differentiation of the cryTom iPS cells. It has been shown that the supplementation with 

retinoic acid can promote the expression of ectodermal characteristics of P19, but also of 

NTERA-2 (Jones-Villeneuv et al., 1982; Lee and Andrews, 1986). This may be an approach 

to increase the directing effects of the feeder cells. Apparently, the spontaneous capabilities 

of mitotically inactivated NTERA-2 and P19 are sufficient to direct the differentiation of 

murine iPS cells into the lens cell lineage. The cryTom reporter construct allowed the 

unambiguous identification of onset of tdTomato expression as a faithful indicator of lens 

cell differentiation. Importantly, the detailed characterisation of the spatio-temporal pattern 
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of the cryTom reporter confirmed the exclusive expression in lens cell progenitors and 

mature lens cells.   

The design of cell type specific-promoter sequences driving fluorescent reporters, such as 

EGFP or mCherry gained reasonable interest in genetics over the last years. Examples are 

Oct4 promoter-EGFP (Yoshimizu et al., 1999), as well as a multitude of other constructs 

(Long et al., 1997; Tumbar et al., 2004; Wang et al., 2008). Recently, the development of 

hyperactive transposon systems made transposase-catalyzed gene integration an attractive 

alternative (Mates et al. 2009; Yusa et al., 2011) to commonly employed random integration 

or homologous recombination approaches.  Here, we employed a piggyBac transposase 

catalysed integration of the cryTom reporter in ovo, employing a simplified plasmid 

microinjection technique in murine zygotes (Iqbal et al., 2009; Ivics et al., 2014). The main 

advantage of the transposase-catalyzed approach is that integration will happen at 

transcriptional permissive loci in the genome allowing for promoter-dependent expression 

(Garrels et al., 2011, Ivics et al., 2014). Thus avoiding the generation of multiple founders 

and screening of those with appropriate expression patterns (Henikoff 2004). Indeed, from 

the first embryo transfer we obtained a single transgenic founder, which faithfully showed 

the expected phenotype. Importantly, the transposition of the cryTom reporter in zygotes 

supersedes the necessity to include any selection marker, such as an antibiotic resistance. It 

has been shown before that antibiotic selection markers and regulatory elements of 

secondary expression cassettes can exert massive effects on the primary expression 

construct, e.g. via promoter interference (Tasic et al., 2011; Sakaguchi et al. 2014).   

Importantly, the cryTom mice show a reduced light transmission through their lenses, a 

feature which is also found in cataracts. Whether this is due to characteristics of the 

tdTomato protein itself, the accumulation of degraded products of tdTomato, or an 
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unspecific interference of the ectopic protein with the highly ordered organisation of 

crystallins in the lens warrants further investigation.   

The present data show that it is possible to employ two different transposon systems, here 

PB and SB, to perform complex genetic modification. The current data support the notion 

that the cell type-specific reporter approach is instrumental for the development, validation 

and optimisation of differentiation protocol of murine iPS cells into the lens cell lineage. 

The specific fluorescence of the tdTomato reporter will allow the development of semi- or 

high throughput approaches for the rapid testing of media supplements. We speculate that 

the obtained knowledge can be translated to optimise lens cell differentiation of human iPS 

cells and thus to advance the growth of patient-specific lentoid bodies. Likely, the cell-type 

specific reporter approach is also adaptable for in vitro tracking of other cells types, the 

essential component is the availability of an in vivo validated promoter which drives 

transcription in the desired progenitor or terminally differentiated cell types.  
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Material and Methods  

Ethics statement  

Animals were maintained and handled according to the German laws for animal welfare, 

and genetically modified organisms. The experiments were approved by an external ethics 

committee (Niedersächsisches Landesamt für Verbraucherschutz und 

Lebensmittelsicherheit, AZ 33.9-42502-04-09/1718).  

Plasmid construction  

A Cryaa promoter-tdTomato plasmid was gifted by T. Xu (Yale) (Cornett et al., 2011). The 

Cryaa promoter-tdTomato cassette was released by restriction with MluI and AflII and 

ligated in compatible sites between 5´and 3´ piggyBac ITR´s, resulting in pTTCryTom 

(cryTom) plasmid consisting of the alphaA-crystallin promoter, tdTomato cDNA and a 

SV40 poly adenylation sequence, flanked by PB ITRs (Fig.1). The PB transposase plasmid 

was described before (Talluri et al., 2014). The SB reprogramming transposon carrying the 

murine cDNAs of Oct4, Sox2, Klf4 and cMyc separated by sequences coding for self-

cleaving 2A peptide, and the SB transposase helper plasmid were described before (Kues et 

al., 2013, Talluri et al., 2014).   

 Generation of PB transgenic founder mouse  

The mice were maintained in an air-conditioned animal quartier at 20oC and 60 % humidity 

with 12 hour light and 12 h dark cycles. For zygote flushing, NMRI females of 5-6 weeks of 

age were superovulated by i.p. injection of 10 units PMSG and 10 units hCG in a 46 – 48 h 

interval. The treated animals were then mated with fertile males. Females with a copulation 

plug were identified the next day, and sacrificed to flush the oviduct with M2medium. 

Zygotes with two polar bodies were treated by cytoplasmic injection (CPI) of an equimolar 
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mixture of pTTcryTom and PB helper plasmid (Garrels et al., 2011, Ivics et al., 2014). A 

total of 20 treated zygotes were surgically transferred into the oviduct of a surrogate mother, 

resulting in the birth of 8 offspring of which one was transgenic for the cryTom transposon. 

The transgenic founder was used to establish a stable line by mating with a wildtype animal. 

The offspring were phenotyped by whole body excitation with a green LED flood light, and 

images were recorded with a digital camera and an appropriate emission filter.  

 Fluorescence microscopy   

For fluorescence microscopy of cell cultures, a Zeiss Axiovert 35M microscope equipped 

with fluorescence optics was used. For specific excitation of tdTomato a filter block with 

excitation of 530-570 nm and emission of 590-610 nm were used. Alternatively, images 

were obtained by an Olympus BX 60 (Olympus, Hamburg, Germany) fluorescence 

microscope equipped with a high resolution digital camera (Olympus DP71). For imaging 

of tissue biopsies an Olympus SZ16 stereomicroscope with epifluorescence optics was used.   

 Genotyping by PCR and Southern blotting  

Southern blots and PCR reactions of genomic DNA were done according to standard 

procedures. In brief, for Southern blot detection of the transposon copies, the genomic DNA 

was digested with NcoI. Hybridisation with a tdTomato probe (1.6 kb fragment generated 

by BamHI and MfeI digest of pTTcryTom) resulted in constant internal fragments of ~ 0.5 

and 0.7 kb and variable external fragment(s) of > 2.1 kb per integration. To assess for PB 

plasmid sequences, the blots were hybridized with a PB probe, generated by labelling the 

whole helper plasmid.  
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 Preparation of primary cell culture   

Fetuses of specific developmental stages were recovered from non-transgenic females 

mated with cryTom hemizygous males. The day of detection of a copulation plug was 

counted as day 0.5. Primary cells were derived from fetal tissue as described (Talluri et al., 

2014) and cultured in DMEM supplemented with 10 % fetal calf serum and antibiotics. 

Fetal fibroblasts were cultured in high-glucose DMEM supplemented with 10% heat-

inactivated fetal calf serum (PAA, Pasching, Austria), 2 mM L-glutamine, 1 mM sodium 

pyruvate, 1 % non-essential amino acids, 0.05 mM β-mercaptoethanol, 100 U/ml penicillin, 

and 100 g/ml streptomycin. Cells at passage 3 were used for electroporation with 

transposon plasmids. A Biorad electroporator with square wave function was used for 

electroporation. For feeder cells, primary murine embryonic fibroblasts (MEFs) were grown 

to subconfluency and inactivated with 10 µg/ml mitomycin C (Sigma) followed by 

thorough washings.  

 

 iPS cell generation and cultivation  

Induced pluripotent stem cells were cultured in ES cell medium consisting of DMEM/F12 

supplemented with 20% knock-out serum replacement (Millipore), 1 mM L-glutamine, 0.1 

mM non-essential amino acids (Gibco), 0.1 mM β-mercaptoethanol (Sigma), 100 U/ml 

penicillin, 100 g/ml streptomycin, and 1000 units/ml LIF (Santa Cruz) in a humidified 

atmosphere consisting of 5% CO2 in air at 37oC.  

The iPS cells were maintained on gelatinized plates, or plates seeded with inactivated MEFs 

feeders and enzymatically (trypsin/EDTA) subpassaged every second or third day. For 

gelatinization, the intended culture dishes were wetted with sterile 1% gelatin in PBS and 
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allowed to dry immediately before subpassaging. Alternatively, the iPS cells were passaged 

on MEF feeders seeded the day before.   

 

 In vitro differentiation assays  

NTERA-2 (Damjanov et al., 1984) and P19 (Rossant and McBurney , 1982) cells were 

obtained from the Deutsche Sammlung für Mikroorganismen (DSMG, Braunschweig) and 

cultured in high-glucose DMEM medium supplemented according to the description in  

“Preparation of primary cell culture”. The cultures were splitted in 1:6 to 1:8 ratios in 2-3 

day intervals. STO cells were treated identically. For mitotic inactivation, NTERA-2, P19 

and STO cells were grown to subconfluency, respectively, and incubated in fresh medium 

containing 10 µg/ml mitomycin C for 3 hours followed by thorough washings with PBS.  

For ectodermal differentiation, iPS cells were trypsinized and resuspended in regular ES 

cell medium for generation of embryoid bodies (EBs). To induce EB formation, the 

hanging-drop method was used and drops of 20 µl containing 600 cells were pipetted onto 

the lids of 10 cm cell culture dishes and incubated at 37°C for three days. EBs were washed 

off the plate with PBS and transferred to 6-well plates seeded with inactivated NTERA-2, 

P19 or STO cells, respectively. The stem cell medium containing LIF was replaced one day 

after EB seeding against a DMEM medium containing 1% FCS, 2 mM L-glutamine, 1 mM 

sodium pyruvate, 1  

% NEAA, 0,05 mM ß-mercaptoethanol, 100 U/ml penicillin and 100 µg/ml streptomycin 

(without LIF). The cultures were inspected in regular intervals of 3-5 days for the 

appearance of tdTomato-positive cells. As controls, NTERA-2, P19, STO and iPS cells 

were cultured individually.  
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 Alkaline phosphatase staining  

Cells were fixed with 4% formaldehyde, washed with Tris-buffered saline (with 0.1% 

Tween20) and stained with AP staining solution  (Kues et al., 2013).  

 

 Reverse transcriptions PCR  

Total RNA was prepared using TriReagent (Ambion, Germany) according to the 

manufacturer´s instructions. Isolated total RNA from cell samples was treated with 

RNasefree DNase (1 U/µg RNA) (Epicentre Biotechnologies, Madison, WI) and 0.5 µg was 

used for cDNA synthesis. Reverse transcription (RT) was performed in a 20 µl volume 

consisting of 4 µl of 10x RT buffer (Invitrogen), 4 µl of 50 mM MgCl2 (Invitrogen), 4 µl of 

10 mM dNTP solution (Bioline), 2µl (20Units) of RNAsin (Applied Biosystems), 2 µl (50 

Units) of MMLV reverse transcriptase (Applied Biosystems) and 2 µl hexamers (50 µM) 

(Applied Biosystems). The samples were incubated at 25°C for 10 minutes for primer 

annealing and then incubated at 42°C for 1 hour. Finally, the samples were heated to 95°C 

for 5 minutes. The cDNA was diluted 1:5 and 2 µl (10 ng) were used for PCR amplification. 

PCR program: activation of the Taq Polymerase for 10 min at 95 °C followed by 40 cycles 

of  95°C for 15 s and 60°C for 1 min. Primer sequences are listed in Tab. S1. As control, the 

housekeeping gene Gapdh was amplified.  

 

 Western blotting  

Finely grinded tissues and cells were extracted in RIPA buffer, and 10 microgram of protein 

per slot was separated on 12% SDS-PAGE gel, blotted to PVDF membrane, blocked in 5 % 
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non-fat milk powder and probed with a rabbit polyclonal antibody against mCherry, which 

is cross-reactive with other red fluorophore variants, such as tdTomato (Thermo) in 1:1000 

dilution. This was followed by a secondary anti-rabbit antibody in 1:10 000 dilution 

(SigmaAldrich). For detection an ECL+ kit (GE Healthcare) and an image acquisition 

system (Vilber Lourmat, Fusion SL 3500) were used.  

 

 Bioinformatic searches  

Genevestigator server https://www.genevestigator.com was used to examine expression data 

of Cryaa. Genevestigator summarises DNA array data of several independent studies 

indicating highest Cryaa mRNA level in the eye lens, low levels in eyecup, ciliary body and 

retina, and undetectable levels in other organs.  
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Figures  

  

Fig. 1. Schematic outline of reprogramming and programming to lens differentiation   

Fibroblasts were isolated from cryTom positive fetuses at d11.5 of gestation. At passage 2, 

the fibroblasts were reprogrammed to iPS cells by co-electroporation of a Sleeping Beauty 

reprogramming transposon and a SB expression plasmid as previously described (Kues et 

al., 2013). The iPS cells were seeded on mitotically inactivated cell feeders (NTERA-2 and 

P19), hypothesizing that the feeder will provide a niche for ectoderm and lens cell 

differentiation. Differentiation into lens cells should result in re-activation of the cryTom 

reporter.  
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Fig. 2.  Generation of cryTom founder  

A) Scheme of the cryTom transposon. An expression cassette of the alphaA-crystallin 

(Cryaa) promoter driving a tdTomato-cDNA (cryTom) and a poly adenylation 

sequence is flanked by 5´ and 3´-ITR´s of PB. For generation of transposon mice, 

the cryTom transposon was co-injected together with a PB expression plasmid 

(helper plasmid) into the cytoplasm of murine zygotes. Drawing not at scale.  

B) Founder animal shown under daylight conditions, B´) specific excitation of 

tdTomato and B´´) overlay of both images. The animal was imaged, while sleeping 

under a stereomicroscope equipped with epifluorescence.  

C) Newborn F1-offspring (two transposon carrying pups and a non-transgenic 

littermate) shown under specific excitation of tdTomato.  
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Fig. 3. Exclusive expression in the eye lens during fetal development 

A) Murine fetus at day 10.5 p.c., A´) corresponding fluorescence image.  

B) Murine fetus at day 11.5 p.c., B´) corresponding fluorescence image.  

C) Murine fetus at day 12.5 p.c., C´) corresponding fluorescence image, note the onset 

of tdTomato expression in the forming lens area (arrow).  

D) Higher magnification of the d12.5 fetus, overlay, D´) brightfield and D´´) 

fluorescence images.  

E) Murine fetus at day 13.5 p.c., E´) corresponding fluorescence image.  

F) Murine fetus at day 14.5 p.c., F´) corresponding fluorescence image.  
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Fig. 4. TdTomato expression in the adult eye  

A) TdTomato expression in the isolated mouse eye, A`) corresponding brightfield view.  

B) TdTomato expression in ciliary muscle, B`) corresponding brightfield view, note the 

drastically increased exposure time relative to the lens to reveal expression in 

muscle.  

C) Immunoblot detection of tdTomato during prenatal stages, the full-sized tdTomato 

of about 54 kD is detected (black arrow). In the adult lens, the full length tdTomato, 

but also several smaller degradation products are found (red arrows). M, molecular 
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weight marker; cryTom, samples from transgenic animals and fetuses; wt, wildtype 

controls.  

  

Fig. 5. Light transmittance of cryTom lenses  

A) Isolated eye balls from a heterozygous cryTom and a wildtype littermates, viewed 

under a stereomicroscope with white light illumination from below.  

B) Same specimens shown under specific fluorescence excitation of tdTomato.  

C) Light transmission of cryTom and wildtype lenses. Transmitted light was recorded 

under conditions in A) and a histogram was measured (dotted lines in A).  
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Fig. 6. Generation of iPS cells from cryTom fibroblasts  

A) Schedule for non-viral iPS cell generation by SB transposon reprogramming.  

B) Initial colonies formed 9-15 days post electroporation.  

C) AP stained culture 15 days post electroporation. Note, the intensively red stained 

colonies.  

D) Upon culture in hanging drops, embryoid bodies formed readily.  

E) Up regulation of stemness-related genes in the cryTom iPS cells.  
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Fig. 7. Characterisation of in vitro-formed lentoid bodies   

A) Lentoid bodies with tdTomato expression derived from a co-culture of cryTom iPS 

on  

NTERA-2, A´) corresponding brightfield view. Bar = 50 micrometer.  

B) Individual tdTomato-positive cells derived from a co-culture of cryTom iPS on P19,  

B´) overlay; B´´) corresponding brightfield view. Bar = 50 micrometer.  

C) Lentoid body with tdTomato expression derived from a co-culture of cryTom iPS on  

P19, C´) overlay; C´´) corresponding brightfield view. Bar = 50 micrometer.  

D) Expression analyses of co-cultures by RT-PCR. The endogenous murine Cryaa gene 

could be detected in P19 co-cultures. The endogenous lens-specific CryF transcript 
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could be detected in NTERA-2/iPS and P19/iPS co-cultures, but also in P19 cells. 

CoN, co-culture of NTERA-2 and iPS; CoP19, co-culture of P19 and iPS; N, NTERA-

2; P19, P19 cells; eye, positive control; -RT, without reverse transcriptase; H20, no 

template.  

E) Immunodetection of tdTomato protein. CoN, co-culture of NTERA-2 and iPS; CoP19, 

co-culture of P19 and iPS; N, NTERA-2; P19, P19 cells.  
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Supplementary data  

  

Fig.S1. Exclusively eye-restricted expression of cryTom in adult mice  

A. Immunoblot of different adult organs from a cryTom mouse. Total protein was 

extracted, separated on a 10% SDS-PAGE, and probed with polyclonal anti-mCherry 

antibody, which is cross-reactive with most RFP variants. 1, eye; 2, cortex; 3, 

cerebellum; 4, lung; 5, heart; 6, skeletal muscle; 7, kidney; 8, skin; 9, liver. B. Same blot 

re-probed with an anti-tubulin antibody.  

C. Corresponding, coomassie-stained gel.  
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Tab. S1. Primers used in RT-PCR 

Gene   Primers pair  Annealing temp (˚C)  Product size (bp)  

Endo_mOct4  5´-ATG AAA GCC CTG CAG AAG GAG CTA GAA C  

5´-TCT CTA GCC CAA GCT GAT TGG CGA TGT G  

55  352  

Endo_mSox2  5´-TAG AGC TAG ACT CCG GGC GAT GA  

5´-TTG CCT TAA ACA AGA CCA CGA AA  

55  274  

Endo_mKlf4  5´-GCG AAC TCA CAC AGG CGA GAA ACC  

5´-TCG CTT CCT CTT CCT CCG ACA CA  

55  695  

Endo_m c-Myc  5´-TGA CCT AAC TCG AGG AGG AGC TGG AAT C  

5´-AAG TTT GAG GCA GTT AAA ATT ATG GCT GAA GC  

55C  171  

Endo _mUtf1  5´-GGA TGT CCC GGT GAC TAC GTC TG  

5´-GGC GGA TCT GGT TAT CGA AGG GT  

57  345  

Endo _mRex1  5´-ACG AGT GGC AGT TTC TTC TTG GGA  

5´-TAT GAC TCA CTT CCA GGG GGC ACT  

57  286  

Endo_ mNanog  5´-AGG GTC TGC TAC TGA GAT GCT CTG  

5´-CAA CCA CTG GTT TTT CTG CCA CCG  

55  355  

Gapdh  

  

Cryaa  

  

CryF  

5´-CAAGGTCATCCATGACAACTTTG  

5´ GTCCACCACCCTGTTGCTGTAG  

5´-GACTGTTCGACCAGTTCTTCGG  

5´-GAAGGTCAGCATGCCATCAGC  

5´-CTGCTGGATGCTCTATGAGC  

5´-CGTGGAAGGAGTGGAAGTCAC 

55  

  

62  

  

62   

496  

  

255  

  

220  
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Abstract 

Induced pluripotent stem (iPS) cells are a seminal breakthrough in stem cell research and are 

promising tools for advanced regenerative therapies in humans, and reproductive biotechnology 

in farm animals. True iPS cells are particularly valuable in species in which authentic embryonic 

stem cell (ES cells) lines are yet not available. Here, we describe a non-viral method for the 

derivation of bovine iPS cells, employing the piggyBac (PB) transposon system encoding the 

reprogramming factors OCT4, SOX2, KLF4, MYC, LIN28 and NANOG, each separated by self-

cleaving peptide sequences and driven by the chimeric CAGGS promoter. The derived bovine 

iPS-1 line showed typical hallmarks of pluripotency, including the formation of mature 

teratomas. Moreover, the biPS-1 line allowed additive gene transfer. These results are promising 

for derivation of germ line competent bovine iPS cells, and will facilitate genetic modification of 

the bovine genome. 
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Introduction 

The recent reprogramming of somatic cells into iPS cells (Takahashi and Yamanaka, 2006; 

Takahashi et al., 2007) is a seminal breakthrough in stem cell research and developmental 

biology. IPS cells were first derived from mouse and human fibroblasts by over-expression of 

the reprogramming factors Oct-4, Sox2, c-Myc, Klf4, Lin 28 and Nanog (Takahashi and 

Yamanaka, 2006; Takahashi et al., 2007; Yu et al., 2007) after retroviral transfection. Retro- and 

lentiviral delivery of core reprogramming factors allowed the derivation of iPS cells from several 

other mammals, including rat (Liao et al., 2009), dog (Shimada et al., 2010), pig (Esteban et al., 

2009), rhesus monkey (Liu et al., 2008), sheep (Bao et al., 2011), goat (Ren et al., 2011), horse 

(Nagy et al., 2011), cattle (Han et al., 2011), buffalo (Deng et al., 2012) and the derivation of 

iPS-like cells from non-mammalian vertebrates (Rossello et al., 2013). IPS cells derived from 

somatic tissue are particularly promising in farm animals in which true, germ line competent ES-

cells could not yet been derived (Nowak-Imialek and Niemann, 2013). The first approaches to 

derive bovine iPS used retroviral transduction (Han et al., 2011; Sumer et al., 2011), lentiviral 

transduction (Cao et al., 2012) or plasmid based approaches (Huang et al., 2011). 

However, the commonly employed method of viral gene delivery of the reprogramming factors 

is associated with considerable risk of insertional mutagenesis and genotoxicity (Wu and 

Dunbar, 2011). To overcome these risks, alternative methods for the derivation of iPS cells, such 

as non-integrating adenoviral vectors (Stadtfeld et al., 2008), plasmids (Yu et al., 2009), 

recombinant proteins (Zhou et al., 2009), modified mRNAs (Warren et al., 2010) and small 

molecules (Shi et al., 2008) were successfully used for iPS cell derivation. However, the 

efficiency of reprogramming using these alternative methods is significantly lower than that of 
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retro- or lentiviral vectors, and the alternative methods may require repetitive treatments to 

maintain pluripotency (Nowak-Imialek and Niemann, 2012). 

Cattle is an economically valuable livestock species raised both for meat and milk production 

(Malaver-Ortega et al., 2012). The availability of bovine pluripotent stem cells could facilitate 

the application of advanced reproductive technologies in this species. Numerous attempts to 

establish bovine ES cell lines have been undertaken, however with limited success only (Solter et 

al., 2000; Gong et al., 2010; Jin et al., 2012; Maruotti et al., 2012). Most ES-like cultures 

proliferated slowly, showed a loss of pluripotency markers and ceased cell divisions at early 

passages (Munoz et al., 2008; Cao et al., 2009; Malaver-Ortega et al., 2012; Maruotti et al., 

2012). 

Genetic modification in cattle nowadays being accomplished by somatic cloning using 

transgenic cells, but gene targeting in bovine somatic cells is difficult and relatively inefficient 

(Clark and Whitelaw, 2003; Kues and Niemann, 2011; Velazquez et al., 2014). The recent 

advances in programmable DNA nucleases development allow the targeted introduction of  

mutations of livestock genomes (Carlson et al., 2013; Hauschild-Quintern et al., 2013). Germ 

line competent bovine iPS cells could be valuable for improving reproduction traits and 

biotechnological applications, including gene targeting and genetic modifications (Cao et al., 

2012; Koh and Piedrahita, 2014). Bovine iPS cells may enhance the ability to develop transgenic 

cattle for the production of therapeutic proteins in milk and to introduce disease resistance and 

other valuable traits (Sumer et al., 2011; Plews et al., 2012). 

Binary DNA transposon systems have a number of advantages over other vector systems used 

for iPS cell derivation. They can carry large cargo, show no or minimal bias for integration into 
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translated regions, a number hyperactive transposase variants are available, the production costs 

are low, transposons are safe because they are non-infective and the removal of integrated 

transposons is possible. We have recently reported the successful derivation of iPS cell lines 

from inbred and outbred mice, employing the Sleeping Beauty (SB) and piggyBac (PB) 

transposon systems (Talluri et al., 2014). Here, we assessed the PB transposon approach for the 

derivation of iPS cell lines from bovine fetal fibroblasts (BFF). 
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Materials and Methods 

Ethics statement 

Animals were maintained and handled according to the German laws for animal welfare, and 

genetically modified organisms. The experiments were approved by an external ethics committee 

(Niedersächsisches Landesamt für Verbraucherschutz und Lebensmittelsicherheit, AZ 33.9-

42502-04-09/1718). 

 

Transposon and helper plasmid constructs 

The construct used in the present study has been described recently (Talluri et al., 2014). Briefly, 

the PB-reprogramming transposon contains a CAGGS promoter driven cassette containing 

SOX2, OCT4, KLF4, c-MYC, NANOG and LIN28 cDNAs, each separated by sequences coding 

for self-cleaving 2A peptides, and flanked by PB-inverted terminal repeats (ITR), i.e. PB-6F. A 

cDNA coding for a hyperactive PB is driven by the CMV promoter on a helper plasmid. From 

the PB-6F reprogramming cassette, deletion clones were generated to produce PB-4F (SOX2, 

OCT4, KLF4, c-MYC) and PB-3F (SOX2, OCT4, KLF4).  The SB reprogramming transposon 

carrying the murine cDNAs of Oct4, Sox2, Klf4 and cMyc separated by sequences coding for 

self-cleaving 2A peptide, and the SB transposase helper plasmid was described before (Kues et 

al., 2013; Talluri et al., 2014). 

 

Isolation of bovine fetal fibroblasts and iPS generation 

Primary bovine fetal fibroblasts (BFFs) were prepared from a 2 to 3 months old fetus obtained 

from a local slaughter house. Fetal tissues were trypsinised and seeded on tissue culture plates. 
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Bovine fetal fibroblasts were cultured in high glucose Dulbecco’s modified Eagle’s medium 

(DMEM), supplemented with 10% heat inactivated fetal calf serum (PAA), 2 mM L-glutamine, 1 

mM sodium pyruvate, 1% nonessential amino acids, 0.05 mM mercaptoethanol, 100 U/mL 

penicillin, and 100 µg/mL streptomycin. The cells were passaged with 0.25% trypsin/0.1% 

EDTA. Cells at passage 2 were electroporated with the PB transposon system using single pulses 

at 250V (single pulse/10 ms. BioRad Gene PulserXcell electroporator).  Electroporated BFFs 

were cultured in fibroblast medium, which was later replaced by DMEM/nutrient mixture F-12, 

supplemented with 20% knockout serum replacement (Millipore), 1 mM L-glutamine, 0.1 mM 

non-essential amino acids, 0.1 mM mercaptoethanol, 100 U/mL penicillin, 100 µg/mL 

streptomycin, and supplemented with bFGF (4 ng/ml or 8 ng/ml) and 1000 U/ml human 

leukemia inhibitory factor (hLIF). Presumptive bovine iPS colonies were picked with a pipette 

under microscopic control, and plated into individual wells of 96-well tissue culture plates 

containing trypsin. Trypsin was neutralized with DMEM and 10% FBS, and the cells within each 

well were then transferred to individual wells of 96-well tissue culture plates. Presumptive 

bovine iPS cells were maintained on gelatinized plates, or plates seeded with inactivated MEFs 

feeders and enzymatically (trypsin/EDTA) sub-passaged every second or third day. For 

gelatinization, the intended culture dishes were covered with sterile 1% gelatine in PBS and 

allowed to dry before cell seeding. BFF and bovine iPS (biPS) cells were cultured in a 

humidified atmosphere consisting of 5% CO2 in air at 37˚C. An Olympus BX60 (Olympus) 

microscope equipped with epifluorescence and a 12-bit digital camera (Olympus DP 71) was 

used for fluorescence microscopical analysis of the cells. 
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Clonal expansion of cell colonies, alkaline phosphatase staining and gene transfer 

Putative iPS colonies were picked around day 14 to 18 with the help of a pulled glass pipette. 

Subsequently, these colonies were treated with trypsin to split the colony and were sub-cultured 

until they reached confluency in 24-well plates on mitomycin C inactivated mouse fetal 

fibroblasts feeders. For alkaline phosphatase staining, the cells were washed twice with PBS and 

fixed with 4% formaldehyde for 5 minutes. Then 2 ml of alkaline phosphatase staining solution 

(0.4 mg/ml sodium- α-napthylphosphate and 1mg/ml of Fast Red dissolved in AP buffer (25mM 

Trismaleate, 0.15 M NaCl, (pH 9.0), 4mM MgCl2) were transferred to the wells and images were 

made with Olympus BX 60 (Olympus, Hamburg, Germany) fluorescence microscope equipped 

with a high resolution digital camera (Olympus DP71). 

Trypsinised biPS-1 cells (300 000 cells) were electroporated (300 V square wave pulse, 10 ms) 

with a mixture of 1500 ng pT2RMCE-Venus and 500 ng pCMV-SB (Garrels et al., 2011). Five 

to 7 days after electroporation, individual colonies, which showed specific Venus fluorescence 

were sub-cloned to a 96-well, and then expanded. 

Reverse transcription PCR (RT-PCR) 

Total RNA was prepared from iPS cell lines and tissues with TriReagent (Ambion), according to 

the manufacturer’s instructions (Kues et al., 2013). Isolated total RNA was treated with RNase-

free DNase (1 U/µg RNA) (Epicentre Biotechnologies) and 0.5 µg RNA was used for cDNA 

synthesis. Reverse transcription (RT) was performed in a 20 µl volume consisting of 4 µl of 10x 

RT buffer (Invitrogen), 4 µl of 50 mM MgCl2 (Invitrogen), 4 µl of 10 mMdNTP solution 

(Bioline), 2 µl (20Units) of RNAsin (Applied Biosystems), 2 µl (50 units) of MMLV reverse 

transcriptase (Applied Biosystems) and 2 µl hexamers (50 µM) (Applied Biosystems). The 
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samples were maintained at 25°C for 10 minutes for primer annealing and then incubated at 

42°C for 1 hour. Finally, the samples were heated to 95°C for 5 minutes. The cDNA was diluted 

1:5 and 2 µl (10 ng) were used for PCR amplification. The cDNA samples were subjected to 

PCR amplification with primer pairs listed in Table.1. The PCR reaction included an initial 

denaturation at 94°C for 5 min followed by 30-35 cycles of denaturation at 94°C for 1 min, 

annealing at 58°C to 62°C for 30 s, and extension at 72°C for 30 s. Amplification of the 

transcript of the housekeeping glycerinaldehyd-3-phosphat dehydrogenase (GAPDH) was used 

for normalization. 

Western blotting 

Total protein isolation and SDS-PAGE have been described before (Kues et al., 2013). In brief, 

cells were extracted in RIPA buffer, and 10 microgram of protein per slot was separated on 12% 

SDS-PAGE gel, blotted to PVDF membrane, blocked in 5 % non-fat milk powder and probed 

with a mouse polyclonal antibody against Oct4. The primary antibodies anti-Oct4 (Santa Cruz, 

sc-5279 (1:500)) and anti-tubulin (Developmental Studies Hybridoma Bank (DHSB), E7 

(1:500)) were used, respectively. Proteins were detected via horseradish peroxidase-coupled 

secondary antibody (1:10 000; Sigma) and an enhanced chemoluminescence reagent (ECL plus; 

GE Healthcare). 

 

Immunohistochemistry 

Cells were seeded on gelatinized coverslips and the next day fixed in 80% methanol. The 

coverslips were washed 3 times with PBS/0.01% Triton-X100, and were then incubated with the 

anti-SSEA-1, anti SSEA-3, SSEA-4 (DHSB) and anti Oct-4 (1:200) antibodies (Santa Cruz), 
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subsequently followed by incubation with secondary antibodies (A 21424, 1:2000, Invitrogen 

Molecular Probes, Darmstadt, Germany). Fibroblasts were used as controls, and samples without 

the first or without the secondary antibody were run in parallel. 

Teratoma assay 

To assess the teratoma potential, 1 x 106 cells of clonal bovine iPS-1 cultures were 

subcutaneously injected into the flank per CD-1 nude mice. Mice were analyzed for signs of 

tumor formation twice per  week, and sacrificed when tumor size exceeded a diameter of 1 cm. 

Tumors were fixed in 4% formaldehyde, embedded in paraffin, and sections were stained with 

hematoxylin/eosin for histological analyses. 
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Results 

Reprogramming of bovine fetal fibroblasts to iPS cells by SB and PB transposons 

Here, we assessed two non-autonomous transposon systems, i.e. PB, carrying 3, 4 and 6 

reprogramming factors and SB, with 4 reprogramming factors, plus their respective helper 

plasmids (Fig.1, 2) in their ability to reprogram bovine somatic cells. The transposon and 

transposase plasmids were mixed in a 5:1 molar ratio and used for electroporation of bovine fetal 

fibroblasts (BFF). (Tab.2). After 14 to 17 days, the electroporated BFFs started to form round 

and compact colonies. Two types of colony formation were observed, on type appeared as large 

opaque colonies (Fig.2A-C), and the other type of colonies was small and transparent (Fig. 2. D-

F). Colonies with the large opaque morphology were observed in treatment groups including the 

controls. The large, opaque colonies did not proliferate upon sub-passaging and were not 

considered for further expansion. The small transparent colonies were only observed in 

transposon treated cultures, and were manually picked with a pulled pipette, then sub-cultured 

and clonally expanded (Tab.2).  

A stable iPS line (biPS-1) could be established using the PB-6F transposon. Cultures obtained 

from SB-4F, PB-3F and PB-4F could not be maintained for longer passages and showed no or 

weak alkaline phosphatase (AP) activity. The biPS-1 line could be maintained for >40 passages, 

could be successfully stored frozen and was analyzed in detail. Histochemical staining of these 

colonies showed strong expression of AP (Fig.1C-E). The biPS-1 cell line displayed typical 

embryonic stem cell-like colonies with distinct round, clear cut borders (Fig.2D-F). 

 

 



Publication III 

70  

Culture conditions  

To support biPS cell proliferation, different media combinations were tested (Table.2). The basic 

iPS medium contains DMEM with low glucose, knockout serum replacement, L-glutamine, 

penicillin and streptomycin, β-mercaptoethanol and non-essential amino acids. This medium was 

supplemented with bFGF, hLIF, kinase inhibitors PD and CHIR, either alone or in combinations 

thereof (Table.2). Basic iPS medium supplemented with bFGF (8 ng/ml) and hLIF (1000 U/ml) 

provided adequate culture conditions for maintaining the pluripotent status of the biPS-1 cells.  

 

Characterization of biPS-1 cells  

Expression of the pluripotency markers OCT4, SSEA-1, and SSEA-3 was detected by immuno-

fluorescence (Fig.3A), whereas the biPS-1 cells stained only faintly for SSEA-4 (Fig.3A). Gene 

expression analysis by species specific RT-PCR revealed that the biPS-1 cells expressed the 

endogenous pluripotency genes OCT4, SOX2, c-MYC, KLF4, NANOG, REX1 and ALP 

(Fig.3B). Total protein from the biPS-1 cells was used for immunodetection of the OCT-4 

protein (Fig.3C). The biPS-1 morphology is presented in Fig.4A-F.  The in vitro differentiation 

potential of PB-6F transposon-derived iPS cells was evaluated by derivation of embryoid bodies 

by hanging drop method (Fig.4G). The iPS cell line had normal karyotype and no abnormalities 

were observed during chromosomal spreading (Fig.4H). 

To assess the suitability of biPS-1 cells for genetic modifications, trypsinized cells were 

electroporated with a SB-Venus transposon and a SB helper plasmid. Venus is a yellow-shifted 

derivative of enhanced green fluorescent protein and can be specifically excited with EGFP filter 

blocks (Garrels et al., 2012). Colonies expressing Venus could be detected three days post 
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electroporation. Sub-cloning allowed to enrich and to expand a Venus positive biPS sub-line 

Fig.4). 

To analyse the in vivo differentiation potential, biPS-1cells were injected subcutaneously into the 

flank of six immunodeficient nude mice. After 4 weeks, four mice had developed solid tumors 

(Fig.5A and B). Samples from teratoma tissue were genotyped with bovine specific primers of 

the AMELEX gene to confirm the bovine origin of the tumor tissue (Fig.5C and D). Gene 

expression analysis of teratoma samples confirmed expression of differentiation markers 

indicative of endoderm (Vimentin and AFP), ectoderm (Nestin, PAX6) and mesoderm (GATA 

and Tubulin) (Fig.5E). Histological examination revealed that the teratoma tissue contained cell 

types indicative of the 3 germ lineages, including muscle and cartilage tissue (mesoderm), neural 

rosettes (ectoderm), and keratinized and mucosa producing epithelium (endoderm) (Fig.5F-K, 

Fig.S1).  
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Discussion 

Here, we report the successful reprogramming of bovine fetal fibroblasts to pluripotent iPS cells 

by means of the PB transposon system. The PB system carrying 6 reprogramming factors seems 

to be superior to the other PB and SB transposon systems used in the present study, because only 

with PB-6F we could establish a stable iPS cell line, called biPS-1. The biPS-1cells expressed 

typical features of pluripotent stem cells, including in-vivo differentiation with the formation of 

mature teratomas. 

Previously, bovine iPS cells have been derived from bovine fetal and adult fibroblasts by retro- 

or lentiviral transduction (Han et al., 2011; Sumer et al., 2011; Cao et al., 2012) or non-

integrating plasmids (Huang et al., 2012). Retro- and lentiviral vectors are the most commonly 

used gene delivery systems, because they have high transduction rates; lentiviral vectors even 

allow transduction of non-proliferating cells (Coroadinha et al., 2010; Segura et al., 2013). 

However, the drawbacks of virus mediated reprogramming are manifold and include the 

potential immune response (Thomas et al., 2003; Manno et al., 2006), their expensive production 

(Grimm et al., 1998; Tiscornia et al., 2006), the preferential integration in 5’UTR regions of 

genes which in turn may be associated with insertional mutagenesis (Thomas et al., 2003; Wu et 

al., 2003; Wu et al., 2006), the limited cargo capacity (Thomas et al., 2003), and that integrated 

“pro-viruses” cannot easily be removed after reprogramming. This has prompted research into 

suitable alternatives to viral reprogramming (Okita et al., 2008; Woltjen et al., 2009; Yu et al., 

2009; Zhou et al., 2009; Li et al., 2011; Worsdorfer et al., 2013; Talluri et al., 2014). In contrast, 

SB and PB transposon systems share many advantages for mediating epigenetic reprogramming, 

and possess a high cargo capacity of >100 kb (Rostovskaya et al., 2012). 
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Transposons, specifically PB and SB, have emerged as useful alternative to virus-mediated 

reprogramming of somatic cells from different species, including human (Davis et al., 2013), 

murine (Muenthaisong et al., 2012; Grabundzija et al., 2013; Talluri et al., 2014; Tsukiyama et 

al., 2014), porcine (Kues et al., 2013) and equine somatic cells (Nagy et al., 2011). Until now, 

there are no reports on transposon mediated reprogramming of bovine somatic cells to 

pluripotent iPS cells. 

Here, PB and SB transposon systems with a variable number of reprogramming factors were 

applied to derive pluripotent iPS cell lines from bovine fibroblasts. We identified the PB-6F 

construct to be compatible with efficient reprogramming provided the culture medium had been 

enriched with bFGF and hLIF. It has been shown that virus–mediated reprogramming of bovine 

somatic cells required the addition of ectopic NANOG-cDNA to the OKSM for successful 

epigenetic reprogramming (Sumer et al. 2011). The biPS-1 cell line in the present experiments 

was established with the aid of PB-6F transposon which contains NANOG and LIN28. We also 

observed that culture conditions play a pivotal role in establishing and maintaining the biPS-1 

line. Previously, bovine iPS cells were cultured in media supplemented with growth factors 

including FGF and LIF (Sumer et al., 2011; Cao et al., 2012), kinase inhibitors (PD0325901 and 

CHIR99021) or with N2/B27 medium with LIF (Huang et al., 2011). Here, we tested bFGF, 

hLIF and kinase inhibitors alone or in combination (Table 2). The biPS-1 cell line was 

established in medium supplemented with bFGF (8 ng/ml) and hLIF (1000 U/ml), suggesting the 

bovine iPS use different pluripotency signaling pathways and require different culture conditions 

than human or murine iPS cells. Speculatively, bovine iPS cells may need NANOG on top of 

OSKM, and FGF and knockout serum are necessary to maintain the pluripotency status (Han et 

al., 2011). The exogenous genes used for reprogramming in the current study were not silenced 
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as reported in previous studies in which viral vectors had been used for reprogramming (Han et 

al., 2011; Sumer et al., 2011; Cao et al., 2012).  

The biPS-1 line could be successfully employed for further genetic modifications, and was 

compatible with expanding a Venus-positive biPS-1 sub-culture. This shows that biPS-1 is 

suitable for additive and potentially for subtractive genetic modification and may be used for the 

production of genetically modified cattle via SCNT (Cao et al., 2012; Verma et al., 2012).  

Here, we show for the first time that transposon technology is a useful non-viral method suitable 

for reprogramming bovine fetal fibroblasts to iPS cells. Our results emphasize that the selected 

reprogramming factors and culture conditions play vital role in the efficiency of deriving and 

maintaining pluripotent biPS cells. An attractive and advantageous feature of transposon system 

is that the transposon can be seamlessly excised (Li et al., 2013) and the current development of 

excision-competent/integration-defective piggyBac variants will facilitate the derivation of 

footprint free iPS cells  without permanent alterations in their genomic sequence (Li et al., 2013; 

Meir et al., 2013).  
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Table.1 Primer pairs used in the present study 

Gene Forward Primer Reverse Primer Size (bp) 

POU5F1 GTTCTCTTTGGAAAGGTGTTC ACACTCGGACCACGTCTTTC 313 

SOX2 CATCCACAGCAAATGACAGC TTTCTGCAAAGCTCCTACCG 251 
c-MYC CGCGGTCGCCTCCTTCTCGCCCAGG GTCCGGGGAAGCGCAGGGC 418 

KLF4 GCCCCTAGAGGCCCACTT CACAACCATCCCAGTCACAG 433 

ALP1 TTCAAACCGAAACACAAGCAC GGTAAAGACGTGGGAGTGGTC 378 
NANOG GTGTTTGGTGAACTCTCCTG GGGAATTGAAATACTTGACAG 307 

REX1 GCAGAATGTGGGAAAGCCT GACTGAATAAACTTCTTGC 220 
AFP AAGGCACCCTGTCCTGTATG AGACACTCCAGCACGTTTCC 330 

NESTIN TCTGTCCTGAGCCCTACTCC TTCTTTCACGTCCAGACCCG 558 
β-TUBULIN GGAGGGCGAGATGTACGAAG GGGGTAAGATTGGGGGTGTG 150 

GATA 4 TGGAAGAAAGACGACGGGTG TAGAGATAGCGACGCGGAGA 104 
PAX 6 GTCAGATCTGCCACTTCCCC CATCTGCGCGCTCCTAGTTA 305 

VIMENTIN CCAGTCCGTGCTACCGC ACGAGAAGTCCACCGAGTCC 311 
pOSMKLN CCAGCACTACCAGAGCGG CCATCACCTCCACCACCTG 201 

AMELEX CCTGGCCTCTCTGACTCAG AGGGAGATACACAGAGTGTG 216 
GAPDH CAAGGTCATCCATGACAACTTTG CTACAGCAACAGGGTGGTGGAC 496 

 

 

 

 

 

 

 

 



Publication III 

85  

Table.2. SB and PB transposon reprogramming of bovine fibroblasts 

 bFGF (4 ng/ml) bFGF (4 ng/ml) + 2i  bFGF (8 ng/ml) + hLIF (1000 U/ml) bFGF + hLIF 

Transposase PB SB PB SB PB SB ----- ----- ----- 

Transposon type 3F 4F 6F 4F 3F 4F 6F 4F 3F 4F 6F 4F 3F 4F 6F 

No.of replicates 8 8 8 8 8 8 8 8 8 8 8 8 4 4 4 

Colony 

formation rate 

(%) 

0.006 0.005 0.014 0.003 0.003 0.010 0.021 0.012 0.005 0.012 0.024 0.011 0 0 0 

No. of colonies 

picked 
14 16 19 12 15 19 20 16 18 14 21 17 0 0 0 

Stable iPS cell 

line/ maximal 

passage 

0 0 1/P12
§
 0 0 0 1/P18

§
 0 0 0 1/P40

#
 0 0 0 0 

AP expression -- -- no -- -- -- yes -- -- -- yes -- -- -- -- 

Pluripotency 

gene expression 

(RT-PCR) 

-- -- no -- -- -- no -- -- -- yes -- -- -- -- 

Teratoma 

formation 
n.a n.a n.a n.a n.a n.a n.a n.a n.a n.a 4/6 n.a n.a n.a n.a 

*n.a-not assessed; 
§
, cells ceased proliferation; 

#
 culture with ongoing proliferation 
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Fig.1. Experimental outline followed for reprogramming of bovine fetal fibroblasts 

A. Reprogramming PB-6F transposon system.    

B. Time schedule followed for transposon mediated reprogramming  

C. Alkaline phosphatase activity of bovine fetal fibroblasts.  

D. and E. AP activity of biPS-1 cells at P25 and P30 (low (4X) and high magnification 

(20X)). 
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Fig. 2. Morphology of bovine colonies after transposon electroporation 

A-C. Opaque, non-proliferative colonies (20x and 4x magnifications).  

D-F. Presumptive biPS colonies (20x and 4x magnifications). 
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Fig.3. Immunostaining and RT-PCR for pluripotency genes of biPS-1  

A. Immunostaining of OCT4, SSEA-1, SSEA-3 and SSEA-4 (Brightfield; blue, 

Hoechst33342 nuclear counterstain; red and yellow, antibody staining); Bars = 100µm. 

 B. RT-PCR analysis of biPS-1 cells, 

 C. Western blot analysis for OCT4 protein. 
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Fig.4. Time line of bovine iPS cells development and characterization of biPS-1 cells. 

A. Bovine fetal fibroblasts before electroporation; 

B.  Bovine fetal fibroblasts after the day of electroporation; 

C. biPS-1 at day 14; 

D. biPS-1 at day 18;  

E. biPS-1  at day 24 to 26;  

F. biPS-1  at passage 10. 

G. Formation of biPS-1 (in vitro differentiation). 

H. Karyogram of biPS-1 at P27 showing normal karyotype. 

I. Venus positive biPS-1 (under epifluorescence illumination); 

J. Corresponding bright field view.  
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Fig.5. Teratoma development 

A. Immunodeficient mouse, 4 weeks after injection with biPS-1 cells; 

B.   Isolated tumor tissue.  

C. Confirmation of bovine origin of teratoma by species specific PCR of AMELEX;  

D.  Cross-species reactive PCR (M, Marker; 1, teratoma tissue; 2, murine gDNA; and 3, 

H2O).  

E.  Gene expression profile of teratoma tissue for differentiation markers. 1, biPS-1 cells; 

2, teratoma and 3, no RT; M, Marker. 

F-K.  Histological analysis of bovine teratoma:  

F. Neuronal rosettes; 

G. Bone and cartilage tissue; 

H. Ciliated epithelium; 

I. Striated musculature; 

J. Mucosa producing epithelium; 

K-Keratinised epithelium. 
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Supplementary figures 

 

 

 
 
Fig S1. Histology of teratoma tissue. 

  A-H. displaying various differentiated cell types comprising of  three germ layers.  
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Abstract 

The mammalian placenta is formed by an invasive process in which embryonic trophoblasts 

progressively infiltrate the endometrium. A line of transgenic mice with predominant placental 

expression of a vital reporter (CAGGS promoter-Venus) was identified in a screen of F1 

offspring from a transgenic founder derived bySleeping Beauty transposition. 

The CAGGS promoter typically drives robust expression in almost all tissues, yet this subline 

showed a predominant expression of Venus (green) in the junctional zone of the placenta (shown 

at day 12.5 of gestation), similar to the trophoblast-specific protein alpha (Zhou et al., 

2012, PLoS ONE 7: e29236). These data suggest that integration of the CAGGS-

Venus transposon occurred in a chromosomal region, which acts as enhancer of placental 

expression and as suppressor of transcription in other tissues. It is anticipated that a detailed 

molecular analysis of the integration site will help to elucidate genetic mechanisms of 

placentation, and will allow insights in the formation of the maternal–fetal interface by vital 

tracking of fetal placental cells. 
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CHAPTER VI 

9. GENERAL DISCUSSION 

During ontogenesis, cells proceed from the initial undifferentiated state to more specialized 

states and progressively become more restricted in their differentiation potential (Waddington, 

1966; Jaenisch and Young, 2008). Experimental reprograming of somatic cells into iPS cells can 

be forced by ectopic expression of core reprogramming factors.  Induced PS cells exhibit most 

hallmarks of pluripotency, making them attractive for basic research and applied biotechnology 

(Maherali et al., 2007; Okita et al., 2007; Wernig et al., 2007).  

Lenti and retroviral delivery of the reprogramming factors are the most common methods for iPS 

cell generation. The advantages of using viral gene transfer are high transduction rates, and high 

reprograming efficiencies. However, viral gene delivery is commonly associated with integration 

into active genes and often raises an antigen specific immune response in the host. These effects 

were first observed in animal studies and were later revealed in human gene therapy trials 

(Thomas et al., 2003; Woods et al., 2003; Dave et al., 2004; Glover et al., 2005; Wu and Dunbar, 

2011; Trobridge, 2011). To overcome these side effects, several non-viral methods of 

reprogramming have also been tested. These include episomal vectors (Yu et al., 2009), 

minicircle DNA (Jia et al., 2010), plasmid vectors (Okita et al., 2010), small molecules 

(Desponts and Ding, 2010), modified mRNAs (Warren et al., 2010; Warren et al., 2012), 

recombinant proteins (Kim et al., 2009; Nemes et al., 2014) and transposon systems (Woltjen et 

al., 2009; Nagy et al., 2011; Muenthaisong et al., 2012; Grabundzija et al., 2013; Kues et al., 

2013;Talluri et al., 2014). Here, I assessed the suitability of SB and PB transposons for the 

generation of bovine iPS cells.  

 Transposons or mobile genetic elements were first described by Barbara McClintock as 

“jumping genes” responsible for mosaicism in maize (Ravindran, 2012). Transposable elements 

are mobilized either by “copy and paste” (Class I) or “cut and paste” (Class II) mechanisms. 
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Class II DNA-transposons work by a “cut and paste” mechanism, in which the transposon is 

excised by the transposase enzyme and then relocated to a new locus (Munoz-Lopez and Garcia-

Perez, 2010). Most transposon systems used for gene delivery use a “cut and paste” mechanism. 

The critical elements are separated on two different plasmids, creating a non-autonomous system 

consisting of a transposon carrying the transgene of interest and a helper plasmid providing the 

transposase (Biemont, 2010; Garrels et al., 2012; Ivics et al., 2014b). Alternatively, the 

transposase can be provided as synthetic transcript, or as protein (Iqbal et al., 2009; Kues and 

Niemann, 2011; Garrels et al., 2012). 

9.1. Reprogramming of murine fibroblasts 

In the first part, both piggy Bac (PB) and Sleeping Beauty (SB) transposon systems were 

assessed for generating murine iPS cells from inbred and outbred genetic backgrounds. The 

reprogramming PB transposon encode the cDNAs of reprogramming factors OCT4, SOX2, 

KLF4, MYC, LIN28 and NANOG, each separated by self-cleaving peptide sequences and driven 

by the chimeric CAGGS promoter, whereas SB transposon encode for the same transcription 

factors excluding LIN28 and NANOG.  

Previously, iPS cells from mice have been produced by PB (Kaji et al., 2009; Woltjen et al., 

2009) and SB (Grabundzija et al., 2013; Muenthaisong et al., 2012), however, no comparative 

studies were made between PB and SB transposon systems. Here, a direct comparison was made 

between PB and SB transposon systems in terms of their reprogramming efficiency of murine 

fibroblasts. High reprogramming efficiencies of up to 0.027% of the treated fibroblasts were 

achieved, which comes close to the initially obtained reprogramming efficiencies by viral 

vectors. IPS cells from mice have been produced without c-MYC, which were capable of 

producing full-term mice through tetraploid complementation (Nakagawa et al., 2008; Kang et 

al., 2011; Li et al., 2011b). PB transposons with a reduced number of 4 and 3 reprogramming 
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factors resulted in reduced reprogramming efficiencies, but even the PB-3F transposon, which 

did not include the proto-oncogenic c-MYC, allowed the derivation of stable iPS lines, which 

readily developed teratomas. In the present study we demonstrated that iPS cells reprogrammed 

by a transposon carrying three core reprogramming factors in the absence of c-MYC could fully 

capture pluripotency and generate iPS cells.  

No effects were observed regarding the genetic background of the used mouse lines in terms of 

reprogramming unlike in a previous study (Schnabel et al., 2012). Muenthaisong et al. (2012) 

also reported no difference in establishing iPS cells between different mouse strains. Silencing of 

exogenous transcription factors and activation of endogenous pluripotency related genes is 

desirable during reprogramming process. Here, silencing of transgenes was not observed either 

in iPS cell lines, or in the obtained teratomas. This is most likely due to the use of the 

ubiquitously active CAGGS promoter, which unlike retroviral LTR or the SFFV- promoter 

(Herbst et al., 2012; Pfaff et al., 2013) is not prone to silencing.  

One advantage of transposon is the seamless removal of integrated transposons by transient 

addition of transposase (Kaji et al., 2009; Woltjen et al., 2009). The recent developments of 

excision- competent/integration-deficient piggyBac variants (Li et al., 2013; Meir et al., 2013) 

will facilitate the removal of reprogramming cassettes. In conclusion, the initial experiments 

gave the evidence of functionality and suitability of the transposon systems for generating iPS 

cells from mice with different genetic backgrounds.  

9.2. Programmed differentiation of murine iPS cells 

Then the targeted differentiation of transposon mediated murine iPS cells was assessed. For this 

experiment, a transgenic mouse line with lens-specific expression of a fluorescent reporter, 

tdTomato, was developed by in ovo-transposition. The alphaA crystallin-tdTomato PB 

transposon showed exclusive lens-specific expression in a spatial and temporal manner. Fetal 
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fibroblasts from mid-term fetuses were isolated and reprogrammed to iPS cells by employing the 

SB-4F transposon system. By targeted differentiation into the ectodermal lineage, lentoid bodies 

could be grown in-vitro. The lens-specific reporter allowed fluorescence detection of lens cell 

differentiation, and to follow the growth of lentoid bodies. Previously, ES cells were used to 

differentiate lentoid bodies (Hirano et al., 2003; Yang et al., 2010) and retinal cells (Hirano et al., 

2003) in-vitro. From the current experiment it is evident that programmed differentiation 

approach presented here may be generally applicable for the development of differentiation 

protocols for other cell lineages. The employment of cell type-specific reporters for establishing 

and optimizing targeted differentiation in-vitro seems to be an efficient and generally applicable 

approach for developing differentiation protocols for desired cell populations (Cohen and 

Melton, 2011).  

This approach will facilitate the development of efficient protocols for lens cell-differentiation 

and will aid to improve differentiation protocols with human cells (Ben-Yehudah et al., 2009; 

Osakada et al., 2009; Hayashi et al., 2012; Mikhailova et al., 2014). Lentoid body differentiation 

could be achieved with murine iPS cells containing the SB reprogramming transposon. RT-PCR 

analysis indicated that the transposon-encoded reprogramming factors were expressed, but 

nevertheless terminal differentiation could be observed. This may be due to the fact that the 

transposon-encoded factors became silenced in a subpopulation of cells, which subsequently 

were receptive for differentiation stimuli provided by the feeder co-culture system. However, this 

aspect warrants further analyses and in future the employment of an excision-

competent/integration-deficient SB transposase may reveal whether removal of the 

reprogramming transposon will support differentiation experiments. At the moment excision 

competent/integration-deficient SB variants are not developed. The data provided here showed 

that the combination of PB and SB transposon systems is possibly and allows complex genetic 

modifications in the murine genome. 
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9.3. Derivation of bovine iPS cells 

A main aim of the current study was the generation of bovine iPS cells. Cattle are one of the 

economically most important domesticated ungulates and are raised as livestock for meat and 

dairy products (Malaver-Ortega, 2012). Authentic pluripotent stem cell lines from cattle species 

could prove as a powerful tool for improving practices of husbandry, production and 

reproduction traits, disease resistance, genetic preservation and for biotechnological applications 

like gene targeting and genetic manipulations (Sumer et al., 2011; Cao et al., 2012;). However, 

numerous attempts to establish ES cell lines from ICM of bovine blastocysts or the later epiblast 

have not been fruitful (Saito et al., 1992; Sims and First, 1994; Talbot et al., 1995; Stice et al., 

1996; Cibelli et al., 1998; Iwasaki et al., 2000; Mitalipova et al., 2001; Wang et al., 2005; Yadav 

et al., 2005; Cao et al., 2009; Kwon et al., 2009; Pant and Keefer, 2009; Gong et al., 2010). This 

has hindered the generation of transgenic livestock by using ES cell lines (Han et al., 2011).  

Previously, only four attempts to isolate bovine iPS cells were reported (Huang et al., 2011; 

Sumer et al., 2011; Han et al., 2011; Cao et al., 2012). These groups used either retro- (Han et al., 

2011; Sumer et al., 2011), lentiviral (Cao et al., 2012) and plasmid based approaches (Huang et 

al., 2011) for generation of bovine iPS cells. In case of the plasmid based approach, non-

proliferating cells were reprogrammed (Huang et al., 2011). The cellular potency and usefulness 

of these cells warrants further investigations.  

In the current study, bovine fetal fibroblasts were isolated and used for electroporation with SB 

and PB reprogramming transposon constructs applying optimised parameters defined in the 

previous experiments with murine cells (Talluri et al., 2014). We could establish and maintain a 

stable biPS cell line using the PB-6F construct, but not with PB-3F, PB-4F or SB-4F. The 

derived bovine iPS-1 line expressed endogenous pluripotency genes like OCT4, SOX2, REX1 

and NANOG, surface markers of embryonic stem cells like, SSEA1 and SSEA-3, showed long 

term proliferation (≥ Passage 40) under feeder-free culture conditions, and formed mature 
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teratomas after subcutaneous injection into immunodeficient nude mice. All the bovine iPS cells 

that were reported till now were positive for AP, expressed the pluripotency related genes like 

OCT4, SOX2, c-MYC, KLF4, REX1, ALP (Sumer et al., 2011), SALL4, STAT (Han et al., 

2011), ZFP42, DPPA-3 and DPPA-4 (Huang et al., 2011) and their karyotype revealed no 

abnormalities. They also differentiated into EB and teratomas. But till now, chimera generation 

and germ line transmission has not yet been reported from bovine iPS cells (Nowak-Imialek and 

Niemann, 2012; Koh and Piedrahita, 2014). In the present study, we modified the biPS-1 to 

Venus expressing cells and expanded a Venus-positive biPS-1 sub-culture which can be utilized 

as donor cells in cloning experiments and chimera generation. These biPS can also be used for 

gene transfer in-vivo (Velazquez et al., 2014) experiments to elucidate the molecular pathways 

involved in reproductive processes. 

 It is evident that number of reprogramming factors plays a pivotal role in obtaining the iPS cells 

from cattle. Out of four groups that reported bovine iPS cells, two groups (Huang et al., 2011; 

Cao et al., 2012;) obtained initial reprogramming to iPS cells without using ectopic NANOG. 

Other reprogramming studies revealed the importance of NANOG for the generation of bovine 

iPSCs (Han et al., 2011; Sumer et al., 2011). Transduction without NANOG did not result in 

stable iPS cell lines. IPS cells generated by OKSM were not stable and could only be passaged 

up to six times (Han et al., 2011). Thus for the derivation of biPS cells, extended expression of 

ectopic NANOG seems to be indispensable (Sumer et al., 2011). NANOG expression is reported 

to be essential for the establishment of both ES cells and iPS cells (Mitsui et al., 2003; Silva et 

al., 2009; Schwarz et al., 2014). Nanog-deficient murine ES cells lost pluripotency and 

differentiated in to other lineages (Mitsui et al., 2003). 

Another factor is to determine suitable culture conditions in derivation of iPS cells from cattle. 

Various media combinations and culture conditions have been used for establishing bovine iPS 

cells from four lines reported till today. Combinations of growth factors like FGF and LIF 
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(Sumer et al., 2011; Cao et al., 2012), kinase inhibitors (PD0325901 and CHIR99021) with 

N2/B27 medium having LIF and VPA (Huang et al., 2011) were used for establishing the bovine 

iPS cells. By using 2i (MEK 1/2 inhibitor and GSK 3B inhibitors) and LIF, cattle iPS could only 

grown up to 16 passages (Huang et al., 2011). In all the reported studies regarding bovine iPS 

cells, bFGF (Han et al., 2011; Cao et al., 2012;) was used in culture media. This was also noticed 

in the current study, as there were no iPS cells could be established by using 2i medium either 

with bFGF or LIF combinations. We could not establish iPS cell line by using only bFGF or LIF.  

Only bovine iPS cells reprogrammed using bovine OKSM with NANOG and LIN28 were able to 

proliferate for long term and found to have no silencing of the transgene in iPS cells (Han et al., 

2011; Sumer et al., 2011; Cao et al., 2012) and silenced in iPS cells-derived nuclear transferred 

(SCNT) blastocysts (Han et al., 2011) which may be due to the use of a viral promoter. The 

exogenous genes used for reprogramming in the current study did not become silent like in 

previous studies where viruses used for reprogramming (Han et al., 2011; Sumer et al., 2011; 

Cao et al., 2012). An attractive and advantageous feature of using transposon system is that the 

transposon can be seamlessly excised (Li et al., 2013), the currently developed excision-

competent/integration-defective piggyBac variants will facilitate the generation of footprint free 

iPS cells (Li et al., 2013; Meir et al., 2013). 

9.4. Perspectives  

From the present study, it was evident that transposons can be effectively used for 

reprogramming studies. In the present study, the reprogramming efficiency was on par with viral 

delivery in case of murine reprogramming, but low in case of bovine reprogramming. This may 

be attributed to the number of exogenous factors, culture conditions and source of initial cell 

population.  
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The advantages of using transposon systems can be enumerated as i) they are non-infective and 

non-immunogenic, ii) production costs are relatively low,  iii) large cargo, iv) no or minimal bias 

for integration into translated regions, v) seamless removal of integrated transposons is possible 

and vi) hyperactive transposase variants are available.  

Results on iPS cells in cattle provides a new platform with potential for targeted genetic 

manipulation and transgenesis, for improving production and reproduction traits and generating 

value-added dairy products. The obtained transposon mediated iPS cells can further be modified 

genetically for use as donor cells in cloning, for example for developing disease resistant animal 

models or development of transgenic livestock with agriculturally desired characteristics like 

increase in milk yield and growth parameters. 
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