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Abstract 

Heightened interest in relevant models for human disease, in the production of transgenic 
livestock for biomedical applications, and new and pending releases of genome 
sequences for rat, cow, and pig have increased the need for improved methods for 
germline transgenesis.  Transpositional transgenesis (TnT) offers an efficient and precise 
mechanism for genome integration of transgene DNA that avoids incorporation of CG-
rich vector DNA and multi-copy transgene concatemerization that can lead to 
suppression of gene expression and transgene instability.  We have developed and tested 
a transposon toolbox (including Sleeping Beauty, Tol2, piggyBac, and Passport) in pig 
cells. We have also demonstrated the activity of Cre and Flp recombinases in cultured pig 
cells and have implemented that technology for regulated activation of gene expression in 
swine. The application of transposon and recombinase technologies significantly 
enhances both the means and possible complexity of pig genetic modification.   
 The use of enhanced cis and trans components of the Sleeping Beauty (SB) transposon 
system for animal transgenesis by pronuclear injection (PNI) resulted in tremendous 
improvement in the creation of transgenic laboratory mice, rats, and pig embryos, 
increasing both the frequency of transgenic founders, and the number of transgenes per 
founder, overall elevating the number of potential transgenic lines by 10-20-fold.  
Genetic modification of pigs by tandem pig transgenesis and cloning also benefits from 
TnT, resulting in multiple independent insertions per cellular clone which permits the 
assessment of several alleles upon segregation from a single founder.  Finally, towards 
the development of a porcine model of cystic fibrosis (CF), we’ve created a mouse 
phenocopy of CF based on RNA interference using the SB transposon system.  Building 
on insights gained in CFTRRNAi mouse, we’ve developed tightly regulated CFTRRNAi 
alleles in pigs to circumvent the lethal neonatal meconium ileus that confounds the 
CFTR-knockout model, hopefully simplifying investigation of postnatal CFTR deficiency 
in a large animal.  Given its simplicity, versatility and high efficiency, TnT represents a 
compelling non-viral approach to modifying the porcine germline  
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I.  SIGNIFICANCE 

Pigs, domesticated some 9,000 years ago, have long-been an important 

agricultural commodity for production of meat (1).  In fact, the pig ranks number one in 

the world for meat production, contributing over 50 billion dollars to the U.S. economy 

alone (2).  Though meat production encompasses the primary role of the pig, a 

considerable market for swine derived medical products has emerged.  Recognition of 

swine characteristics that are similar to humans, such as size and organ physiology, has 

driven interest in swine for use as large animal models of human disease and ultimately, 

a renewable source of lifesaving tissues for xenotransplantation into humans.   

Certainly, the realization of this potential is contingent on our ability to perform 

complex modifications to the swine genomes.  Though the first transgenic pigs were 

created in 1985 (3), transgenesis techniques and complexity of modifications have seen 

little improvement.  This situation beseeches the development of an armamentarium of 

genetic tools to enhance the malleability of the porcine genome.  

 

1.  Swine for disease modeling   Studies in lower eukaryotes such as yeasts, C. elegans 

and D. melangaster, and vertebrates D. rerio, X. levis, M. musculus and X. rattus are the 

primary organisms used for developmental biology and the study of gene function.  

Baring limited studies using transgenic rats; the mouse is the primary workhorse for the 

study of gene function and human disease in a mammalian system.  Thousands of 

genetic modifications have been reported in mice serving both functional interests and 

development of disease models.  Several human diseases have been modeled in mice 

ranging from infectious diseases to inherited genetic disorders and cancer, often 
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resulting in a better understanding and improved treatments of human conditions.  

Unfortunately, not all diseases or conditions have been successfully modeled in mice.  

Mouse models of several diseases, such as cystic fibrosis, fail to recapitulate important 

phenotypes observed in humans; furthermore, due to small size and physiological 

differences, therapeutic studies using mouse models may not translate well to the clinic. 

Therefore; alternative animals more closely related to humans in size and physiology 

must be developed as models of human diseases.  Swine, being highly similar to 

humans regarding size and organ physiology are an encouraging alternative.  

Additionally, pigs are the most prolific breeders of any large animal (detailed below), a 

characteristic feature for selection of laboratory model organisms. 

Indeed, pigs are being used for several respiratory, pulmonary, and digestive 

studies pertaining to human conditions, as well as modeling of pathogenic disease (4,5).  

A transgenic swine model of human retinitis pigmentosa, created by expression of a 

mutated (dominant negative) rhodopsin gene, accurately recapitulated the human 

condition providing a valuable model for the study of cone degeneration (6).  These 

studies provide proof of principle for establishment of pigs as models of human disease.  

 

2.  Towards a Porcine Model of Cystic Fibrosis  Cystic Fibrosis (CF) is an autosomal 

recessive disease caused by the disruption of Cystic Fibrosis Transmembrane 

conductance Regulator (CFTR) function due to mutation.  It is the most common life-

shortening disease among Caucasians affecting between 1 in 2,000 to 1 in 4,500, and up 

to 1/20 individuals are carriers in Minnesota (7).  The CFTR gene, identified in 1989 as 

the cause of cystic fibrosis, encodes a 1480 amino acid membrane spanning protein 
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(7,8).  A major function of CFTR is as a cyclic adenosine monophosphate (cAMP)-

regulated chloride channel localized to the apical membrane in mucosal epithelia (9,10). 

CFTR function is critical for establishing normal water and electrolyte compositions in 

mucosal secretions by direct transfer of Cl¯ ions and regulation of other ion channels 

(11).   Currently, 1,523 mutations of CFTR have been identified and are compiled in the 

Cystic Fibrosis Mutation Database (12).  Clinical manifestations and severity among 

these mutations vary significantly, but generally are confined to reparatory, gastro-

intestinal, pancreatic and reproductive dysfunction.    The most common mutation 

among patients with CF, approximately 70%, is a deletion of three base pairs (ΔF508), 

resulting in loss of phenylalanine at position 508 (11).   

 Though several phenotypic abnormalities are associated with CF, the most 

deleterious condition is buildup of heavy mucus in the lungs resulting in poor ciliary 

function.  Inability to clear the mucus from the lungs provides an ideal environment for 

bacterial infection, particularly Pseudomonas, accompanied by an infiltration of 

immune cells to defend the body against infection.  Immune cells secrete cytotoxins to 

combat bacterial infection; however, these cytotoxins result in chronic damage to the 

lungs further perpetuating respiratory dysfunction (13). Progression to the point of 

respiratory failure is often the cause for death among patients afflicted with cystic 

fibrosis.  Currently, there is no cure for CF. 

Indeed, CF has been modeled in the mouse by several investigators using 

multiple techniques.  Their approaches include targeted disruption of the mouse Cftr 

gene, introduction of premature stop codons, and introduction of known CF mutations 

including ΔF508 and G551D by homologous recombination (14-22).  These models 
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consistently recapitulated some of the gastrointestinal manifestations associated with 

CF as well as aberrant trafficking of CFTR in animals homozygous for the ΔF508 

mutation (19-21).  Unfortunately, none of the models displayed the pulmonary 

phenotype observed in human patients, severely limiting the utility of the mouse model 

(23).  Porcine epithelial cells, however, express large amounts of CFTR.  Furthermore; 

unlike the situation in mice, porcine CFTR appears to be the only cAMP activated Cl¯ 

channel present (24).  These data suggest that as in humans, CFTR is the primary Cl¯ 

channel responsible for anion secretion, thus, CFTR depleted pigs are likely to exhibit 

the pulmonary phenotype observed in humans.  This data, accompanied by similar size 

and organ physiology makes pigs an ideal model for cystic fibrosis.  CFTR deficient 

pigs would not only provide ample tissue for studies of disease pathogenesis, but would 

provide a clinically relevant resource for development of treatments including 

enhancement of mechanical airway clearance techniques, testing of putitive 

phamacuticals and gene repair or replacement by gene therapy. 

 

3.  Pigs; hogging the biomedical spotlight  The role of pigs in biomedicine has 

increased over the past few decades (25).  Perhaps the most important characteristic of 

animals for both research and biomedical applications is reproductive potential.  

Though non-human primates may be the closest match to human tissue with regard to 

size, physiology and genetic makeup, ethical concerns and zoonotic pathogens limit 

their widespread use for disease modeling and xenotransplantation.  The reproductive 

potential of primates is additional barrier to their use in disease modeling and 

xenotransplantation.  An average female chimpanzee can give birth every 4-5 years and 



 

 6 

offspring are not considered mature until 16 years of age (26).  Agricultural animals, 

particularly swine, have much more desirable reproduction characteristics.   Pigs have 

an average gestation period of 114 days yielding 8-14 piglets compared to sheep and 

goats with gestations periods of 155 days giving yield to 1-3 young.  Furthermore; pigs 

reach sexual maturity in 6-8 months compared to 18 months for that of both sheep and 

goats.  Considering their large litter size, short gestation period, and rapid growth to 

sexual maturity, it is possible to generate approximately 50 animals from one breeding 

pair in only 18 months. 

 

4.  Current Biomedical uses of swine  Several commonly used medical products are 

obtained from pigs including: cortisone, norepinephrine, plasmin, blood fibrin, heart 

valves, estrogen, relaxin, insulin, burn dressings, pepsin and oxytocin (27).  Swine have 

long-been a valuable resource for development and refinement of surgical procedures 

(28).  More recently, inbred miniature swine have been used as models for immune 

tolerance of tissue and organ allograft (29,30).  In addition to use as a source of medical 

products and surgical models, pigs are considered to be the most desirable non-human 

source of tissue for xenotransplantation into humans.  This is primarily due to highly 

similar organ size and physiology, and unlike non-human primates, their use as organ 

donors is more ethically accepted due to their widespread use a food source (25).  A 

major problem faced by the xenotransplantation field is hyperaccute (HAR) rejection of 

porcine tissues. Early experimental use of pig organs for xenotransplantation and ex 

vivo support was thwarted by strong HAR of swine organs, occurring only minutes after 
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profusion by human blood (31).  Such rapid rejection suggested the presence of an 

inherent immune defense against non-human tissue.   

Unlike the Old World monkeys, great apes and humans, pigs express the 

enzyme α 1,3 galactosyltransferase (GalT) that catalyzes the addition of galactosyl-

alpha-1,3-galactose sugars to surface proteins.  Humans, Old World monkeys and great 

apes have developed natural antibodies (NAb) that recognize galactosyl-alpha-1,3-

galactose epitopes resulting in activation of complement pathways leading to interstitial 

edema, hemorrhage and graft rejection (32).   Several strategies to reduce or eliminate 

GalT mediated HAR have been addressed by creating transgenic pigs that express 

negative regulators of the compliment pathway, CD55 (decay accelerating factor, 

DAF), CD59, and CD46 (membrane cofactor protein, MCP) (33-43) or expression of a 

competitor enzyme, α1, 2 fucosyltransferase (human transferase, HT), to compete for 

GalT substrate (44).  Indeed, independent or tandem expression of these compliment 

regulatory proteins in porcine tissues and organs has prolonged graft survival; albeit, all 

transplanted organs were eventually rejected (45-52).  

The development of somatic cell nuclear transfer (SCNT, cloning) established 

an alternative route for eliminating GalT expression in pigs by targeted gene knockout. 

Several groups inactivated the GalT locus by homologous recombination in primary 

fetal fibroblasts (PFF), followed by SCNT to generate a live animal (42,53-56).  Under 

potent immunosuppression, heart transplants from these animals into baboons resulted 

in graft survival up to 6 months, the longest reported organ xenotransplantation to date 

(57).  Clearly there is great potential for using pigs as a tissue source for 

xenotransplantation.  Successful reduction of HAR has concentrated efforts for 
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modulation of vascular acute rejection (VAR) and cell mediated rejection as to temper 

the need for potent immunosuppression. Certainly, overcomning these barriers will 

require several additional modifications to the porcine genome including addition of 

immune modulatry factors and the potential echange of swine MHC subtypes with 

humanized versions.  Unfortunately, current techniques for swine transgenesis, 

regarding efficiency and complexity of genetic modifications, are at a rudimentary 

level.  The expansion/enhancement of tools and methods for porcine transgenesis are 

necessary for both the development of human disease models and transgenic swine with 

superior transplant characteristics. 

 

II.  SWINE TRANSGENESIS   

The generation of transgenic pigs, like other mammals, has traditionally relied on the 

introduction of exogenous DNA expression constructs into the pig genome by 

pronuclear injection (PNI) (3). Although pronuclear injection remains the primary 

method for mouse transgenesis, low rates of germ-line transmission and expensive 

husbandry costs have impeded the widespread application of this technology to 

livestock. Somatic cell nuclear transfer (SCNT) has emerged as an excellent alternative 

to pronuclear injection, boasting transgenesis rates of 100% depending on selection of 

donor nuclei.  Despite the success of both pronuclear injection and SCNT for pig 

transgenesis, both methods suffer from an extremely low transgenesis rate per 

embryo/ova processed.  Recent successes in the application of lentiviral transduction 

(LVT) for pig transgenesis are promising, both improving embryo survival and 

transgenesis rate per live born animal (58,59); however, difficulty in preparation and 
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handling of viral particles have impeded its widespread application to swine 

transgenesis. Alternatively, two DNA transposons, Sleeping Beauty and piggyBac, have 

been applied to PNI in the mouse with encouraging results (60,61). The following 

sections will discuss the strengths and weaknesses of each of these approaches and will 

present an analysis of the value of transposons as tools for porcine transgenesis. 

 

1.  Pronuclear Injection  Pronuclear injection was the first method used to produce 

transgenic pigs (3).  Generally, this involves surgical harvest of pronuclear staged 

embryos from the oviduct of donor animals, injection of a DNA solution into the male 

pronuclei, and transfer of injected embryos into the oviduct of a recipient female at a 

similar stage of estrus.  Significant challenges in coordinating the reproductive cycle of 

donors and recipients have been countered with the development of excellent methods 

for estrous synchronization and superovulation (62). Pronuclear microinjection is 

further complicated by the presence of a lipid-laden cytoplasm that obfuscates 

visualization of the pronucleus. However, brief centrifugation stratifies the cytoplasm, 

revealing the pronucleus in 66-85% of embryos (63).  Tail-docks, ear-clips or blood of 

live-born piglets is usually screened by either PCR or Southern blotting to identify 

transgenic founders and to eliminate non-transgenic animals from further husbandry. 

 There are two primary bottlenecks that limit the efficiency of this approach; 

embryo survival and the efficiency of transgene integration.  In vitro culture and 

manipulation severely reduces the survival of injected embryos.  Unfortunately, simply 

transferring embryos from one pig oviduct to another results in livebirth of only 35-40% 

of transferred embryos (64).  The survival rate is further decreased to 10-15% for 
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microinjected embryos (65,66).  Poor embryo survival is likely influenced by physical 

perturbation of the cell and toxicity of DNA and associated impurities (67,68). 

Transgenesis frequencies per injected embryo have ranged between 0.24 and 2.6% 

(33,69), although a transgenesis rate as high as 4.2% due to optimization of DNA 

concentration was recently reported (67).  A compromise between embryo survival and 

transgenesis is required to obtain the highest overall efficiency of transgenic offspring 

per injected embryo, as increasing the concentration of injected DNA enhances 

transgenesis but reduces the number of animals born (67). As discussed below, the use 

of transposons for facilitated transgene delivery may permit using low DNA 

concentrations to maximize live births, but without a loss in rates of transgenesis. Two 

developing reproductive technologies may further simplify the generation of transgenic 

pigs, one pertaining to the embryo donor, the other to the recipient.  

Currently, all embryo harvests and implantations require animal surgery. Non-

surgical approaches to these steps of the process would eliminate the need for access to 

surgical facilities, controlled substances, and highly trained veterinary personnel.  While 

SCNT (see below) has benefited from the commercial availability of ova isolated from 

abattoirs and efficient in vitro maturation (IVM), in vitro fertilization (IVF) of pig 

embryos results in an unacceptable rate of polyspermy (70).  Early studies established a 

role of cells or fluid from the uterine/follicular environment for reduction of polyspermy 

in vitro (71,72).  More recently, two specific factors, oviduct-specific glycoprotein and 

osteopontin, have been used to significantly reduce the rate of polyspermy in vitro (73-

75).  These improvements to IVF may provide a reliable and inexpensive source of 

embryos for porcine transgenesis without the need for synchronized, superovulated 
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donors.  The development of non-surgical methods for embryo transfer also looks 

promising. Recent studies have reported pregnancy rates of 41 and 71% using non-

surgical embryo transfer (76,77).  Unfortunately, un-manipulated embryo survival rates 

were 9-17% and 16.5%, respectively. Without significant improvements in rates of 

embryo transgenesis, such losses may be unacceptable. 

 Although effective for introducing transgenes for hypermorphic or gain-of-

function gene expression, a notable limitation of PNI is the inability to create allelic 

substitution (so called knock-out or knock-in) by homologous recombination (HR).  

Therefore, alternative methods are required to generate hypomorphic, loss-of-function 

or null pigs depleted of specific gene products.  One approach successfully used in pigs 

relied on PNI mediated transgenesis with a dominant negative transgene (6).  As 

mentioned, Peters et al 1997 developed an informative swine model of retinitis 

pigmentosa based on the directed expression of a dominant negative allele of the human 

rhodopsin gene.  However, dominant negative alleles will not be available for every 

target so are likely to be limiting.  RNA interference (RNAi), on the other hand, 

provides a seemingly universal method for depleting gene function in swine, discussed 

below (for review (78)). 

 

2.  Somatic Cell Nuclear Transfer (SCNT)  SCNT, or cloning involves the transfer of 

a somatic cell nucleus from a donor cell into an enucleated oocyte, fusion and activation 

of the reconstructed embryo, and subsequent transfer to surrogate females to establish 

pregnancy.  The first report of a live pig produced by SCNT appeared in 1989 (79), 

relying on the use of cells from blastocysts.  Not until eleven years later was successful 
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pig cloning again reported, this time relying on a variety of donor cell-types, including; 

embryonic blastomeres, fetal fibroblasts (PFF), and granulosa cells (80-82). Subsequent 

studies have also included the use of adult ear fibroblasts (83). The use of cultured cells 

was greeted with a great deal of excitement in hopes that genetic engineering of pig 

cells in the Petri dish could be used for SCNT, thereby providing an efficient method 

for producing transgenic swine.  Before long a pig harboring a gene expression cassette 

encoding the green fluorescent protein (GFP) gene was created via SCNT from 

transgenic PFF donor cells (84).  

Since its introduction, SCNT has become a popular alternative to PNI for the 

addition of transgenes to the pig genome for several reasons. Two of the more notable 

advantages of SCNT for production of transgenic offspring by gene addition are the rate 

of transgenesis among liveborn offspring and the possibility for screening nuclear donor 

cells for transgenesis and gene expression prior to embryo reconstruction.   Depending 

on the method of donor cell transfection and selection, the transgenesis rate of SCNT 

piglets can be 100%.  However, considering that only 0.05-1.2% (42,85) of 

reconstructed embryos will produce live offspring, the overall rate of transgenesis per 

reconstructed embryo is similar to that for PNI.  Another advantage of SCNT is the 

ready commercial availability of oocytes, which can be matured in vitro and then 

enucleated before receiving nuclei from donor cells. Since the embryo is reconstructed 

with diploid donor nuclei no fertilization is required (only activation), so the problems 

with IVF discussed above are irrelevant. 

Although the ability to screen for transgene expression in donor cells prior to 

cloning provides some advantage, given their restricted lineage, transgene expression in 
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PFF is frequently not expected to be indicative of expression in animals derived from 

them.  The most striking advantage of SCNT is the capability to achieve HR in cultured 

donor cells (42,54,56,83,86), demonstrated by several groups focused on eliminating 

the α (1,3) galactosyltransferase locus. This has important implications for the knockout 

or allelic replacement of target genes, although other loci may be more challenging 

given that loci vary in the efficiency with which they can be targeted (87,88). 

Additionally, unlike murine embryonic stem cells (ESC), the window of opportunity for 

isolating recombined cellular clones, and thus the complexity of manipulations possible, 

is limited by PFF cellular senescence.  The limited lifespan of PFF has not allowed 

serial transgenesis, genetic manipulation, or selection cassette recycling in vitro.  

Although serial genetic manipulations in pig could be achieved by standard breeding, 

this is slow and implies excessive husbandry costs (>10 months from impregnation to 

sexual maturity).  Instead, researchers have used an iterative cloning approach wherein 

each round of genetic modification requires isolation of fetal fibroblasts, genetic 

manipulation, re-cloning, re-implantation and fetal development (42,55,89).  Despite 

this clever solution, inefficiencies in nuclear reprogramming and SCNT render this 

approach to creating pigs with complex genetic manipulations or multiple transgenes 

difficult and time consuming. A porcine cellular resource more amenable to genetic 

manipulation, less susceptible to cellular senescence, and more effectively 

reprogrammed would dramatically improve the efficiency of complex genetic 

manipulation in vitro before SCNT. 

Given their potential for long-term culturability and superiority as nuclear 

donors (90,91), porcine ES cells are a highly desired resource for pig transgenesis and 
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cloning. Indeed, successful derivation of germline competent ESC from livestock 

species has been an actively pursued goal for many years (92). While many groups have 

reported the isolation of ES-like cells, far fewer have produced cells that were shown to 

contribute to chimeric piglets when injected into an early blastocyst (92,93), and to date 

no evidence of germline chimerism from porcine ES cells has been documented.  

However, the recent isolation of multipotent cells from pigs by several groups may 

provide alternative cellular resources with many of the desirable features of ES cells 

(94-98), with the potential to increase the efficiency and complexity of genetic 

manipulations by SCNT. 

3.  The Naked Truth about Random DNA Integration  Stable integration and 

expression of a transgene in the pig genome requires that several conserved, 

fundamental barriers be overcome.  The initial barrier is entry of the transgene into a 

cell, embryo or ova.  This has been accomplished by either direct microinjection of 

DNA into cells or ova, by transfection of cells with DNA complexed with cationic 

lipids, polycations or other conjugating substances, or by electroporation.  Subsequent 

trafficking of DNA into the nucleus is not understood, but may require dissolution of 

the nuclear membrane when a cell divides, (reviewed (99)). Once within the nucleus, 

the transgene must rely on cellular machinery to serendipitously insert the transgene 

into host chromosomes.  Linearized DNA integrates with five-fold greater efficiency 

than supercoiled DNA (100) so is preferred for the generation of transgenic cells and 

animals.  This observation makes sense considering that the DNA double strand break 

(DSB) repair machinery is responsible for transgene integration, with non-homologous 

end joining (NHEJ) as the most prominent mechanism for random integration of 
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transgenes (101).  As the name implies, NHEJ responds to DNA DSB in cells by non-

homologous ligation of available DNA DSB.  The introduction of 104 copies of a 

transgene into a cell (in the case of PNI), provides a great deal of substrate for NHEJ, 

giving rise to head to tail, multi-copy gene arrays (concatemers) of extrachromosomal 

DNA, before or simultaneous with integration into chromosomes.  NHEJ acts very 

rapidly in mouse embryos, with concatemers observed in 100% of embryos only 5-10 

minutes after DNA injection (102).  These concatemers are either degraded or find there 

way into the genome, presumably at a DSB (102), resulting in transgenic mice carrying 

a transgene concatemer at one or more loci in the genome (102-109). 

Although use of naked DNA has provided an effective method for producing 

transgenic cells and animals, significant complications associated with random 

integration by NHEJ have been described.  Concatemerized transgenes are prone to 

silencing by the host for several reasons.  Flanking GC rich bacterial sequences may 

accompany the transgene cassette, causing hypermethylation resulting in transgene 

silencing (3,110-115).  Additionally, the nature of a concatemer itself, multiple tandem 

copies of a transgene at a single locus, can stimulate transgene silencing (116,117).  

Genetic lesions and instability have also been encountered with random integration of 

DNA by NHEJ resulting in deletions adjacent to the insertion site, chromosomal 

translocations and insertion of additional genomic sequence within a transgene 

concatemer (104,110,118-127).  These types of genomic alterations may not be overtly 

detected, but could certainly affect the health of animals produced by PNI or from 

genetically modified cells by SCNT.  Furthermore; valuable transgenic animal lines 

may suffer from transgene instability, giving rise to rearrangements at the transgene 
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locus that can result in loss of transgene concatemers (possibly including flanking 

DNA), lower than expected transmission to offspring, somatic mosaicism of F1 progeny 

or increased morbidity (107,128).  In contrast, transposons are typically supplied as a 

supercoiled plasmid, which will limit the occurrence of transgene concatemers resulting 

from NHEJ without affecting the activity of the transposon.   

 

4.  Transgenic Mosaicism  Somatic and germline mosaicism is commonly associated 

with the F0 generation of transgenic animals produced by PNI (129).  Although studies 

have revealed the presence of concatemers only minutes after injection, integration has 

been observed to occur from the 1 to 16 cell stage in mouse embryos.  Pre-implantation 

analyses of injected mouse embryos show that the majority of transgene insertions 

occur after the one cell stage (130).  Considering these facts, we should expect that 

offspring produced by pronuclear injection to often be mosaic.  Pursel et. al. reported 

that 20% of F0 transgenic pigs failed to transmit transgenes to their progeny and another 

20-30% transmitted at sub-Mendelian rates (131).  Although SCNT relies on cellular 

transgenesis prior to embryo reconstruction, some heterogeneity in the presence of 

transgenes in selected donor cells has been observed (80), as has mosiaicism of 

transgene expression (132), a phenomenon likely due to clonal contamination, transgene 

destabilization, or in the case of mosaic expression, stochastic gene silencing.  

Generally, animals with mosaic F0 genotypes are not problematic since their transgenic 

offspring are typically non-mosaic.  Therefore, F0 animals should be regarded as seed 

stock for future progeny rather than subjects of transgene-specific functional analysis.  

However, somatic mosaicism in the F1 generation based on transgene loss or silencing 
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is problematic in relating phenotypes to genotypes. As discussed in detail below, some 

of the features of transpositional transgenesis provide for reduced transgene instability 

and silencing in F1 pigs.  

 

5.  Viral Transgenesis  Recent publications report a highly efficient method for 

transgenic swine production using pseudotyped lentiviruses (LVT) (58,59).  As for PNI, 

current methods rely on surgical procurement of early embryos.  Highly concentrated 

pseudotyped lentivirus has been microinjected into the peri-vitelline space, whereupon 

the viral machinery mediates transport of the transgene to the nucleus and integration of 

provirus into the pig genome.  Peri-vitelline space injection is less invasive than PNI, 

probably accounting for an enhanced embryo survival (18-27%) compared to PNI and 

SCNT (58).  In addition, rates of live-born pig transgenesis of 70% (59) and 92% (58) 

using HIV-1 and EIAV, respectively, rivals that observed by SCNT, providing an 

overall transgenesis efficiency (transferred embryos resulting in transgenic piglets) of 

13 and 25%, respectively.  Furthermore; most transgenic F0 animals have multiple 

copies of the proviral insert (up to 20 in Hofmann et al, 2003 (59)).  Inserting this many 

transgenes is both good and bad. First the good news, with patience there are many 

chances to identify a transgene with an appropriate expression domain. The bad news is 

that if anything other than ubiquitous expression is desired, identification of a transgene 

with an appropriate expression pattern requires breeding to segregate away other 

transgene loci.  A further complication is the bias of lentiviruses to insert into or near 

transcriptional units (133,134), increasing the likelihood of insertional mutagenesis or 

position effects from nearby endogenous enhancer elements.  Several studies have also 
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noted an increased likelihood of transgene silencing in the context of the retroviral 

genome (135).  In agreement with this tendency, Hofmann et al, 2006 (136) observed 

loss of transgene expression in one third of outbred F1 animals attributed to transgene 

methylation.  However, transgene expression was consistent between sibling animals 

carrying the same insertion, suggesting that expression was fixed for a specific insertion 

prior to germline transmission. Constraints on lentiviral cargo capacity, the potential use 

of cryptic splice signals during reverse transcription, and a requirement for 

concentration of virus to 109 to 1010 particles per ml, all complicate the construction and 

preparation of lentiviral transgene vectors.  Nevertheless, transgenesis efficiency using 

this lentivirus is the highest thus far reported making it a valuable tool in the pig genetic 

engineering toolbox. 

 

III.  PORCINE TRANSGENESIS OF THE FUTURE 

1.  Transposons for Swine Transgenesis  Transposons are naturally occurring DNA 

elements that have the ability to move (transpose) from one location to another by a 

“cut and paste” or “copy and paste” mechanism.  Generally, transposons are binary 

systems consisting of a DNA element (transposon) flanked by inverted terminal repeats 

(ITR) and a protein (transposase) that catalyzes the movement (transposition) of the 

transposon fragment.  Approximately 40% of the human and mouse genome is 

comprised of transposon sequence; however, in most cases they have been inactivated 

by deletions or mutations in the transposase coding region or terminal repeats (137).  

 Transposons, particularly DNA “cut and paste” transposons, have been widely used 

for germline transgenesis and insertional mutagenesis in invertebrates and plants (138-
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140)  The molecular reconstruction of Tc1/mariner element Sleeping Beauty from 

salmanoid DNA marked the beginning of functionally active transposons in higher 

eukaryotes, particularity vertebrates (141).  This was followed by the identification of 

an active hAT family element, Tol2, in the medaka genome (142) and a putatively 

active Tc1/mariner element from the European Plaice genome (143) recently proven 

catalytically active in vertebrate cells (144).  The piggyBac transposon of the piggyBac 

family, widely used in invertebrate systems, has also displayed activity in vertebrate 

genomes (61,145).  Demonstrating activity in both vertebrate and invertebrate genomes, 

the piggyBac transposon may be the most ubiquitously active transposon to date, 

potentially suggesting a limited role of host factors in its activity (61).  

  



 

Figure 1: General mechanism of transposition 
 

 

 

 

  Each transposon SB, PPTN, Tol2, and piggyBac are classified as DNA “cut and 

paste” transposons, thus mediate transposition by a similar mechanism.  Transposase,  

Figure 1: General mechanism of transposition  A donor vector containing a transposon and a 
source (DNA expression cassette or RNA) of transposase, either cis (on the same vector as 
transposon) or trans (different vector/source than transposon) must be supplied to a cell.  
Transposase protein is synthesized and binds to the inverted terminal repeats (ITR) of the 
transposon.  The transposase enzyme mediates precise excision of the transposon fragment 
followed by either integration within recipient DNA (herein shown as genomic DNA (gDNA) 
or is degraded.  The donor plasmid from which the transposon is excised is repaired by non 
homologous end joining (NHEJ) cellular DNA repair machinery.   
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The enzymatic portion of a transposon system, binds the transposon at each ITR, 

excises the transposon from its DNA source and mediates integration to target site 

(Figure 1).  Target sequence sites and preference differ among transposons of different 

classes.  Tc1/Mariner elements SB and PPTN integrate into a TA dinucleotide, while 

piggyBac targets a TTAA tetranucleotide (141,144,146).  In all three cases, there is a 

duplication of the target sequences on the distal end of each ITR sequence.  In contrast, 

the target sequence for Tol2 is somewhat ambiguous; however, an 8 bp duplication of 

the target sequence is observed at the distal end of each ITR (147).  

There are several advantages of transposon delivered DNA over random integration 

of naked DNA cassettes.  First, the enzymatic activity of transposase catalyzes the 

integration of transposons into host DNA more efficiently than naked DNA alone.  

Second, transposon excision and integration is precise, to the base pair, allowing the 

transposon to be cleanly excised and integrated independent of GC rich plasmid 

sequence often associated with methylation and transgene silencing (111,113-115).  

Third, no more than one transposon is inserted at a given site within the genome, but 

multiple single insertions may occur at several sites within the genome.  In contrast, 

standard methods of vertebrate transgenesis rely on non homologous end joining 

(NHEJ) to integrate naked DNA, resulting in insertion of multi-copy concatemers 

accompanied by the aforementioned disadvantages.  In contrast, transposition yields 

stable, single copy insertions that have not been associated with any of the deleterious 

genome aberrations associated with naked DNA inserts. 
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 Though each of these transposons displays catalytic activity in vertebrate systems, 

the majority of studies regarding vertebrate transposons have utilized SB.  Activity of 

SB has been observed several vertebrate species including: human, zebrafish, mice, rat, 

chicken, turkey, frogs, hamster, fat head minnow, rabbit, monkey and swine 

(145,148,149).  Tol2 has also displayed a broad cellular/species tropism including 

medaka, frog, human, zebrafish, mice and pigs (142,145,150-154).  PiggyBac and 

Passport, more recent arrivals in vertebrate transgenesis, have displayed activity in 

mice, human and swine cells (61,144,153,155).  Clearly, vertebrate transposons are able 

to function across species; though, enhancement of transgenesis varies significantly.  

This is likely affected by several factors including transfection characteristics of each 

cell line used, differences in host factors for a particular cell type (i.e. epithelial, 

endothelial, fibroblast), and differences in species specific host factors required for 

transposition.  Therefore, it is likely that particular transposons may be more suitable 

for different species or tissues within a species. 

 Uses of transposons for biological studies are limited only by the imagination of the 

researcher.  An immediate interest for use of transposons in swine genetics is for 

efficient production of transgenic pigs.  Sleeping Beauty, Tol2, and piggyBac systems 

have all been used to produce transgenic animals, including; fish, frogs, mice and rats 

(60,61,147,150,152,156,157) by pronuclear or cytoplasmic DNA microinjection.  PNI 

of standard SB and PB transposons have increased the per-animal transgenesis rate from 

15-20 to 45-84 percent (60,61).  A recent study using an in vitro CpG methylated SB 

transposon yielded transgenesis rates up to 90 percent in mice (see Chapter 4).  Typical 
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per-animal transgenesis in swine by PNI is very low (5-10%); hence, improvement of 

transgenesis rates by transposition is very promising. 

 Beyond their use for transgenesis, transposons have been applied to several other 

avenues of research.  Sleeping Beauty and Tol2 have been used for gene function 

studies including gene and enhancer trapping in frogs, fish and mice (152,156,158-163).  

Mobilization of resident Sleeping Beauty transposons in tumor predisposed mutant mice 

has revealed the involvement of several putative tumor suppressors and oncogenes 

involved in the genesis of cancer (164-168).    

 One can envision these techniques applied to swine by one of three methods.  

Animals containing gene trap insertions could be generated by PNI followed by 

breeding to isolate individual insertions for phenotype screening.  Genome resident 

transposon insertions could also be remobilized by breeding to a second animal 

expressing the appropriate transposase.   Alternatively, to limit the cost of animal 

husbandry, a library of gene trap insertions can be generated in porcine cells and used as 

donors in SCNT to generate live animals with desired insertions.   

 

2.  Site Specific Recombinases  Approaches currently available for production of 

transgenic swine either result in whole animal gene deficiencies or ectopic expression of 

a randomly delivered transgene.  As we have learned from studies in the mouse, several 

gene deficiencies or ectopically expressed transgenes result in embryonic lethality or 

deleterious health ramifications.  This problem has been approached in mouse studies 

by the generation of conditional gene knockouts and conditional transgenes that can be 

activated in a specific tissue (169).  This approach relies on the application site specific 
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recombinases (SSR), Cre or Flp, which catalyze a DNA recombination event between 

two 34 base pair recombinase recognition sites (RRS, loxP and FRT, respectively) 

(reviewed (170)).  The action of the SSRs is dependent on the orientation of the RRS.  

When placed in cis, Cre or Flp will catalyze recombination between the RRS resulting 

in excision of the encompassed sequence leaving behind a single RRS; however, RRS 

placed in a trans configuration will result in an inversion of the encompassed sequence 

(170).   

Generation of tissue specific knockouts or gene expression using the SSRs 

generally requires a two animal approach.  One animal, herein referred to as the flox 

pig, must contain either a SSR activatable transgene (transgene with a removable stop 

cassette flanked by RRSs) or a specific genomic sequence flanked by RRSs (generated 

by homologous recombination) to excise a desired sequence.  The specificity is 

provided by a second pig that expresses a SSR in a specific cell type or tissue.  An 

intercross of the flox pig to a tissue specific SSR pig will yield F1 progeny with a 

deletion of RRS flanked sequences only in tissues that the SSR was expressed (Figure 

2).  Beyond their potential for generating transgenic swine with tissue specific 

modifications, SSRs are important for excision of undesirable sequences accompanying 

genetic modifications, thus limiting confounding phenotypes of a transgene or targeted 

locus by selection cassette interference (171).  Selection cassette recycling is 

particularly important for generation of “safe” modified swine for xenotransplantation 

as well as transgenic swine suitable for entry into the food chain.  To our knowledge, 

the data presented in this proposal displays the first application SSRs in swine.  Since it 

has been observed that SSRs perform poorly in the context of a multi-copy concatemer, 



 

(145,172) transposons, provide an ideal delivery vehicle for activatable transgenes or 

transgenes containing a selectable marker (reviewed (155)). 

Figure 2:  Tissue specific gene activation 

 
Figure 2: Tissue specific gene activation    A gene cassette containing a Cre- activatable 
transgene (“gene”- red) interrupted by a selectable marker gene (“marker”- green) 
can be used to obtain transgenic pigs with conditional expression of a transgene.  
Tissue specific transgene expression can be accomplished by crossing a pig  
expressing the marker-interrupted transgene ubiquitously (promoter P1, green pig) to 
a pig expressing Cre from a tissue-specific promoter (P2, pig with blue tissue).  
Controlled expression of the transgene or controlled excision of the marker allows 
expression of the transgene (right column- red) in a specific tissue, shown here to 
represent the pancreas. 

 

 

 

 

 

3.  RNAi as an Alternative to KO  RNAi is an evolutionarily conserved surveillance 

mechanism that responds to double-stranded RNA by sequence-specific silencing of 

gene expression.  Stable expression of short hairpin RNA (shRNA) in eukaryotic cells 

using H1, U6, and 7S K pol III promoters (173-176), as well as PolII promoters (177) 

has proven effective for the elimination of mRNA transcribed from targeted transgenes.  

This approach has been widely used to study gene function in cellular models and has 

been quite successfully applied to mice by tandem mouse ES cell 
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transfection/tetraploied embryo aggregation (178-180).   Encouraging results were also 

reported after PNI of RNAi expression cassettes in mice and rats (181). However, 

Carmell et. al. 2003 reported failure to generate a phenotype for several targets by PNI 

in mice, although the same constructs were able to knockdown Neil-1 by ES cell 

transgenesis and blastocysts injection (182).  Cao et. al. noted an interferon response to 

expressed silencer RNA duplexes (183), an observation also made by others in cultured 

cells and somatic tissues (184,185).  Approaches to modulate efficacy and toxicity by 

modifying the length and sequence of shRNA’s will likely aid in the development of 

stable RNAi in vivo (184-186), as will comparing the features of problematic versus 

successful shRNA expression cassettes. Indeed, Peng et. al. 2006 recently observed 

RNAi mediated mouse phenotypes after PNI without toxicity (187). In addition, we 

were able to recapitulate phenotypes associated with knockout of the CFTR gene in F1 

mice generated by PNI (see preliminary results).  These observations coupled with a 

demonstrated efficacy of RNAi in pig cells (24) suggests an efficient, dominant and 

specific approach to developing transgenic pigs by PNI (or SCNT).   

Although in vivo RNAi will be a valuable tool for the study of gene function in mice, it 

is arguable that it will have a greater impact on the production of specific gene 

deficiencies in swine.  Currently, most mouse models with depleted gene products are 

produced by a tandem approach in embryonic stem cells (ESC).  Genetic alterations are 

introduced by homologous recombination followed by blastocyst injection of ESC 

yielding chimeric offspring carrying the targeted allele in a portion of their cells.  This 

technique has become somewhat routine in mice, limiting the urgency for gene 

depletion via RNAi.  Unfortunately, ESCs that contribute to the germline are not 
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available in swine.  The alternative has been homologous recombination in primary 

fetal fibroblasts (PFF) followed by generation animals by cloning.  Despite low 

efficiency of homologous recombination in somatic cells, a handful of groups have 

reported successful knockout of the α(1,3) galactosyltransferase locus in PFF 

(42,53,54,56,86,188).  Considering different genetic loci have variable targeting 

efficiency by homologous recombination, other loci of interest may be more difficult to 

target (87,88).  RNAi; however, presents a more straightforward method for producing 

non-murine animals with ablated gene products.  The use of RNAi eliminates the 

arduous task of producing a knockout cassette, particularly in swine where the genome 

sequence is not yet available, and the greater task of isolating a PFF colony with the 

desired recombination event that is suitable for SCNT.  Furthermore, RNAi provides a 

method for production of hypomorphic alleles in contrast to knockout strategies that 

completely ablate gene products of a targeted allele (187). 
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Background:  Swine is an important agricultural commodity and biomedical model.  

Manipulation of the pig genome provides opportunity to improve production efficiency, 

enhance disease resistance, and add value to swine products. Genetic engineering can 

also expand the utility of pigs for modeling human disease, developing clinical 

treatment methodologies, or donating tissues for xenotransplantation.  Realizing the full 

potential of pig genetic engineering requires translation of the complete repertoire of 

genetic tools currently employed in smaller model organisms to practical use in pigs. 

Results:  Application of transposon and recombinase technologies for manipulation of 

the swine genome requires characterization of their activity in pig cells.  We tested four 

transposon systems- Sleeping Beauty, Tol2, piggyBac, and Passport in cultured porcine 

cells.  Transposons increased the efficiency of DNA integration up to 28-fold above 

background and provided for precise delivery of 1 to 15 transgenes per cell.  Both Cre 

and Flp recombinase were functional in pig cells as measured by their ability to remove 

a positive-negative selection cassette from 16 independent clones and over 20 

independent genomic locations.  We also demonstrated a Cre-dependent genetic switch 

capable of eliminating an intervening positive-negative selection cassette and activating 

GFP expression from episomal and genome-resident transposons. 

Conclusions:  We have demonstrated for the first time that vertebrate transposons and 

recombinases are capable of mobilizing DNA into and out of the porcine genome in a 

precise and efficient manner.  This study provides the basis for developing transposon 

and recombinase based tools for genetic engineering of the swine genome. 
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I.  INTRODUCTION 

Recent developments in livestock transgenesis, including somatic cell nuclear 

transfer (SCNT, cloning) [1], and stem cell biology [2, 3] have energized plans to 

engineer the pig genome for both agricultural and emerging biomedical markets.  

Although pronuclear injection (PNI) and SCNT are proven methods for gene 

supplementation and gene targeting, respectively, more sophisticated methods for 

manipulating the pig genome have been lacking. Tandem gene targeting and SCNT 

provides a method for the precise introduction of transgenes or alternate alleles, but the 

inherent inefficiency of homologous recombination and donor-cell senescence limits its 

efficiency. Transgenesis by random integration of naked DNA has proven much more 

efficient for gene supplementation, whether using PNI or SCNT.  However, random 

integration of naked DNA is often accompanied by transgene instability [4, 5], 

transgene concatemerization [6, 7], loss of transgene expression due to methylation [8-

13], and short deletions, inversions and duplications at the site of transgene integration 

[14-25]. In addition, the lack of precision associated with random integration of naked 

DNA limits post-integration transgene manipulation and control. 

DNA “cut and paste” transposons have been widely used for precise and efficient 

delivery of DNA expression cassettes into invertebrate and plant genomes.  Over the 

past ten years, several DNA cut and paste transposon systems have been shown to 

function in vertebrate cells, including Sleeping Beauty (SB) [26, 27], Passport (PP) [28, 

29], Tol2 [30, 31], and piggyBac (PB) [32-34].  In addition, transposons have been used 

for germline transgenesis of fish [35-37], frogs [38-40], and mice [32, 41-43] and for 



 

 47 

transgenesis of mouse somatic and embryonic stem cells [44-46].  It is noteworthy that 

although transposons function in a wide array of cell types, their efficiency can differ 

from species to species or even within various cell types of one species.  The function 

and efficacy of vertebrate transposons in pig cells had not previously been examined. 

Demonstration that one or more transposon systems functions efficiently in porcine 

cells would provide a rationale for investigating their use in PNI and SCNT. In addition, 

the precision of transpositional transgenesis provides segue to the development of 

conditional expression systems for application in pigs and porcine cells. 

Many genes have roles in multiple tissues and/or at multiple times during growth 

and development.  Due to a requirement for strict regulation, global ectopic transgene-

expression or gene-knockout will be an implausible approach for many targets. To 

overcome these limitations, binary systems based on transcriptional transactivation or 

DNA recombination have been developed and applied in model organisms for 

conditional gene-expression or silencing [47].  Although the tetracycline transcriptional 

activator system [48] has been demonstrated to function in transgenic pigs [49, 50], 

recombinases have not. Cre and Flp recombinases catalyze a conservative DNA 

recombination event between two short recombinase recognition sites (RRS), loxP and 

FRT, respectively [51].  This results in the deletion or inversion of the DNA between 

two RRS- depending on their orientation.  Deletion or inversion of sequences in 

transgenes can be used as genetic switches to activate or silence gene expression in 

specific cells, at specific times, or under specific conditions.  Applications beyond 

conditional gene expression include the removal/recycling of selectable markers or 

transgenes [52] or chromosome engineering [53]. The successful application of 



 

 48 

recombinase technologies to porcine genetics requires the demonstration of Cre and/or 

Flp activity in porcine cells and the efficient delivery of RRS sites and recombinase-

based expression vectors to the porcine genome. 

In order to assess the utility of DNA transposons and recombinases for enzymatic 

engineering of the porcine genome, we tested four transposon systems and two 

recombinases.  The SB, PP, Tol2, and PB transposon systems were able to function in 

cells derived from pig tissues and significantly improved the rate of transgenesis in 

vitro.  Cre and Flp recombinases were capable of removing antibiotic selection cassettes 

in porcine cells and conditionally activating transgenes in porcine cells, demonstrating 

the potential for their applications to “leave no trace” and/or conditional porcine genetic 

engineering. 

 

II.  RESULTS 

1. Sleeping Beauty activity in porcine cells.  To test the ability of the SB transposon 

systems to mediate transposition into the porcine genome, a transposon vector (pT2-

FloxP-PTK) and a transposase expression vector (pKUb-SB11) were constructed (Fig 

1A).  The transposon vector encodes a puromycin-thymidine kinase (PuroΔTK, PTK) 

fusion protein [54] between the inverted repeats of the SB transposon system.  The PTK 

cassette was flanked by both FRT and loxP sites so that it could be used as a substrate 

for testing both Cre and Flp recombinases (see below).  Pig fetal fibroblasts (PFF) or 

porcine endometrial gland epithelium (PEGE) cells were transfected with the PTK 

transposon along with the SB expression vector, a vector encoding non-functional SB 

(pKUb-SB∆DDE), or a ß-galactosidase expression vector (pCMV-ß). After the 
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transfection period, cells with integrations were rendered resistant to puromycin 

selection, and formed clonal cell colonies after 9-12 days.  Clones were stained with 

methylene blue and quantified (Fig. 1B).  The transposase catalyzed 2.5X (PFF) -10X 

(PEGE) more colony formation versus transfection with a non-functional transposase 

(∆DDE) or ß-galactosidase.  This difference in the rate of clone formation corresponds 

to transpositional transgenesis versus the background rate of non-transpositional 

transgenesis.   
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Figure 1. 

igure 1.  Sleeping Beauty Function in Pig Cells.  A)  Diagrams of the DNA vectors transfected into pig 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
F
cells.  pT2-FloxP-PTK is the experimental SB transposon.  The transposon is flanked by inverted terminal 
repeats (ITR).  The puromycin phosphotransferase-thymidine kinase fusion protein (PTK) is flanked by 
recombinase recognition sites, FRT and loxP, for Flp and Cre, respectively.  pKUb-SB11 is the source of 
transposase and is expressed from the ubiquitin promoter (Ub).  pKUb-SB∆DDE is a non-functional 
version of transposase because of an internal deletion within the catalytic domain.  pCMV-ß functions as 
negative control.  B)  The colony forming ability of pT2-FloxP-PTK in pig fetal fibroblast (PFF) and 
porcine endometrial gland epithelium (PEGE) was determined by counting puromycin resistant colonies 
after plating 60,000 cells on 10cm dishes when pT2-FloxP-PTK was co-transfected with pKUb-SB11 
(+SB), pKUb-SB∆DDE (+SB∆DDE), or pCMV-ß (+ßgal). The addition of functional transposase (+SB) 
versus a non-functional transposase (SB∆DDE) or pCMV-ß (Bgal) was determined to be significant by 
analysis with an unpaired t-test (p-values < 0.000002). 
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. Multiple transposon systems function in porcine cells.  The success of the SB 

transposon system prompted the investigation of three additional transposon systems.  

In addition to retesting the SB transposon system, an additional member of the Tc1 

transposon family [55] PP, a member of the hAT transposon family [56] Tol2, and the 

founding member of the piggyBac transposon family [57], PB, were tested in PEGE 

cells.  PEGE cells are one of a few immortalized pig cell lines available and these cells 

transfect consistently (8-15%) and form tight non-migrating clonal colonies- two 

essential characteristics for the colony forming assays performed.  The PTK expression 

cassette was placed between inverted repeats corresponding to each transposon; pKT2P-

PTK, pPTnP-PTK, pGTol2P-PTK, and pPBT-PTK, respectively (Fig. 2A).  PEGE cells 

were co-transfected with each of these transposons along with their corresponding 

transposase expression construct; pKUb-SB11, pKC-PTs1, pCMV-Tol2, or pKC-PB, 

respectively.  Each transposon vector was also co-transfected with pCMV-ß to 

determine the background rate of non-transpositional integration.  Transfected PEGE 

cells were placed under puromycin selection for 9-12 days, colonies fixed, stained, and 

enumerated. Again, transfection of PEGE cells with both components of the SB system 

(Fig. 2B) resulted in over 200 colonies per 60,000 plated cells, or about 3.3% of 

transfected cells based on an average 10% transfection efficiency.  This represented a 

13.5-fold increase over transfection without transposase.  Similar enhancements to 

transgenesis were seen for all the transposon systems.  PP produced an average of over 

100 colonies per 60,000 cells; a 5-fold increase over transfection without transposase 

(Fig 2C).  The inclusion of Tol2 transposase resulted in the generation of puromycin 

resistant colonies at a rate 21-fold over transfections without transposase (Fig. 2D), 

2
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producing on average over 240 colonies per 60,000 cells.  The PB transposon system 

(Fig. 2E) yielded an average of over 320 colonies per 60,000 cells (about 5% of 

transfected cells), representing a 28-fold increase over transfection without transposase.  



 

Figure 2. 
 
 
 
 
 
 

 
 
 
 
 
 
Figure 2.  Activity of Multiple Transposon Systems in PEGE Cells.  A)  A drawing of a generic 
transposon (pTP-PTK) used for colony formation assays.  The transposons used, except the transposon-
specific inverted terminal repeats, are identical.  The vector backbones of the transposons are also 
identical except for pGTol2P-PTK.  The pKx-Ts drawing is a generic representation of the transposase-
expressing vector.  The promoter choices include Ub, CMV, and mCAGs for SB, Tol2, and PB and PP, 
respectively.  The vector backbones and poly(A) signals are identical except for pCMV-Tol2 B-E)  The 
number of colonies formed with SB, PP, Tol2, or PB PTK transposons are shown with ßgal instead of 
transposase (-Ts) and with transposase (+Ts), where Ts is SB, PP, Tol2, or PB.  In each case, the 
significance of transposase was verified with an unpaired t-test (p-values ≤ 0.00002). 
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3.  Molecular characterization of transposition.  Integration of DNA transposons 

produces target-site duplications upon integration into the genome. Analogous to SB 

and other Tc1 type transposons, the target site preference for PP [28] is a TA 

dinucleotide.  Target-site preference for the PB transposon is a TTAA tetranucleotide 

[33].  Integration of Tol2 results in a target-site duplication of eight bases but does not 

rely on specific primary sequence, instead targeting a characteristic local deformation of 

DNA (Hackett et al., unpublished). Blocked linker-mediated PCR was used to clone 

junction fragments after transfection of PEGE cells with each transposon system. 

Characteristic integration footprints were observed for each transposon system (Table 

1). Junction sequences were compared to sequences in GenBank using BLAST [58]. 

Despite the small amount of porcine genomic DNA available at this time, some flanking 

DNAs of each transposon system were found to have high identity to porcine genome 

sequence, in most cases repetitive elements.  This demonstrates bona fide transposition 

into the porcine genome for each transposon class.  
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Table 1.  
gctggatccagatcccta TA CAGTTGAAGT 
ATTGATATATAATTCACA TA CAGTTGAAGT 
TCAATCATCACACTATGG TA CAGTTGAAGT   SB 
ATATTACACAAGATATAT TA CAGTTGAAGT 
GTAATGTTCCATTGTGTA TA CAGTTGGAGT 
ACAAACAAGAACCACTAC TA CAGTTGAAGT 
 
CAAGGCACTG TA atcggtaccatttaaatc 
CAAGGCACTG TA CTTGGGCAAGATGCTTAA 
CAAGGCACTG TA TATCCTAATGCCTAGAGA   PP 
CAAGGCACTG TA ATCGGTACCCATGGTTGT 
CAAGGCACTG TA TATTCAAGAAATCAAAAA 
CAAGGCACTG TA TACGGTACCATTTGCTTG 
 
actatagggcga ATTGGGCC CAGAGGTGTA 
GAGATTAAGGTG CTAGTAGG CAGAGGTGTA 
ATGCTCAAGCCC CCAGCCCC CAGAGGTGTA   Tol2 
GACTTTAGCTAC CTGCCCAG CAGAGGTGTA 
ACAACCAAGCCT CCAAGGTC CAGAGGTGTA 
TCAAGTCAAGGA GTCTCAAC CAGAGGTGTA 
 
CTTTCTAGGG TTAA tctaggtaccatttaa 
CTTTCTAGGG TTAA GCACAAACACTGCTGC 
CTTTCTAGGG TTAA GAGCCCCCTGCTCATC   PB 
CTTTCTAGGG TTAA CTTGATCAGAGATATA 
CTTTCTAGGG TTAA TAGTTAGCAACAGCCT 
CTTTCTAGGG TTAA ACTCTAGCATGGTTGT 
 

Table 1:  Examples of transposon insertion junctions. Transposon junctions 

amplified from PEGE cells are shown in groups of five with expected non-transposed 

vector sequence (lowercase) highlighted above.  From top to bottom, SB (ITR-L), PP 

(ITR-R), Tol2 (ITR-L), and PB (ITR-R), and.  Target site duplications (bold) for each 

transposon are separated from genomic DNA and corresponding (ITR) by a space. 
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 One characteristic advantage of transposase-mediated integration is the precise 

incorporation of one or more independently transposed gene expression cassettes, 

without adjacent plasmid vector.  In order to observe representative integration events, 

DNA was isolated from 8 or 9 selected clones from each transposon and analyzed by 

Southern hybridization (Fig 3).  Non-transposase mediated integrations, often head to 

tail concatemer repeats, have a predictable hybridization fragment size following 

digestion.  However, transposon mediated events have unique DNA outside of the ITRs 

and therefore have unpredictable and varying fragment lengths.  The enhancement of 

transgenesis by transposition (as detected by increased colony formation) was 

substantiated by the presence of inserts of varying size in cellular clones, in most cases 

without concatemers. The level of transpositional transgenesis can also be measured by 

the number of independent integrations per cellular clone.  The more active transposons 

Tol2 and PB, display multiple (up to 15) independent integration events. The wild-type 

PP transposon system mediated a single integration event per cellular clone, reflecting 

its lower activity in PEGE cells, whereas SB has an intermediate number of insertions.   

 

 

 

 



 

Figure 3.  
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igure 3.  Southern Blot of PEGE Clones.  Individual puromycin resistant PEGE colonies were isolated 
d expanded for Southern analysis A) SB B) PP C) Tol2, and D) PB.  Each transposon donor plasmid 

fected into PEGE cells is diagramed with restriction endonuclease sites used for DNA digestion and 
e probe fragment indicated (diagonal lined rectangle). Expected concatemer sizes (vertical lined 

arrow)/smallest possible transposition event (open arrow) for each transposon are 5159/3335bp, 
083/3275bp, 6285/3346bp, and 5140/3320bp, respectively.  The positions of the marker bands are 

cated by black dots on the right of each blot with sizes of 12, 10, 8, 6, 5, 4, and 3kb are shown. 
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.  CRE/FLP activity in porcine cells.  To test the ability of Cre and/or Flp 

combinase to function in porcine cells pT2-FloxP-PTK (Fig. 1A) was transfected into 

EGE cells along with SB.  These clones were obtained from preliminary transfections 

at were selected under very stringent drug conditions that favored high-copy 

tegrations, particularly non-transposition events. DNA from puromycin resistant 

lones was isolated and analyzed by Southern analysis. Isolated clones contained 

ultiple copies of the PTK transgene due to non-transpositional integration, as 

dicated by concatemers and concatemer junction bands (Fig 4).  PTK transgenic 

lones were subsequently transfected with pPGK-nlsCre, pKT2P-nlsFlp, or pKT2C-

GFP.  Excision of the PTK cassette was detectable in transiently transfected cells by 

CR, and the sequence of the excision product confirmed by sequencing (data not 

own).  Transfected cells were placed under selection with gancyclovir for 10-14 days 

nd colonies counted (Fig. 4C).  Only cells that had excised the PTK gene could 

t 

colony formation for 7 out of 8 of the clones upon transfection with either pPGK-nlsCre 

or pKT2P-nlsFlp. Analysis of the data reveals that while Cre and Flp are both active in 

PEGE cells, in all cases Cre mediated recombinational excision matched or exceeded 

that observed for Flp.  A single clone (#6) never showed evidence of PTK elimination. 

The Southern analysis (Fig. 4B), revealed a fragment of pT2-FloxP-PTK likely 

resulting from the integration of a shortened PTK expression cassette lacking at least 
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E

P
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a

withstand gancyclovir selection. As expected for concatemers, we observed a low level 

of transgene instability as evidenced by the appearance of gancyclovir resistant clones 

upon transfection with pKT2C-EGFP. A much more pronounced recombinase 

stimulated elimination of the PTK cassette was demonstrated by an elevated resistan
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 isolated 
 

restriction enzyme sites for SspI and the location of the PTK probe (diagonal lined rectangle).  B) 

n 

transfection of PEGE clones with pPGK-nlsCre (CRE), pKT2-nlsFlp (FLP), or pKT2C-EGFP (GFP).  
 

0.05) are designated with an asterik (*). 

one flanking RRS.  This clipped PTK transgene is therefore unable to be remo

recombinase-mediated excision. 

 

Figure 4.  

 

 

 
 
Figure 4. Cre/Flp Activity in Pig Cells.  Individual puromycin resistant PEGE colonies were 
and expanded for analysis. A) A diagram of the pT2-FloxP-PTK vector showing the location of

Southern analysis shows the number and size of vector inserts in several PEGE clones. The expected 
concatemer size of 5.6kb (vertical lined arrow) as well as the smallest possible transposition event (ope
arrow) of 3.3kb are indicated on the left of the image. An asterisk is placed to the right of a band slightly 
smaller than 2kb in lane 2 (Clone #6).  C) The rate of gancyclovir resistant colony formation after 

Values that are significantly different from the background (GFP) as determined by an unpaired t-test (p ≥
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e system for use in porcine genome engineering, a SB 

ansposon containing a Cre-activated gene expression cassette was constructed- pTC-

ig. 5A).  In the intact transposon the PTK gene would be transcribed by 

e mini-CAGGs promoter and efficiently terminated by three complete poly(A) signals 

(triple stop) [59].  Cre recombination would result in deletion of the PTK/triple-stop 

cassette, thereby juxtaposing the mini-CAGGS promoter and the downstream gene 

expression cassette and enabling transcription of the GFP gene.  Conditional activation 

of GFP expression was assessed by microscopy and flow cytometry after transient 

transfection of PEGE cells with pTC-loxPTK-G in the presence or absence of pPGK-

nlsCRE (Fig. 5B).  There was no GFP observed in cells transfected with pTC-loxPTK-

G alone, whereas about 10-12% of the cells were GFP+ when transfected with pPGK-

nlsCre.  This corresponds well with the average transfection efficiency of PEGE cells, 

dicating that the Cre excision reaction is very efficient in transiently transfected cells. 

To further examine the efficiency of Cre recombinase in transiently transfected 

 

quantify the efficiency of PTK/triple stop elimination prior to or after integration into 

the genome (Fig. 5C). Accordingly, addition of pPGK-nlsCRE to the transfection, alone 

or in combination with pKUb-SB11 reduced puromycin-resistant colony counts to 

levels significantly lower than that observed for pKUb-SB11 or pCMV-ß, which 

5.  CRE-activated gene expression.  To further demonstrate the functionality of the 

transposon based Cre recombinas

tr

loxPTK-G (F

th

in

 

cells, conditional removal of the PTK/triple stop expression cassette was assessed by 

selection in puromycin following co-transfection of PEGE cells with pTC-loxPTK-G

and either Cre, ß-galactosidase, SB, or Cre + SB.  Transfected cells were plated under 

puromycin selection for 9-12 days, stained with methylene blue, and enumerated to 
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 correspond to transpositionally enhanced and non-transpositional transgenesis with an

intact PTK gene expression cassette, respectively.  Therefore, Cre recombinase excision 

activity in transiently transfected PEGE cells approaches 100%, especially with regard 

to plasmids available for transposition by SB transposase. 
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Figure 5.  A CRE-Activated Transgene.  A) An illustration of the Cre-activated transgene 
vector.  The full vector, pTC-loxPTK-G, produces PTK from the mini-CAGs promoter. 
Transcriptional leakage into the downstream gene, GFP, is limited due to the incorporation of 
three full poly-adenylation signals, a so-called triple-stop.  Recombination by Cre eliminates 
PTK and triple-stop, activating GFP expression from pTC-lox-G.  B) pTC-loxPTK-G was 
transfected into PEGE cells with (+Cre) or without (-Cre) pPGK-nlsCre.  Cells were monitored 
for GFP expression by fluorescent microscopy (image inserts) and flow cytometry.  The 
percentage of cells expressing GFP was dependent on co-transfection with pPGK-nlsCre.  C) 
PEGE cells were transfected with pTC-loxPTK-G along with pPGK-nlsCre (+Cre), pCMV-ß 
(+ßgal), pKUb-SB11 (+SB), or pKUb-SB11 and pPGK-nlsCre (+SB +Cre).  The cells were 
plated in puromycin selective media and colonies were counted. 

Figure 5.   
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Although this particular co-transfection with pTC-loxPTK-G and SB su

a low transfection efficiency (~5%) that lowered the transposition rate (compare Fig 5C 

to 1B), puromycin resistant clones were expanded for characterization by Southern 

analysis (Fig 6).  Analysis indicated transpositional transgenesis with 1 to 4 transposons 

per clone. Although, clones 7, 10 and perhaps 11 contained hybridizing species near 

what would be expected for non-transpositional integration, their molar representation 

was equal to that of single copy inserts, not multicopy concatemers. Clones 7 and 10 

also harbored hybridizing species smaller than was expected for transposition. These 

fragments likely represent non-transposase mediated recombination of a naked DNA. 

The population of clones that contain non-transpositional integration events amongst 

these clones match well with the expected rate of about 1 in 4 due to the low 

transfection rate that resulted in sub-optimal transposition rates (4-fold increase).  

pTC-loxPTK-G clones were generated to analyze the efficiency of reco binase 

directed selection cassette recycling and the conditional activation of gene expression 

from a variety of porcine genomic loci. Puromycin resistant clones were transfected 

with pPGK-nlsCRE and scored for gancylovir resistance (Fig 6C).  All gancylovir 

resistant clones expressed GFP, although variation in the intensity of GFP was observed 

the parental clone source. These expression variances 

 

on 

ffered from 

m

(data not shown) depending on 

are expected and likely result from the influence of porcine sequences adjacent to the

original site of transposon integration, a phenomenon commonly referred to as “positi

effect”.  A significant increase in the efficiency of selection cassette recycling was 

demonstrated in the presence of single copy inserts when compared to multicopy 

concatemers (Fig 6C vs 4C). In addition, activation of GFP expression upon 
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reco

 

 

 

 

 

 

greater than the transposon size of 4.9 kb (open arrow).  Whereas, bands associated with 

marker bands of the 1kb Quanti-Marker from ISC Bioexpress (Kaysville, Utah), are indicated 
n.  C)  

pKT2C-loxPTK-G colonies were transfected with pPGK-nlsCre and plated under gancyclovir 
ant and 
 

mbinase-based excision from integrated transposons demonstrates the efficacy of 

Cre-dependent conditional gene expression in pig cells.   

 

Figure 6. 

 

 
 
 
 

 
 
 
 
 
 

 
 
 
 

 
 
 
 
 
 

 
Figure 6:  Conditional Gene-activation of Integrated Transposons.  Colonies from the 
transfection of pTC-loxPTK-G with pKUb-SB11 (Fig 5C) were expanded in selective media 
containing puromycin.  DNA from these transgenic colonies was isolated and analyzed by 
Southern hybridization.  A)  A schematic of pKT2C-loxPTK-G that shows the AseI restriction
sites and the location of the PTK hybridization probe (diagonal lined rectangle) used for 
Southern analysis.  B)  A Southern blot of pKT2C-loxPTK-G colonies. The clones were 
analyzed without Cre excision, so integrants that result from transposition should be equal to or 

concatemer formation are found at 6.0 kb (vertical line arrow).  The positions of the DNA 

by black dots on the right of each blot with sizes of 12, 10, 8, 6, 5, 4, 3, 2.5, and 2 kb show

selection.  Clones with PTK eliminated by recombination became gancyclovir resist
were counted.  Cre-activation of all clones was determined to be significant (p<0.5).
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III. DISCUSSION 

1.  Multiple transposons and recombinases are active in porcine cells.  This work 

demonstrates for the first time the capability of four vertebrate DNA transposon 

systems, SB, Tol2, PB, and PP, to enzymatically f

transpositional transgenesis in porcine cells. e have also established for the first time 

that Cre and Flp DNA recombinases are active in porcine cells. The combination of 

these DNA directed enzyme systems provides for the delivery and removal of gene 

expression cassettes to the porcine genome for the purpose of cellular transgenesis, 

selection cassette recycling and conditional gene expression based on transposons and 

recombinases. In these studies, the Tol2 and PB transposon systems were more efficient 

than SB, which was more efficient than PP at mediating transpositional transgenesis in 

PEGE cells, although these relative efficiencies should not be over-interpreted. 

Although we used favorable conditions for each transposon system by our selection of 

promoters and transposase/transposon ratios, our focus here was on testing their 

function, not on determining their relative activities in PEGE cells, an immortalized cell 

itable for generating pigs by SCNT.  Indeed, it is well established that the rate 

 

 

tween 

 

 

acilitate precise and efficient 

 W

line unsu

of transpositional transgenesis in any cell type is likely to depend not only on intrinsic

transposase activity, but also on the presence or absence of cellular co-factors and DNA

repair enzymes, the method of DNA introduction, and the amount of transposase 

produced/provided in the specific cell type. Transposon activity varies not only be

cells from different species, but also between different cell types from the same species

[26, 27, 34].  Future studies will focus on the efficiency of different transposon systems 
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nd recombinases in pig fibroblasts (applicable to SCNT), pig stem cells (for functional 

genomics and SCNT), and porcine embryos (for direct transgenesis by PNI). 

In addition to potential differences in efficiency, the integration behavior of each 

transposon may be an important factor in determining the appropriate transposon 

system for a specific task.  For instance, PB appears to preferentially integrate into 

transcription units [32, 60] and often leaves no footprint when remobilized [33]. In our 

limited examination of integration sites within the pig, flanking sequence from two of 

seven PB insertions matched porcine cDNAs.  Taking into account the limited 

availability of porcine genomic DNA at this time, this increased affinity for coding 

regions is consistent with the observation by previous reports demonstrating that PB 

lands preferential near genes [32, 60].  Therefore, PB may be most suitable for 

functional genomics studies in pigs or pig cells, where interruption of genes is desirable 

[61-64].  SB does not integrate into transcription units at a rate much higher than what 

would be expected by random integration [65], so it may represent a better choice for 

animal transgenesis, transposon-based DNA vaccination, or other somatic therapies. 

Alternatively transposon systems engineered to target specific genomic locations may 

be developed and could provide the safest choice for these applications [34, 66, 67]  

The integration profiles of Tol2 and PP are not well characterized in any organism or 

cell type, and the integration predilections of any transposon system remains to be 

specifically addressed in specific swine cells. 

 

2.  Advantages of transposition for pig transgenesis and genetics.  There are several 

advantages of transpositional versus unguided transgenesis. First, the enzymatic activity 

a
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t generally is undesirable in the 

ansgenic animal. This could be particularly important for removal of xenogenetic 

of the transposase increases the efficiency of transgene integration (Fig. 1 and 2).  

Secondly, transposase-mediated transgenesis precisely integrates a single copy

son into one or more locations in the genome.  Consequently, transposition 

avoids the integration of G/C-rich prokaryotic elements of the vector and avoids 

transgene concatemerization, both of which can lead to shutdown of gene expressio

6].  In addition, concatemerization is problematic for selection cassette recycling (Fig. 

4) and the implementation of more complex genetic rearrangements with recombinases

We propose the use of transposon systems for transgenesis of porcine cells prio

use for the creation of pigs by SCNT to achieve increased efficiency, better precision

reliable expression, and selection cassette recycling.  In addition, SB and PB 

dramatically improved the transgenesis rate in mice by PNI [32, 68], providing 

rationale for improving the efficiency of transgenic pig production via this method.  

 

3.  Recombinases in swine genetics- selection-cassette recycling and conditional 

alleles.  There are several immediate applications for recombinases in swine genetics.

First, as shown in Fig 4-6, recombinases can be combined with a positive/negative 

selectable marker like PTK for selection cassette recycling [52].  Currently, most, if n

all transgenic animals produced by SCNT contain a selectable marker (e.g. neoR, puro

GFP) in addition to an experimental transgene.  This selectable marker is useful for

proper identification of nuclear donor cells, bu

tr

elements after gene knockout or manipulation preceding the introgression of engineered 

germplasm into agricultural production herds. The flanking of selectable markers with 
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tion is 

ansgenesis and recombination to achieve complex genomic rearrangements in the pig.  

 world 

RRS provides the opportunity to eliminate them in culture or by breeding to Cre 

expressing pigs, leaving only a single 34-basepair RRS footprint. 

Recombinases also permit the creation of conditional alleles for activation or 

inhibition of gene function in response to Cre or Flp recombinase activity, as illus

in Figures 5-6 [51].  In addition, the effectiveness of homologous recombination 

constructs can be improved to allow selection cassette recycling, thereby avoiding 

‘selection cassette interference’, whereby the exogenous regulatory elements in the 

selection cassette can interfere with the expression of genes in the vicinity of the 

targeted mutation [52].  As has been elegantly demonstrated in mice, recombinases can

also be used to create conditional knock-outs in pigs when tissue specific abla

desired, or when traditional knockout results in embryonic lethality. The availability of 

an assortment of transposon and recombinase systems should permit serial cellular 

tr

Serial transgenesis provides a direct method for the production of pigs that express 

several gene products or carry multiple RRS to capitalize on the striking long-range 

conservation of synteny between humans and pigs for or the development of large 

animal models of congenital and cancer related chromosomal abnormalities [53]. 

 

IV.  CONCLUSIONS: 

Pork represents the single most economically important meat product in the

and is playing an increasingly critical role in biomedicine. An armamentarium of 

effective genetic tools will be required to capture the value and potential of this species 

for human nutrition and health.  Here we have tested four transposon and two 
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ns are 

reasing efficiency by 

4-2

tly 

cing 
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recombinase systems for activity in pig cells.  SB, PP, Tol2, and PB and transposo

capable of precise transpositional transgenesis of porcine cells, inc

8 fold.  We have also demonstrated that Cre and Flp recombinases function 

efficiently in the nucleus of pig cells for selection-cassette recycling and conditional 

regulation of transgene expression.  The combination of these tools will significan

improve the efficiency and sophistication of porcine genetic manipulation for enhan

pig production and human nutrition, as well as modeling and treating human disease

 

VI.  MATERIALS AND METHODS 

1.  Vector Construction 
 
Sequence information, maps, and material requests for these constructs can be found on 

our web site [http://primer.ansci.umn.edu/fahrenkruglab].   

 

pT2-Floxp-PTK-  To generate a multiple cloning sequence flanked by FRT and loxP

recombinase recognition sequences (FRT-loxP MCS), two oligonucleotides with 

overlapping sequence (shown in bold) were designed, FRT-loxP Upper 

[ATACCGGCCGGAAGTTCCTATTCCGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCATAACTTCGTAT

 

AATGTATGCTATACGAAGTTATCTCGAGAATTCCCGGGAGGCCTACTAGT], and FRT-loxP Lower  

ATACTTTCTAGAGAATAGGAACTTCGGAATAGGAACTTCATAACTTCGTAT

AGC

CR 

  FRT-

[GTATTCATGAGAAGTTCCT

ATACATTATACGAAGTTATCCATGGACTAGTAGGCCTCCCGGGAA].  These oligonucleotides 

were annealed and elongated by PCR using Pwo polymerase.  The 218 base pair P

fragment was cloned into pCR4 using the ZERO Blunt TOPO PCR Cloning Kit 

(Invitrogen, USA) to create pCR4 FRT-loxP MCS, and was sequence verified.
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tely 

nd 

 

KUb-SB11

loxP MCS was subsequently excised with EagI and BspHI and cloned into pT2/BH 

(sequence available at: http://www.cbs.umn.edu/labs/perry/plasmids/plasmid.html) 

cleaved with EagI and NcoI to produce pT2-FRT-loxP MCS.  Finally, a comple

filled XhoI fragment, containing the mouse PGK promoter, the PTK fusion protein, a

bovine growth hormone poly(A) signal from YTC37, a kind gift from A. Bradley, was

cloned into Sma1 cleaved pT2-FRT-loxP MCS to produce pT2-FloxP-PTK. 

 

p -  A 1.0 kb fragment of the SB11 transposase from pCMV-SB11 [69], 

11-F1 [CACCATGGGAAAATCAAAAGAAATCAGCC] 

CCAATTTAAAGGCAATGCTACCAAATACTAG] primers and 

11.  pKUb was made by 

loning nucleotides 3561-4771 of the human UbC gene (genbank accession D63791), 

) 

ade 

ith oligos 

JC-SV40(A)-F1 [CATTGATGAGTTTGGACAAACCACA] and KJC-SV40(A)-

R1[ ] into pK-A10 opened w

ade by cloning KJC-Adapter 10 [CTGAGATCTTAAGCTAGCAGGATCCAGAATTCATTCAG] into 

pK digested with PvuII creating a multiple cloning site with

 

 with 

which had been amplified with CDS-SB

and CDS-SB11-R1 [GGATC

subcloned into an intermediate vector adding a 5’ BglII site and the sequence [agatctgat], 

was cloned into the BamHI site of pKUb to make pKUb-SB

c

which contains the UbC promoter, non-coding exon 1, and intron 1, into pK-SV40(A

between intact BglII and NheI restriction endonuclease sites.  pK-SV40(A) was m

by cloning a single copy of the SV40 poly(A) signal amplified by PCR w

K

ACCACATTTGTAGAGGTTTTACTTGCT ith XmnI.  pK-A10 was 

m

 PvuII, BglII, AflII, NheI, 

BamHI, EcoRI, XmnI, and PvuII recognition sites.   pK was made by joining an 0.8 kb

PCR product of pBluescriptSK- (Stratagene), containing the pUC_ORI amplified

oligos KJC-pUC_ORI-F1 [CTGTTCCGCTTCCTCGCTCACTGACT] and KJC-pUC_ORI-R1 
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-

CMV-ß

[AAAAGGATCTAGGTGAAGATCCTTTTTGAT], to a 0.9 kb PCR product of pENTR-D-TOPO

(Invitrogen), which contains the kanamycin resistance gene amplified by oligos KJC

KanR-F1 [CTGCATCATGAACAATAAAACTGTCTGCT] and KJC-KanR-R1 

[TGCCAGTGTTACAACCAATTAACCAAT].  The junction of ORI-F1 to KanR-R1 created a 

single PvuII site. 

 

p  is available from Clontech (Mountainview, CA). 

 

pPGK(nls)CRE was a kind gift of Dr. David Largaespada’s lab at the University of 

Minnesota.   

 

pKT2P-(nls)FLP-  A Flp open reading frame containing the large T antigen nuclear 

localization signal (bold) and corrected Kozak consensuses sequence was generated by

amplifying the Flp open reading frame using primers CDS Kozak-NLS Flp 5' 

[ATATCTCGAGGCCACCATGGCTCCCAAGAAGAAGAGGAAGGTGATGAGTCAATTTGATATATTATGTAA

AC] and CDS Flp 3' [ATATAGATCTTTATATGCGTCTATTTATGTAGG] using pOG44 

(Invitrogen, USA) as template.  The resulting PCR product was cloned i

the ZERO Blunt TOPO PCR Cloning Kit (Invitrogen, USA) creating pCR4-nlsFlp.  Th

nlsFlp open reading frame was subsequently excised with XhoI and BglII and inserted 

into XhoI-BglII cleaved pKT2-PGKi to produce pKT2P-nlsFlp. pKT2-PGKi contains 

the human PGK promoter, a kind gift of Dr. Scott McIvor in front of the mini-intron, 

MCS, and rabbit beta-globin 3’UTR found in mini-CAGGs. 

 

 

A

nto pCR4 using 

e 
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pKT2C-EGFP was made by cloning a 0.7 kb XhoI to BglII fragment of pKT2P-GeN 

into pKT2-mCAG opened from BglII to XhoI.  pKT2-mCAG was made by cloning a 

2.2 kb BamHI to KpnI fragment of pSBT-mCAG [70] into pK-A3 op

to KpnI.  pKT2P-GeN was made by cloning EGFP as a 0.75 kb EcoRI fragment from

pCR4-EGFP into 

ened from BamHI 

 

the EcoRI site of pKT2P-eNeo.  pCR4-EGFP was made by cloning a 

CR fragment of EGFP from pEGFP-N1 (Clontech) amplified with primers KJC-

EGFP-R2 

TACTTGTACAGCTCGTCCATGC] into pCR4-TOPO (Invitrogen).  pKT2P-eNeo 

e amplified from pGT-Neo [61] with KJC-BactinSA-F1 

GTTGACTTCCCTGACAGC] and KJC-Bgeo-R1 

oved into 

P

EGFP-F3 [CCGAATTCTACCATGGTGAGCAAGGGCGAG] and KJC-

[CCAGATCTT

contains the encephalomyocarditis virus internal ribosome entry site and neomycin 

resistance gen

[CACTGAAGT

[TTCAATTGTTAGAAGAACTCGTCAAGAAGGCGA].  The eNeo cassette was subcloned and 

acquired a modified sequence at the 3’ end [gttaactt] to [gttaagtctaga] including a 

BglII site.   The 1.4 kb eNeo cassette was isolated with EcoRI and BglII and m

pKT2-PGKi opened from BglII to EcoRI. 

 

pKT2P-PTK was made by cloning a 2.7 kb PvuII fragment from pKP-PTK_TS into 

pKT2-RV opened with EcoRV.  pKT2-RV was made by cloning a 0.6 kb BamHI to 

KpnI fragment of pSBT-RV [70] into pK-A3 opened with BamHI and KpnI.  pK-A3 

was made by opening pK with PvuII and inserting KJC-Adapter 3 

[CTGGATCCAGATCTGGTACCATTTAAAT] creating a small multiple cloning site with PvuII,

BamHI, BglII, KpnI, and SwaI sites.  pKP-PTK_TS was mad

 

e by cloning a 2.3 kb BglII 

 EcoRI fragment of pCR4-PGK-PTK into the MCS of pK-SV40(x2) opened with to
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-EcoRI and BglII.  pCR4-PGK-PTK was made by cloning a 2.3 kb PCR product of pT2

FloxP-PTK amplified with Puro∆TK-F1 [TTAGATCTGGCCTCGCACACATTCCACAT] and 

Puro∆TK-R1 [TGGTTCTTTCCGCCTCAGAAGCCAT] into pCR4-TOPO (Invitrogen).  pK-

SV40(x2) was made by cloning two copies of the SV40 poly(A) signal amplified by 

PCR with oligos KJC-SV40(A)-F1 [CATTGATGAGTTTGGACAAACCACA] and KJC-

SV40(A)-R1[ACCACATTTGTAGAGGTTTTACTTGCT] into pK-A10 opened with XmnI. 

 

pTol2-PTK-  The miniTol2 transposon donor plasmid was constructed by inserting the 

PvuII fragment of pKP-PTK-TS into pGemT-Tol2 [71, 72] opened from SwaI to 

HindIII (filled) to produce pGTol2P_PTK. 

 

pCMV-Tol2 was constructed as indicated [71] from previously described materials [

 

72]. 

pPBTP-PTK was made by cloning a 2.7 kb PvuII fragment of pKP-PTK_TS into pPBT-

SE opened from SmaI to EcoRV.  pPBT-SE was made by cloning the 102 bp PCR 

roduct containing an outward facing T7 polymerase site, the SE multiple cloning site, 

ct 

 

 

d LTR 2 from PB 

p

and an outward facing T3 polymerase site into pPBT cut with MscI.  The PCR produ

was amplified from pKT2-SE using T7-RevComp [TCTCCCTATAGTGAGTCGTATTA] and

T3-RevComp [TCTCCCTTTAGTGAGGGTTAATT] primers.  pPBT was made by cloning the

PB LTR1 and LTR2 into pKT2-SE from KpnI to BamHI.  LTR1 an

were amplified from pXL-Bac-II, a kind gift of Malcolm Fraser (Notre Dame 

University), using PB-LTR1-F1 [TGGATCCCAATCCTTAACCCTAGAAAGATAATCATATTG] and 

PB-LTR1-R1 [GTGGCCATAAAAGTTTTGTTACTTTATAGAAG] or PB-LTR2-F1 
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and SE 

. 

[TTGGCCATAAGTTATCACGTAAGTAGAACATG] and PB-LTR2-R1 

[TGGTACCTAGATTAACCCTAGAAAGATAGTCTG], respectively.  LTR1 and LTR2 PCR 

products were cloned into pCR4 vector (Invitrogen) and subsequently excised by 

BamHI and MscI or MscI and KpnI digestion, respectively.  pKT2-SE was made by 

cloning the 0.7 kb BamHI to KpnI fragment containing the SB inverted repeats 

multiple cloning site from pSBT-SE [70] into pK-A3 opened from KpnI to BamHI

 

pKC-PB was made by inserting the 2.1 kb NheI to BamHI fragment of p3XP3-DsRed, a

kind gift of Dr. Malcolm Fraser (Notre Dame University), containing the PB 

transposase coding sequence into the 3.2 kb

 

 BamHI to NheI fragment of pKC-SB11, 

hich resulted in the exchange of SB11 with PB transposase. 

PTnP-PTK

w

 

p - A 2.7 kb PvuII to PvuII fragment of pKP-PTK_TS was cloned into the 

e 

1 

 gift of Dr. 

EcoRV site of pPTn2-RV to make pPTnP-PTK.  pPTn2-RV was made by cloning KJC-

Adapter 4 [TCTCCCTTTAGTGAGGGTTAATTGATATCTAATACGACTCACTATAGGGAGA] into th

MscI site of prePTn2(-1) creating T7 and T3 polymerase binding sites orientated out 

towards the inverted repeats of the PTn transposon and separated by an EcoRV site.  

prePPTn2(-1) was made by cloning a 0.5 kb BamHI to KpnI fragment of pCR4-

PPTN2A into pK-A3 opened from KpnI to BamHI.  pCR4-PPTN2A was created by 

topo cloning a 0.5 kb PCR product amplified from prePPTN2(-2) using oligos PPTN-F

(BamHI) [AAGGATCCGATTACAGTGCCTTGCATAAGTAT] and PPTN-R1 (KpnI) 

[AAGGTACCGATTACAGTGCCTTGCATAAGTATTC] into pCR4-Topo (Invitrogen).  prePPTN2(-

2) was created by amplifying the majority of pBluKS-PPTN5 [29], a kind
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N-OL2 

A].  

gle 

Michael Leaver (University of Stirling, UK), with oligos PPT

[CCATCTTTGTTAGGGGTTTCACAGTA] and PPTN-OR1 [CCAGGTTCTACCAAGTATTGACAC

The PCR fragment was then self-ligated to produce an empty transposon with a sin

MscI site in its interior. 

 

pKC-PTs1 was made by cloning a 1.0 kb NheI to EcoRI fragment of pKUb-PTs1 that 

ontained the PPTN transposase (PTs) into pK-mCAG opened from EcoRI to NheI.  

led).  

 into pKUb-SB11 from 

heI to BamHI.  pCR4-PPTs1B was made by cloning a PCR fragment of pBluKS-

 

c

pK-mCAG was made by cloning the mCAG promoter from pSBT-mCAG [70] as a 0.96 

kb SmaI to EcoRI (filled) fragment into pK-SV40(A)x2 opened with AflII (fil

pKUb-PTs1 was made by replacing the SB11 gene from pKUb-SB11 with PTs by 

cloning a 1.0 kb BamHI to NheI fragment from pCR4-PPTs1B

N

PPTN4 [29], a kind gift of Dr. Michael Leaver (University of Stirling, UK), amplified

with primers CDS-PPTs-F1 [AAAGCTAGCATGAAGACCAAGGAGCTCACC] and CDS-PPTs-R1 

[AAGGATCCTCAATACTTGGTAGAACC] into pCR4-Topo (Invitrogen). 

 

pKT2C-loxPTK-G was made by cloning a 2.3 kb PvuII fragment of pK-PTK_TS into 

the MscI site of pKT2C-lox-GFP.  pK-PTK_TS was made by cloning a 1.9 kb B

EcoRI fragment of pCR4-PTK into the MCS of pK-SV40(x2) opened with EcoRI and

BglII.  pCR4-PTK was made by cloning a 1.9 kb PCR product of pT2-FloxP-PTK using 

oligos Puro∆TK-F2 [TTAGATCTACCATGACCGAGTACAAGCCCA] and Puro∆TK-

[TGGTTCTTTCCGCCTCAGAAGCCAT] into pCR4-TOPO (Invitrogen).  pKT2C-lox-GFP was 

made by cloning 0.1 kb EcoRI fragment of pCR4-loxP, which contains two direct 

glII to 

 

R1 
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d with EcoRI.  

ATTATACGAAGTTATTGGCCACTCGAG] into pCR4-TOPO 

nvitrogen).   

 

  

 

n 

til 

n/Strep, 10 µg/ml 

sulin (Sigma, USA), and 1X L-Glutamine.  

se, well 

d at 

repeat loxP sites separated with a MscI site, into pKT2C-EGFP opene

pCR4-loxP was made by topo cloning the annealed and extended oligos loxP-F1 

[ATAACTTCGTATAATGTATGCTATACGAAGTTATCTCGAGTGGCCA] and loxP-R1 

[ATAACTTCGTATAGCATAC

(I

 

2.  Cell Culture and Transposition/Recombinase Assays 

 Pig fibroblasts were isolated from 43 day old embryos.  The tissue was 

dissociated using a collagenase/DNAse I treatment as well as mechanical disruption.

The cells from the female piglet #8 were cultured in DMEM enriched with 10%FBS

and 2X antibiotic/antimycotic solution (Gibco #15240-022).  The cells were passaged i

DMEM high glucose media enriched with 10% FBS, 2mm L-glutamine, 1X P/S un

spontaneously establishing line PF8.  A subpopulation of porcine endometrial gland 

epithelium cells [73] were spontaneously immortalized, strain PEGE.  The PEGE cells 

were maintained in DMEM supplemented with 10% FCS, 1X Pen

In

 For transposition assays cells were plated in each well of a six well plate to 

achieve 60-80% confluence within 6-24 hours. Cells were transfected using TransIT-

LT1 (Mirus Bio Corporation, WI) transfection reagent according to the manufactures 

instructions with a ratio of 3:1 lipid:µg DNA.  Each transfection contained a total of 

1.15 to 1.5 µg of plasmid DNA.  Wells 1-3 contained transposon plus transposa

4 contained transposon no transposase, well 5 contained SB plus SB transposase and 

well 6 contained pKT2C-EGFP only.  Molar amounts of each transposon were fixe
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id 

ce of 

est 

g 

V & miniCAGs) and transfection conditions for Tol2 and PB were 

lected based on previously published data and the observation that these transposon 

an SB and PP.[34, 60, 71] 

ter 

 

.  

 
ed 

enomic DNA was extracted using 

AseI 

 

1.5 x 10-13 moles of transposon (0.75 x 10-13 Moles for Tol2) while transposase plasm

was added at a molar ratio of 1:1 for SB, Tol2, and PB, and 1:0.5 for PP. The choi

the promoters and transfection ratios for SB and PP was based on the high

transposition activity observed in human HT1080 cells (data not shown).  Stron

promoters (CM

se

systems seem less susceptible to overexpression inhibition th

Total DNA weight was adjusted using a pCMV-ß plasmid.  Forty-eight hours af

transfection cells were trypsinized, and two replicates of 60,000 cells were plated onto

100 mm plates in medium containing 0.3 µg/ml puromycin and selected for 9-11 days

Colonies were visualized by methylene blue staining and counted.  A minimum of two 

six-well plates were transfected for each experiment.  The mean colony number and 

standard error are shown in figures. 

3.  Southern Hybridizations 

Several independent puromycin resistant PEGE foci for each transposon were aspirat

and grown to confluence on a 100 mm plate.  G

standard methods and approximately 10µg was digested with SspI (Tol2 clones) or 

(SB, PB, and PP) clones.  Digested DNA was separated on 0.7% agarose gel and 

transferred to positively charged nylon membranes (GE Osmotics, USA).  Membranes

were probed with a random primed 1524 bp XmaI fragment of pKP-PTK-TS that 

contained the bulk of the PTK gene and visualized by autoradiography or phosphor 

imaging.   

4.  Cloning Transposon Junctions 
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Genomic DNA was isolated from pooled, fixed, and stained puromycin resistant clones 

for each transposon.  For splinkerette PCR DNA was cut with Sau3AI or NlaIII and 

junctions were cloned as described [68].  For blocked linker-mediated PCR, DNA was 

cut with NspI for Tol2 and SB, and a cocktail of enzymes including XbaI, AvrII, NheI 

and SpeI for PB and PP.  The NspI digested DNA was ligated to the blocked linker-

SphI that was created by annealing primerette-long 

[CCTCCACTACGACTCACTGAAGGGCAAGCAGTCCTAACAACCATG] and blink-SphI [5’P- 

GTTGTTAGGACTGCTTGC-3’P].  Whereas the DNA digested with the cocktail was ligated 

to the blocked linker-XbaI that was produced by annealing primerette long to blink-

XbaI [5’P-CTAGCATGGTTGTTAGGACTGCTTGC-3’P].  Following ligation the junction 

sequences were amplified by nested PCR.  The primary PCR used the common primer 

primerette-short [CCTCCACTACGACTCACTGAAGGGC] with transposon-specific primers 

SB_IRDR(L)-O1 [ATTTTCCAAGCTGTTTAAAGGCACAGTCAAC], Tol2(L)-O1 

GGGCATCAGCGCAATT], PB-LTR(R)-O1 [ACAGACCGATAAAACACATGCGTCAA], 

GGGTGAATACTTATGCACCCAACAGATG

reactions used the common primer primerette-nested [GGGCAAGCAGTCCTAACAACCATG] 

with transposon-specific primers SB_IRDR(L)-O2 

[GACTTGTGTCATGCACAAAGTAGATGTCCT], Tol2(L)-O2 

[GCGCAATTCAATTGGTTTGGTAATAGC], PB-LTR(R)-O2 [TCCTAAATGCACAGCGACGGATTC], 

CAGTACATAATGGGAAAAAGTCCAAGGG

sequences serial dilutions (1:50 and 1:500) of the ligation reaction were used as 

template for the primary PCR.  The primary PCR was diluted 1:50 and used as template 

 

[AATTAAACT

and PTn-IRDR(R)-O1 [ ].  The secondary PCR 

and PTn-IRDR(R)-O2 [ ]. To generate unique 
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 the secondary PCR reaction.   The PCR fragments were shotgun cloned and 

sequenced. 
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n of their host genomes.  To 

 the native genome of a 

vertebrate. We demonstrate that Passport, a native transposon isolated from a fish 

(Pleuronectes platessa), is active in a variety of vertebrate cells.  In transposition 

assays, we found that the Passport transposon system improved stable cellular 

transgenesis by 40-fold, has an apparent preference for insertion into genes, and is 

subject to overproduction inhibition like other Tc1 elements.  Passport represents the 

first vertebrate Tc1 element described as both natively intact and functionally active, 

and given its restricted phylogenetic distribution, may be contemporaneously active.  

The Passport transposon system thus complements the available genetic tools for the 

manipulation of vertebrate genomes, and may provide a unique system for studying the 

infiltration of vertebrate genomes by Tc1 elements. 

I. INTRODUCTION 

 Mobilization of transposons is hypothesized to contribute to the evolution of 

genomes by several mechanisms, including; imperfect repair after excision, insertional 

mutagenesis, changes in the regulation of adjacent gene expression, and gene 

duplication or exon shuffling (1,2).  Tc1/mariner elements are widely distributed, being 

found in species from animal, plant, and fungal kingdoms (3,4).  Transposons in this 

family contain a transposase gene flanked by inverted terminal repeats (ITRs) and are 

mobilized by a cut-and-paste mechanism (3). The Tc1/mariner transposases belong to a 

larger family of enzymes, including bacterial transposases , retroviral integrases, and 

The Tc1/mariner family of DNA transposons is widespread across fungal, plant, and 

animal kingdoms, and thought to contribute to the evolutio

date, an active Tc1 transposon has not been identified within
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een identified in vertebrate 

genomes.  Instead, active vertebrate Tc1/mariner elements have been synthetically 

created by phylogeny-informed reanimation of inactive transposons. The Sleeping 

 (SB) transposon derived from salm

V(D)J recombinase, all of which are characterized by a DDE or in the case of mariner

and mariner-like elements a DDD motif that is involved in polynucleotidyl transfer 

reactions (3). 

Tc1/mariner elements can be active in the soma and the germline. Therefore, 

regulation of transposition is required for host viability, and by extension, transpos

persistence (5). Evolutionary periods of transpositional activity are thus interspe

with periods of stochastic loss (6) and “vertical inactivation” of transposons, where

only defective versions are found within the genome, containing frame-shifts, deletion

and missense mutations. Nonetheless, representatives of this family of transposons ha

been demonstrated to be active in nematodes (7,8) and arthropods (6,9,10). In contrast

the biology of Tc1/mariner elements in vertebrate cells/genomes is understudied. 

Despite being present at thousands of copies per genome, neither active Tc1/mariner 

transposition, nor functionally intact elements have b

Beauty onid fish represents the inaugural 

representative of Tc1/mariner transposon reanimation in vertebrates (11), and has been 

subsequently engineered to hyperactivity for genetic applications including 

transpositional transgenesis (TnT) and gene therapy. Additional transposons from 

amphibians (Frog Prince) and humans (HsMar1) have been similarly reanimated 

(12,13). 

Leaver previously described a Tc1-like transposon (PPTN) from flatfish that is 

present at 200-300 copies in the plaice (Pleuronectes plattessa) genome (14,15). This 
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sented in the genomes of Atlantic salmon (Salmo salar) and frogs (Rana 

tempor es. 
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reference for integration into genes, may be contemporaneously active in 

vertebr

element belongs to the inverted repeat/direct repeat (IR/DR) group of Tc1-like element

as described by Izsvak et al. (16), and has 74-81% identity to related but distinct 

elements repre

aria). These elements appeared to be absent in the genomes of other fish speci

The fact that these related mobile elements are found in the genomes of 

phylogenetically distant animals yet absent in more closely related species, led Leave

to hypothesize that this transposon family was distributed by horizontal transfer (14,17

Additionally, the identification of structurally intact native transposons suggested the 

tantalizing possibility that these Tc1-like transposons might be active.  

We have developed the native PPTN transposon as a binary non-autonomous 

system, henceforth referred to as “Passport”, and have demonstrated it as function

competent for transposition.  We have tested the Passport transposon system in multip

vertebrate cell lines and provide molecular evidence of transposition. Our data ind

that Passport is active, and when mobilized prefers to integrate into the transcription

units of genes. An expanded analysis of the phylogeny of Passport reveals that in 

addition to the presence of this transposon in other flatfish, including flounde

(Platichthys flesus) and turbot (Scophthalmus maximus) (18), Passport shares a high 

degree of similarity with other recently reported transposons, including; Eag

and Barb (19,20). Combined, these observations suggest that this structurally and 

functionally intact transposon family may remain active in vertebrate lineages, and

given a p

ate genome evolution. 
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II. RESULTS 

1. Native Passport is competent for transposition in cells of diverse vertebrate

origin  

The SB, Frog Prince, and HsMar1 transposon systems are active in a wide array of 

vertebrate cells (11-13), although to differing degrees. In order to assess 

ubiquity of Passport function, we undertook an analysis of TnT in human (HeLa, 

HT1080), monkey (Vero), pig (PEGE), hamster (CHO), mouse (3T3), chicken (DF1) 

and turkey (TT) cells using a Passport transposon containing a puromycin thymidine 

kinase fusion protein (21) driven by the mouse PGK promoter (pPTnP-P

ansfected with the pPTnP-PTK transposon and a Passport transposase 

expression construct (pKC-PTs) at a Tn:Ts molar ratio of 1:0.5, or with the molar 

equivalent of pCMV-ßgal.  Following transfection, replicates of ~30,000 cells were 

plated and selected in puromycin, fixed, stained and enumerated. In all cases, Passport-

dependent TnT resulted in the generation of a number of puromycin resistant colonies 

far exceeding that observed for controls lacking transposase, in the case of HeLa ce

reflecting at least a 40-fold enhancement (Fig. 1).  As with other transposon sys

(12,22), TnT varied between cell types (as did background resistant colony formation

although comparing relative transpositional activity across cell lines may be confounde

by the fact that transfections were conducted under identical conditions that may b

suboptimal for some cell lines. Nonetheless, native Passport is functional in cells fro

a broad sampling of vertebrate species. 

Figure 1: 
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Figure 1- Passport functions in cells from a wide variety of vertebrate sources.

a source of Passport transpoase, pKC-PTs1 (+PTs) or pCMV-Bgal (-PTs).  Cells were 
selected in puromycin and stable colonies were counted.  B) HeLa, CHO, Vero, and 
HT1080 cells displayed an increase in stable colony formation with the addition of 
Passport transposase  C) 3T3, TT, DF1, and PEGE cells produced less stable colonies 
under these transfection conditions; however, the addition of Passport transposase 
significantly improved colony formation.  The addition of transposase rather than beta-

CHO where p=0.07). 

   A) A 
Passport transposon that expresses Puromycin phosphotransferase was co-transfected with 

galactosidase significantly increased colony formation in all cell types (p<0.05, except 
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2. Passport is sensitive to overproduction inhibition 

Overproduction inhibition, where excess transposase reduces the rate of transposition, is 

a hallmark of Tc1/mariner elements (5). We thus undertook an analysis of this effect for 

Passport and compared its sensitivity to that of the well-characterized SB transposon 

system (23,24). A series of transfections was performed with varying ratios of 

transposase to transposon vector to measure the effect of increasing transposase 

concentration on the rate of transposition.  In addition, two promoters (human UbC (25) 

and mCAG (26,27)) were used to drive expression of the Passport transposase across a 

broad range of transposase levels (Fig. 2).  In HT1080 cells, gene expression from the 

.  

A 

mCAGs promoter is 5 to 10-fold higher than from the UbC promoter (data not shown)

constant amount of transposon (pPTnP-GeN, 75 femtomoles) was co-transfected wi

nsposase vector containing either the UbC or mCAGs promoter (pKC-PTs or

s at a Tn:Ts molar ratio of 1:0.2, 1:0.5, 1:1, 1:2, or 1:5 corresponding to 15, 

0, and 375 femtomoles of transposase plasmid). The total amount of transfected 

th 

tra  pKUb-

PT 37.5, 75, 

15 DNA 

was kept at 2µg by supplementing with pCMV-ßgal DNA.  To compare to the SB 

transposon system, identical reactions were performed with an SB transposon (pKT2P-

GeN) and SB11 transposase expressed from the UbC and mCAGs promoters (pKUb-

SB11 and pKC-SB11).  Following transfection, two replicates of ~30,000 cells were 

plated and selected in G418 for 10-14 days, fixed, stained and the resulting colonies 

enumerated. Our previous studies indicated that a molar ratio of 1:1 SB transposon to 

SB transposase expressed from the human UbC promoter resulted in near optimal 

transposition rates for the SB transposon system.  Therefore to correct for any variation 

in transfection or selection, a 1:1 ratio of pKT2P-GeN:pKUb-SB11 was included as in 
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ve sensitivity of the two 

ective 

internal standard for each day of transfection. The relati

transposon systems to overproduction inhibition is presented in Figure 2B & C, where 

colony formation is expressed relative to the contemporary pKT2P-GeN:pKUb-SB11 

internal standard.  As shown in Fig. 2B, the hyperactive SB system resulted in more 

than twice as many colonies as the native Passport system (Fig 2C) at their resp

optimal Tn:Ts ratios.  As expected, the SB transposon system is sensitive to 

overproduction inhibition.  The peak transpositional activity for Passport was observed 

using a 1:5 ratio of pPTnP-GeN:pKUb-PTs1 or a 1:0.2 ratio of pPTnP-GeN:pKC-PTs1, 

beyond which increasing transposase expression resulted in reduced transposition, 

indicating that Passport is indeed susceptible to overproduction inhibition. 
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Figure 2: 
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Figure 2-  Examination of overproduction inhibition.  A) To examine the effect of 
transposase dose on transposition rates, a constant amount of pTnP-GeN (75 femtomoles) 
was co-transfected with 5 different molar ratios of transposase expression vector driven by 
either the human UbC promoter (pKUb-Ts) or the mCAGs promoter (pKC-Ts), where T 
and Ts generically refer to either SB or Passport components. In all cases the total amount 
of DNA transfected was adjusted to 2 µg by the addition of the appropriate amount of 
pCMV-Bgal.  After transfection and selection in G418, colonies were counted and the 
data compared to an internal reference transfection of SB at a ratio of 1:1U. The raw data 
for the internal reference transfection came from a total of 30 replicates and ranged from 
68 to 324, with a median of 150 and a mean of 170 (data not shown). The relative 
transposition efficiencies confirm overproduction inhibition of B) the SB transposon 
system and C) demonstrate overproduction inhibition of the Passport transposon system.  
Error bars represent the standard error. 
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3. Molecular characterization of Passport transposition. 

To validate transposition we examined the number of integration events per 

cellular clone by Southern analysis. Transposition is supported by hybridizing 

fragments of varying lengths, corresponding to genomic restriction sites at varying 

distances from the transposon insertion-sites (Fig. 3A).  Non-transpositional DNA 

integration results in the formation of multi-copy concatemers (28) that are expected to 

result in a predictable restriction enzyme fragment derived from sites within the 

transposon vector (Fig 3B).  The Southern analysis of DNA isolated from 15 HT1080 

clones revealed that Passport indeed had transposed into the human genome, with one 

to four integrations per cellular clone (Fig 3C). Clones 4, 5, and 9 also contain a 

hybridizing band near the predicted size of a concatemer, although low signal intensity 

suggests low copy inserts not inconsistent with transposition. 
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Figure: 3 

Figure 3-  Evaluation of diversity and number of Passport genomic integrations.  A) 
Transposase-mediated recombination into the genome should result in transposon 
fragments of variable length after digestion with AseI.  The sizes of the fragments are 
dependent on the proximity of AseI recognition sites in the neighboring chromatin, and 
can be observed following Southern hybridization.  B) Commonly, when DNA integrates 
without the enzymatic activity of transposase, head to tail concatemers of variable length 
are formed and integrate into the genome by non-homologous end-joining.  In this case, 
the size of this internal high-representative fragment (~5.1 kb) is predictable based on the 
location of AseI sites within the transposon donor plasmid.  C) An image of our Southern 
hybridization of 15 independent HT1080 clones is shown.  The paired head to tail arrows 
indicate the expected position of pPTnP-PTK concatemers that could potentially form 
during integration by non-homologous end joining.  The line with outward facing 
arrowheads represents the size of the transposon and therefore the minimal expected size 
of a hybridizing fragment integrated by TnT.  The asterisks mark two bands present in the 
HT1080 DNA that hybridize weakly with the PTK probe used here. 
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To further verify TnT by Passport, and to characterize the insertion target sites 

and preferences within HT1080 cells, junction fragments between the transposon and 

host genome were cloned and sequenced.  Passport, like other Tc1 transposons, is 

expected to integrate into a TA dinucleotide and cause target-site duplication of the TA 

sequence at the ITR boundary.  Table 1 lists 27 independent insertion events identified 

in HT1080 cells, demonstrating integration of the transposon into a TA within the 

human genome, and validating genuine transposition. The genomic location of each 

transposon insertion was determined by comparison of the cloned junction sequence to 

the human genome using Blastn (29).  Insertions were dispersed across the human 

genome (Table 1). However, insertions did not appear to be completely random as 

chromosome 1, which is twice as long as chromosome 12, has no integrations whereas 

chromosome 12 has 6 integration events.  In addition, the cloned junctions were found 

in transcription units in 63% of the cases, which is inconsistent with a completely 

random integration profile. 
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Table 1: 

Table 1- Passport junctions from integration into the human genome.  The integration 
sites show the sequence outside the left ITR (L), the TA that is duplicated upon 
integration, and the sequence outside the right ITR (R).  The first sequence indicates the 
sequence found in the donor plasmid (red), while the remaining represent 27 Passport 
integrations sites all of which occurred by transposition as indicated by the exact junction 
at the ITR with a TA dinucleotide from the genome.  In each case the sequence 
represented in CAPS was cloned by blocked LM-PCR and the sequence in lower case was 
derived from genome sequence data. In many cases, the Passport transposon integrated 
into known or (predicted) genes (Locus).  The transposon integrations targeted a wide 
variety of chromosomal positions (Chrm Pos).   
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4. Passport-like transposons are present in other fish and amphibian genomes 

The availability of sequenced genomes provides an opportunity to compare and 

categorize all transposons within a species and derive consensus sequences with a 

minimum of experimental bias.  While Passport elements were originally isolated from 

plaice, nearly identical elements have been identified in other flatfish, including 

flounder and turbot (99% and 98% DNA identity).  A recent search of ENSEMBL 

revealed the presence of additional related transposases with high nucleotide identity 

(>80%) to Passport in the genomes and EST collections of Xenopus tropicalis, and 

pufferfish (Takafugu rubripes), stickleback (Gasterostreus aculeatus), medaka (Oryzis 

latipes), Atlantic salmon (Salmo salmar) and rainbow trout (Oncorhynchus mykiss). 

Passport-like transposons were absent from all other ENSEMBL genomes, including 

those of the zebrafish (Danio rerio), despite the wide range and high copy number of 

other Tc1-like elements in this species. Comparison of the encoded transposase amino 

acid sequences show that relatives of Passport form a distinct family of Tc1-like 

transposon urther divided into two subfamilies, including Eagle/Glan and 

Barb/SSTN/RTTN (Fig 5). The salmonids (salmon and rainbow trout) contain members 

of both subfamilies, whilst X. tropicalis, pufferfish, stickleback and medaka contain 

only the Eagle/Glan subfamily. The structure of Passport is somewhat intermediate 

between that of Eagle/Glan and Barb/SSTN/RTTN, in that its ITRs bear a strong 

resemblance to Barb/SSTN/RTTN (Fig 4A) whereas its transposase-coding region 

seems to bear more resemblance to the Eagle/Glan subfamily.  Intriguingly, alignment 

of the DNA-binding domains of the transposases demonstrates a distinction between 

s that is f



 

Eagle/Glan and Passport/Barb/SSTN/RTTN (Fig 4B), a difference that may be 
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functionally connected to the ITRs of these elements. 

Figure 4: 

 

 

Figure 4- Phylogeny of Passport-like transposons and their hosts.  A) Neighbor joi
plot of multiply aligned transposase consensus amino acid sequences. Sequences were 
aligned with ClustalW, and plotted with NJplot. Numbers represent the percentage 

rooted to Tc1 from C. elegans. Transposon designation is prefixed by host species 

salmon; ce, C. elegans; rt, Rana temporaria (frog); xt, Xenopus tropicalis.  Passport, Fro

and a variety of salmonid species, respectively.  B) Phylogeny of host species adapted
from Nelson 2006 (47).  The colored dots assist in pairing the transposons shown in A 
with the species from B. 

ning 

frequencies with which the tree topology was returned after 1000 iterations. The tree is 

identifier; om, rainbow trout; ol, medaka; ga, stickleback; tr, pufferfish; ss, Atlantic 
g 

Prince, and Sleeping Beauty were isolated from Pleuronectes platessa, Rana sylvestris, 
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Figure 5: 

Figu
Pass
ITR  
resid
cons
delin
sequ
dire
just 
puta
resid ids that distinguish members of the Eagle/Glan family from 
SSTN/Barb.  Residues shaded red indicate the convergence of the active Passport 
sequence towards the Eagle/Glan family to which it is more closely related over the length 
of the entire protein, whereas blue residues show some convergence of the X. tropicalis 
Eagle element towards the SSTN/Barb subfamily.  Residues shaded in yellow seem to be 
unique within Passport and may be important for its activity. 
 

re 5- Comparison of repeat sequences and transposase DNA-binding domains of 
port-like transposons.  A) Comparison of terminal and internal 5’repeats of the left 

. Host species identifier as for Figure 4 prefixes transposon designation. Gray shaded
ues are common to the majority of sequences. Bars below the line indicate the 
erved repeat units from within the inverted repeats. Pink highlighted sequences 
eate differences between the Eagle/Glan and SSTN/Barb families.  For the ITR 
ences, Passport clearly aligns more closely with the SSTN/Barb families within the 

ct repeats, but evidence of convergence towards Eagle/Glan sequences are observed 
outside of these direct repeats as indicated by the asterisks.  B) Comparison of the 
tive DNA-binding domains of Passport and related transposases. Pink shaded 
ues indicate the amino ac
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SSION 

We have shown for the first time that a vertebrate-derived transposon from the 

Tc1 family is active in its native form. Passport promotes TnT into vertebrate cells, 

with up to a 40-fold increase in HeLa cells and a 20-fold increase in HT1080 cells when 

compared to transgenesis without transposase.  This corresponds to a rate of 

transposition up-to half that we observed for SB11, itself a hyperactive mutant that is 

about 3-fold more active than the originally reanimated SB10 (23). Reanimation of SB, 

Frog Prince, and HsMar1 relied on phylogeny-informed reconstruction of extinct 

elements (11-13).  Efforts to develop hyperactive transposases for application to TnT 

and gene therapy have applied both structure-based (30,31) and phylogenetics-informed 

(23,32,33) approaches.  Indeed, the native Passport transposase sequence has been 

considered in improvements to SB and it contains several residues that have been 

synthetically introduced to generate hyperactive SB mutants, including; L205 & 

VR207/8 (32), and R130 & Q243 (23).  Changes have also been made in the cis-acting 

nly 

ition 

tion for Passport occurred 

under conditions expected to correspond to significantly higher levels of transposase 

III. DISCU

ITR (33,34), as well as the spacer sequence between the ITRs of the SB transposon 

(22,33), resulting in the development of improved transposons, and evidence that o

flanking IR/DR are required to constitute an effective transposon, a finding 

recapitulated in our study. 

We demonstrated that Passport transposons display overproduction inhib

analogous to other Tc1/mariner elements (5).  Interestingly, despite using identical 

promoters in the SB and Passport transposase expression constructs, optimal 

transposition and the emergence of overproduction inhibi
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estimate that optimal transposition for Passport requires more than 

double 

om 

sons, or 

 

he 

l in 

ly relevant 

l introduction of multiple transgenes into cells/animals 

withou

). 

 that Tc1 

.  

expression.  We can 

the amount of transposase expression as SB, since their maximal transposition 

occurred at Tn:Ts molar equivalents of 1:5 and 1:2, respectively.  This could result fr

differences in the translational efficiency or stability of the encoded transposases, 

differences in the affinities of the transposases for their corresponding transpo

from innate variance in transpositional activity (disparities not unexpected when 

comparing native and hyperactive transposon systems). 

We conducted a limited survey of Passport integration sites and observed a

significant preference for integration into genes (likelihood ratio >5000:1).  This 

characteristic has also been observed for the piggyBac tansposon system, a non-Tc1 

element (35), but contrasts sharply with the random integration site preferences for t

SB transposon system (36), suggesting Passport may be especially suitable for 

functional genomics applications. Indeed, there are a variety of transposons usefu

vertebrate cells, including; SB (11), Frog Prince (12), Tol2 (37), minos (38,39), 

piggyBac (40,41), Ac/Ds (42,43), Tol1 (44), HsMar1 (13), Harbinger (45), and now 

Passport.  The unique transposon ITRs and preferences for target sites provides a 

toolbox that can be implemented in response to a variety of needs. Particular

applications include the seria

t disturbing previously integrated transposons, and enhanced insertional 

mutagenesis screens that capitalize on differences in integration site preferences (46

An examination of genome sequence data for diverse organisms shows

elements related to Passport are also present in X. tropicalis and in other fish species

In X. tropicalis these transposons have been termed Eagle (20) and in rainbow trout 
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Glan and Barb (19).  Members of the Eagle/Glan family are phylogenetically 

widespread and their distribution is generally in agreement with the accepted phylogen

for these species (47), indicating vertical transmission. On the other hand, 

Barb/SSTN/RTTN family members are restricted to salmonid fish and Rana frogs 

(Leaver 2001), likely representing horizontal transmission. 

Passport transposons appear to be an intermediate between the Eagle/Gla

group and the Barb/SSTN/RTTN group of transposons, w

lance to Barb/SSTN/RTTN but a transposase more akin to the Eagle/Glan 

subfamily.  Perhaps transposon “hybridization” has resulted in the genesis of Pass

in Pleuronectid genomes. Regardless, the correspondence of differences in the DNA-

binding domains of these closely related transposases and their cognate ITRs provides a

rationale for future investigations focused on the evolution and engineering of 

transposase specificity. 

Passport represents the first opportunity to study the biology of a native 

functionally intact vertebrate Tc1 element. As such, it may provide important 

information about transposon function and regulation that could have been lost or 

modified during synthetic reanimation or subsequent hyperactivity mutagenesis.  

Provided suitable culture conditions can be developed for plaice cells, Passport may 

also provide the seminal opportunity to study evolved regulatory or accommoda

interactions between vertebrate Tc1 transposons and the host genome, perhaps missing

lements are artificially introduced into a naive genome. 

The functional integrity and phylogenetic restriction of Passport sequences 

suggest contemporaneous activity.  Further study of Passport integration sites by hig
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f 

ic location 

h 

nd extent of Passport 

infiltrat

1. Vect  these 

glab].   

throughput sequencing could provide important information about the history o

transposition in flatfish, contributing to our understanding of the roles of DNA 

transposons in vertebrate genome evolution (48). The prevalence and genom

of Passport transposons among geographically diverse plaice and related natural fis

populations may be helpful in determining the time course a

ion.  Of particular interest is the potential to address the hypothesis that 

transposon activity may increase in response to stress (49), a phenomenon recently 

supported by observations in other teleosts (19).  Although speculative, perhaps 

Passport activity could prove a useful indicator for managing geographically disperse 

flatfish fisheries in the face of ecological and fishing pressures. 

 

IV. METHODS 

 

or Construction.  Sequence information, maps, and material requests for

constructs can be found on our web site [http://primer.ansci.umn.edu/fahrenkru

 

pPTnP-GeN - pPTnP-GeN was produced by cloning a 3.4 kb XmaI to NheI fragm

pKT2P-GeN (50), which contained the human PGK promoter and mini-intron, EGFP

the encephalomyocarditis virus internal ribosome site, neomycin phosphotransferase,

and the rabbit beta-globin poly(A) signal, into pPTn2-SE. 

 

ent of 

, 

 

pPTn2-SE- Using T3-rev [TCTCCCTTTAGTGAGGGTTAATT] and T7-rev 

[TCTCCCTATAGTGAGTCGTATTA] primers a 102bp PCR product of pKT2-SE that 
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Tn 

scI site 

 

 

T] and 

 of 

CAGGTTCTACCAAGTATTGACACA].  The PCR fragment was then self-ligated 

a single MscI site in its interior. 

provides T7 and T3 polymerase binding sites orientated towards the ITRs of the P

transposon and separated by a short multiple cloning site was cloned into the M

of prePTn1(-1).  prePPTn2(-1) was made by cloning a 0.65 kb BamHI to KpnI fragment

of pCR4-PPTN2A into pK-A3 opened from KpnI to BamHI.  pCR4-PPTN2A was 

created by topo cloning a 0.65 kb PCR product amplified from prePPTN2(-2) using

oligos PPTN-F1 (BamHI) [AAGGATCCGATTACAGTGCCTTGCATAAGTA

PPTN-R2 (KpnI) [AAGGTACCGATTACAGTGCCTTGCATAAGTATTC] into 

pCR4-Topo (Invitrogen).  prePPTN2(-2) was created by amplifying the majority

pBluKS-PPTN5 (14) with oligos PPTN-OL2 

[CCATCTTTGTTAGGGGTTTCACAGTA] and PPTN-OR1 

[C

to produce an empty transposon with 

 

pKUb-PTs - pKUb-PTs was made by replacing the SB11 gene in pKUb-SB11 with PTs

by cloning a 1.0 kb BamHI to NheI fragment from pCR4-PTs into pKUb-SB11 from 

 

heI to BamHI.  pCR4-PTs1 was made by cloning a PCR fragment of pBluKS-PPTN4 

KC-PTs

N

(14) amplified with primers CDS-PTs-F1 

[AAAGCTAGCATGAAGACCAAGGAGCTCACC] and CDS-PTs-R1 

[AAGGATCCTCAATACTTGGTAGAACC] into pCR4-Topo (Invitrogen).   

 

p  - The PTs coding region was placed behind the mCAGs promoter by cloning 

 pK-a 1.0 kb NheI to EcoRI fragment of pKUb-PTs containing the transposase into

mCAG opened from EcoRI to NheI.  pK-mCAG was made by cloning the mCAG 
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-promoter from pSBT-mCAG (27) as a 0.96 kb SmaI to EcoRI (filled) fragment into pK

SV40(A)x2 opened with AflII (filled). 

 

pKUb-SB11-  The construction of pKUb-SB11 has previously been described (50). 

 

pKC-SB11-  pKC-SB11 was made by cloning a 1.05 kb NheI to EcoRI fragment from 

pKUb-SB11 into pK-mCAG (50) opened from EcoRI to NheI. 

 

pCMV-Bgal is available from Clontech (Moun

 

tainview, CA) as pCMVß. 

pPTnP-PTK- A 2.7 kb PvuII to PvuII fragment of pKP-PTK_TS (50)was cloned into 

the EcoRV site of pPTn-RV to make pPTnP-PTK.  pPTn-RV was made by cloning 

JC-Adapter 4 

-3T3, and 

 

boratory Dr. Douglas Foster, University of Minnesota (51,52).  The isolation of PEGE 

with 

K

[TCTCCCTTTAGTGAGGGTTAATTGATATCTAATACGACTCACTATAGGGAG

A] into the MscI site of prePPTn2(-1) creating T7 and T3 polymerase binding sites 

orientated out towards the ITR of the PTn transposon and separated by an EcoRV site.   

 

2. Cell culture and transposition assays.  HT1080, HeLa, CHO-K1, NIH

Vero cells are available from ATCC.  TT and DF1 cells were kind gift from the

la

cells has been described previously (50).  CHO-K1 cells were grown in DMEM-F12 

while all other cell lines were cultured with DMEM.  Both mediums were enriched 
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Transposition assays were carried out after seeding cells in six well plates to 

-

T1 transfection reagent (Mirus Bio Corporation, WI).  Transfections were carried out 

 

d collected by 

entrifugation.  Two replicates of 30,000 cells were plated on 100mm dishes and 

n 600 ug/ml 

f G418.  For puromycin selection, HT1080, HeLa, Cho-K1, NIH-3T3, Vero, TT1, 

es were stained with methylene blue and counted. 

Ts) was isolated using standard methods.  Approximately 10ug of DNA was digested 

 was 

 

10% FBS, 1x Penn/Strep, and 1x L-Glutamine.  PEGE cells were also enriched with 

insulin at 10ug/mL. 

 

achieve 60-80% confluency prior to transfection with DNA complexed with TransIT

L

according to manufacturers instructions with a ratio of 3:1 lipid : DNA.  Two days after

transfection, cells were isolated from their wells with trypsin an

c

selected in the appropriate selectable media.  HT1080 cells were selected i

o

DF1, and PEGE cells were selected under 0.65, 0.4, 8.0, 1.5, 1.8, 0.35, 0.8, and 0.3 

ug/mL puromycin, respectively.  After colony formation, typically 9-12 days under 

selection, coloni

 

3. Southern hybridization.  Genomic DNA from independent clones derived after 

transfection with Passport transposons (pPTnP-PTK) and Passport transposase (pKC-

P

with AseI and run on a 0.7% agarose gel.  The DNA was transferred to a positively 

charged nylon membrane using 10X SSC and standard methods.  The membrane

hybridized with a random primed fragment of pKP-PTK-TS isolated after digestion 

with XmaI.  This probe contains the bulk of the puromycin-thymidine kinase gene, 

about 1.5kb. 
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t that DNA was obtained from colonies of cells that had been dried 

l 

to 

 was 

ort 

 

(R)-O2 

AGTACATAATGGGAAAAAGTCCAAGGG]. 

o 

um 

es 

 mykiss) EST and tentative consensus cDNA databases 

ttp://compbio.dfci.harvard.edu/tgi/) were also interrogated with PPTN using BLASTN 

4. Cloning junction fragments. Blocked linker-mediated PCR was performed as 

described (50) excep

and stained with methylene blue.  Briefly, genomic DNA was digested with a cocktai

of restriction enzymes, including XbaI, NheI, AvrII, and SpeI.  The DNA was ligated 

a blocked linker made by annealing the oligos primerette-long 

[CCTCCACTACGACTCACTGAAGGGCAAGCAGTCCT AACAACCATG] and 

blink-XbaI [5'P-CTAGCATGGTTGTTAGGACTGCTTGC-3'P].  Nested PCR

performed on the ligated DNA to specifically amplify junctions between the Passp

transposon and genomic DNA. The transposon-specific primers for the primary PCR 

included PTn-IRDR(L)-O1 [GTGTTGGTCCATTACATAAACTCACGATGAA] or

PTn-IRDR(R)-O1 [GGGTGAATACTTATGCACCCAACAGATG], transposon-

specific primers for the secondary PCR reactions included PTn-IRDR(L)-O2 

[GCATGACAAAATGTAGAAAAGTCCAAAGG] and PTn-IRDR

[C

 

5. Phylogenetic Analysis. The 1626 bp DNA sequence of PPTN (Passport) was used t

query the entire ENSEMBL (www.ensembl.org) genome database using BLASTN. 

Consensus DNA sequences were derived, as described by Leaver (14), from a minim

of seven of the most similar sequences from each genome. Deduced consensus 

transposase amino acid sequences were aligned using ClustalW and phylogenetic tre

generated as described (14). The Atlantic salmon (Salmo salar) and rainbow trout 

(Oncorhyncus

(h
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Research Foundation 

2) 

he 

. Girard, L. and Freeling, M. (1999) Regulatory changes as a consequence of 

als. 

 of a 
f the 

83, 8684-8688. 

and sequences assembled into consensus polypeptides as described for genome 

sequences. 
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Chapter 4: Efficient mammalian germline transgenesis by 
enhanced Sleeping Beauty transposition 
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ure, with supercoiled substrate resulting in 

fficient transpositional transgenesis (TnT) without confounding concatemers. 

ombined, these substrate modifications resulted in increases in both the frequency of 

ansgenic founders, and the number of transgenes per founder, elevating the number of 

otential transgenic lines by 10-20-fold. A hyperactive SB transposase (SB100X) was 

lso found to enhance TnT in cultured cells, although surprisingly cis and trans 

nhancements of transposition were not synergistic. Injection of pig embryos with 

ansposons and SB100X resulted in abundant TnT, achieving a pivotal milestone in the 

evelopment large-animal transgenic models. Given its simplicity, versatility and high 

fficiency, TnT with enhanced Sleeping Beauty components represents a compelling 

on-viral approach to modifying the mammalian germline. 

 

 

Heightened interest in relevant models for human disease increases the need for 

improved methods for germline transgenesis. We describe a tremendous improvement 

in the creation of transgenic laboratory mice, rats, and pig embryos using enhanced cis 

and trans components of the Sleeping Beauty (SB) transposon system. Germline 

transgenesis in mice and rats was significantly enhanced by cytosine-phosphodiester-

guanine (CpG) hypermethylation of transposons. Methylation was reprogrammed in the 

early embryo, reliably leading to founders that express the transgenes. Transposon 

conformation influenced transgene architect

e

C

tr

p

a

e

tr

d

e

n
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. INTRODUCTION 

The rate of transgenesis by pronuclear injection (PNI) of linearized plasmid 

mbryo 

e to 

 

 

 

 

 

A 

. 

n of piggyBac components 

resulted in a transgenesis frequency of 36-65%, with rates apparently dependent on the 

sequence or size of the transposon cargo (16). Several improvements have since been 

made to the SB transposon (17,18) and transposase sequences (19,20). Furthermore, 

I

fragments in various strains of mice, rats, pigs, and cattle ranges from 1-4% per e

injected (5-20% of live-born animals) (1-4). When successful, the typical result of 

injecting these DNA fragments is the random nonhomologous integration of a 

repetitive, multicopy transgene array. Repetitive sequences such as these are pron

destabilization and transgene silencing (5-8), frequently leading to transgenic animals

that do not faithfully express the desired transgene. Despite significant enhancement (up 

to 10-fold) of transgenesis rates per injected embryo by the perivitelline injection of

lentiviruses (9-11), limits in cargo size, technical challenges in viral production, and the

proclivity of proviral integration into genes (12-14), have limited its widespread

application. As an alternative, two binary DNA-based transposons, Sleeping Beauty 

(SB) (15) and piggyBac (16), have been successfully applied to mammalian 

transgenesis. In such two component systems, a transgene of interest can be flanked by 

specific terminal repeats that function as transposase-recognition sites. The trans

provision of transposase protein results in excision of the transgene from vector DN

and subsequent integration into the target genome. Co-injection of SB transposon donor 

and a source of transposase into the pronucleus of mouse zygotes led to transpositional 

transgenesis (TnT) at rates exceeding injection of the donor transposon alone (45% vs

29% of live-born animals) (15), while pronuclear co-injectio
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nsposons by cytosine-phosphodiester-guanidine (CpG) 

hyperm ls 

o 

 

s 

al 

I. The 

modification of SB tra

ethylation was observed to significantly enhance transposition in cultured cel

(21,22). With an improved arsenal of SB components and a better understanding of the 

modulators of transposition, we demonstrate here a dramatic enhancement in the 

production efficiency of transgenic mammals and describe parameters critical t

transgene architecture. 

 

II. RESULTS 

1. Efficient rodent transgenesis by enhanced TnT. Mouse germline transgenesis by

SB transposition was previously reported to result in a significant, but modest 

improvement over standard pronuclear injection techniques (15). We revisited thi

protocol, utilizing improved SB transposon system components (17,19) and a chemic

modification of the transposon substrate with Sss.I CpG Methylase before PN

T2/sh_mCFTR1, KT2/HSA-CCTG300, and KT2/KDRab38 SB transposon-based 

transgenes (Fig. 1a) were generated for modeling single-gene human disorders in 

transgenic laboratory mice and rats while the KT2H-CD40Ig transposon was designed 

to direct β-cell specific expression of the fusion protein CD40Ig (23). Cocktails for the 

various methylated or nonmethylated linear transposon plasmid DNA substrates plus in 

vitro transcribed, capped SB11 transposase mRNA were injected into wild type mouse 

or rat pronuclei to determine the effects of CpG methylation on gene transfer to the 

early embryo.  
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Figure 1: 

 



 

 124 

Figure 1: Efficient transposition of chemically modified transposons after PNI. a) The 
T2/sh_mCFTR1 transposon expresses puromycin N-acetyltransferase (Puro) from the 
SV40 viral promoter and enhancer (E). A hairpin designed to silence the mouse Cftr gene 
product is expressed from the human H1 promoter. The KT2/HSA-CCTG300 transposon 
contains the human skeletal actin gene with 300 copies of a CCTG tetranucleotide repeat 
in its 3’UTR, flanked by loxP sites (black chevrons). The KT2/KDRab38 transposon 
expresses a blasticidin-green fluorescent fusion protein (Bsd:GFP) and a silencer hairpin 
targeting rat Rab38, flanked by human microRNA 30 gene sequences, from a CpG-less 
promoter (from pCpG-mcs, Invivogen, San Diego, CA). The KT2H-CD40Ig transposon 
drives expression of CD40Ig from the human insulin promoter (HIP). (b,c) Southern blots 
on founder animals obtained after PNI with linear CpG-hypermethylated or 
nonmethylated T2/sh_mCFTR1 (b) or KT2H-CD40Ig (c) and SB11 mRNA reveal a 
significant increase in both the number of transgenic animals and the number of 
independent transgene integration events. BamHI (B) (T2/sh_mCFTR1 founders) or 
BamHI-EcoRV (B and E) (KT2H-CD40Ig founders) digestion of genomic DNA result in 
a predictable 2310-bp and 2728-bp fragments (black arrowhead) from random, 
nonhomologous integrants while transposase-mediated events are evident as slower-
migrating fragments. A nonspecific hybridizing band near 4.8-kb (open arrowhead) is 
evident in all lanes. 
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m

b se, 

1  

T  25 

(  (64%) 

o  

s d 

t y, TnT 

with non-methylated T2/sh_mCFTR1, which contains an shRNA expression cassette 

was significantly lower (25%) than that observed using unmethylated substrate in this 

and previous studies (15). 

able 1 summarizes the efficiency of gene transfer to mouse and rat embryos by 

ethylated and nonmethylated SB transposon transgenes as determined by Southern 

lot or PCR analysis of founder tail biopsy DNA. In the presence of SB11 transposa

8 of 20 (90%) and 44 of 55 (80%) of liveborn mice injected with linear methylated

2/sh_mCFTR1 and KT2H-CD40Ig were transgenic versus 4 of 16 (25%), and 15 of

60%) when using the equivalent linear nonmethylated transposons, and 7 of 11

f liveborn rats were transgenic after injection of methylated linear pKT2/KDRab38

ubstrate (Fig. 1b,c, Supplementary Fig. 2, and Table 1). Injection of methylate

ransposon into rat embryos was not compared to unmethylated substrate. Notabl
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tivirus 

 

 

transgenic 

Table 1: Germline Transgenesis by SB and PiggyBac transposons and len

Vector Host Size 
(kb) 

(%) 
Liveborn 

Copy 
Numbera 

Concatemer free 
(% transgeic)d 

Reference 

SB Transposon       
methylated       
T2/sh_mCFTR1 mouse 2.3 90 1-8 SC, MC 83 here 
KT2/HSA-CCTG300 mouse 9.1 57 1-3 SC, MC 9 here 
KT2H-CD40Ig mouse 3 80 1-11 SC, MC 68 here 
KT2H-CD40Ig (sc)f mouse 3 47 1-11 SC, MC 94 here 
KT2/KDRab38 rat 3.5 65 1-4 SC, MC NA here 
       
nonmethylated       
T2/sh_mCFTR1 mouse 2.3 25 1 SC 75 here 
KT2/HSA-CCTG300 mouse 9.1 52 1-3 SC, MC 8 here 
KT2H-CD40Ig mouse 3 60 1-9 SC, MC 53 here 
KT2H-CD40Ig (sc)f mouse 3 24 1-4 SC NA here 
T/K14-Agouti mouse 4.3 45 1-5 SC, MC 32 Dupuy, 2002 
       
PiggyBac 
Transposon 

      

PB[Act-RFP] mouse 4.5 35 4-10+ SC, MCb ≤86c Ding, 2005 
PB[K14-Tyr] mouse 6.5 65b NR NR Ding, 2005 
PB[K14-Tyr,Act-RFP] mouse 9.1 45b NR NR Ding, 2005 
PB[Act-RFP,MCK- mouse 14.3
TSC1] 

 36 NR NR Ding, 2005 

       
Lentivirus       
FUGW mouse  86 1-21 SC 100 Lois, 2002 
FMHGW mouse  73 2-15 SC 100 Lois, 2002 
FUGW rat  59 1-7 SC 100 Lois, 2002 
LV-GFP rat  20 1-4 SC 100 Michalkiewicz, 

2007 
LV-GFP cattle  83d 5-10 SC 100 Hofmann, 

2004 
LV-PGK pig  70 1-20 SC 100 Hofmann, 

2003 
a SC- single copy mediated by transposition, MC- multicopy (non-transposition mediated) in some animals, NR- not 
reported 
b Estimated from bar graph and Southern in Ding, et al. Fig. 3 
c The frequency of animals co-transgencic for the PB transposon plus PB transposoase indicitive of concatemers. 
d NA- not assayed, NR- not reported 
e Transgenesis was determined by GFP visualization and only GFP positive embryos were transferred to 
pseudopregnant females 
f  KT2H-CD40Ig (sc)-  supercoiled transposon substrate, all other transposons were linearized within the plasmid 
backbone. 



 

Combining data from all linear mouse transposon substrates, excluding the large 
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KT2/HSA-CCTG300 transposon, reveals the rate of transgenesis for non-methylated 

osons to be aro  45% 6.4  CI) inea  transposons 

enes  rate of 83% ± 6.5% (95% CI). Mouse transgenesis with a very large 

poson ess cient, nsiste evious r orts that la SB 

 not ose cientl 19) an demons e signific

nt by CpG ethyla on (57% vs 52%), suggesting that transposition of large 

o s is m lly enhanced by methylation (Table 1). Transgenic founders 

 groups h d ei r trans sition ulti-cop oncate

ns or a combination of the two (Fig. 1, Supplementary Fig. 1), reflecting both 

, nonhomologous integration resp vely (15). even gr

cement of transgenesis by methylation is apparent when considering founders 

ring only tran on e ents (6  ± 8.5% (95% CI) versus 27% ± 5.7% (95% 

ble 2). 

transp und  ± % (95% , while l r methylated

gave a transg is

(9.1 Kb) trans  was l  effi  co nt with pr ep rge 

transposons do tr pans  effi y ( d did not trat ant 

enhanceme  m ti

SB transpos n inima

from both arbore the po events, m y c mer 

integratio

TnT and random ecti  An eater 

enhan

harbo spositi v 0%

CI), Ta



 

 128 

Table: 2 Transgene architecture and copy number 

 
Transposon 

 
CpGa 

 
SB11b 

Transgenicc 
(percent) 

Num. with TnTd 
(avg. Tn per pup) 

Num. with Cf 
(% liveborn) 

TnT in C 
lines 

(per pup) 

Nu. w/ TnT 
only            

(% liveborn) 

TnT in NCg 
lines        

(per pup) 

KT2H-CD40Ig + + 44 (80) 44 (4.36) 13 (23.5) 58 (3.57) 30 (55) 134 (4.46) 

 - + 15 (60) 15 (2.66) 7 (28) 27 (3.85) 8 (32) 13 (1.63) 
 + - 5 (14.7) NA 5 0 NA 0 
 - - 2 (18) NA 2 0 NA 0 
KT2H-CD40Ig (sc)h + + 18 (47) 18 (4.33) 1 (2.5) 3 (3) 17 (45) 75 (4.4) 
 - + 7 (24) 7 (1.85) 0 0 7 (24) 13 (1.85) 
T2/shP2-mCFTR1 + + 18 (90) 18 (2.84) 3 (15)e 10 (3.33) 15 (75) 38 (2.53) 

 - + 4 (25) 4 (1) 1 (6.25)e 0 3 (18.75) 4 (1.33) 
KT2-HAS cctg(300) + + 11 (52) 7 (1.72) 10 (48)e 18 (1.8) 1 (9) 1 (1) 
 - + 12 (57) 7 (1.25) 11 (52)e 14 (1.3) 1 (8) 1 (1) 
T/K14 Agoutid - + 19 (45) NR 13 (31) NR 6 (14) 18 (3) 
a Complete in-vitro GpG methylation of the injection transposon 

d TnT- transposase mediated integration as determined from Southern blot 

b SB11 mRNA added to injection coctail 
c Number of transgenic animals per liveborn 

e Determined by band intensity and size rather than vector hybridization 
f C- concatemer, animal that includes inserts mediated by random incorporation, NC- non-concatemer  
gDupuy et. al., 2002 
NR- not reported, NA- not assayed 
h KT2H-CD40Ig (sc)- Supercoiled transposon substrate, all other transposons have been linearized once in the vector backbone.  
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, the use of methylated 

transposons significantly increased the number of independent transgene integrations 

per founder (Table 2) and, with the ex  th KT -C  

t nsposon, resul d in  two our-fo ease in cate ee tr enic

F , the  co atem ee ani enerat ith m lated poso

harbored approximately 244 idual ons (2.16 per liveborn offspring) 

com d to only 0 ( 43 p eborn ing) fr on-m ated sposo

re ancement in transgenesis. Interestingly, in the presence of a 

t ounder is nearly equivalent for 

m on is somehow 

enhanced by integration of a transgene concatemer, as previously proposed (21,24). 

cattered throughout the genome, thus 

independent insertions within a founder are likely to be unlinked (25). Although 

transgene mosaicism is apparent in both methylated and non-methylated founders by 

Southern analsyis (Fig. 1b,c), transgene heritability was 3-fold higher from founders 

generated with methylated transposon, 33% ± 9% (95% CI), versus those generated 

with non-methylated transposon, 13% ± 4.5% (95% CI). Taken together with the 5-fold 

enhancement in copy number, methylation-enhanced TnT results in a 15-fold increase 

in the generation of independent transgenic lines. Efficient transmission was also 

observed for 4 out of 4 transgenic rats, each of which passed at least one copy of the 

KT2/KDRab38 transposon through the germline (data not shown).  

 

Beyond enhancement on a per/animal transgenesis rate

ception of e large 2/HSA CTG300

ra te  a - to f ld incr  con mer-fr ansg s. 

urthermore se nc er-fr mals g ed w ethy  trans ns 

indiv inserti

pare  3 0. er liv offspr om n ethyl  tran ns, 

presenting a 5-fold enh

ransgene concatemer, the number of transpositions per f

ethylated and nonmethylated transposons, suggesting that transpositi

Ideal sites for SB integration are s
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2. Prec

 

e of 

on. 

-

e 

 

 

withou

ise TnT with supercoiled DNA. Given the ability of concatemers to result in 

chromosomal rearrangements and sub-Mendelian transmission (6,26-37) , and the fact

that transgenes in concatemers are often silenced (5,7), we tested whether the us

supercoiled transposon substrate would reduce the frequency of concatemer formati

We injected mouse embryos with methylated and non-methylated supercoiled KT2H

CD40Ig transposon along with SB11 mRNA (Fig. 2a). Transgenesis using 

nonmethylated supercoiled DNA resulted in liveborn transgenesis of only 24%, 

although all founders were concatemer-free (Fig. 2b, Table 1 and 2). Methylation of th

supercoiled transposon, however, resulted in 47% transgenesis, with multiple 

independent transgene integrations and near elimination of concatemers (Fig. 2b, Table

1 and 2). Thus, TnT from supercoiled substrate results in high frequency transgenesis

t repetitive concatemer integrations. 



 

Figure 2: 
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Figure 2. Efficient transposition from a supercoiled transposon. a) Pronclear stage 
embryos were injected with either methylated or nonmethylated supercoiled 
KT2H-CD40Ig transposon. b) Genomic DNA from transgene-positive founders 
was digested with BamHI plus EcoRV to release a predicted concatemer fragment 
of (2.7-kb, black arrowhead). Only one of the transgenic founders contain a dense 
band at 2.7-kb (compared to several in Figure 1c) indicating a significant reduction 
in concatemer formation while maintaining an average of 4 transposon insertions 
per founder (Table 2).   
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 of transgene methylation with transcriptional activation. Cytosine 

methylation is an essential epigenetic modification to many eukaryotic genomes and is 

developmentally regulated. The genomes of both gametes have unique methylation 

patterns prior to fertilization. In the early embryo, the paternal genome undergoes 

active, non-specific demethylation, while methylation of the maternal genome depletes 

with every cell division until the morula stage, but not to the same extent as the paternal 

genome (38). The methylation pattern of transposons that integrate into the early 

embryo would therefore be predicted to be largely erased during development. 

Nevertheless, hypermethylation of cytosine residues within transgene sequences can 

cause gene silencing in transgenic animals (14,39-41). Thus, we analyzed transposon 

transgenes in several founder mice to assess both their methylation status and 

transcriptional activity. 

Fig. 3a shows CpG-rich regions of T2/sh_mCFTR1 and two segments (SV and 

P) examined by bisulfite sequencing on DNA extracted from liver. Since the 

methylation patterns could vary from transgene to transgene, we sequenced multiple 

(≥5) independently isolated PCR fragments for each animal. The raw data for several 

founders is shown in Supplementary Fig. 3 and their transgenic offspring (Fig. 3c). The 

lation 

 

ith 

eing either hyper or hypomethylated (Fig. 3b). The status of 

five independent transposon insertions was examined in F1 siblings to assess the 

consistency of specific transgene methylation. We found significant conservation of 

3. Erasure

presence of hypomethylated reads in F0 and F1 offspring indicates that methy

status of the transgenes is reset in the early embryo. Consistent with the mammalian

epigenome (42,43), globally the percent methylation of transposons was bi-modal, w

the vast majority of loci b
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not 

and 

is 

methylation in siblings segregating the same transgene alleles (Fig 3c), suggesting 

only that in vitro methylated transposons are reprogrammed, but that they assume and 

maintain an epigenetic status consistent with their site of integration. We also examined 

transgene expression in the small intestine of F1 offspring from multiple founders 

observed the expected relationship between genome methylation of the SV region (Fig. 

3d) and puro gene expression. Taken together, these data demonstrate that in vitro 

methylated transposon substrate is efficiently integrated into the host genome and 

reprogrammed and expressed in a locus specific manner. 

 



 

Figure 3: 
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Figure 3. Methylation of T2/sh_mCFTR1 transposons in founder and F1 animals. 
a) Three CpG islands are found in the T2/sh_mCFTR1 transposon (hatched 
boxes). Two amplicons, SV and P, overlapping the SV40/H1 promoter and Puro 
coding regions were analyzed for methylation in transgenic founder and F1 DNA. 
b) Data was accumulated for 52 SV and 67 P amplicons from founder animals and 
112 SV and 170 P amplicons from F1 animals. Dividing the pattern into two 
groups with greater or less than 50% methylation revealed little variation from this 
bimodal pattern with a 95% confidence interval (See Supplementary Fig. 3 for 
plots of individual founders). c) Single copy F1’s have consistent methylation 
patterns between siblings with identical transgene alleles, but differ from sibling 
pairs containing a different transgene allele (One way ANOVA, P-value < 0.0001). 
Allelic information was determined by Southern blotting of F1 animals (data not 
shown). d) Among F1 animals that carried a single transgene insertion, a 
significant correlation between percent methylation in the liver and normalized 
Puro expression in the small intestine was found (n=9, p < 0.05, linear regression 
analysis). 
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4. 

be

tra

co  

hy

co t 

wi ation when 

us

formation using hyperactive SB100X with non-methylated substrate resulted in 

frequencies nearly equivalent to SB11 with methylated substrate (Fig. 4b). Surprisingly, 

these cis and trans enhancements of transposition were not synergistic (Fig. 4b), as 

transposition catalyzed by SB100X was only modestly escalated by methylation. 

Consistent with earlier versions of the SB system (19,44), we observed overproduction 

inhibition, independent of the transposase used or substrate methylation. However, in 

contrast to SB11, the transposition frequency using SB100X was high over a broad 

range of transposase expression regardless of substrate methylation.  

Cis and trans enhancement of transposition in cultured cells. Transposition has 

en enhanced by modifications to both the transposon itself (cis) (18,21) or to the 

nsposase enzyme (trans) (19). Using a colony formation assay in HT1080 cells, we 

mpared the most contemporary cis (CpG methylation of the transposon) and trans (a

peractive variant of SB transposase, SB100X (20)) improvements to the SB 

mponents, and examined whether their enhancement was additive. In close agreemen

th previous work, we observed up to a 9-fold enhancement of colony form

ing the SB11 transposase and a methylated gene-trap transposon (21). Colony 
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Figure 4: 

Figure 4. Comparison of cis and trans enhancements of SB components. a) The KT2-
GT2N-ts (GT2N) gene trap was based on previous designs (24) and confers resistance to 
neomycin by randomly inserting within expressed genes. This transposon was co-
transfected with transposase expression constructs driven by the Ubiquitin or miniCaggs 
promoter. b). Colony formation and SEM after selection in G-418 is the sum of six 
technical replicates from three independent transfections for both methylated and 
nonmethylated GT2N. Two control conditions included GT2N transposon co-transfected 
with pCMV-βGal alone to determine the rate colony formation in the absence of 
transposase and a GFP transposon plus pCMV-βGal to demonstrate that colony formation 
was dependent on GT2N. 
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ctive TnT of the pig embryo genome. The successful enhancement of 

transgenesis in mice and rats, as well as our previous demonstration of SB transposition 

in cultured pig cells (24) suggested it could be applicable to pig genetic modification. 

We undertook an assessment of SB-mediated TnT of the pig embryo genome, focusing 

on a single hyperactive condition due to limitations in the availability of injectable PN-

staged pig embryos. Linear non-methylated EGFP transposon (KT2C-EGFP) was 

injected with SB100X transposase mRNA (Fig. 5a) into pronuclear staged embryos 

from in vitro-matured abattoir derived oocytes (Minitube, Verona, WI). Injected 

embryos were cultured 7 days post injection, until development into blastocysts. EGFP 

was observed in 80% of injected embryos that developed past the 1-cell stage, and 90% 

of blastocyst staged embryos (data not shown, n =10) (Supplementary Table 2). Gene 

expression in this case does not represent transposition per se, but corresponds to 

effective microinjection into the pig pronucleus. In order to characterize TnT seven 

EGFP positive blastocysts were subjected to Southern analysis after whole genome 

amplification, revealing numerous independent transposon integrations in each embryo, 

also accompanied by transgene concatemerization as expected when using linear 

s g 

sis 

r

c

embryos arrested as early as the one-cell stage, suggesting transposition can occur 

5. Highly a

ubstrate (Fig. 5b). TnT in the pig embryo was further characterized by recoverin

anks of integration events by LM-PCR and cloning. Sequencing and BLAST analy

evealed up to 52 independent transposition events from blastocysts, 31 of which 

losely matched the partially sequenced pig genome or orthologous sequences in 

rimates (Supplementary Tables 1 and 2). We also observed several integrations in 

fl

p
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, 

Figure 5: 

within hours of microinjection (Supplementary Tables 1 and 2). Thus, as for rodents

enhanced transposition leads to abundant transgenesis of the swine embryo genome. 

Figure 5. Highly active transposition in the pig embryo. a) The KT2C-EGFP transposon
expresses the EGFP transgene from the ubiquitous miniCags (mCags) promoter. The 
transposon was prepared for injection by cutting once in the vector backbone to linearize 

described. b) WGA Southern blotting was performed on seven blastocysts and a non-

probed with the EFGP coding sequence. Each embryo displays a band at the predicted s

division this may be chromosomal or extrachromosomal. In contrast, several transposase-
mediated integrations into the pig genome are clearly evident as slower-migrating 
fragments. Image intensity was independently adjusted in lane 4 due to signal saturation
 

 

and mixed with 15 ng/μl of in vitro transcribed, capped SB100X mRNA as previously 

amplified pig gDNA control (N). DNA was cut with BamHI (B) and EcoRV (E) and 
ize 

of concatemerized transposon (2.5-kb, black arrowhead) although due to limited cell 

. 
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ouse, previous studies have demonstrated that the use 

of transposons as a molecular adjuvant can significantly improve the efficiency of 

transgenic founder production (15,16). We have described improvements to the SB 

transposon system, including the use of methylated and supercoiled transposons and the 

hyperactive SB100X transposase, that together provide a platform for high efficiency 

TnT of pronucleus-staged mouse, rat and pig embryos. CpG methylation of transposon 

substrate resulted in up to a 5-fold increase in TnT compared to unmethylated 

transposon, and increased the average number of integrations per founder genome from 

1 to 4.4. This observation is consistent with previous observations that substrate 

methylation and heterochromatinization enhance SB transposition in vitro (21,22). We 

also observed a significant increase in the transmission of transgenes using methylated 

versus non-methylated transposon substrate. We hypothesize that this could derive from 

earlier transposition, or from the suppression of potentially toxic transient gene 

in ed 

ca T 

us

ob

derive from an intrinsic inability of this transposon to mobilize since methylated 

substrate was capable of extremely efficient TnT (90%). Perhaps a transient burst of 

III. DISCUSSION 

 Although reasonable unfacilitated frequencies of germline transgenesis are 

possible with naked DNA in the m

expression. 

Transposition with the T2/sh_mCFTR1 transposon was most significantly 

fluenced by CpG methylation. Although this T2/sh_mCFTR1 contains a modest siz

rgo (2.3 Kbp) and ITRs identical to the other transposons used in our study, Tn

ing unmethylated transposon was only 25%, significantly lower than previous 

servations (15) and other transposons used in our study. This inefficiency did not 
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rom non-methylated T2/sh_mCFTR1 is toxic to embryos. Target 

indepen

for 

al 

 

 

en 

 

thality. 

esulted 

s consistent with CFTR knockout mice (Carlson et al, manuscript in 

prepara

s is 

ines 

lly 

ted 

shRNA expression f

dent complications have indeed been observed for the production and 

propagation of rodent models based on RNAi by pronuclear injection, perhaps due to 

activation of the interferon response (45). Additionally, the machinery responsible 

processing small RNAs is prone to saturation by excess synthetic shRNA (46). Critic

roles for small RNAs in the transition from maternal to zygotic expression (47) and 

stem cell maintenance and differentiation (48-50) underscore their importance in early

embryonic development. Indeed, mice deficient in the miRNA processing enzyme dicer

succumb to embryonic lethality due to the lack of mature short RNAs (51). Tak

together, it is not unreasonable to propose that gross overexpression of synthetic shRNA

can swamp the processing of endogenous miRNA and contribute to embryonic le

Methylation of transgenes prior to injection is likely to prevent transient gene 

expression until epigenetic reprogramming is completed. Regardless of the precise 

mechanism, CpG methylation of T2 T2/sh_mCFTR1 led to highly efficient 

transgenesis, germline transmission, and knockdown of endogenous CFTR that r

in phenotype

tion). 

Surprisingly, we did observe abundant TnT from non-methylated linear 

substrate, in all cases when mice concurrently contained transgene concatamers. Thi

reminiscent of high frequency transposition in the germline of transgenic mouse l

that contain concatemers (24). Given the tendency for concatemers to be epigenetica

modified by the cell (5-8), perhaps multicopy transgene arrays in pronuclear injec

embryos are de novo methylated or heterochromatinized as a prelude to transposition 
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gements 

r 

ting 

ion to the 

11 

sition using 

der these conditions. SB100X was found to be extremely active at low 

substra ore 

 

f 

(5,7). Regardless of the mechanism, a burst of transposition from multicopy 

concatemers in founder embryos could potentially induce chromosomal rearran

(6) and confound transgenic animal propagation. Using supercoiled transposons that 

were CpG-methylated resulted in a 2-3 fold increase in transgenic liveborn founders 

compared to traditional methods, and retainined an average of 4.4 integrations per 

genome, overall resulting in an 8-12 fold enhancement. Although we observed highe

rates of TnT using linearized vs supercoiled substrate (2-to-3 fold), the use of 

supercoiled DNA avoided the generation of animals containing multicopy concatemers, 

arguing for the use of supercoiled substrate as the most effective method for genera

animals with multiple independent, single-copy integrations that can be reliably 

transmitted through the germline. 

The newly developed hyperactive SB100X represents a welcome addit

SB system, displaying nearly a 6-fold increase in colony formation compared to SB

in vitro. Interestingly, substrate methylation only modestly enhanced transpo

SB100X, indicating that either a maximal level of transgenesis has been achieved, or 

that the mechanisms underlying their respective enhancements have an epistatic 

relationship un

te concentrations (20). We found SB100X mediated transposition to be m

robust to overproduction inhibition than SB11, suggesting it may represent an excellent 

reagent for applications like PNI-TnT, where DNA concentrations are constrained by 

embryo viability and transposase mRNA concentration is expected to fluctuate (decline)

over the time course of embryonic development. Indeed, SB100X was found capable o

highly active mouse (20) and pig embryo transgenesis. 
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 alleles per 

 

 the 

on can 

cost of 

ndent lines. Screening founders has already been 

demons

s confirmed by cutting 100 ng 

With a routine transgenesis frequency of 50-90% and an average of 4

founder, SB-mediated TnT provides an efficient method for the generation of transgenic 

founders containing multiple single-copy transgene alleles. This ameliorates position 

effects that have historically plagued animal transgenesis with an increased chance of

identifying offspring with a desirable gene expression profile.. Additionally, where

expense of generating transgenic founders is significant, as for livestock, the provision 

of a cocktail of transposons containing different cargos in a single microinjecti

permit the generation of independent transgenic lines by simple segregation.  

It is also conceivable with this efficiency of founder transgenesis that a single 

set of microinjections could permit analysis of some traits of interest without the 

segregating each allele into indepe

trated as useful for misexpression of signaling molecules in early embryos to 

study their roles in inducing cell differentiation (52) and determining developmental 

fate (53). Similarly, constructs containing reporter molecules can be used to identify cis-

acting gene regulatory elements in transient transgenics (54,55). Perhaps most 

importantly, high-efficiency multicopy expression of dominant acting alleles in 

founders could provide a rapid and inexpensive method for determining the suitability 

of large animal models of human disease.  

 

IV. MATERIALS AND METHODS 

1. Injection DNA/RNA preparation:  Methylated transposon plasmids were treated 

with SssI CpG methylase (New England Biolabs, Ipswich, MA) according to the 

manufacturer’s recommendations. Hypermethylation wa
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of treat

 

ion buffer 

using S  

Ambion 

oson 

 

ined on ice before injection into FVB/N 

strain m bryos or Sprague Dawley strain rat embryos (both rodent strains from 

dard techniques. 

ed sample with one unit of HinP1I endonuclease for 1 hour at 37˚C and assayed 

by agarose gel electrophoresis.  

For animal transgenesis, the pT2/sh_mCFTR1 and pKT2/KDRab38 transposon 

plasmids were linearized with ApaLI endonuclease, and the pKT2/HSA-CCTG300 

transposon with AseI after methylase treatment. These transgenes were purified after 

gel electrophoresis using the UltraClean 15 DNA Purification Kit (MoBio, Carlsbad, 

CA), ethanol precipitated twice, and resuspended in injection buffer (5mM Tris-Cl pH

7.5, 0.1 mM EDTA) before serial dialysis three times against 500 mL of inject

lide-A-Lyzer cassettes (10,000 MWCO, Pierce, Rockford, IL). The methylated

or nonmethylated KT2H-CD40Ig and non-methylated KT2C-EGFP transposons both 

pre-treated with RNAsecure® (Ambion, Austin, TX) and either cut with SspI to 

linearize or left supercoiled prior to cleanup with the Qiagen MiniPrep Kit (eluted in 

injection buffer) (Valencia, CA) prior to serial dialysis as performed above. The rat 

transgene was purified using a Nucleospin kit (Clontech, Mountain View, CA) as 

previously described (1). SB11 and SB100X mRNA was prepared as using the 

(Austin, TX) mMessage mMachine® T3 kit as previously described (24). Transp

DNA and transposase mRNA were diluted in injection buffer to a final concentration of

5ng/uL DNA and 15ng/uL RNA and mainta

ouse em

Charles River Laboratories) using stan

2. Southern blot analysis: Mouse tail biopsy DNA was extracted using standard 

procedures. 10 µg of DNA was subjected to restriction endonuclease digestion as 

indicated in the figure legend, resolved and transferred to nylon membranes using 
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poson (see figures for probe location). 
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post maturation 1 and 

oved 

 post 

standard methods. Membranes were probed with a random-primed, α-32P labeled 

restriction fragment of each trans

080 transfection and selection: Twenty four hours prior to transfection, 35,00

cells were plated in each well of a 24 well plate. A constant amount of pKT2-GT2N

transposon (125 ng) plus the indicated molar equivalent of either Ubiquitin or 

miniCaggs transposase (adjusted to a total of 500ng with filler plasmid) was introduce

using TransIT-LT1 (Mirus, Madison WI) reagent according to the manufacturer’s 

protocol. CpG methylation of pKT2-GT2N-ts was performed as described above. Forty-

eight hours post transfection, cells were split and plated at 10,000 cells/100mm plate. 

After selection in G-418, colonies were methylene blue stained and enumerated. 

4. Transgenic rat PCR genotyping and RT-PCR: Tail biopsy DNA from Sprag

Dawley founder animals were screened by PCR for presence of the KT2/KDRab38 

transposon yielding a 339-bp product (primer sequences are listed in Supplementary 

Table 3). Trizol® (Invitrogen, Carlsbad CA) isolated and DNAse treated RNA was

subjected to RT-PCR using the Superscript™ III One-Step RT-PCR system (Invitrogen, 

Carlsbad CA) yielding a 277-bp product after splicing of the 140-bp synthetic intron 

(Supplementary Fig. 2a). 

5. Pig embryo injection and culture: Abattoir derived oocytes (Minitube, Verona W

were cultured and matured in vitro according to standard protocols (56). Mature oocyte

were activated with calcium ionomycin 15μM 48 hours 

subsequently moved into NCSU 23 containing 1.9 mM 6-dimethylaminopurine 

(DMAP) in NCSU23. After 6-hour incubation in DMAP medium, zygotes were m

into NCSU 23 without DMAP and cultured until pronucleus formation (6-10 hours
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stocyst 

 

d on 

Ten 

rane 

rd 

d as previously described (57,58). For the present study, liver 

ng and 

removal from DMAP) and injected with the KT2C-EGFP transposon: SB100X mR

preparation as described above. Injected embryos were cultured until bla

formation (144-hours) in NCSU 23 medium.  

6. Embryo Southern blotting: Individual embryos were placed into 0.7 ml tubes, flash

frozen and stored at -20 C. Whole genome amplification (WGA) was performe

individual embryos using the REPLI-g Midi Kit (Qiagen, Valencia, CA) according to 

the "Amplification of Blood or Cells" protocol detailed within the product manual. 

microliters of the amplified DNA was added to a 200μl restriction digest with BamHI 

plus EcoRV and allowed to digest > 4 hours. Digested DNA was ethanol precipitated, 

re-suspended in 20ul 1x loading buffer, resolved and transferred to a nylon memb

by standard methods and probed with α-32P labeled restriction fragments using standa

technique. 

7. Embryo LM-PCR: Whole genome amplification was performed on individual 

embryos (as indicated above) followed by junction cloning by linker-mediated PCR 

(LM-PCR) and sequenced as previously described (6). 

8. Bisulfite-mediated genomic sequencing: Bisulfite sequencing of transposon 

integrations was performe

genomic DNA was digested with restriction endonuclease EcoRI to fragment the 

genome and ensure complete DNA denaturation during bisulfite treatment prior to PCR 

amplification (primer sequences are available in Supplementary Table 3), cloni

sequencing of SV and P amplicons.  

9. Transcript quantification: Small intestine RNA was reverse transcribed with 

Superscript™ III according to the manufacturer’s protocol (Invitrogen, Carlsbad CA). 
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Puromycin expression was measured by RT-PCR normalized to HPRT expression 

levels using iQ SYBR Green Supermix (Biorad, Hercules, CA). Primer sequence

listed in Supplementary Table 3. 

10. Statistical Analysis: The significance of allelic effect and sibling variation within 

the same allele were tested for SV and P regions separately using one-way nested 

ANOVA analysis implemented by the GLM procedure of SAS (Cary, NC). The 

statistical model was: percentage methylation = allele + (sib within allele) + random 

residual. For both SV and P regions, difference across alleles was highly significant (P-

value < 0.0001) but difference among sibs sharing a transgene allele was insignificant 

(P-value = 0.999 for SV region and P-value = 0.25 for P region). 
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V. SUPPLEMENTARY MATERIALS 

Supplementary Figure 1:  

Figure S1. Large cargo transposition and transgene segregation in 
after TnT using the large-cargo KT2/HSA-CCTG300 trans

F1. a) Southern blot 
poson in the mouse reveals 

transposition-mediated and nonhomologous integration of the transgene into roughly 50% 
of resulting animals. Bands of variable sizes indicate that the large transposon is actively 
transposed into the mouse genome. No difference was observed in transgenesis frequency 
or the number of integrations between founders obtained with methylated or 
nonmethylated transposon substrate. b) Segregation of transgene alleles from KT2H-
CD40Ig founders generated with methylated and nonmethylated substrate.  Each founder 
is pictured (F0) along with all transgenic offspring from a single litter. 
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Supplementary Figure 2: 

Figure S2. Rat transgenesis and expression a) Primers (black arrows, Fig. 1a) specific 
to the BSD:GFP gene and miR30-Rab38 sequences were used to genotype founder 
animals #501-511; 7 of 11 rats were PCR positive for the transgene. b) Nine animals 
(#503-511), including 6 of the 7 transgenics (red arrows), were tested for expression by 
RT-PCR using primers specific to the CLP promoter and BSD:GFP sequences (gray 
arrows, Fig 1a). Amid some background bands, the expected 277-bp product amplified 
among 4 of the 6 transgenic animals (white arrowhead). 
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Supplementary Figure 3: 

Figure S3. Raw data from bisulfite sequencing and expression analysis. The SV and P 
regions of the pT2/sh_mCFTR1 transgene (Fig. 3a) were analyzed by bisulfite sequencing 
several founders. Shown is the percent of total CpG’s methylated per individual read, 
plotted as a single points.  The number of insertions per animal is noted below each 
founder The asterisk (*) appearing under founder 8 indicates that one of the four transgene 
alleles is a multicopy concatemer. A bimodal distribution is prominent where most 
animals displa ethylation across the region (shaded 
re

y hyper (≥70%) or hypo (≤20%) m
gions).   
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Chapter 5:  Sleeping Beauty delivered RNAi against mouse 
CFTR; towards a porcine model of cystic fibrosis 

  



 

 157 

Sleeping Beauty

 

Daniel F. Carlson1, 2, Steve Terlouw3, Peter J. Maniak1, ChangWon Park4, Clifford 

Steer4, Scott M. O’Grady1, John R. Dobrinsky3, and Scott C. Fahrenkrug1, 2 

 

1 The Center for Genome Engineering 

2 Department of Animal Science, University of Minnesota, Saint Paul, MN 55108 

3 Minitube Biotechnology Center, Mt. Horeb, WI  

4 Institute of Human Genetics and Department of Medicine, University of Minnesota,   

Minneapolis, MN 55455 

  

 delivered RNAi against mouse Cftr; towards 
a porcine model of cystic fibrosis 



 

 158 

A  

ines, genotyped and  animals under the 

mentorship of SCF.  Specifically, DFC generated data presented in figures 1, 3-10, and 
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under the direction of CS.  Cloning of regulatable RNAi pig cells and animal husbandry 
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compositions in mucosal secretions through direct transfer of Cl¯ ions and regulation of 

other ion channels (6).   Currently, 1,523 mutations of CFTR have been identified and 

are compiled in the Cystic Fibrosis Mutation Database (7).  The most common mutation 

among approximately of 70% patients with CF is a deletion of three base pairs (ΔF508), 

resulting in loss of phenylalanine at position 508 (6).   

 The earliest clinical manifestation of cystic fibrosis, observed in 10% of CF 

newborns, is meconium ileus, an intestinal obstruction (8).  Other clinical 

manifestations occurring later in life include exocrine pancreatic insufficiency 

(sometimes resulting in pancreatitis or diabetes), liver disease, distal intestinal blockage, 

sterility in males and respiratory disease.  While severity and penetrance of these 

conditions vary significantly among patients with different mutations in CFTR (9), 

respiratory disease remains the most pervasive, severe and poorly treated condition in 

CF patients (8).  Inability to clear the heavy mucus from the lungs provides an ideal 

environment for bacterial infection accompanied by an infiltration of immune cells to 

defend the body against infection.  Immune cells secrete cytotoxins to combat bacterial 

infection; however, these cytotoxins result in chronic damage to the lungs perpetuating 

I. INTRODUCTION 

 Cystic Fibrosis is an autosomal recessive disease caused by the disruption of Cystic 

Fibrosis Transmembrane conductance Regulator (CFTR) function due to mutation (2).  

It is the most common life-shortening heritable disease among Caucasians affecting 

between 1 in 2,000 to 1 in 4,500 individuals (3).  CFTR is as a 1480 amino acid, cAMP-

regulated chloride channel localized to the apical membrane in mucosal epithelia (3-5).  

Its primary function is to establish and regulate normal water and electrolyte 



 

 160 

sis (8). Progression of airway disease to the point of respiratory 

re stop 

f 

n humans, severely limiting the 

erated a 

nd 

 ileus, 

h 

f 

lung and airway fibro

failure is the leading cause of death among patients afflicted with cystic fibrosis.  

Currently, there is no cure for CF. 

Current animal models of cystic fibrosis.  In an effort to better understand disease 

pathology, progression and strategies for treatment, several investigators have generated 

models of cystic fibrosis in the mouse by mutation of CFTR.  Their approaches have 

included targeted disruption of the mouse CFTR gene, introduction of prematu

codons, and introduction of known CF mutations including ΔF508 and G551D by 

homologous recombination (10-18).  These models consistently recapitulate a portion o

the gastrointestinal manifestations associated with CF as well as aberrant trafficking of 

CFTR in animals homozygous for the ΔF508 mutation (15-17); however,  none of the 

models displayed the lung/airway pathology observed i

utility of the mouse model (19).   

 Seeking an alternative model of cystic fibrosis, Rogers et. al. 2008 gen

CFTR knockout pig by tandem homologous recombination in fetal fibroblasts a

somatic cell nuclear transfer (SCNT) (20).  When bred to homozygosity, CFTR-/- pigs 

manifested severe pathology consistent with human disease, including; meconium

pancreatic insufficiency, focal biliary cirrhosis and distal intestinal obstruction 

syndrome (21).  Unlike humans, 100% of CFTR-/- piglets display severe meconium 

ileus, requiring surgical intervention for survival past 48 hours.  Nonetheless, the hig

value of pigs as a model of CF has been clearly demonstrated by the fact that cohorts o

animals surviving the surgery have gone on to display lung pathology that phenocopies 

the human condition (Chris Rogers, Personal communication).   
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ver, 

ntion for survival of CFTR-/- pigs impedes the 

 

e 

 

NAi was used to generate an animal model of a 

eling 

er, 

lity.  

 The generation of a pig model that displays a complex of phenotypes that is 

clinically relevant to cystic fibrosis researchers is a milestone achievement.  Howe

the requirement for surgical interve

widespread use and distribution of this resource.  The tremendous potential of the 

CFTR-/- pig argues for continued efforts for the production of a hypomorphic or 

regulatable pig model of cystic fibrosis.   

 We’ve adopted a RNAi based strategy for creation of a constitutive and regulatable

model of cystic fibrosis in the pig. RNAi is an evolutionarily conserved surveillanc

mechanism that responds to double-stranded RNA by sequence-specific silencing of 

gene expression.  Since its landmark discovery in 1998 (22) RNAi has become an 

indispensible tool for characterizing gene function and interactions via targeted mRNA

ablation.  Despite the widespread use of RNAi for in vitro gene knockdown, we were 

unaware of any example wherein R

human single gene disease/disorder.    

     As an alternative to knockout, RNAi also has several attractive features for mod

disease.  For example, in contrast to targeted gene knockout, which displays locus 

specific variability in efficiency (23,24), the generation of animals transgenic for RNAi 

cassettes is relatively straightforward.  Secondly, RNAi acts in a dominant mann

reducing generation time since animals need not be bred to homozygosity before uti

Finally, RNAi provides a powerful approach to achieving spatio-temporal and 

regulatable transcript silencing (25-29).  This flexibility is particularly relevant for the 

development of animal models like the CF pig, where animal viability/utility would 
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eauty 

sequently translated this to the development 

lted in >90% knockdown of CFTR with a 

be 

 

benefit greatly from precise control in the timing or location of gene product 

elimination. 

 Our objective to develop a pig model of cystic fibrosis relies on the use of 

transpositional transgenesis (TnT) to achieve stable RNAi.  We’ve previously repo

potent CFTR ablation in porcine endometrial gland epithelial cells by Sleeping B

delivered RNAi cassettes (1). We have sub

of transgenic mice to investigate parameters influencing RNAi of CFTR in vivo, and 

will show progress towards development of transgenic CFTRRNAi pigs. 

 

II. RESULTS  

CFTR RNAi in the mouse. To assess the utility of RNAi to model cystic fibrosis in pigs, 

we first undertook studies of the system in cultured pig and mouse cells, as well as in 

transgenic mice.  SB mediated TnT of pig epithelial cells with shRNA expression 

cassettes (shCFTR1 and shCFTR3) resu

profound impairment of chloride transport (1). Based on this dramatic result in vitro, we 

proceeded to translate this observation to mice. Because our ultimate target was to 

the pig, we developed a mouse siRNA based on the most potent pig shRNA (shCFTR1),

although the target location mice was suboptimal based on design parameters 

(http://www.sirnawizard.com) due to differences in the mouse and pig sequence (Figure 

1a).  Nonetheless, transfections of mouse IMCD3 cells with m-siCFTR1 resulte

significant reduction (~80%) of CFTR mRNA (Figure 1b).  Because this level of 

knockdown is consistent with mRNAs levels observed in at least one mouse model o

d in a 

f 

CF, the hypomorphic CFTRtm1hgu mouse, we proceeded with transgenic mouse 
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production and analysis.  
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Figure 1.  

Figure 1: Transient CFTR knockdown in IMCD3 cells. Panel (A) highlights differences 
(shaded bases) between porcine shCFTR1, mouse siCFTR1 and, siAlter.   Although targeted to 
the same location of CFTR as siCFTR1, siAlter includes 5 mutated bases. Two siRNA duplexes 
msiCFTR1 and siAlter,  based on the sequence of porcine shCFTR1 previously described (1) 
and third duplex, siScramble, a non-specific silencer with no mRNA target, were transfected 
into mouse IMCD3 cells.    Each duplex was transfected in triplicate at 10 and 25 mM.  B) 
Relative CFTR levels were determined by qPCR using the ΔΔCt method with CK18 as a 
reference.  Both high and low molarities of siCFTR1 significantly reduced the level of CFTR 
mRNA (p<.005 non-paired, two tailed t-test) compared to siScramble treated cells.  
Interestingly, a subtle but significant knockdown was also observed in siAlter 25 mM compared 
to siScramble 25 mM (p< 0.05) suggesting that siAlter maintains limited ability to target CFTR 
mRNA.
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ranspositional transgenesis and phenotype.  Transgenic mice harboring 

e m-shCFTR1 expression cassette (hereforth referred to as CFTRRNAi mice) were 

enerated by pronuclear injection of a CpG methylated or non-methylated T2_mCFTR1 

leeping Beauty transposon along with SB11 mRNA.  Transgenesis was highly efficient 

using the methylated transposon, with 18 of 20 (90%) transgenic founders, versus to 4 

of 16 (25%) using a non-methylated transposon.  Despite the fact that CpG methylation 

is an epigenetic modification typically associated with repressed genes, as expected (30) 

we observed embryonic reprogramming of our transgene and robust expression of both 

shCFTR1 and puromycin N-acetyl-transferase in transgenic founders (Chapter 4).   

2. Gastro-intestinal analysis of CFTR RNAi animals. A hallmark of most CF mouse 

models is early onset intestinal blockage and 50-95% mortality by day 21 (31). 

However, based on our observation of only 80% CFTR knockdown in IMCD3 cells, we 

expected the phenotype of our mice to mimic the CFTRtm1hgu mouse model. Unlike the 

CFTR mutants created by gene replacement, CFTRtm1hgu insertional mutant mice show a 

surprisingly high rate of survival because low levels of wild type CFTR mRNA (~20-

in 

der 

ruction. 

measured CFTR-dependent anion secretion in colon specimens of F0, F1, and wild type 

(wt) control animals.  Proximal colons were mounted in Ussing chambers and bathed 

1. Mouse T

th

g

S

30% wt) are produced as a result of exon skipping and aberrant splicing (32). These 

mice display only mild intestinal obstruction, but otherwise exhibit typical features of 

CF such as abnormal profiles of epithelial ion flow (11,33), and mucus accumulation 

gut and reproductive tracts (11). Consistent with expectations, the viability of foun

(F0) CFTRRNAi mice and their progeny (F1) did not suffer from intestinal obst

To determine the level of CFTR functional impairment in CFTRRNAi animals, we 
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RNAi

with a symmetric saline solution. The transepithelial voltage was clamped at zero mV 

and the tissues were stimulated with 8-cpt cAMP to activate CFTR.  The change in C

current after stimulation with 8-cpt cAMP was determined for a number of animals, 

revealing a significantly blunted response (about 65%) to 8-cpt cAMP stimulation in F1 

mice (p= 0.0096, n=11) compared to that seen in wt mice (Figure 2b).  Functional anion

secretion in F0 animals (n=7) was equivalent to wild type levels (n=11) (Figure 2b) due 

to transgene mosaicism of somatic cells in founder mice developed by pronuclear 

injection (Chapter 4 and (34,35)). Figure 2a displays representative traces of chloride 

current for an F1 and wild type animal over a period of twenty minutes.  This assay 

shows that both the response time and total current upon 8-cpt cAMP stimulation is 

attenuated in F1 CFTR  animals compared to wild type.  
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Figure 2.  

  

  

 

 

 

 

 

 

 

 

Figure 2: Reduced colonic anion secretion.   Freshly excised proximal colon specimens were 
mounted on Ussing chambers for measurement of anion secretion.  Panel (A) displays a 
representative trace of Cl¯ current in colonic epithelia from a CFTRRNAi animal (F1) and a wild 
type animal.  The arrow displays the time point in which Cl¯ current had stabilized and was 
induced by 8-ctp cAMP addition.  The magnitude of 8-ctp cAMP stimulated Cl¯ current is 
determined by measuring the change (∆) between baseline and peak chloride current after 
stimulation with 10 μM 8-ctp cAMP.  B) The magnitude of 8-ctp cAMP stimulated Cl¯ current 
in colonic epithelia of F0 (n=7), F1 (n=11) and wild type (n=11) mice.  Average current 
stimulation for F1 animals was significantly reduced (p=0.0096) using the two tailed students t-
test with a Welch correction of variance, compared to that seen in wild type or F0 mice.  Both 
wild type and F1 datasets display normal distribution as determined by the Kolmogorov and 
Smirnov method.  There was not a significant difference between F0 animals and wild type.  
Inhibition of 8-ctp cAMP stimulated Cl¯ current could be attributed to CFTR mRNA 
knockdown



 

 We next examined the level of CFTR mRNA in the small intestines from three 
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13 and 20, chosen on the basis of sample availability.  Consistent with a 

8-cpt cAMP Cl¯ current in the colon, we observed significant 

nockdown of CFTR mRNA in lines CF 5 and CF 20 (p=0.04, and p=0.017 

spectively) compared to wild type (Figure 3a).  In contrast, colon CFTR mRNA levels 

 line CF 13 did not differ from wild type mice. In addition to diminished colonic 

nion secretion, we observed an impact on reproductive performance among animals 

ith CFTR knockdown.  We were unable to produce F2 litters from either intercross or 

utcross of lines CF5 and CF20, while a CF13 intercross with no evidence of CFTR 

nockdown was able to produce F2 litters.  We failed to propagate an additional 4 of 6 

milial intercrosses.  Assuming sterility was restricted to male mice, we attempted an 

utcross with problematic lines.  Remarkably, 5 of the 6 problematic lines failed to 

roduce offspring even when outcrossed, suggesting that infertility was not confined to 

ale mice.  Indeed, it has been demonstrated that an absence of CFTR dependent cAMP 

ctivated bicarbonate secretion in endometrial epithelia significantly reduces the ability 

of sperm to fertilize eggs in female mice (36).   While previous studies have reported a 

non-specific impairment of reproduction in some founder mice expressing short hairpin 

g 

families, CF 5, 

65% reduction 

k

re

in

a

w

o

k

fa

o

p

m

a

RNA’s, we did not observe any sterility in mice until the F1 generation, suggestin

sterility was a result of CFTR knockdown rather than non-specific shCFTR1 

overexpression.    
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Figure 3: 

 

  

Figure 3: CFTR mRNA reduction.   Significant CFTR knockdown was 

(n=4).   Percent CFTR knockdown was calculated using the ∆∆ method where 
observed in lines CF 5 (n=4) and 20 (n=7), but not in female passaged line CF 13 

wild type animals were treated as the control group and CK18 levels as the 
reference/housekeeping gene.  Measurements for each individual included in the 
average family CFTR knockdown were the product of three technical replicates 
for both CFTR and CK18 transcripts. Statistical significance was declared at p< 
0.05 (indicated by asterisk *) using a two-tailed students t-test with Welch’s 
correction. 
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tive CFTR RNAi in the pig. 

We first sought to produce a pig model of cystic fibrosis based on the constitutive RNAi 

transposons successfully applied in mouse and previously

knockdown in PEGE cells (1).  Either T2_pshCFTR1 or T2_pshCFTR3 were introduced 

into PFF cells by TnT with SB10 transposase (Figure 4).  Colonies were selected based 

on resistance to puromycin, expanded and analyzed for expression of either shCFTR1 or 

shCFTR3.  To our surprise, shCFTR3 expression was absent in all puromycin resistant 

clones analyzed (n=21) while expression of shCFTR1 was observed in all but two 

clones analyzed (n=25).  Since expression was absent in shCFTR3 cells, we chose a 

subset of shCFTR1 clones covering a large range of expression (~4,000-20,000 

copies/cell) for cloning at the National Swine Resource and Research Center (NSRRC, 

Colum

3. Constitu

 displaying robust CFTR 

bia MO) (Figure 4b).   
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Figure 4.  

Figure 4: Generation of constitutive RNAi PFF.   The T2_shCFTR transposon 
carried one of two porcine specific CFTR shRNA’s, shCFTR1 or shCFTR3 
(panel A).  Transposon and transposase were co-transfected into PFF by 
electroporation followed by selection in medium containing puromycin.  B) 
Seven shCFTR1 clones were chosen for the production of transgenic pigs by 
SCNT based on expression of shCFTR1.  Copy number was calculated by 
comparison to a standard curve (inset) which is based on the assumption that 
each cell contains 10pg of total RNA.     
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 the C3 cell line by somatic cell nuclear 

transfer (SCNT), and transferred to 9 pseudopregnant gilts.  This resulted in one 

pregnancy, and the live birth of 7 healthy piglets.  As these piglets were born prior to 

the report of CFTR knockout pigs in 2008 (21), we were unsure which phenotypes 

would be present.  We first confirmed maintenance of the T2_shCFTR1 transposon by 

PCR and Southern blotting (Figure 5).  As anticipated, all piglets displayed identical 

transgene architecture and copy number since they were derived from a single parental 

line.  Comparison of band intensity to spiked plasmid controls suggests a single copy of 

the T2_shCFTR1 is present at the integration site. Digests performed with AseI allow 

discrimination between transposase mediated integration (variable size above 2.3 kb) 

and random integration, a predictable band at 5.3 kb (Figure 5b).  Each piglet displays a 

band near 5.3 kb.  Considering the presence of the 5.3 kb band in each piglet and the 

identification of vector sequence in an attempt to clone transposon junction fragments 

(data not show), we are confident that integration was not transposase mediated.  This 

was not a surprise due to the low activity of the original SB10 transpose in PFF cells 

(data not shown).  

  

 Embryos were reconstructed from



 

Figure 5: 

 173 



 

 174 

Figure 5: Transgene maintenance and architecture.   A PCR screen was used to verify 
maintenance of the transposon in ear (E) and tail (T) biopsy DNA of the seven cloned 
piglets, 21-1 through 21-7. Two primer sets, shV2 and Puro Int, hybridize within  the 
transposon (A) while a HPRT exon 3 primer set was used as a DNA amplification control.  
B). Strong signal is observed for both ear and tail biopsy of each animal while negative 
control DNA, obtained from pig fibroblasts, show weak signal with puro primers only.   
Similar light products using the Puro Int primer set are common for wild type DNA (data 
not shown). C)  Southern blotting was performed on either NcoI (N) or AseI (A) cleaved 
genomic DNA and probed with the NcoI fragment of the T2_shCFTR transposon (panel 
A).  The internal NcoI fragment (open arrow) was used for copy number quantification by 
comparison to plasmid spiked wild type controls with the equivalent of 0.3, 3 and 6 copies 
per cell (indicated above).  Digest with AseI produces a predictable 5.3 kb band (black 
arrow) when whole plasmid, random integration of plasmid occurs. Also included in the 
blot is DNA from the spleen of founder 21-4 (21-4_s). 
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 We next sought to characterize transgene expression in ear and tail samples 

col  

RT

neg

exp s 

bel

bio

expression profile of the hum

sacrifice a clone to analyze transgene expression in a variety of tissues.  As with ear and 

tail biopsy, the puromycin transcript was observed in each tissue analyzed (Figure 6c) 

although shCFTR1 expression was absent.  It is interesting to note that of the 20+ 

CFTRRNAi mice analyzed, expression of puromycin was invariably accompanied by 

shCFTR1 expression (data not shown).   

lected from each piglet.  The puromycin transcript was identified in each piglet by

-PCR from ear and tail mRNA whereas the no RT and wild type control cells were 

ative (Figure 6a).  This, however, was not the case with shCFTR1.  Despite 

ression at very high levels in the donor cell line (20,000 copies/cell), shCFTR1 wa

ow detection limits in all transgenic piglets (Figure 6b).  Since both ear and tail 

psy is comprised of low complexity tissue, mostly fibroblast-like cells, and the 

an H1 promoter was unknown in pigs, we chose to 
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Figure 6: Transgene expression in founders.   A) RT-PCR was used to determine if the 
puromycin transgene was expressed in cloned piglets.  Total mRNA from ear and tail biopsy 
was DNase treated and used in a reverse transcription reaction with or without reverse 
transcriptase (RT).  A set of controls was performed using tail RNA from piglets 21-6 and 
21-7 (positive control) and total RNA from wild type PEG and PFF cells (negative control).  
RT dependent signal for puro is observed in both ear and tail RNA of all piglets while it is 
not observed in either of the control pig cell lines.  PCR for HPRT was included as a loading 
control.  B)  Analysis of shCFTR1 expression in cloned piglets.  ShCFTR1 values for 
individual piglets as well as three positive control cell lines are plotted on the same axis as 
the standard curve.  C) Puromycin transcript is evident, although variable, in all tissues 
examined from a founder animal.  Expression was much lower than cell lines si1D2T, si1 
C3T and si1 C3 (parental cell line), though cells were actively passaged in puromycin prior 
to isolation.  Puromycin copy number per cell was calculated by comparison to a standard 
curve of known quantities (inset). 
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 final possibility we considered was that the lack of shCFTR1 expression was due to 

i

o ere 

v

a

s .  

I

r

closely linked SV40 promoter (SV40 and H1 are entirely contained within a 344 bp 

fragment).  Also, transgene repression was not a consequence of inadequate cellular 

reprogramming in cloned animals.  In contrast to the transgenic mice generated by PNI 

TnT each of the remaining 6 transgenic founders contained the identical transgene 

insert, precluding our ability to sample alternative transgene alleles.      

A

ncomplete chromatin remodeling as a result of cloning (37).  To test this, we 

utcrossed a single clone resulting in the birth of seven F1 piglets, two of which w

erified transgenic by Southern blotting (Figure 7b) displaying the same transgene 

llele as their parent (F0).  Puromycin expression was observed in both ear and tail 

amples of both transgenic piglets, while shCFTR1 remained absent (data not shown)

t can therefore be concluded that expression from the H1 promoter was specifically 

epressed in transgenic piglets, while puromycin expression was permitted from the 
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Figure 7: 

Figure 7: Southern analysis of F1.   Southern blotting was performed on either NcoI (N) 

transposon (Figure 5, panel A).  The internal NcoI fragment (open arrow) was used for copy 

equivalent of 0.3, 3 and 6 copies per cell (indicated above).  Digest with AseI produces a

occurs.  Offspring F1-6 and F1-7 both appear transgenic and carry the same 
parent (F0). 

or 
AseI (A) cleaved genomic DNA and probed with the NcoI fragment of the T2_shCFTR 

number quantification by comparison to plasmid spiked wild type controls with the 
 

predictable 5.3 kb band (black arrow) when whole plasmid, random integration of plasmid 
allele as their 
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able CFTR RNAi in the pig.  

The CFTRRNAi mouse, CFTR knockout pig (21) and our failed attempt to generate a 

constitutive knockdown model of CF using RNAi have provided valuable insights for 

continued development of a porcine model of cystic fibrosis.  Reproduction of 

CFTRRNAi mice was impaired, and all CFTR knockout pigs developed meconium ileus.  

We hypothesized that a regulatable CFTRRNAi allele in swine could circumvent 

meconium ileus and reproduction impairment allowing simplified creation and 

propagation of CFTRRNAi pigs.  Also, the lack of transgene allele diversity and poor 

prognosis of expression in animals based on cellular analysis in the constituitive 

C

A  

re

 ble 

shRNA expression transposons, pKT2C-KeN-H1x and pKT2C-KM2eN- H1x, wherein 

shRNA expression is controlled by a tetracycline inducible epigenetic switch (25,29).  

Regulation of RNAi in these vectors relies on the expression of tTR-KRAB and rtTR-

KRAB2S-M2 fusion proteins of the bacterial tetracycline repressor and Krüppel-

associated box domain (KRAB), a repressor of gene expression.  Association of these 

fusion proteins with the tet-response element (TRE) is dependent on the presence, 

pKT2C-KeN- H1x  (tet-on)  or absence, pKT2C-KM2eN- H1x  (tet-off) of doxycycline 

(dox) thus providing regulatable and reversible RNAi (Figure 8).  In the context of a 

mouse RNAi, this strategy has proven to be the most flexible and tightly regulated 

system available (29).    

4. Regulat

FTRRNAi pigs has prompted us to adopt a pooled donor approach for cloning.  

dditionally, in contrast to SB10 transposase, the hyperactive SB100X transposase (38)

sults in highly efficient, multi-allelic TnT of PFF cells (data not shown).    

Towards regulatable CFTR ablation in pigs, we’ve developed two tet-regulata
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Figure 8: 
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Figure 8: Generation of Tet regulated CFTR RNAi piglets. Vector design and predicted 
response to doxycycline is illustrated in panel (A).  Each vector contains a neomycin 
resistance gene (Neo) downstream of the ECMV internal ribosome entry site (IRES) allowing 
for selection in medium containing G-418 when the cassette is in the active state.  B)  
Neomycin resistant pig fetal fibroblasts were cultured in the presence or absence of 
doxycycline (Dox) for a period of 15 days.  Small fraction RNA was isolated followed by 
qRT-PCR for either shCFTR1 or shCFTR3.  Copies per cell were determined by comparison 
to a standard curve for either shCFTR1 or shCFTR3 calibrated to the assumption that each 
cell contains 10pg of total RNA of which 20% is small fraction RNA.  C)  Resistant cells 
containing the same tet-regulator but different CFTR silencers were pooled and cloned by 
chromatin transfer.  
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Two shRNA’s (shCFTR1 and shCFTR3) previously shown to reduce the transcript and 

 

-

 

ng 

G-418 and doxycycline while tet-off versions were selected in G-418 only.  To verify 

ression was under dox control, G-418 resistant pools for each vector 

were cultured in the presence and absence of dox for 14 days and assayed for 

expression levels of shCFTR1 or 3.  Despite the fact that each pool is a complex 

mixture containing thousands of unique transposon insertions, shCFTR1 and 3 (tet-on 

and tet-off versions) were tightly regulated (64 and 67 fold) and (25 and 9 fold) 

respectively (Figure 8b).  Absolute expression levels were higher for shCFTR1 than 

shCFTR3 in the induced state for both tet-on and tet-off versions (Figure 8c). 

 Two mixed pools of neomycin resistant cells were used for cloning by 

chromatin transfer.  Pool 1 (KeN) includes both shCFTR1 and shCFTR3 transgenic 

cells under the control of the tTR-KRAB regulator while pool 2 (KM2eN) includes both 

silencers under control of the rtTR-KRAB2S-M2 regulator.  A total of 173 KeN 

reconstructed embryos were implanted in one surrogate and 289 KM2eN embryos into 

two surrogates.  Surrogates were maintained on a normal antibiotic-free diet, and one 

pregnancy from each pool was maintained until parturition.  Surrogate 5181, carrying 

KM2eN clones (CFTRRNAi active), farrowed 2 stillborn pigs naturally.  The piglets had 

a normal exterior appearance suggesting recent death.  Two more dead piglets were 

function of porcine CFTR (1) were cloned downstream of the human H1 promoter in

both tet-on and tet-off versions resulting in pKT2C-KeN- shCFTR1 or 3 and pKT2C

KM2eN- shCFTR1 or 3 (Figure 8).  These constructs were transfected into female pig

cells accompanied by Sleeping Beauty expression plasmid pKC-SB100X at a molar 

ratio of 2:1.  Cells transfected with tet-on versions were selected in medium containi

that shRNA exp
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recovered by cesarean section after an additional 3 hours of non-productive labor, also 

displaying normal exterior appearance.  Surrogate 5226, carrying KeN (CFTRRNAi 

inactive), delivered 6 clones, with all but one abnormally small clone surviving.  After

the sixth piglet, labor stalled for one hour until an additional three piglets were born, 

two of which were stillborn.   Genotyping confirmed the presence of the transgene in

8/9 KeN piglets (1 shCFTR1, 7 shCFTR3), and 3 KM2eN piglets (2 shCFTR1, 1 

shCFTR3) (Figure 9).  
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Figure 9: 

Figure 9:  Genotypic characterization of clones.  Transgene positive piglets 
were identified by PCR with primers flanking the silencer expression region of 
each construct (panel (A), black arrowheads).  Unique SphI sites within the 
shCFTR1 sequence were used to decipher shCFTR identity of individual piglets.  
B) PCR products were incubated in the presence and absence of SphI.  Piglets 
with amplicons resistant to SphI digest were classified as shCFTR3 while those 
that cut were classified as shCFTR1.  Animals with red ID’s are indicative of 
unexpected death.  *KeN1 died less than an hour after birth.   
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he 6 liveborn KeN piglets, two died within the following week, one of an 

unknown cause and one the result of sepsis. Of the four remaining clones, one is wild 

type and the other three KeN gilts all contain shCFTR3 transgenes and are being raised 

to sexual maturity. As for transgenic mice developed with the tTR-KRAB system, the 

epigenetic status of the transgene is not expected to be responsive to dox treatment 

postnatally (25,29). Epigenetic reprogramming of the transgenes is expected to require 

gestational exposure to dox, so these KeN shCFTR3 pigs will be grown to sexual 

maturity, bred to non-transgenic boars and fed dox during their pregnancies. Resultant 

piglets will be assessed for induction of transgene expression and pathological 

manifestations consistent with CF.  The creation of KeN shCFTR1 (our most potent 

shRNA for CFTR knockdown) pigs will require additional cloning. 

The absence of dox in the surrogate diet would predict that KM2eN (tet-off) 

clones would express the shRNA directed against CFTR and potentially result in 

phenotypes consistent with CF.  Gross examination of KM2eN stillborn piglets revealed 

clear problems with the digestive track, including thick off colored (light brown) 

meconium through the ileolcecal junction, continuing into the ascending colon, and 

extend

compo

pancre  

ileus in d pancreases of 

KM2eN piglets appeared small in comparison to KeN piglets, an observation that was 

also made in CFTR-/- versus CFTR+/+ piglets (21).  Meconium color and composition 

appeared normal in stillborn KeN piglets where the absence of dox would support no 

 Of t

ing throughout the descending colon in two clones. Such a meconium 

sition would be predicted for CFTRRNAi pigs based on a lack of adequate 

atic enzymes and electrolyte imbalance, a condition contributing to meconium

 10-15% of humans and 100% of CFTR-/- pigs (21). Indee
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 poor quality (as 

indicated by a 30-130 fold reduction in hous

and the degree of induction over inactive (K

development of these pig models of CF.  

expression of shRNA.  While meconium ileus was present in all CFTR-/- piglets (21), 

increase in the rate of stillborn animals was not reported. However, these homozygous 

CFTR-knockout pigs were derived from natural reproduction, not cloning. Perhaps 

premature death of the KM2eN clones derives from a combined decreased fitness based

on shRNA-dependent gastrointestinal stress and the fact that they were derived from

chromatin transfer technology (a factor known to decrease viability).  Alternatively, 

these results may represent elevated sensitivity in the genetic background of our 

progenitor cells as has been previously observed for mice (39).  

We attempted to determine whether CFTR levels were reduced in KM2e

piglets in mRNA extracted from lungs, ileum, ascending colon and descending colon

Unfortunately, mRNA isolated from deceased KM2eN clones was of

ekeeping gene expression compared to 

controls). We therefore concluded mRNA analysis from these samples would not be 

reliable.  In contrast to mRNA, the levels of the widely expressed microRNA miR23a, 

was consistent between samples and controls, suggesting that the quality of small RNA 

was sufficient for analysis. As expected, shCFTR was highly expressed in KM2eN 

clones but absent in KeN clones. Raw levels of shCFTR (expressed as copies per cell) 

eN) piglets are shown (Figure 10 a, b). 

Thus, although clone mortality in KM2eN pigs has precluded us from collecting 

definitive data regarding CFTR knockdown by shRNA in pigs, pathological 

observations and regulated transgene expression in pigs (shRNA on in KM2eN pigs, off 

in KeN pigs) strongly suggest the system is working and supports the continued 
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Figure 10: 
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Figure 10: Tight shCFTR regulation in the pig lung.  Expression of shCFTR was 
measured by qRT-PCR and comparison to a standard curve generated by qRT-PCR of 
mock template ranging from 4 - 62,500 copies per cell based on the assumption that each 
cell contains 10 pg of total RNA.  Sample content was normalized to miR23a expression.  
A) Each KM2eN piglet expresses significant levels of shCFTR compared to KeN piglets 
where silencer expression is nearly absent.  Expression of shCFTR from donor PFF was 
included as a reference.  Two of three transgenic piglets display higher shRNA expression 
than the donor PFF pools used for cloning, suggesting they derived from cellular clones 
present in the pool with shRNA expression exceeding the pool average. Panel (B) shows 
fold induction of shCFTR expression calculated by comparison of KM2eN levels 
(induced) to average KeN levels (off).  Each measurement was specific for either shCFTR 
1 or 3.  Induction in PFF donor cells was also included and was calculated two ways.  The 
two leftmost columns were calculated based on presence or absence of dox for each 
vector/shCFTR specifically whereas the third column from the left is a comparison of 
KM2eN versus KeN in the absence of dox analogous to the method used to calculate fold 
induction in piglets. 
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III. DISCUSSION 

I  

p ul 

a

d esis 

t

r

i ed 

on RNAi (25-29). In addition, two transgenic pigs have been developed based on RNAi 

7,48). 

Towards development of a regulatable model of CF in the pig, we chose 

transposon delivered RNAi cassettes for knockdown of CFTR.  Similar to lentiviruses, 

transposition results in the precise integration of a limited number of transgene copies 

(~1-4), thus avoiding lethality associated with ectopic shRNA overexpression.  

Additionally, the use of CpG methylated (expression repressed) transposon substrate is 

expected to result in a lag in shRNA expression until transposon integration and 

epigenetic reprogramming.  Likewise, lentiviral transgenesis results in a similar lag in 

shRNA expression since viral infection, reverse transcription and integration into the 

genome is required prior to significant expression.  Indeed we’ve shown that transposon 

delivered CFTR-directed RNAi is an effective method for generation of transgenic mice 

by PNI.  A transgenesis rate of 90% (using methylated SB transposon) rivals the highest 

lentiviral transgenesis rate while eliminating the need for Biological Safety level II 

n vivo RNAi. Early attempts to generate RNAi-based mouse models by standard

ronuclear injection (PNI) (40-42) met with some difficulties. However, the successf

pplication of lentiviral transgenesis revealed that transgene copy number/shRNA 

osage has a critical influence on success. In contrast to traditional mouse transgen

hat results in multicopy concatemers of 10-100 transgenes, lentiviral transgenesis 

esults in several single-copy transgenes per mouse. Based on this approach several 

nvestigators have developed constitutive (43-46) and regulatable mouse models bas

(4
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difficulties of viral packaging and ultra-concentration required for 

al 

1hgu 

ent porcine shCFTR1 and shCFTR3 will be capable of generating CF 

 

 

l pigs 

TII-

.  

ost 

identifies and represses expression from foreign DNA is unknown.  Fortunately, Liu et. 

facilities and avoids 

lentiviral transgenesis.  

 Transposon delivered CFTRRNAi cassettes in mice were reliably expressed in 

transgenic founders and offspring, and were capable of phenocopying gastrointestin

defects associated with CF in mice.  As anticipated, the partial knockdown of CFTR 

(65-80%) resulted in a mild CF phenotype consistent with the hypomorphic CFTRtm

mouse. Considering that we’ve demonstrated potent knockdown (>90%) of CFTR 

function and message in porcine PEGE cells using silencers shCFTR1 and shCFTR3, 

the functional phenotype observed with modest CFTR knockdown in mice suggests that 

more pot

pathology in pigs.   

 The success of constitutive CFTRRNAi in mice, however, did not translate to pigs

generated with the same construct.  Despite expression of the closely linked puromycin

gene in transgenic founders and offspring, shCFTR1 expression was absent in al

and tissues analyzed.  A similar finding was reported by Liu et. al. where a bi-allelic 

transgene cassette expressed the neomycin phosphotransferasetype II enzyme (NP

neomycin resistance gene) while a closely linked EGFP cassette remained inactive (49)

This argues against a simplistic view where transgene expression relies solely on 

integration into either active (euchromatin) or inactive (heterchromatin) resulting in 

either expression or repression of a transgene respectively. Rather, transgene expression 

it these cases must have been repressed by a separate, highly specific factor.  Whether 

this factor is a product of a cellular feedback system or a mechanism by which the h
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 variable capacity at different sites within the genome (49). 

al 

t TnT 

d in highly diverse pools of transgenic PFF that displayed tight 

ity 

 

ults in 

t of 

 

al. only observed this phenomenon in 2 of 3 independent loci suggesting that specific 

transgene repression has

Therefore, we speculate that our failure to produce an active constitutive CFTRRNAi 

allele in pigs was due to the lack of transgene allele diversity, and that integration into 

alternative sites within the genome would have resulted shCFTR1 expression.    

 Our failed attempt to generate a constitutive CFTRRNAi model in the pig and the 

recent demonstration that all CFTR-/- pigs develop meconium ileus requiring surgic

intervention for survival prompted us to change our approach.  Instead, we’ve 

developed regulatable CFTRRNAi transposons that combine the efficiency and ease of 

TnT and the flexibility of the tet-KRAB RNAi regulation system (25).  Efficien

with SB100X resulte

response to doxycycline treatment.  Expression of shCFTR was observed in pigs 

generated from KM2eN pools while it was absent in pigs generated from KeN pools.  

This pattern accurately fits our expectation based on dox-independent transgene 

expression.  Unfortunately the prenatal lethality of KM2eN piglets precluded our abil

to fully characterize this phenotype or to examine the influence of RNAi on pulmonary

function.  Three healthy KeN piglets remain, however, as in mice, it is likely that the 

absence of dox (transgene repressed) throughout embryonic/fetal development res

epigenetic imprinting that requires subsequent breeding and gestational dox treatmen

pregnant sows for reactivation of the transgene in offspring (50). Future directions will 

include an examination of in vivo dox-responsive control of shRNA expression 

generation of offspring from gestationaly exposed KeN pigs, for activation of CFTRRNAi
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testin as 

cording 

en

r 

the 

y 

 

CFTR 

 

h 

described by Raymond, et al.(52).  Briefly, 0.25 pmol of gene specific primer (RT-

alleles in the F1’s, as well as cloning additional KM2eN and KeN clones under 

conditions that will permit a rigorous assessment of F0 animals. 

 

IV. MATERIALS AND METHODS 

1. Mouse transcript quantification:  Entire lung and circa 6 inches of the small

in e (measured from ileocecal junction to proximal) w collected and stored in 

RNALater (Ambion, Austin TX).  Tissues were powdered by mortar and pestle under 

liquid N2 and total RNA was isolated with TRIzol (Invitrogen, Carlsbad CA) ac

to the manufacturer’s recomm dations.  Five hundred nanograms of DNase1 treated 

RNA was converted to cDNA using either the Superscript VILO cDNA synthesis kit, o

standard Superscript III reverse transcription (Invitrogen, Carlsbad CA) according to 

manufacturer’s recommendations.  CFTR and CK18 transcripts were quantified b

qRT-PCR using the Express SYBR Greener kit (Invitrogen, Carlsbad CA) using CFTR

primers Q-mCFTR E6 5-1 [5’- GAAGGACTTGCCTTGGCACATTTT] and Q-m

E8 3-1 [5’- CGGGTCATTTTCAGCTCCACCT] and CK18 primers Q-mCK18 E1 5-1 

[5’- CGTCAGAGACTGGGGCCACTACTT] and Q-CK18 E3 3-1 [5’- 

ATGTCGCTCTCCACAGACTGGC].  CFTR knockdown was calculated by the delta

delta method as described in Livak et. al. 2001 (51) using CK18 as the reference gene 

and wild type animals as the control set.   All measurements reported are the average of 

at least three qRT-PCR replicates. 

2. Mouse short hairpin quantification:  Short hairpin RNA directed against mouse 

CFTR (sh_mCFTR1) was detected using a modified primer-extension qPCR approac
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ned 

ld) was used to reverse 

anscribe 50ng of small fraction RNA from the lungs and small intestine isolated using 

tion kit (Invitrogen, Carlsbad CA).  A universal 

 [5’-

ta 

search Animal 

oved from the epithelium by blunt dissection.  

 

s 

mCFTR1-9nt) [5’-GGGCAAGCAGTCCTAACAACCATGGAATGCAGA] desig

against sh_mCFTR1 with a 9 base pair hybridization domain (bo

tr

TRIzol and the PureLink miRNA isola

binding sequence (italics) is included for hybridization of a universal primer (UP),

GGGCAAGCAGTCCTAACAACCATG].  The product was quantified by SYBR 

Green using a short primer with locked nucleic acids (indicated lowercase) to raise 

hybridization temperature [5’-TagCTgTTCTCATCTGC] and the UP primer.  Total 

mCFTR1 was determined by comparison to a standard curve generated by qPCR of 

known amounts of mock template ranging from 8 to 800,000 copies per cell (based on 

the assumption that each cell contains 10 pg total RNA(52)) and that one-fifth of total 

RNA purifies in the small fraction when using the PureLink miRNA isolation kit (da

not shown). 

3. Functional characterization of CFTR deficiency: Proximal colon from adult FVB 

mice exhibiting normal and CFTRRNAi genotypes were harvested from euthanized 

animals. Following the recommendations of University of Minnesota Re

Resources mice were euthanized by CO2 inhalation. Proximal colons were removed, 

rinsed with bicarbonate buffered physiological saline solution (in mM: 150 NaCl, 5 

KCl, 1 CaCl2, 1 MgCl2, 3 NaHPO4, 20 NaHCO3, 10 glucose, pH 7.4) and the circular 

and longitudinal muscle layers rem

Epithelial tissues were then mounted in Ussing chambers where the apical and 

basolateral surfaces were bathed with symmetric physiologic saline solution and treated

with indomethacin (10 μM) to inhibit endogenous release of prostaglandins. Tissue



 

 195 

ced 

s 

plated in DMEM high glucose media enriched with 10% FBS, 2mm L-

were voltage clamped at zero mV and basal electrical parameters (transepithelial 

voltage (VT), conductance (G) and Isc) were measured and recorded. Once the basal Isc 

had stabilized, anion secretion was stimulated by apical and basolateral addition of 10 

μM 8-cpt cAMP. The magnitude of Isc stimulation between tissues from control 

animals and those exhibiting the CFTR deficient genotype were analyzed using an 

unpaired t test to determine whether anion secretion was significantly (p<0.05) redu

in CFTR deficient animals. 

4. Pig fetal fibroblast culture and transfection: Pig fibroblasts were isolated from 43 

day old fetuses.  The tissue was dissociated using a collagenase/DNAse I treatment a

well as mechanical disruption.  The cells from the female piglet #8 were cultured in 

DMEM enriched with 10%FBS and 2X antibiotic/antimitotic solution (Gibco #15240-

022) prior to cryopreservation.  For transfection, passage zero cells were thawed 

allowed and 

glutamine, 1X P/S and grown at 37º C, 5% CO2 until confluent.   

Constitutive RNAi.  Approximately 2.0X106 passage one PFF’s were electroporate

with 25 ug pT2/shP2 CFTR1 and pUB-SB10 at a 1:1 ratio.  Selection was carried out 

until all cells in control plates were dead and foci were present on transfected plates.  

Colonies were aspirated under gentle trypsinization conditions and plated in one wel

a 24 well plate.  Colonies with favorable growth characteristics were passaged into 6 

well plates, grown to confluence and divided into aliquots for freezing and expansi

for RNA isolation.  Clones displaying signs of senescence during the expansion

transfected with an SV40 large T-antigen expression vector to obtain adequate amounts 

d 

l of 

on 

 were 
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om of RNA and DNA (53).  This procedure was successful at rescuing most clones fr

senescence and provided ample RNA for quantification of shCFTR. 

Regulatable RNAi. Confluent cells were trypsinized and plated in each well of a six 

well plate to achieve 60-80% confluence within 6-24 hours.  Cells were transfecte

using TransIT-LT1 (Mirus Bio Corporation, WI) transfection reagent according to t

manufactures instructions with a ratio of 3:1 lipid: µg DNA. Plasmid transfection 

cocktails for individual well

d 

he 

s included 730 ng of one of the four Sleeping Beauty RNAi 

 

    

-418.  

 

ssaged an additional 

3) 

e 

 

Raymond, et al. (52).  Briefly, 0.25 pmol of each gene specific primer (RT-pCFTR1-

cassettes, pKT2C-KeN shCFTR(1 or 3) or pKT2C-KM2eN shCFTR(1 or 3), along with

230 nanograms of the SB100X expression cassette pKC-SB100X.  Total plasmid 

content was adjusted to 1.5 micrograms per well using pCMV-βgal plasmid as filler.

Forty-eight hours after transfection cells were trypsinized and plated on 100mm dishes 

at approximately 1,500 cells/cm2 and selected in medium containing 300 ug/ml G

Doxycycline (0.2ug/ml) was added to the KeN cultures to maintain expression of the

neomycin cassette.  After selection, pooled resistant cells were pa

round in G-418 and cryopreserved.   

5. Doxycycline switch silencer measurements:  Cryopreserved KeN shCFTR (1 and 

and KM2eN shCFTR (1 and 3) cells were thawed and allowed to recover in their activ

state.  Once confluent, each cell line was serially passaged in the presence or absence of 

0.2 ug/ml doxycycline for a period of 14 days. Day 15 cells were harvested in TRIzol 

reagent (Invitrogen, Carlsbad CA) and small fraction RNA was isolated using the Pure

Link miRNA isolation kit (Invitrogen, Carlsbad CA).  Short hairpin RNA expression 

was measured using a modified primer-extension qPCR approach described by 
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t) 

 base pair 

A.  

mer 

s 

.  

 

 

s. In vitro produced PRO-Ova Premium Mature 

 

re 

9nt) [5’-GGGCAAGCAGTCCTAACAACCATGGCATGCAGA] and (RT-pCFTR3-9n

[5’-GGGCAAGCAGTCCTAACAACCATGGAAGAAGAG] with a 9

hybridization domain (bold) was used to reverse transcribe 50ng of small fraction RN

A universal binding sequence (italics) is included for hybridization of a universal pri

(UP), [5’-GGGCAAGCAGTCCTAACAACCATG].  Silencer was quantified by qRT-

PCR using the Express SYBR Greener kit (Invitrogen, Carlsbad CA) using primer

PCR shCFTR1 LNA [5’-TaGCtAtTCTCATCTGC] or PCR shCFTR3 LNA [5’- 

TGtAtCtTGCACCTCTT] and the UP primer.  Each silencer specific primer included 

three locked nucleic acids (indicated lowercase) to raise hybridization temperature

Total silencer was determined by comparison to a standard curve generated by qPCR of

known amounts of mock template ranging from 4 to 400,000 copies per cell (based on 

the assumption that each cell contains 10 pg total RNA (52)) and that one-fifth of total 

RNA purifies in the small fraction when using the PureLink miRNA isolation kit (data

not shown). 

6. In vitro maturation of pig oocyte

Oocytes (Minitube, Verona, WI) will be procured for cloning by chromatin transfer 

technology. Briefly, swine ovaries will be collected at contracted abattoirs and 

maintained at 22-28°C during transport to the laboratory. Ovaries were washed and 

isolated for follicular aspiration, and follicles ranging from 4-8 mm were aspirated into

50 ml conical centrifuge tubes using 18 gauge needles under vacuum. Follicular fluid 

and aspirated oocytes was rinsed through pre-filters with commercial TL-HEPES 

(Minitube, Verona, WI). Oocytes surrounded by an intact compact cumulus mass we

selected and placed into Minitube Phase 1 Oocyte Maturation Medium (Minitube, 



 

 198 

 Phase 2 

riefly, 

 

 

roforge (Narishige International, East Meadow NY). Metaphase II mature 

line 

 

 500 

Verona, WI) and cultured for approximately 22 hours in humidified air at 38.7°C and 

5% CO2.  After 22 hours in this medium, the oocytes were cultured in Minitube

Oocyte Maturation Medium (Minitube, Verona, WI) for an additional 20 hours. After 

42-44 h in vitro maturation, matured oocytes were stripped of their cumulus cells by 

vortexing in 0.1% hyaluronidase for 1.5 minutes. 

7. Cloning pigs by Chromatin Transfer: All cloned reconstructed embryos are 

produced under license of Chromatin Transfer technology (54) from Hematech. B

upon removal of cumulus cells, mature oocytes were placed in mNCSU23 embryo 

culture medium (Minitube, Verona, WI) that contains 1 ug/ml Hoechst 33342 and 7.5

ug/ml cytochalasin B for approximately 10 minutes. Micromanipulation of donor cells 

(i.e. fibroblasts) and mature oocytes was performed in drops of mNCSU23-HEPES 

medium (Minitube, Verona, WI) in 100 mm dishes covered with light mineral oil. Glass

capillary microtools were produced using a pipette puller (Sutter Instruments, Novato, 

CA) and mic

oocytes were enucleated by removal of the metaphase plate, making a cytoplast. 

Absence of the metaphase plate was visually verified by ultraviolet fluorescence, 

keeping exposure to a minimum. A single donor cell was placed in the perivitel

space so as to contact the cytoplast plasma membrane. A single electrical pulse of 95

volts for 45 msec from an ElectroCell Manipulator 200 (Genetronics, San Diego, CA) 

was used to fuse the plasma membranes of the donor cell and cytoplast, forming a 

cybrid or reconstructed embryo. The fusion chamber consisted of 2 wire electrodes

um apart and the fusion medium is SOR2 (Minitube, Verona, WI). Prior to the fusion 

pulse, oocyte-donor cell complexes were moved from mNCSU23-HEPES into a 
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; all 

d 

k 

o. 

mixture of 50% SOR2 and 50% mNCSU23-HEPES for approximately 1 minute and 

then into SOR2, which bathes the fusion chamber. The donor cells were manually 

aligned toward the negative electrode immediately prior to administering the fusion 

pulse. The washing sequence was reversed after the fusion pulse and the resulting 

cybrids are then placed into oocyte activation. 

8. Oocyte Activation: Cloned reconstructed embryos were activated by initial 

incubation in 15 uM calcium ionomycin (Calbiochem, San Diego, CA) for 20 minutes 

followed by incubation with 1.9 mM 6-dimethylaminopurine (DMAP) in mNCSU2

4 hours (modified from Susko-Parrish et al., 1996 (55)). After DMAP incubation, newl

reconstructed embryos were washed 3 times (1:3000 dilution) in mNCSU23-HEPES 

and then transferred into recipient females. 

9. Embryo Transfer: Reconstructed cloned embryos were surgically transferred into 

uteri of asynchronous recipient female pigs. For surgical embryo transfer, anesthesia 

was induced with a combination of the following: ketamine (2 mg/kg), 

tiletamine/zolazepam (0.25 mg/kg), xylazine (1 mg/kg), and atropine (0.03 mg/kg

from Iowa Veterinary Supply). While in dorsal recumbence, the recipients were 

aseptically prepared for surgery and a caudal ventral incision was made to expose an

examine the reproductive tract, including the uterus, oviducts and ovaries. Typically, 

150-200 reconstructed cloned embryos were placed in the isthmus of the oviduct using 

a 5.5-inch TomCat® catheter (Iowa Veterinary Supply). The uterus was placed bac

into the peritoneal cavity, and the recipient animals were sutured and placed into post-

operative recovery. During gestation, real-time ultrasound examination was used to 

confirm and monitor pregnancy using an Aloka 500 Ultrasound Scanner (Aloka C
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Ltd, Wallingford, CT) with an attached 3.5 MHz trans-abdominal probe. Recipient 

husbandry was maintained as normal gestating sows. 

10. PCR genotyping and Southern Blotting:  Tail biopsy was collected and DNA 

isolations were performed by standard methods.   

Constitutive RNAi. Approximately 25 ng of genomic DNA was added to a standard 

’- 

cts were visualized by standard agarose gel 

 

es were 

s. 

PCR reaction mix with either ShV2 primers; forward [5’-

GGCCTCGGCCTCTGCATAAATA] and reverse [5’- 

TGACTGTGCCTTTAAACAGCTTGG] or puro internal primers; forward [5’- 

CGCCGCGTTCGCCGACTACC] and reverse [5’- CGCCCCCGCTTCGACGCTCTC] 

or HPRT E3 internal primers; forward [5’- GCTTGCTCGAGATGTG] and reverse [5

GTCATAGGAATGGATCTATCA].  Produ

electrophoresis. For Southern blotting, genomic DNA was digested with either NcoI or

AseI restriction endonuclease, resolved on an 0.8% agarose gel and transferred to 

positively charged nylon membranes using standard methods.  Membran

hybridized with the α-P32 labeled 1,100 base pair fragment generated by cleaving the 

T2_shCFTR transposon with NcoI and images were captured by standard method

Regulatable RNAi. A PCR/restriction digest assay was used to distinguish between 

shCFTR1 and shCFTR 3 piglets.  Briefly, primers Tre H1 Gt 5-1 [5’-

AAGATGGCTGTGAGGGACAG] and Tre H1 Gt 5-1 [5’-

ACATTCCCAGTGGGTCAGAA] were used to amplify the H1 promoter and silence

region from 10 nanograms of tail DNA.   Ten microliters of the reaction was added to a

master mix containing the restriction enzyme SphI and incubated at 37°C for two hou

Restriction digested and non-digested PCR product were resolved on a 2% agarose ge

r 

 

rs.  

l 
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nes 

f shCFTR1 amplicon resulted in a 

NA was digested with HindIII, 

s 

h the neomycin coding 

imed labeling and images were 

d to 

 

ed 

 

A) 

TGCAA] and Q-

TA] and HPRT primers Q-

and visualized by standard methods.  PCR product at 320 bp in both cut and uncut la

was diagnostic for shCFTR3 while restriction digest o

doublet at 140 and a ~40 bp band.   

For piglet Southern blotting, 10ug of tail biopsy D

resolved on a 0.8% agarose gel and transferred to positively charged nylon membrane

using standard methods.  Membranes were hybridized wit

sequence labeled with an α-P32 nucleotide by random pr

captured standard methods.      

11. Pig tissue transcript quantification:  Consistent regions of lung, ileum, ascending 

and descending colon were excised during gross examination, and snap frozen in liquid 

N2.  Tissues were powdered by mortar and pestle under liquid N2 and total RNA was 

isolated with TRIzol (Invitrogen, Carlsbad CA) according to the manufacturer’s 

recommendations.  Five hundred nanograms of DNase1 treated RNA was converte

cDNA using the Superscript VILO cDNA synthesis kit (Invitrogen, Carlsbad CA)

according to the manufacturer’s recommendations.  Puromycin transcript was quantifi

using the puro internal primers listed above while CFTR and HPRT transcripts were

quantified by qRT-PCR using the Express SYBR Greener kit (Invitrogen, Carlsbad C

using CFTR primers Q-pCFTR E6 5-1 [5’- GTGTGGATCGCTCCTC

pCFTR E8 3-1 [5’- CCCAGAGAAGAAGAAGGCTGAGC

ssHPRT E4 5-1 [5’- TAATGACCAGTCAACGGGCGATA] and Q-ssHPRT E6 3-1 

[5’- GGATTATGCTGCTTGACCAAGGAA].  Puromycin levels were calculated based 

on comparison to a standard curve of known quantities.  CFTR knockdown was 

calculated by the delta delta method as described in Livak et al 2001 (51) using HPRT 
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tor-

 et al. (1989) Identification of 
cloning and characterization of complementary DNA. 

, 

05. 

as the reference gene.   All measurements reported are the average of at least three qRT-

PCR replicates.   
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and pig and the rapid evolution of the genome engineering toolbox for non-mouse 

mammals has opened the door to the use of biotechnology for the generation of more 

relevant models of human disease and the production of modified livestock species for 

biomedical and agricultural applications.  This chapter outlines the potential 

contributions of new resources for genome engineering of non-mouse species, 

including; transpositional transgenesis (TnT), recombinant adeno-associated virus 

(rAAV) assisted homologous recombination, site directed mutation using zinc finger 

nucleases ZFN and induced pluripotent stem (iPS) cells.  This chapter reviews the 

development and potential applications these technologies for complex genome 

modification in mammals.   

 

I. TRANSPOSITIONAL TRANSGENESIS. 

While traditional non-facilitated methods of DNA integration are available for most 

non-mouse species, significant costs, low transgenesis rates and identification of 

transgene alleles with appropriate expression are significant obstacles. Transpositional 

transgenesis (TnT) offers an efficient and precise mechanism for genome integration of 

transgenes that avoids incorporation of CG-rich vector DNA and multi-copy transgene 

concatemerization that can lead to both suppression of gene expression and transgene 

instability (1-6).  We have developed and tested a transposon toolbox (including 

Sleeping Beauty, Tol2, piggyBac, and Passport in pig cells (7). The application of these 

technologies provides dramatic increases in the rate of cellular transgenesis and 

transgene copy number.  We’ve applied TnT for direct creation of transgenic rodents 

During the last five years, new and pending releases of genome sequences for rat, cow, 
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nfluence transgene architecture, with supercoiled substrate 

sulting in efficient TnT without confounding concatemers. Combined, these substrate 

 frequency of transgenic founders, and the 

and livestock by pronuclear injection (PNI), as well as the development of cellular 

resources for production of selection-marker-free animals by somatic cell nuclear 

transfer (SCNT) which will be discussed below. 

PNI TnT.  We have described a tremendous improvement in the creation of transgenic 

laboratory mice, rats, and pig embryos using enhanced cis and trans components of the 

Sleeping Beauty (SB) transposon system (Chapter 4). A dramatic enhancement of 

liveborn germline transgenesis was achieved in mice and rats by chemically modifying 

the transposon substrate with cytosine-phosphodiester-guanine (CpG) 

hypermethylation. Transposon methylation was reprogrammed in the early embryo, 

reliably leading to founders that express the desired transgenes. Transposon 

conformation was found to i

re

modifications resulted in increases in both the

number of transgenes per founder, elevating the number of potential transgenic lines by 

10-20-fold.  

 The historical application of PNI for livestock transgenesis has exclusively 

relied on in vivo derived PN staged embryos, harvested from hormone-synchronized 

donors, in order to maximize embryo quality and survival. This is certainly required 

when the rates of embryo transgenesis are low, as is observed for non-facilitated DNA 

integration; however, highly efficient TnT enables the use of in vitro matured and 

fertilized embryos (IVPs). This renewable, non-surgical supply of PN embryos greatly 

reduces the difficulty and cost associated with PNI.  We’ve observed abundant TnT in 

porcine in vitro matured parthenotes injected using the most contemporary Sleeping 
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 transgenesis.   

the expression domain of several alleles to be screened upon segregation 

om a 

Beauty transposase (SB100X) (8).  Future work in vitro should examine the impact of 

using different ratios and quantities of transposon: transposase to define conditions that 

strike a balance between pig embryo survival and

TnT for tandem cellular transgenesis:cloning.  Cellular transfection followed by 

cloning has proven effective for the production of transgenic livestock; however, overall 

efficiency and identification of properly expressing alleles remains a significant 

challenge.  Whereas pre-screening of transgenic donor cells for gene expression appears 

to be an advantage of SCNT, transgene expression in selected fibroblasts is a poor 

indicator of the in vivo expression domain in derivative animals, a commonly held view 

that is supported our own observations (Chapter 5).  Thus, since traditional transgenesis 

methods typically result in a single transgene concatemer allele per clone, multiple 

distinct transgenic founders must be generated for identification of animals containing 

properly expressing transgene alleles. Alternatively, transgenic pigs created by tandem 

TnT:cloning can result in multiple independent insertions (1-to-5) per cellular clone 

allowing for 

fr single founder.  The precise, single copy integration by transposition also avoids 

complications associated with transgene concatemers and is preferred for development 

of Cre regulated transgene activation or silencing.  Multiple inserts per founder also 

increased the likelihood of robust transgene expression in transient transgenics where 

the phenotype of a given transgene would be studied directly in the founder generation.  

This could be used either as a transgene screening method or for expression of a 

dominant negative protein or RNAi allele as a precursor to creating a knockout.  To 

date, we have generated 7 transgenic pig lines by tandem cellular TnT:cloning (Table 1 
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selection transferred born 

and Chapter 5).  Although these lines are still under investigation, thus far we have 

detected proper transgene expression from founders containing our most complex 

transgene.   

 

 Table 1: Current pregnancies generated by tandem TnT: cloning. 

Transposon Method/ Pregnancy/ Piglets Remaining Transgenic Expressed 

Tet-off CFTR 
RNAi 

(KM2eN) 

CT/Linked 
Neo 

1/2 4 0 3/4 3/3 

Tet-on CFTR 
RNAi 

CT/Linked 
Neo 

1/1 9 4 8/9 0/4

(KeN) 

b 

Lox-stop 
a

CT/Floxed 2/3 13 11 ND ND 
APOBEC-G  Puro 

PGK-APOBEC- CT/CoCo 3/3 19 13 ND ND 
G 

PGK-YFP-Cre CT/CoCo 2/4 8C 7C ND ND 

HIP-YFP-Cre CT/CoCo 1/1 NAC   NA 

CT- totals  10/14 53 35 11/13  

a Fibroblast cloning pool included three ubiquitous promoters driving the lox-stop cassette including the 
human  phosphoglycerate kinase promoter (PGK) promoter, human ubiquitin promoter, and the 
chimeric miniCaggs  promoter (CMV enhancer, chicken β-actin promoter).   
b Tet-off CFTR RNAi piglets were not exposed to doxycycline and thus not expected to express their 

C One additional pregnant sow is due to farrow 9/25/09 
transgenes (see Chapter 5).   
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 transgene alleles that express at desired levels and in the appropriate 

ssues.  Currently, the mechanism by which a given transgene allele is either expressed 

genomic context, 

tra lato t e it  an 6

Also, while expression m ved by RT-PCR or western blotting of 

hom  tissue, ral transgene insertions display mosaic expression in their 

desired tissues.  This is particularly problematic for concatemerized transgenes in both 

mice (12-14) and pigs (15,16), an effect that  be min zed by red g conca r 

th binase (6).  Alternatively, precise single copy TnT 

i vo s associated wi epeat in  gene s ing, but 

with any insertion system is subject to aberrant expressio  based on po ition effec

Since position effect cannot be predicted for any location within the genome, the m st 

t 

at 

d transgene alleles represents a 

significant enhancement over standard cellular transgenesis:cloning of pigs, minimizing 

the number of founders that need to be generated by providing multiple transgene 

alleles that can be segregated and subjected to expression analysis in subsequent 

generations.     

 We’ve attempted to model the value of tandem TnT:cloning, based primarily on 

two independent variables, the number of transgene insertions and the percentage of 

Strength in numbers; the benefit of multiple transgene alleles in transgenic 

founders.  A complication notoriously plaguing the production of transgenic offspring 

is identification of

ti

or repressed by the host is poorly understood (9) but it is clear that 

nsgene regu ry elemen s, and transg ne arch ecture have  influence ( ,9-11).  

ay be obse

seve

r

ogenized

 can imi ucin teme

copy number wi  Cre recom

nsertions will a id problem th r duced ilenc as 

n s t.  

o

effective method for identification of a proper expresser is to screen several independen

transgene alleles to identify those with desired expression.  We have hypothesized th

the ability of TnT to introduce multiple unlinke
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genes 

equation:  

 F= 

transgenes expected to express appropriately. We can control the number of trans

per founder (N) by manipulating the transposon system. The percentage of properly 

expressing transgene alleles (E), however, is subject to intrinsic features of the 

transgene, as well as extrinsic features of the genome (position effects).  The interaction 

of these two parameters, N and E, influences the number of cloned founders (F) 

required to ensure the presence of a properly expressing allele.  With 90 percent 

confidence, we’ve calculated F over a range of N and E using the following 

LOG .
LOG E N    (i) 

 While a high N value reduces the number of founders required to ensure a 

properly expressing allele, it concurrently raises the complexity of allele segregation in 

the F1 generation.  Therefore, a second consideration of the model is to determine how 

many litters (L) are needed to produce the desired number of offspring (D) carrying the 

same segregated allele for expression analysis and line propagation.  Assuming all 

alleles are unlinked and will segregate according to Mendelian genetics, we can 

calculate the probability of producing exactly (k) offspring carrying the same segregated 

allele from a total number of (n) offspring: 

!
! !

As anticipated, the number of founders required increases significantly at low values of 

E and N (Figure 1a).   

 1  (ii) 
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2  

g 

(iii) 

mum n 

herein set to 0.9.  A combination required, equation (i), and number of 

offspring needed to segregate D dividual founder, equation (iii), will 

(iv) 

Average litter size has been determined for a number of swine breeds, and for the 

Hungarian Landrace where average litter size is 9.793 pigs per litter with a standard 

 a 

large data set, we can assume a normal distribution and use the standard Z-value for a 

chosen probability threshold (Z=1.282 at 90% probability).  Using numerical methods, 

uation: 

 

where (p=1 ) is the probability an F1 receives a single allele from a founder carrying

N alleles.  We can calculate the probability of producing D or more identical offsprin

using the following equation: 

 x = 1 ∑ .  

Finally, using equation (iii), we can use numerical methods to determine the mini

required to achieve D desired identical offspring at a given probability threshold (T), 

 of total founders 

 alleles from an in

provide the total number of piglets (M) required to segregate D individuals from all 

founders: 

    

purposes of our model we will calculate litters required (L) using statistics for 

deviation of 2.312 (17).  Since the average litter size and standard deviation are from

the number of litters can in d u n be determ e si g the following eq

1.282 .
√

 9.793 (v) 
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ressing properly.  While there is little difference in L for 

founders carrying 1-3 alleles, and a mo  for those carrying 4 alleles, litters 

r

 we will not consider exp logy, since transgene 

ent of cell lines, and analysis of founder transgenesis and 

expression is expected to be approx me regardless of transgenesis 

approach.  However, few institutions have the capability to generate cloned transgenic 

pigs, limiting the availability of this tool.  Commercial cloning services are currently 

available at retail pricing of about $10,000 dollars per founder.  Maintaining male 

clones to sexual maturity (200 days) requires per diems of $2500 each ($12.50/day) at 

University of Minnesota rates. The expense of outcrossing includes gilts (estimated at 

$300 each), as well as per diems during gestation, through farrowing and weaning 

($1991, 135 days at 14.75$/day  piglets containing 

segregated alleles can be identified b

representatives can be characte d cost of developing a 

Figure 1b shows the total number of litters required to have a 90% chance of isolating 3 

identical individuals (D=3) for each transgene allele from founders carrying 1-5 alleles 

based on percent of alleles exp

derate increase

equired increases sharply for founders carrying 5 alleles.  Founders with 6 or more 

inserts were excluded due to an excessive number of F1 litters required to segregate 

alleles.   

 Although these numbers are informative, they do not capture the actual value of 

using multi-transgenic founders. We therefore developed an economic model based on 

current costs for each component of transgenic line generation. For the purposes of this 

discussion enses for molecular bio

construction, establishm

imately the sa

) is also included. Presuming that

y Southern analysis, and that gene expression of 

rized before weaning, the estimate
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 = F($10,000) + F($2500) + L($300) + L($1991) (vi) 

transgenic line for a given expression frequency and founder copy number (CNE) can be 

calculated using the following equation: 

A delay in piglet characterization adds to the costs at a rate of $2.78/piglet/day.  
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Figure 1: 
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Figure 1. Cost analysis of multi-allelic TnT: cloning.  Panel (A) displays the total 
number of founders required to have 90 percent confidence in capturing a properly 
expressing transgene over a range of E and N.  Panel (B) indicates the number of litters 
required to isolate D=3 animals with identical, single copy transgene alleles based on 
the fraction expressing properly.  As expected, more litters are required with greater 
number of inserts per founder.  However, elevated number of litters required does not 
necessarily result in higher cost (C).  Generation of founders with 2-4 independent 
transgenes consistently provides the lowest cost which becomes more significant as E 
drops below 60%.   
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As anticipated, with the decrease in the proportion of properly expressing 

ing however is the higher 

co  alleles.  

Th ation 

by  for 2-

4 e and 

the number of litters required to achieve it should be considered.  Significantly greater 

numbers of litters are required from founders containing 5 transgene alleles compared to 

those harboring 1-4.  Therefore, an appropriate balance between cost and number of 

litters required is best achieved with 2 to 4 independent alleles per founder.  These 

observations support the hypothesis that the ability of TnT to introduce multiple 

unlinked transgene alleles represents a significant adjunct to cloning in pigs, minimizing 

the number of founders that need to be generated by providing multiple transgene 

alleles that can be segregated and subjected to expression analysis in subsequent 

generations. Importantly, the efficiency of TnT can be titrated to generate an average of 

2-4 independent transgene insertions per founder, which appears to be ideal for 

transgenic pig production.  

Co-transpositional co-transgenesis (CoCo) for production of selection marker free 

animals.   

An additional benefit of multi-allelic TnT is the ability for simultaneous co-delivery of 

multiple separate transgene cargos.  Taking advantage of this feature, we’ve developed 

a method relying on multi-transgene TnT wherein transgene and selection marker 

 

transgene alleles, the cost of line production rises.  Most strik

sts associated with single copy founders versus those with multiple transgene

is reflects the high cost of producing founder animals compared to allele segreg

 standard breeding.  While the cost of production was not significantly different

independent alleles per founder, a balance between total cost per positive outcom
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f the 

m 

 

ry cells 

 To date, we have used this technique to generate three populations of cells for 

1).  Assuming the majority of integrated 

 each founder, as well as elimination of the selection marker.  Founder 

lines.  The introduction of multiple GOI would also simplify the identification of proper 

integration into the genome are unlinked.  In CoCo, transposon-based integration o

gene of interest (GOI) is selected for based on the independent but simultaneous TnT 

with a transposon encoding a selectable marker (Figure 2).  Benefits of this system are 

twofold.  First, CoCo avoids a problematic feature of traditional tandem transgenesis: 

cloning where the introduction of linked transgene and selection markers is required to 

derive transgenic cells.  This can complicate serial transgenesis for the creation of 

multi-transgenic animals and interfere with proper expression of tissue-specific 

transgenes.  Selection markers also negatively influence public perception regarding the 

safety of genetically modified organisms; therefore, removal of selection cassettes fro

transgenic animals is preferred.  Whereas selection cassette recycling using Cre/FLP

recombinases provides one solution to this problem, cellular senescence of prima

impedes two rounds of selection in vitro and requires cloning of an intermediate animal. 

cloning using the GOI transposon at a 5:1 ratio over the selection transposon.  Analysis 

of selected colonies reveals that ~90-97% of resistant colonies also contain the GOI.  

Cells generated by this approach have been successfully used as donors for cloning with 

5 of 8 surrogates maintaining pregnancy (Table 

transposons are unlinked, traditional breeding permits segregation of multiple GOI 

alleles from

requirements and cost of segregation would follow the model proposed in Figure 1.  A 

second benefit of CoCo would be for the simultaneous introduction of multiple GOIs.  

In this case, segregation from founder animal provides multiple independent transgenic 
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t 

.         

expressers by extending expression analysis to F1 containing multiple transgene alleles 

of separate GOIs.  This feature would greatly reduce the cost of producing independen

transgenic lines.  Furthermore, introduction of multiple GOIs could permit the 

assessment of additive and epistatic contributions of multiple candidate genes to 

complex traits, a method that could prove valuable for dissection of quantitative traits 

and their role in human disease or production characteristics of agricultural animals

     



 

Figure 2. 
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Figure 2. COCO in pig fetal fibroblasts.  Two SB transposons, one carrying a gene of 
interest (GOI) and one a selection marker are simultaneously introduced into PFF along 
with a source of transposase (mCaggs-SB100X).  Molar ratio can be adjusted to favor 
co-integration of the GOI transposon.  Panel (B) shows three examples of CoCo used 
for introduction of three separate GOI conducted at the 5:1 ratio over the PTK selection 
transposon.  Co-retention rate was determined by PCR of puromycin resistant colonies 
(n=25; n=27; and n=40) for PGK-YFP-Cre, HIP-YFP-Cre and PGK-APOBEC-G 
respectively.  Copy number estimates were based on observed co-retention rate. 
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nctional dissection of complex traits:  Several diseases in humans are 

directly caused by the mutation of a single gene (so called single gene disorders) 

causing either absent, non-functional, miss-expressed or gain of function gene products.  

Generally, while available treatment and severity of these disorders varies greatly, 

contribution to disease pathology and strategies for treatment are fairly straightforward.  

In contrast, diseases that are responsible for the highest morbidity in humans are the 

result of a diversity of factors including varying contribution of several genes as well as 

factors associated with environment and genetic background.    Heart disease, cancer, 

stroke, diabetes, and Alzheimer’s disease rank 1, 2, 3, 6 and 7 as the leading causes of 

death in the United States, accounting for 60% of all deaths in 2006 (18).  High 

throughput strategies such as genome wide association (19) and 

mutagenesis/oncogenesis schemes (20-23) have identified several putative genes 

contributing to diseases, however, the challenge lies in the robust verification of disease 

contribution and interactions among putative diseases alleles.  Multi-allelic TnT 

including a transposon milieu of disease associated traits of interest could prove 

aluable for functional analysis.  Considering the efficiency of founder transgenesis in 

o

co

o

 molecules 

ination of developmental fate (25)  identification of 

cis-acting gene regulatory elements in transient transgenics (26,27) and screening for 

henotypes using RNAi (28).  As with multi-allelic founders generated with a single 

TnT for fu

v

m use, rat and pig embryos by PNI and that of tandem TnT:cloning in the pig, it is 

nceivable that multiple traits of interest and combinations could be studied in 

unders without the cost of segregating each allele into independent lines.  Such 

under analysis has already proven useful for studying the roles of signaling

f

fo

in cell differentiation (24)  determ

p
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II. RAAV HOMOLOGOUS RECOMBINATION 

e 

GOI, the greater the complexity of transposon milieu, the more difficult it will be to

produce sufficient replicates to study phenotype.  Thus, the PNI approach may be 

amenable to studying the GOI contribution to cancer where each tumor can be treated as 

a replicate and mosaic transgene distribution can contribute to greater tumor/allele 

diversity.  In contrast, multi-allelic TnT: cloning can provide cohorts of genetically 

identical founders expressing a variety of putative disease alleles, and allows for 

adequate replicates for statistically relevant collection of phenotype data. 

 

In addition to the contributions of TnT, the genome engineering toolbox experienced 

growth in other areas.  Gene targeting by homologous recombination and the 

subsequent transmission to mouse germline through embryonic stem cells has 

“revolutionized the study of mammalian biology”, and is considered the “Gold 

Standard” for gene function studies in mammals (29).  Its contribution to mammalian 

biology was recognized by the awarding of the 2007 Nobel Prize in Physiology or 

Medicine to three scientists (Mario R. Capecchi, Sir Martin J. Evans, and Oliver 

Smithies) “for their discoveries of principles for introducing specific gene modification 

in mice by the use of embryonic stem cells.”  While this technology is dogma to studies 

in mice, the lack of germline competent, embryonic stem cells for any non mouse 

species has (advances non-mouse ESC is discussed below) impeded its utility in all 

other mammals.  In 1997, the first avenue for the application of gene targeting to non-

mouse species was opened by the cloning of a live sheep from a somatic cell (30).  Th

ability to clone several other animals from somatic cells quickly followed including; 
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e that despite 

presentation of three species; only two loci have been targeted in livestock species.  

Certainly, other loci may have proven more challenging given that loci vary in the 

atic 

cows (31), pigs (32) and goats (33).  Unfortunately, low rates of homologous 

recombination in somatic cells (10-7 to 10-8) (34,35), compared to ~10-6 in mouse ESC 

(36), and difficulties selecting correctly targeted somatic cells prior to cellular 

senescence has slowed its application to clonable species.  To date, there are only fe

examples of animals generated by conventional linearized plasmid gene targeting an

cloning including; GalT knockout pigs (37-41), GalT knockout cattle (42), PRNP

knockout goats (43) and PRNP knockout cattle (44).  It is important to not

re

efficiency with which they can be targeted (45,46), and could partially explain why only 

two loci have been successfully targeted in livestock using standard methods. 

 It was clear that conventional homologous recombination strategies in som

cells was not amenable for efficient production of gene targeted cloned animals.  

Fortunately, an alternative method using recombinant adeno-associated virus (rAAV) 

was developed in human somatic cells displaying targeting efficiencies approaching 1%  

(up to 106- fold more efficient than conventional methods) (47).   Indeed this method 

has been applied for the production of knockout livestock including the PNRP locus of 

cattle (48) and both knockout and targeted introduction of ∆F508 at the CFTR locus in 

pigs (49). Efficiency, as calculated by correctly targeted alleles per selected cell, was 

3.75x10-5 for cattle and ranged from 1.25x10-4 to 6.3x10-7 in pigs with substantial 

differences in targeting efficiency from independent cell donors.  Importantly, correctly 

targeted alleles were identified in 25% and up to 10% of drug resistant colonies for the 
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monomer (50).  An active FokI nuclease is achieved when a second ZFN, targeted to 

cow and pig respectively in contrast to standard methods where the percentage

correctly targeted colonies in somatic cells is typically ≤1% (34,37,40,41).   

 The increased efficiency of homologous recombination using rAAV wil

the door to a diversity of specific genome modifications in clonable species.  Gene 

targeting will allow for exact mimicking of human disease alleles in large animals and 

offers the flexibility of producing conditional alleles.  By the same regard, it is 

important to consider the potential of rAAV-HR for production of modified livestock 

with superior performance characteristics.  Strategies where an extraneous sequence ca

be eliminated via site specific recombinases or by the use of “hit and run” technique

for gene targeting will result in little (34 bp loxP or FRT site) to virtually no (as little as 

1 base pair change) in an entire genome.  This will likely be an important facto

public perception and FDA approval of genetically modified animals for entrance into 

the food chain.  Some potential targets in livestock may be intended to result in gr

muscle mass (i.e. myostatin knockout) or alteration of alleles to confer diseases 

resistance.  Additionally, several QTL associated with superior production 

characteristics could easily be transferred from breed to breed without extensive 

backcrossing and marker assisted selection. 

 

III. ZING FINGER NUCLEASES (ZFN) FOR SITE DIRECTED MUTATION.   

Custom designed zinc-finger nucleases (ZFN) for targeted mutation have also eme

as a powerful tool in the genome engineering toolbox.  Contemporary ZFNs combine 

the sequence specificity of a zinc-finger DNA binding domain fused to a FokI nuclease 
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ut of genes where no exogenous DNA 

quences are introduced.  However, it is important to note that ZFNs generated either 

f 

the opposite strand downstream of the first ZFN binds forming a FokI dimer.  The 

active complex results in a double strand break (DSB) that must be resolved 

h gous recombination (HR) or non-homologous end joining (NHEJ).  The latter 

often results in insertions or deletions within the targeted sequence producing non-

functional truncated or frame-shift proteins.   Indeed, this innovative technique resulted

in targeted somatic gene disruption in the fruit fly and C. elegans (51,52) and re

in the germline of zebrafish by simple injection of custom ZFN mRNA (53-55).  More

relevant to the production knockout mammals, Geurts et. al. have demonstrated the first 

ever, site directed gene knockout in the rat using ZFNs (56).  Three genes were 

successfully disrupted in the rat by PNI or cytoplasmic delivery of ZFN mRNA 

followed by embryo transfer into pseudopregnant rats.  ZFN targeted mutation was 

observed in 10% of the liveborn offspring yielding an overall, per-embryo efficiency of

~1%.  Importantly, germline mutation was confirmed by passage of the mutant allele to 

offspring at a near-Mendelian rate demonstrating that ZFN-mutation occurs at a 

early stage in embryo development.      

 Gene knockout using ZFNs offers non-mouse researchers an unprecedente

opportunity for efficient site directed knocko

se

by modular design or randomized selection strategies can result in activity outside o

their target specificity (54,55,57).  In contrast, off targeting was not reported when 

using commercially produced ZFN (Sangamo Biosciences/Sigma Aldrich) in either 

zebrafish or rats (53,56); however, resolution of the assay used in these studies is 

limited.  Regardless, the incidence of off-target lesions is low, even with non-
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late for homologous repair of ZFN mediated 
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commercial ZFNs, thus mutations can be easily removed with limited backcrossing

wild type.   

 Direct cytoplasmic microinjection of ZFN mRNAs in to 1-cell embryos has 

many advantages over tandem cellular gene targeting and cloning.  First, cytoplasm

microinjection is technically simple so any laboratory with an active embryo transfer 

program could easily inject and establish pregnancies using this technique.  Secondly, 

injection of ZFN encoding mRNAs will provide only transient expression in an embryo

and since no DNA is injected, cannot result in the undesired insertion of extraneous 

DNA.  The lack of extraneous DNA insertion, as previously mentioned, may pro

valuable for production of transgenic livestock for agricultural purposes.  The 

drawback, however, of ZFN embryo microinjection is that DNA lesions do not resul

a predictable alteration of target DNA.  Thus, when a specific modification to the 

genome is desired, tandem gene targeting and cloning is required.   Alternatively, 

significant enhancement of homologous recombination in cells has been demonstrated

by co-delivery of a ZFN and donor temp

DSB (58). Similarly, generation of a DSB also enhances efficiency of rAAV 

homologous recombination up to 100-fold (59,60).  It is tempting to speculate that a

combination ZFN induced DSB and rAAV homologous recombination could enhance 

homologous recombination to a level suitable for gene targeting in the one-cell embry
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LLS OFFER RENEWED HOPE FOR THE DERIVATION OF GERMLINE 

COMPETENT EMBRYONIC STEM CELLS (ESC) FOR MULTIPLE SPECIES.   

The isolation and maintenance of authentic, germline competent ES cells from mouse 

blastocyts (61,62) has arguably been the greatest impact on the study of mammalian 

biology.  The ability for sustained culture and selection followed by chimera formation 

and passage through chimera germline established the foundation for mouse genome 

engineering, an achievement earning the Nobel Prize.  After 27 years of failed attempts 

in multiple species, authentic germline competent ES cells have been described in a 

second organism, the rat (63,64).  Importantly, in contrast to several mammals, rats 

cannot be cloned by somatic cell nuclear transfer (65) underscoring the importance of 

germline competent ES cells for genome modification.   

 The past 27 years of failed attempts to culture authentic ESC has relied on the 

isolation of blastocyst stage inner cell mass cells (ICM) and establishment of culture 

conditions suitable for maintenance of pluripotency.  However, a dogmatic shift in the 

approach to ESC isolation was realized by the demonstration that mouse somatic cells 

could be “reprogrammed” to the identical potency of ESC by the ectopic expression of 

mouse transcription factors Oct 3/4, Sox 2, Klf-4 and c-Myc (OSKM) (66).   It was 

subsequently demonstrated that mouse transcription factors OSKM (SY4) (67) and a 

human set including Oct 3/4, Sox 2, Nanog and Lin-28 (OSNL-JT4) (68) could 

reprogram human fibroblasts to the functional and transcriptional equivalent of “ES” 

cells.  This process of cellular reprogramming with defined factors is commonly 

 

IV. IPS CE
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ferred to as induced pluripotency giving rise to “induce pluripotent stem cells” (iPS).  

The use of defined factors and temporal control of gene expression provides a unique 

opportunity to dissect nuclear reprogramming and the “pluripotent state”, and may 

reveal species-specific requirements for pluripotency.  This will certainly result in 

enhanced derivation and maintenance of both “naturally derived” and iPS cells for a 

diversity of species.   

 Tremendous potential surrounds the application of iPS cells for both their use in 

isogenic regenerative medicine as well as their use for complex genome engineering in 

several mammals analogous to mouse ESC technology.  Regarding their potential for 

genome engineering, it has been demonstrated that mouse iPS cells (69,70) contribute to 

the germline in chimeric animals; however, no germline contribution has yet been 

reported from rat iPS cells (71,72).  Generation of iPS cells from pig somatic cells has 

also been reported (73-75), though none of these reports generated chimera or 

demonstrated contribution to the germline.  Furthermore, in contrast to iPS cells of 

human, mouse and rat, ectopic expression of reprogramming factors is not silenced in 

pig “iPS” cells suggesting that ectopic expression is required for maintenance of the 

pluripotent state.   This could be a result of inadequate culture conditions or the 

possibility that other factors are required for production of bona fide pig iPS cells.   

 Despite the excitement surrounding the potential for complex genome 

modification iPS cells, one must consider that iPS cells generated with lentivirus or 

retroviruses contain at least 4 proviral integrants (up to 20) which could be problematic.  

While lack of extraneous DNA will be important for accurate disease modeling or 

re

The arrival of iPS cells has nucleated a renewed surge in the study stem cell biology.  
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engineering of publicly acceptable superior agricultural animals, it is especially 

important for cells used in regenerative therapy of humans.  This is underscored by the

observation of tumor formation in 20% of chimeras generated with iPS cells including

the transcription factor c-Myc (69).  It should be noted, however, that c-Myc is a 

powerful oncogene (76,77), and chimeras generated from c-Myc-free iPS cells did n

result in tumor formation (70,78).  Regardless, efforts to develop iPS cells without 

extraneous DNA integ

derivation of iPS cells using the piggyBac transposon and subsequent removal of 

reprogramming factor transposons by transient expression of piggyBac transposase 

(79,80).  One of these studies took advantage of viral 2A mediated polycistronic 

expression of the reprogramming factors from a single transcript (80) simplifying 

subsequent removal by transposition.  Likewise, recombinase mediated excision of

reprogramming factors has also been demonstrated using a floxed polycistronic 

expression vector (81,82).  Another approach using non-integrating adenovirus

not require any integration for the production of iPS cells (83), however, this method

much less efficient for generation if iPS cells compared to integrating vectors.  The 

continued efforts of many and the contribution of small molecules (84,85) and 

recombinant protein approaches (86) may ultimately result in routine iPS format

without any viral or insertion vectors. 

 The development of authentic ES cells for each species will be a signifi

contribution to the genome engineering toolbox.  For non-clonable species, such as t

rat, they offer the only route for engineering of specific changes to the genome by 

homologous recombination.  In species that can be efficiently cloned, however, it is
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e 

act 

ant species.  This will certainly streamline 

unlikely their primary contribution will be tandem genetic modification and chim

formation.  Rather, they will offer long-term culture allowing serial modification in 

vitro prior to animal production.  Additionally, as in mice, it is expected that other 

mammalian ES cells will be superior donors for generation of cloned offspring (8

Combining their ability for long-term culture and superiority for cloning, ES cells are a

compelling resource for generation TnT insertion libraries for mutagenic saturation 

genomes.    

 

V. THE PROOF IS IN THE PUDDING; PUTTING THE GENOME ENGINEERING

TOOLBOX TO WORK. 

Methods for capturing data have grown exponentially over past decade.  Descriptive 

methods such as genome wide association studies, massively parallel exon 

resequencing, and transcript profiling as well as functional/descriptive data collec

high throughput mutagenesis screening is abundant.   While this has made a vast 

contribution to the understanding of biological systems, perhaps the greatest challenge 

of the post-genomic era will be in the assignment of phenotype to genotype.  I believ

the rapidly evolving genome engineering toolbox is now suited to address this 

challenge.  Multiple technologies are available for a diversity of species allowing ex

manipulation of the genome in the most relev

efforts to produce more relevant disease models and greater understanding of disease 

pathology.  Effective treatments strategies may also rely on genome engineered cells, 

tissues or organs produced from either isogenic and xenogenic donors.    Similarly, the 
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tegration of transgenes in microinjected mouse eggs: sequence analysis 
ansgene and transgene-transgene junctions at two loci. Gene, 128, 197-

. Overbeek, P.A., Lai, S.P., Van Quill, K.R. and Westphal, H. (1986) Tissue-
ression in transgenic mice of a fused gene containing RSV terminal 

4. Rohan, R.M., King, D. and Frels, W.I. (1990) Direct sequencing of PCR-
nts from tandemly repeated transgenes. Nucleic Acids Res, 18, 

6089-6095. 

t-induced 

in 

hormone fusion genes exhibit correct regional and cell-specific expression of the 

development of minimally invasive genome engineering strategies may finally clear a

path for publicly and FDA approved modification of agricultural animals.  

 

VI. REFERENCES 

1. Gordon, J.W. and Ruddle, F.H. (1985) DNA-mediated genetic transformation of 
mouse embryos and bone marrow--a review. Gene, 33, 121-136. 
2. Hamada, T., Sasaki, H., Seki, R. and Sakaki, Y. (1993) Mechanism of 
chromosomal in
of genome-tr
202. 
3
specific exp
sequences. Science, 231, 1574-1577. 

amplified junction fragme

5. Takano, M., Egawa, H., Ikeda, J.E. and Wakasa, K. (1997) The structures of 
integration sites in transgenic rice. Plant J, 11, 353-361. 
6. Garrick, D., Fiering, S., Martin, D.I. and Whitelaw, E. (1998) Repea
gene silencing in mammals. Nature genetics, 18, 56-59. 
7. Clark, K.J., Carlson, D.F., Foster, L.K., Kong, B.W., Foster, D.N. and 
Fahrenkrug, S.C. (2007) Enzymatic engineering of the porcine genome with 
transposons and recombinases. BMC biotechnology, 7, 42. 
8. Mates, L., Chuah, M.K., Belay, E., Jerchow, B., Manoj, N., Acosta-Sanchez, A., 
Grzela, D.P., Schmitt, A., Becker, K., Matrai, J. et al. (2009) Molecular evolution of a 
novel hyperactive Sleeping Beauty transposase enables robust stable gene transfer in 
vertebrates. Nature genetics, 41, 753-761. 
9. Sha, K. and Fire, A. (2005) Imprinting capacity of gamete lineages in 
Caenorhabditis elegans. Genetics, 170, 1633-1652. 
10. Dorer, D.R. and Henikoff, S. (1997) Transgene repeat arrays interact with 
distant heterochromatin and cause silencing in cis and trans. Genetics, 147, 1181-1190. 
11. Kelly, W.G., Xu, S., Montgomery, M.K. and Fire, A. (1997) Distinct 
requirements for somatic and germline expression of a generally expressed 
Caernorhabditis elegans gene. Genetics, 146, 227-238. 
12. Mintz, B. and Bradl, M. (1991) Mosaic expression of a tyrosinase fusion gene 
albino mice yields a heritable striped coat color pattern in transgenic homozygotes. 
Proceedings of the National Academy of Sciences of the United States of America, 88, 
9643-9647. 
13. Sweetser, D.A., Hauft, S.M., Hoppe, P.C., Birkenmeier, E.H. and Gordon, J.I. 
(1988) Transgenic mice containing intestinal fatty acid-binding protein-human growth 



 

 234 

 
of the United States of America, 85, 9611-9615. 

osaic 
expression of an Hprt transgene integrated in a region of Y heterochromatin. The 
ournal of experimental zoology, 268, 452-468. 

15. Kues, W.A., Schwinzer, R., Wirth, D., Verhoeyen, E., Lemme, E., Herrmann, 
user, H., Wonigeit, K. and Niemann, H. (2006) Epigenetic 

silencing and tissue independent expression of a novel tetracycline inducible system in 

clear 

rian 

jeda-

.A. 

y 

atise, I., 

sposon-
, 323, 

hibitory 

reporter gene in their small intestine. Proceedings of the National Academy of Sciences

14. Pravtcheva, D.D., Wise, T.L., Ensor, N.J. and Ruddle, F.H. (1994) M

J

D., Barg-Kues, B., Ha

double-transgenic pigs. Faseb J, 20, 1200-1202. 
16. Park, K.W., Lai, L., Cheong, H.T., Cabot, R., Sun, Q.Y., Wu, G., Rucker, E.B., 
Durtschi, D., Bonk, A., Samuel, M. et al. (2002) Mosaic gene expression in nu
transfer-derived embryos and the production of cloned transgenic pigs from ear-derived 
fibroblasts. Biology of reproduction, 66, 1001-1005. 
17. Farkas, J., Curik, I., Csato, L., Csornyei, Z., Baumung, R. and Nagy, I. (2007) 
Bayesian inference of inbreeding effects on litter size and gestation lenght in Hunga
Landrace and Hungarian Large White pigs. Livestock Science, 112, 109-114. 
18. Heron, M.P., Hoyert, D.L., Murphy, S.L., Xu, J., Kochanek, K.D. and Te
Vera, B. (2009) Deaths: Final Data for 2006. Natl Vital Stat Rep, 57. 
19. Frazer, K.A., Murray, S.S., Schork, N.J. and Topol, E.J. (2009) Human genetic 
variation and its contribution to complex traits. Nature reviews, 10, 241-251. 

 20. Collier, L.S., Carlson, C.M., Ravimohan, S., Dupuy, A.J. and Largaespada, D
(2005) Cancer gene discovery in solid tumours using transposon-based somatic 
mutagenesis in the mouse. Nature, 436, 272-276. 
21. Dupuy, A.J., Akagi, K., Largaespada, D.A., Copeland, N.G. and Jenkins, N.A. 
(2005) Mammalian mutagenesis using a highly mobile somatic Sleeping Beaut
transposon system. Nature, 436, 221-226. 
22. Keng, V.W., Villanueva, A., Chiang, D.Y., Dupuy, A.J., Ryan, B.J., M
Silverstein, K.A., Sarver, A., Starr, T.K., Akagi, K. et al. (2009) A conditional 
transposon-based insertional mutagenesis screen for genes associated with mouse 
hepatocellular carcinoma. Nature biotechnology, 27, 264-274. 
23. Starr, T.K., Allaei, R., Silverstein, K.A., Staggs, R.A., Sarver, A.L., Bergemann, 
T.L., Gupta, M., O'Sullivan, M.G., Matise, I., Dupuy, A.J. et al. (2009) A tran
based genetic screen in mice identifies genes altered in colorectal cancer. Science
1747-1750. 
24. Lammert, E., Cleaver, O. and Melton, D. (2001) Induction of Pancreatic 
Differentiation by Signals from Blood Vessels. Science, 294, 564-567. 
25. Zwijsen, A., van Rooijen, M.A., Goumans, M.J., Dewulf, N., Bosman, E.A., ten 
Dijke, P., Mummery, C.L. and Huylebroeck, D. (2000) Expression of the in
Smad7 in early mouse development and upregulation during embryonic vasculogenesis. 
Dev Dyn, 218, 663-670. 
26. MacKenzie, A. and Quinn, J. (1999) A serotonin transporter gene intron 2 
polymorphic region, correlated with affective disorders, has allele-dependent 
differential enhancer-like properties in the mouse embryo. PNAS, 96, 15251-15255. 



 

 235 

 Cell-Specific Expression. Clinical and 

ceedings of the National Academy of 

ind, A.J. and Campbell, K.H. (1997) 

s 

 

al. (1999) 

n, 
argeted disruption of 

l, M., Bonk, A., Rieke, A., Day, B.N. et al. (2002) Production of alpha-1,3-
89-

-

 Machaty, Z., Costa, C., Williams, B.L., Fodor, W.L. and 
ed 

ion, 69, 

41. Takahagi, Y., Fujimura, T., Miyagawa, S., Nagashima, H., Shigehisa, T., 
Shirakura, R. and Murakami, H. (2005) Production of alpha 1,3-galactosyltransferase 

27. Germain, S., Fuchs, S., Philippe, J., Corvol, P. and Pinet, F. (2001) New 
Elements In Human Renin Promoter Involved In
Experimental Pharmacology and Physiology, 28, 1056-1059. 
28. Peng, S., York, J.P. and Zhang, P. (2006) A transgenic approach for RNA 
interference-based genetic screening in mice. Pro
Sciences of the United States of America, 103, 2252-2256. 
29. Capecchi, M.R. (2005) Gene targeting in mice: functional analysis of the 
mammalian genome for the twenty-first century. Nature reviews, 6, 507-512. 
30. Wilmut, I., Schnieke, A.E., McWhir, J., K
Viable offspring derived from fetal and adult mammalian cells. Nature, 385, 810-813. 
31. Wells, D.N., Misica, P.M. and Tervit, H.R. (1999) Production of cloned calve
following nuclear transfer with cultured adult mural granulosa cells. Biology of 
reproduction, 60, 996-1005. 
32. Polejaeva, I.A., Chen, S.H., Vaught, T.D., Page, R.L., Mullins, J., Ball, S., Dai,
Y., Boone, J., Walker, S., Ayares, D.L. et al. (2000) Cloned pigs produced by nuclear 
transfer from adult somatic cells. Nature, 407, 86-90. 
33. Baguisi, A., Behboodi, E., Melican, D.T., Pollock, J.S., Destrempes, M.M., 
Cammuso, C., Williams, J.L., Nims, S.D., Porter, C.A., Midura, P. et 
Production of goats by somatic cell nuclear transfer. Nature biotechnology, 17, 456-
461. 
34. Porter, A.C. and Itzhaki, J.E. (1993) Gene targeting in human somatic cells. 
Complete inactivation of an interferon-inducible gene. European journal of 
biochemistry / FEBS, 218, 273-281. 
35. Brown, J.P., Wei, W. and Sedivy, J.M. (1997) Bypass of senescence after 
disruption of p21CIP1/WAF1 gene in normal diploid human fibroblasts. Science, 277, 
831-834. 
36. Thomas, K.R. and Capecchi, M.R. (1987) Site-directed mutagenesis by gene 
targeting in mouse embryo-derived stem cells. Cell, 51, 503-512. 
37. Dai, Y., Vaught, T.D., Boone, J., Chen, S.H., Phelps, C.J., Ball, S., Monaha
J.A., Jobst, P.M., McCreath, K.J., Lamborn, A.E. et al. (2002) T
the alpha1,3-galactosyltransferase gene in cloned pigs. Nature biotechnology, 20, 251-
255. 
38. Lai, L., Kolber-Simonds, D., Park, K.W., Cheong, H.T., Greenstein, J.L., Im, 
G.S., Samue
galactosyltransferase knockout pigs by nuclear transfer cloning. Science, 295, 10
1092. 
39. Phelps, C.J., Koike, C., Vaught, T.D., Boone, J., Wells, K.D., Chen, S.H., Ball, 
S., Specht, S.M., Polejaeva, I.A., Monahan, J.A. et al. (2003) Production of alpha 1,3
galactosyltransferase-deficient pigs. Science, 299, 411-414. 
40. Ramsoondar, J.J.,
Bondioli, K.R. (2003) Production of alpha 1,3-galactosyltransferase-knockout clon
pigs expressing human alpha 1,2-fucosylosyltransferase. Biology of reproduct
437-445. 



 

 236 

ota, K., Hoshi, H. and 
single 

 A. 
broblasts. 

 
, 36, 

ion 
lar 

Russell, D.W. and Hirata, R.K. (1998) Human gene targeting by viral vectors. 

l, D.W. 
 in bovine fibroblasts by adeno-associated virus 

, 
D.W., Kabel, A.C., Yan, Z. et al. (2008) Production of CFTR-null and CFTR-

 
 

Bibikova, M., Golic, M., Golic, K.G. and Carroll, D. (2002) Targeted 
mo

d 
f zinc-finger nuclease-targeted double-strand breaks in Caenorhabditis elegans 

atic

, Ngo, C., Katibah, G.E., 
ra ne 

, 

ng, X., Noyes, M.B., Zhu, L.J., Lawson, N.D. and Wolfe, S.A. (2008) 
ture 

gene knockout pigs expressing both human decay-accelerating factor and N-
acetylglucosaminyltransferase III. Mol Reprod Dev, 71, 331-338. 
42. Sendai, Y., Sawada, T., Urakawa, M., Shinkai, Y., Kub
Aoyagi, Y. (2006) alpha1,3-Galactosyltransferase-gene knockout in cattle using a 
targeting vector with loxP sequences and cre-expressing adenovirus. Transplantation, 
81, 760-766. 
43. Zhu, C., Li, B., Yu, G., Chen, J., Yu, H., Chen, J., Xu, X., Wu, Y., Zhang,
and Cheng, G. (2009) Production of Prnp -/- goats by gene targeting in adult fi
Transgenic research, 18, 163-171. 
44. Kuroiwa, Y., Kasinathan, P., Matsushita, H., Sathiyaselan, J., Sullivan, E.J., 
Kakitani, M., Tomizuka, K., Ishida, I. and Robl, J.M. (2004) Sequential targeting of the
genes encoding immunoglobulin-mu and prion protein in cattle. Nature genetics
775-780. 
45. Schultes, N.P. and Szostak, J.W. (1991) A poly(dA.dT) tract is a component of 
the recombination initiation site at the ARG4 locus in Saccharomyces cerevisiae. 
Molecular and cellular biology, 11, 322-328. 
46. Hasty, P., Crist, M., Grompe, M. and Bradley, A. (1994) Efficiency of insert
versus replacement vector targeting varies at different chromosomal loci. Molecu
and cellular biology, 14, 8385-8390. 
47. 
Nature genetics, 18, 325-330. 
48. Hirata, R.K., Xu, C., Dong, R., Miller, D.G., Ferguson, S. and Russel
(2004) Efficient PRNP gene targeting
vectors. Cloning and stem cells, 6, 31-36. 
49. Rogers, C.S., Hao, Y., Rokhlina, T., Samuel, M., Stoltz, D.A., Li, Y., Petroff, E.
Vermeer, 
DeltaF508 heterozygous pigs by adeno-associated virus-mediated gene targeting and 
somatic cell nuclear transfer. The Journal of clinical investigation, 118, 1571-1577. 
50. Kim, Y.G., Cha, J. and Chandrasegaran, S. (1996) Hybrid restriction enzymes:
zinc finger fusions to Fok I cleavage domain. Proceedings of the National Academy of
Sciences of the United States of America, 93, 1156-1160. 
51. 
chro somal cleavage and mutagenesis in Drosophila using zinc-finger nucleases. 
Genetics, 161, 1169-1175. 
52. Morton, J., Davis, M.W., Jorgensen, E.M. and Carroll, D. (2006) Induction an
repair o
som  cells. Proceedings of the National Academy of Sciences of the United States of 
America, 103, 16370-16375. 
53. Doyon, Y., McCammon, J.M., Miller, J.C., Faraji, F.
Amo , R., Hocking, T.D., Zhang, L., Rebar, E.J. et al. (2008) Heritable targeted ge
disruption in zebrafish using designed zinc-finger nucleases. Nature biotechnology, 26
702-708. 
54. Me
Targeted gene inactivation in zebrafish using engineered zinc-finger nucleases. Na
biotechnology, 26, 695-701. 



 

 237 

n, R.T. 
nes using zinc finger 

 of zinc-finger nucleases. Science, 325, 433. 

 customized zinc-finger nucleases for highly 

ndogenous human gene correction using designed zinc-finger nucleases. 
re

 

 

 embryos. Nature, 292, 154-156. 

f 
nited States of America, 78, 7634-7638. 

, 

2007) Developmental arrest 
ar 

amanaka, S. (2006) Induction of pluripotent stem cells from 

 Cell, 131, 861-872. 
 

ita, K., Ichisaka, T. and Yamanaka, S. (2007) Generation of germline-
pet

55. Foley, J.E., Yeh, J.R., Maeder, M.L., Reyon, D., Sander, J.D., Peterso
and Joung, J.K. (2009) Rapid mutation of endogenous zebrafish ge
nucleases made by Oligomerized Pool ENgineering (OPEN). PLoS ONE, 4, e4348. 
56. Geurts, A.M., Cost, G.J., Freyvert, Y., Zeitler, B., Miller, J.C., Choi, V.M., 
Jenkins, S.S., Wood, A., Cui, X., Meng, X. et al. (2009) Knockout rats via embryo 
microinjection
57. Maeder, M.L., Thibodeau-Beganny, S., Osiak, A., Wright, D.A., Anthony, 
R.M., Eichtinger, M., Jiang, T., Foley, J.E., Winfrey, R.J., Townsend, J.A. et al. (2008) 
Rapid "open-source" engineering of
efficient gene modification. Molecular cell, 31, 294-301. 
58. Urnov, F.D., Miller, J.C., Lee, Y.L., Beausejour, C.M., Rock, J.M., Augustus, 
S., Jamieson, A.C., Porteus, M.H., Gregory, P.D. and Holmes, M.C. (2005) Highly 
efficient e
Natu , 435, 646-651. 
59. Porteus, M.H. and Baltimore, D. (2003) Chimeric nucleases stimulate gene
targeting in human cells. Science, 300, 763. 
60. Miller, D.G., Petek, L.M. and Russell, D.W. (2003) Human gene targeting by 
adeno-associated virus vectors is enhanced by DNA double-strand breaks. Molecular
and cellular biology, 23, 3550-3557. 
61. Evans, M.J. and Kaufman, M.H. (1981) Establishment in culture of 
pluripotential cells from mouse
62. Martin, G.R. (1981) Isolation of a pluripotent cell line from early mouse 
embryos cultured in medium conditioned by teratocarcinoma stem cells. Proceedings o
the National Academy of Sciences of the U
63. Li, P., Tong, C., Mehrian-Shai, R., Jia, L., Wu, N., Yan, Y., Maxson, R.E., 
Schulze, E.N., Song, H., Hsieh, C.L. et al. (2008) Germline competent embryonic stem 
cells derived from rat blastocysts. Cell, 135, 1299-1310. 
64. Buehr, M., Meek, S., Blair, K., Yang, J., Ure, J., Silva, J., McLay, R., Hall, J.
Ying, Q.L. and Smith, A. (2008) Capture of authentic embryonic stem cells from rat 
blastocysts. Cell, 135, 1287-1298. 
65. Yoo, J.G., Demers, S.P., Lian, L. and Smith, L.C. (
and cytoskeletal anomalies of rat embryos reconstructed by somatic cell nucle
transfer. Cloning and stem cells, 9, 382-393. 
66. Takahashi, K. and Y
mouse embryonic and adult fibroblast cultures by defined factors. Cell, 126, 663-676. 
67. Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda, K. 
and Yamanaka, S. (2007) Induction of pluripotent stem cells from adult human 
fibroblasts by defined factors.
68. Yu, J., Vodyanik, M.A., Smuga-Otto, K., Antosiewicz-Bourget, J., Frane, J.L.,
Tian, S., Nie, J., Jonsdottir, G.A., Ruotti, V., Stewart, R. et al. (2007) Induced 
pluripotent stem cell lines derived from human somatic cells. Science, 318, 1917-1920. 
69. Ok
com ent induced pluripotent stem cells. Nature, 448, 313-317. 



 

 238 

, 

L., 
at 

, H. 

9. 
 Rao, L., Li, H., Gu, Y., Dai, 

., 
 al. (2009) Generation of induced pluripotent stem cell lines 

 T . 
.P., Sachdev, S., Sinha, S. and Roberts, 

, 

n of chicken 
blastosis virus. Cell, 

14. 

, Mileikovsky, M., 
ala

re, 

thods, 

, M., Mohseni, P. and Woltjen, K. 
 

45-

70. Wernig, M., Meissner, A., Foreman, R., Brambrink, T., Ku, M., Hochedlinger
K., Bernstein, B.E. and Jaenisch, R. (2007) In vitro reprogramming of fibroblasts into a 
pluripotent ES-cell-like state. Nature, 448, 318-324. 
71. Liao, J., Cui, C., Chen, S., Ren, J., Chen, J., Gao, Y., Li, H., Jia, N., Cheng, 
Xiao, H. et al. (2009) Generation of induced pluripotent stem cell lines from adult r
cells. Cell stem cell, 4, 11-15. 
72. Li, W., Wei, W., Zhu, S., Zhu, J., Shi, Y., Lin, T., Hao, E., Hayek, A., Deng
and Ding, S. (2009) Generation of rat and human induced pluripotent stem cells by 
combining genetic reprogramming and chemical inhibitors. Cell stem cell, 4, 16-1
73. Wu, Z., Chen, J., Ren, J., Bao, L., Liao, J., Cui, C.,
H. et al. (2009) Generation of Pig-Induced Pluripotent Stem Cells with a Drug-
Inducible System. Journal of molecular cell biology. 
74. Esteban, M.A., Xu, J., Yang, J., Peng, M., Qin, D., Li, W., Jiang, Z., Chen, J
Deng, K., Zhong, M. et
from ibetan miniature pig. The Journal of biological chemistry, 284, 17634-17640
75. Ezashi, T., Telugu, B.P., Alexenko, A
R.M. (2009) Derivation of induced pluripotent stem cells from pig somatic cells. 
Proceedings of the National Academy of Sciences of the United States of America, 106
10993-10998. 
76. Vennstrom, B. and Bishop, J.M. (1982) Isolation and characterizatio
DNA homologous to the two putative oncogenes of avian erythro
28, 135-143. 
77. Payne, G.S., Bishop, J.M. and Varmus, H.E. (1982) Multiple arrangements of 
viral DNA and an activated host oncogene in bursal lymphomas. Nature, 295, 209-2
78. Wernig, M., Meissner, A., Cassady, J.P. and Jaenisch, R. (2008) c-Myc is 
dispensable for direct reprogramming of mouse fibroblasts. Cell stem cell, 2, 10-12. 
79. Woltjen, K., Michael, I.P., Mohseni, P., Desai, R.
Ham inen, R., Cowling, R., Wang, W., Liu, P., Gertsenstein, M. et al. (2009) 
piggyBac transposition reprograms fibroblasts to induced pluripotent stem cells. Natu
458, 766-770. 
80. Yusa, K., Rad, R., Takeda, J. and Bradley, A. (2009) Generation of transgene-
free induced pluripotent mouse stem cells by the piggyBac transposon. Nature me
6, 363-369. 
81. Chang, C.W., Lai, Y.S., Pawlik, K.M., Liu, K., Sun, C.W., Li, C., Schoeb, T.R. 
and Townes, T.M. (2009) Polycistronic lentiviral vector for "hit and run" 
reprogramming of adult skin fibroblasts to induced pluripotent stem cells. Stem cells 
(Dayton, Ohio), 27, 1042-1049. 
82. Kaji, K., Norrby, K., Paca, A., Mileikovsky
(2009) Virus-free induction of pluripotency and subsequent excision of reprogramming
factors. Nature, 458, 771-775. 
83. Stadtfeld, M., Nagaya, M., Utikal, J., Weir, G. and Hochedlinger, K. (2008) 
Induced pluripotent stem cells generated without viral integration. Science, 322, 9
949. 



 

 239 

8-574. 

d pluripotent stem cells with chemical complementation 

., 

 Eggan, K., Jackson-Grusby, L., 
sm

ca, 98, 6209-6214. 

 

84. Shi, Y., Desponts, C., Do, J.T., Hahm, H.S., Scholer, H.R. and Ding, S. (2008) 
Induction of pluripotent stem cells from mouse embryonic fibroblasts by Oct4 and Klf4 
with small-molecule compounds. Cell stem cell, 3, 56
85. Lyssiotis, C.A., Foreman, R.K., Staerk, J., Garcia, M., Mathur, D., Markoulaki, 
S., Hanna, J., Lairson, L.L., Charette, B.D., Bouchez, L.C. et al. (2009) Reprogramming 
of murine fibroblasts to induce
of Klf4. Proceedings of the National Academy of Sciences of the United States of 
America, 106, 8912-8917. 
86. Zhou, H., Wu, S., Joo, J.Y., Zhu, S., Han, D.W., Lin, T., Trauger, S., Bien, G
Yao, S., Zhu, Y. et al. (2009) Generation of induced pluripotent stem cells using 
recombinant proteins. Cell stem cell, 4, 381-384. 
87. Rideout, W.M., 3rd, Wakayama, T., Wutz, A.,
Dau an, J., Yanagimachi, R. and Jaenisch, R. (2000) Generation of mice from wild-
type and targeted ES cells by nuclear cloning. Nature genetics, 24, 109-110. 
88. Eggan, K., Akutsu, H., Loring, J., Jackson-Grusby, L., Klemm, M., Rideout, 
W.M., 3rd, Yanagimachi, R. and Jaenisch, R. (2001) Hybrid vigor, fetal overgrowth, 
and viability of mice derived by nuclear cloning and tetraploid embryo 
complementation. Proceedings of the National Academy of Sciences of the United 
States of Ameri
 
 
 



 

 240 

Cumulitive References 

  
Abuin, A. and A. Bradley (1996). "Recycling selectable markers in mouse embryonic 

stem cells." Mol Cell Biol 16(4): 1851-6. 
Altschul, S. F., W. Gish, et al. (1990). "Basic local alignment search tool." J Mol Biol 

esis." Developmental Dynamics

215(3): 403-10. 
An Zwijsen, M. A. V. R. M.-J. G. N. D. E. A. B. P. T. D. C. L. M. D. H. (2000). 

"Expression of the inhibitory Smad7 in early mouse development and 
upregulation during embryonic vasculogen  
218(4): 663-670. 

Anderson, M. P., R. J. Gregory, et al. (1991). "Demonstration that CFTR is a chloride 
channel by alteration of its anion selectivity." Science 253(5016): 202-5. 

Anderson, M. P., D. P. Rich, et al. (1991). "Generation of cAMP-activated chloride 
currents by expression of CFTR." Science 251(4994): 679-82. 

Armstrong, L., M. Lako, et al. (2006). "Epigenetic Modification Is Cent
Reprogramming in Somatic Cell Nuclear Transfer." Stem Cells

ral to Genome 
 24(4): 805-8

Baguisi, A., E. Behboodi, et al. (1999). "Production of goats by somatic cell nuclear 
transfer." Nat Biotechnol

14. 

 17(5): 456-61. 
alciunas, D., A. E. Davidson, et al. (2004). "Enhancer trapping in zebrafish using the B

Sleeping Beauty transposon." BMC Genomics 5(1): 62. 
Balciunas, D., K. J. Wangensteen, et al. (2006). "Harnessing a high-capacity transposon 

for genetic applications in vertebrates." PLoS Genet DOI: 
10.371/journal.pgen.0020169.cor. 

Barry, E. G., D. J. Witherspoon, et al. (2004). "A bacterial genetic screen identifies 
functional coding sequences of the insect mariner transposable element Famar1 
amplified from the genome of the earwig, Forficula auricularia." Genetics 
166(2): 823-33. 

Baus, J., L. Liu, et al. (2005). "Hyperactive transposase mutants of the Sleeping Beauty 
transposon." Mol Ther 12(6): 1148-56. 

Bernstein, E., S. Y. Kim, et al. (2003). "Dicer is essential for mouse development." Nat 
Genet 35(3): 215-7. 

Betthauser, J., E. Forsberg, et al. (2000). "Production of cloned pigs from in vitro 
systems." Nat Biotechnol 18(10): 1055-9. 

Betzl, G., G. Brem, et al. (1996). "Epigenetic modification of transgenes under the 
control of the mouse mammary tumor virus LTR: tissue-dependent influence on 
transcription of the transgenes." Biol Chem 377(11): 711-9. 

Bibikova, M., M. Golic, et al. (2002). "Targeted chromosomal cleavage and 
mutagenesis in Drosophila using zinc-finger nucleases." Genetics 161(3): 1169-
75. 

Bishop, J. O. (1997). Chromosomal Insertion of Foreign DNA. Transgenic animals : 
generation and use. L.-M. Houdebine. Amsterdam, the Netherlands, Harwood 
Academic Publishers: 219-223. 

Bishop, J. O. and P. Smith (1989). "Mechanism of chromosomal integration of 
microinjected DNA." Mol Biol Med 6(4): 283-98. 



 

 241 

Bonk, A. J., R. Li, et al. (20 in porcine in vitro-, 
parthenogenetic-, and som ced blastocysts." Mol 

08). "Aberrant DNA methylation 
atic cell nuclear transfer-produ

Reprod Dev 75(2): 250-64. 
Bosch, P., S. L. Pratt, et al. (2006). "Isolation, characterization, gene modification, and 

nuclear reprogramming of porcine mesenchymal stem cells." Biol Reprod 74(1)
46-57. 

: 

Branda, C. S. and S. M. Dymecki (2004). "Talking about a revolution: The impact of 
site-specific recombinases on genetic analyses in mice." Dev Cell 6(1): 7-28. 

Brem, G. and M. Muller (1994). Large transgenic mammals. Animals with Novel 
Genes. N. Maclean. Cambridge, UK, Cambridge University Press: 179-244
r, R. L., H. Y. Chen, et al. (1985). "Factors affecting the efficiency of 
introducing foreig

. 
Brinste

n DNA into mice by microinjecting eggs." Proc Natl Acad Sci 
U S A 82(13): 4438-42. 
 J. P., W. Wei, et al. (1997). "Bypass of senescence after disruption of Brown,
p21CIP1/WAF1 gene in normal diploid human fibroblasts." Science 277(532
831-4. 

7): 

Brummelkamp, T. R., R. Bernards, et al. (2002). "A system for stable expression of 
short interfering RNAs in mammalian cells." Science 296(5567): 550-3. 

Buehr, M., S. Meek, et al. (2008). "Capture of authentic embryonic stem cells from ra
blastocysts." Cell

t 
 135(7): 1287-98. 

Burdon, T. G. and R. J. Wall (1992). "Fate of microinjected genes in preimplantation 
mouse embryos." Mol Reprod Dev 33(4): 436-42. 

Byrne, G. W., K. R. McCurry, et al. (1997). "Transgenic pigs expressing human CD59 
and decay-accelerating factor produce an intrinsic barrier to
mediated damage." Transplantation

 complement-
 63(1): 149-55. 

Caldovic, L., D. Agalliu, et al. (1999). "Position-independent expression of transgen
in zebrafish." Transgenic Res

es 
 8(5): 321-34. 

., R. Hunter, et al. (2005). "DNA constructs designed to produce short hairp
interfering RNAs

Cao, W in, 
 in transgenic mice sometimes show early lethality and an 

interferon response." J Appl Genet 46(2): 217-25. 
hi, M. R. (2005). "Gene targeting in micCapecc e: functional analysis of the mammalian 
genome for the twenty-first century." Nat Rev Genet 6(6): 507-12. 

Carlson, C. M., A. J. Dupuy, et al. (2003). "Transposon mutagenesis of the mouse 
germline." Genetics 165(1): 243-56. 
l, M. A., L. Zhang, et al. (2003). "GermlineCarmel  transmission of RNAi in mice." Nat 
Struct Biol 10(2): 91-2. 
 C. W., Y. S. Lai, et al. (2009). "Polycistronic lentiviral vector for "hit and run" 
reprogramming of adult skin fibroblasts to induced pluripote

Chang,
 nt stem cells." Stem

Cells 27(5): 1042-9. 
. M., K. B. Choo, et al. (1995). "Frequent deletions and sequence aberrations at 

the t
Chen, C

ransgene junctions of transgenic mice carrying the papillomavirus 
regulatory and the SV40 TAg gene sequences." Transgenic Res 4(1): 52-9. 
. R., Y. L. Shiue, et al. (1999). "Establishment of pluripotent cell lines from 
porcine preimplantation embryos

Chen, L
." Theriogenology 52(2): 195-212. 



 

 242 

h Chen, R. H., S. Naficy, et al. (1999). "Hearts from transgenic pigs constructed wit
CD59/DAF genomic clones demonstrate improved survival in primates." 
Xenotransplantation 6(3): 194-200. 

Chen, Y. T. and A. Bradley (2000). "A new positive/negative selectable marker, 
puDeltatk, for use in embryonic stem cells." Genesis 28(1): 31-5. 

Chen, Z., J. Stockton, et al. (2006). "Modeling CTLA4-linked autoimmunity with RNA 
interference in mice." Proc Natl Acad Sci U S A 103(44): 16400-5. 
ier-Mariette, C., I. Henry, et al. (2003). "CpG content affects gene silencing inCheval  
mice: evidence from novel transgenes." Genome Biology 4(9): R53. 
. R., B. C. Koo, et al. (2006). "Tetracycline-inducible gene expression in nuclChoi, B ear 

ith transfer embryos derived from porcine fetal fibroblasts transformed w
retrovirus vectors." Mol Reprod Dev 73(10): 1221-9. 

Clark, K. J., D. F. Carlson, et al. (2007). "Pigs taking wing with transposons and 
recombinases." Genome Biol 8 Suppl 1: S13. 
. J., D. F. Carlson, et al. (2007). "Enzymatic engineering of the porcine genome 

with tra
Clark, K

nsposons and recombinases." BMC Biotechnol 7: 42. 
Clark, K. J., D. F. Carlson, et al. (2009). "Passport, a native Tc1 transposon from 

flatfish, is functionally active in vertebrate cells." Nucleic Acids Res 37(4): 

Clark, K on ). "Passport, a native Tc1/mariner 

Clark, K rs for gene-trap insertional 

1239-47. 
. J., L. K. Foster, et al. (In Preperati

transposon from Pleuronectes platessa, functions in vertebrate cells." 
. J., A. M. Geurts, et al. (2004). "Transposon vecto

mutagenesis in vertebrates." Genesis 39(4): 225-33. 
 P., J. M. Robl, et al. (2007). Methods for cloning non-human mammals us
reprogrammed donor chromatin or donor cells. US. 

Collas, ing 

 
et

Colledge, W. H., B. S. Abella, et al. (1995). "Generation and characterization of a delta
F508 cystic fibrosis mouse model." Nat Gen  10(4): 445-52. 

Collier, L. S., C. M. Carlson, et al. (2005). "Cancer gene discovery in solid tumours 
using transposon-based somatic mutagenesis in the mouse." Nature 436(704
272-6. 

8): 

Collins, J., E. Forbes, et al. (1989). "The Tc3 family of transposable genetic elements in 
Caenorhabditis elegans." Genetics 121(1): 47-55. 

Costa, C., L. Zhao, et al. (1999). "Expression of the human alpha1,2-fucosyltransfe
in transgenic pigs modifies the cell su

rase 
rface carbohydrate phenotype and confers 

resistance to human serum-mediated cytolysis." Faseb J 13(13): 1762-73. 
Covarrubias, L., Y. Nishida, et al. (1986). "Early postimplantation embryo lethality due 

to DNA rearrangements in a transgenic mouse strain." Proc Natl Acad Sci U S A 

Cui, Z., A. M. Geurts, et al. (2002). "Structure-function analysis of the inverted terminal 
83(16): 6020-4. 

repeats of the sleeping beauty transposon." J Mol Biol 318(5): 1221-35. 
, T. D. Vaught, et al. (2002). "Targeted disruption of the alpha1,3-
galactosyltransferase gene in cloned pigs." Nat Biotechnol

Dai, Y.
 20(3): 251-5. 

Dalle, B., J. E. Rubin, et al. (2005). "eGFP reporter genes silence LCRbeta-globin 
transgene expression via CpG dinucleotides." Mol Ther 11(4): 591-9. 



 

 243 

Davidson, A. E., D. Balciunas, et al. (2003). "Efficient gene delivery and gene 
expression in zebrafish using the Sleeping Beauty transposon." Dev Biol 2
191-202. 

63(2): 

ithelial 
ses Na-K 

Deachapunya, C., M. Palmer-Densmore, et al. (1999). "Insulin stimulates transep
sodium transport by activation of a protein phosphatase that increa
ATPase activity in endometrial epithelial cells." J Gen Physiol 114(4): 561-74. 
y, S. J., E. W. Alton, et al. (1996). "Cystic fibrosis mice carrying the Delane missense 
mutation G551D replicate human genotype-phenotype correlations." Embo J 
15(5): 955-63. 

Denti, M. A., A. Rosa, et al. (2004). "A new vector, based on the PolII promoter of the 
U1 snRNA gene, for the expression of siRNAs in mammalian cells." Mol Ther 

gainst 
y mediated by exogenous or 

10(1): 191-9. 
Diaz-Roman, T. M., R. Manez, et al. (2006). "Human DAF on pig cells protects a

human and non-human primate sera cytotoxicit
endogenous complement, as determined by flow cytometry." Transpl Immunol 
16(2): 125-30. 

Dickins, R. A., K. McJunkin, et al. (2007). "Tissue-specific and reversible RNA 
interference in transgenic mice." Nat Genet 39(7): 914-21. 

Dieckhoff, B., B. Petersen, et al. (2008). "Knockdown of porcine endogenous retrovirus 
(PERV) expression by PERV-specific shRNA in transgenic pigs." 
Xenotransplantation 15(1): 36-45. 

Ding, S., X. Wu, et al. (2005). "Efficient transposition of the piggyBac (PB) transposon
in mammalian cells and mice." Cell

 
 122(3): 473-83. 

Dorer, D. R. and S. Henikoff (1997). "Transgene repeat arrays interact with distant 
heterochromatin and cause silencing in cis and trans." Genetics 147(3): 1181-90. 

Dorin, J. R., P. Dickinson, et al. (1992). "Cystic fibrosis in the mouse by targeted 
insertional mutagenesis." Nature 359(6392): 211-5. 

Dorin, J. R., B. J. Stevenson, et al. (1994). "Long-term survival of the exon 10 
insertional cystic fibrosis mutant mouse is a consequence of low level residual 
wild-type Cftr gene expression." Mamm Genome 5(8): 465-72. 

t Biotechnol
Doyon, Y., J. M. McCammon, et al. (2008). "Heritable targeted gene disruption in 

zebrafish using designed zinc-finger nucleases." Na  26(6): 702-8. 
Ducro-Steverink, D. W., C. G. Peters, et al. (2004). "Reproduction results and offspring 

performance after non-surgical embryo transfer in pigs." Theriogenology 62(3-
4): 522-31. 

Dupuy, A. J., K. Akagi, et al. (2005). "Mammalian mutagenesis using a highly mobile 
somatic Sleeping Beauty transposon system." Nature 436(7048): 221-6. 

Dupuy, A. J., K. Clark, et al. (2002). "Mammalian germ-line transgenesis by 
transposition." Proc Natl Acad Sci U S A 99(7): 4495-9. 
 A. J., S. Fritz, et al. (2001). "Transposition and gene disruption in the maDupuy, le 
germline of the mouse." Genesis 30(2): 82-8. 
. W., H. Zhu, et al. (2004). "Stem cells with multilineage potential deriveDyce, P d from 
porcine skin." Biochem Biophys Res Commun 316(3): 651-8. 



 

 244 

Echelard, Y. (1997). Genetic Mosaicism in the Generation of Transgenic Mice. 
Transgenic animals : generation and use. L.-M. Houdebine. Amsterdam, the 
Netherlands, Harwood Academic Publishers: 233-235. 

Eckhardt, F., J. Lewin, et al. (2006). "DNA methylation profiling of human 
chromosomes 6, 20 and 22." Nat Genet 38(12): 1378-1385. 
 K., H. Akutsu, et al. (2001). "Hybrid vigor, fetal overgrowth, and viability of Eggan,

c mice derived by nuclear cloning and tetraploid embryo complementation." Pro
Natl Acad Sci U S A 98(11): 6209-14. 

Emelyanov, A., Y. Gao, et al. (2006). "Trans-kingdom transposition of the maize 
dissociation element." Genetics 174(3): 1095-104. 
, J. and M. Bichard (1984). Pigs. Evolution of Domesticated AnimalsEpstein . I. L. 
Mason. New York, Longman: 145–162. 

Esteban, M. A., J. Xu, et al. (2009). "Generation of induced pluripotent stem cell lines 
from Tibetan miniature pig." J Biol Chem 284(26): 17634-40. 
M. J. and M. H. Kaufman (1981). "Establishment in culture of pluripotential 
cells from mous

Evans, 
e embryos." Nature 292(5819): 154-6. 

lls Ezashi, T., B. P. Telugu, et al. (2009). "Derivation of induced pluripotent stem ce
from pig somatic cells." Proc Natl Acad Sci U S A 106(27): 10993-8. 

hite pigs." 
Farkas, J., I. Curik, et al. (2007). "Bayesian inference of inbreeding effects on litter size 

and gestation lenght in Hungarian Landrace and Hungarian Large W
Livestock Science 112: 109-114. 

Filipiak, W. E. and T. L. Saunders (2006). "Advances in transgenic rat production." 
Transgenic Res 15(6): 673-686. 

Fire, A., S. Xu, et al. (1998). "Potent and specific genetic interference by double-
stranded RNA in Caenorhabditis elegans." Nature 391(6669): 806-11. 

Fischer, S. E., E. Wienholds, et al. (2001). "Regulated transposition of a fish transp
in the mouse germ line." Proc Natl Acad Sci U S A

oson 
 98(12): 6759-64. 

m Fish, R. J. and E. K. Kruithof (2004). "Short-term cytotoxic effects and long-ter
instability of RNAi delivered using lentiviral vectors." BMC Mol Biol 5: 9. 
W. L., B. L. Williams, et al. (1994). "Expression of a functional Fodor, human 
complement inhibitor in a transgenic pig as a model for the prevention of 
xenogeneic hyperacute organ rejection." Proc Natl Acad Sci U S A 91(23): 
11153-7. 
J. E., J. R. Yeh, et al. (2009). "Rapid mutation of endogenous zebrafish genes 
using zinc fi

Foley, 
nger nucleases made by Oligomerized Pool ENgineering (OPEN)." 

PLoS ONE 4(2): e4348. 
G. and C. Savakis (1991). "Minos, a new transposable element from DrosFranz, ophila 

ids Reshydei, is a member of the Tc1-like family of transposons." Nucleic Ac  

 tagalong (TFP3) from the 

19(23): 6646. 
Fraser, M. J., T. Ciszczon, et al. (1996). "Precise excision of TTAA-specific 

lepidopteran transposons piggyBac (IFP2) and
baculovirus genome in cell lines from two species of Lepidoptera." Insect Mol 
Biol 5(2): 141-51. 

Frazer, K. A., S. S. Murray, et al. (2009). "Human genetic variation and its contribution 
to complex traits." Nat Rev Genet 10(4): 241-51. 



 

 245 

." Fryer, J. P., J. R. Leventhal, et al. (1995). "The emergence of xenotransplantation
Transpl Immunol 3(1): 21-31. 
shi, H. and B. N. Day (1993). "Effects of follicular fluidFunaha  at fertilization in vitro 
on sperm penetration in pig oocytes." J Reprod Fertil 99(1): 97-103. 
, D., S. Fiering, et al. (1998). "Repeat-induced gene silencingGarrick  in mammals." Nat 
Genet 18(1): 56-9. 
 S. L., M. Palmisano, et al. (2006). "Alu-linked hairpins efficiently mediate RNA
interference with less toxicity than do H

Gasior,  
1-expressed short hairpin RNAs." Anal 

Biochem 349(1): 41-8. 
n, S., S. Fuchs, et al. (2001). "New Elements In HumGermai an Renin Promoter 

logy Involved In Cell-Specific Expression." Clinical and Experimental Pharmaco
and Physiology 28(12): 1056-1059. 

Geurts, A. M., L. S. Collier, et al. (2006). "Gene Mutations and Genomic 
Rearrangements in the Mouse as a Result of Transposon Mobilization from 
Chromosomal Concatemers." PLoS Genetics 2(9): e156. 
 A. M., G. J. Cost, et al. (2009). "Knockout rats via embGeurts, ryo microinjection of 
zinc-finger nucleases." Science 325(5939): 433. 
 A. M., A. Wilber, et al. (2006). "Conditional gene expression in the mGeurts, ouse 
using a Sleeping Beauty gene-trap transposon." BMC Biotechnol 6: 30. 
 A. M., Y. Yang, et al. (2003). "Gene transfer into genomes of human cells by 
the Sleeping Beauty transposon sy

Geurts,
stem." Mol Ther 8(1): 108-17. 

 
iquitin C or elongation factor 1alpha promoter." 

Gill, D. R., S. E. Smyth, et al. (2001). "Increased persistence of lung gene expression
using plasmids containing the ub
Gene Ther 8(20): 1539-46. 
z, A. J., Y. Mishima, et al. (2006). "Zebrafish MiR-430 promotes deadeGiralde nylation 
and clearance of maternal mRNAs." Science 312(5770): 75-9. 
 L. and M. Freeling (1999). "Regulatory changes as a consequence of tGirard, ransposon 
insertion." Dev Genet 25(4): 291-6. 
, J. W. and F. H. Ruddle (1985). "DNA-mediated genetic transformation of Gordon
mouse embryos and bone marrow--a review." Gene 33(2): 121-36. 
, M. and H. Bujard (1992). "Tight control of gene expression in mammalia
by tetracycline-responsive promoters." Proc Natl Acad Sci U S A

Gossen n cells 
 89(12): 55

51. 
47-

Grimm, D., K. L. Streetz, et al. (2006). "Fatality in mice due to oversaturation of 
cellular microRNA/short hairpin RNA pathways." Nature 441(7092): 537-41. 

Grubb, B. R. and S. E. Gabriel (1997). "Intestinal physiology and pathology in gene-
targeted mouse models of cystic fibrosis." Am J Physiol 273(2 Pt 1): G258-66. 
rey, K., E. Garami, et al. (2001). "Non-CFTR chloride channels likely contribu
to secretion in 

Gyomo te 
the murine small intestine." Pflugers Arch 443 Suppl 1: S103-6. 

 of 
nsgene 

Hamada, T., H. Sasaki, et al. (1993). "Mechanism of chromosomal integration
transgenes in microinjected mouse eggs: sequence analysis of genome-tra
and transgene-transgene junctions at two loci." Gene 128(2): 197-202. 

Hamlet, M. R., D. A. Yergeau, et al. (2006). "Tol2 transposon-mediated transgenesis in 
Xenopus tropicalis." Genesis 44(9): 438-45. 



 

 246 

nd Hammer, R. E., V. G. Pursel, et al. (1985). "Production of transgenic rabbits, sheep a
pigs by microinjection." Nature 315(6021): 680-3. 

 Hao, Y., N. Mathialagan, et al. (2006). "Osteopontin reduces polyspermy during in vitro
fertilization of porcine oocytes." Biol Reprod 75(5): 726-33. 

Harrison, S. J., A. Guidolin, et al. (2002). "Efficient generation of alpha(1,3) 
galactosyltransferase knockout porcine fetal fibroblasts for nuclear transfer." 
Transgenic Res 11(2): 143-50. 
. L., E. R. Lozovskaya, et al. (1997). "What restricts the activity of mariner-like 

transposable elements." 
Hartl, D

Trends Genet 13(5): 197-201. 
tor Hasty, P., M. Crist, et al. (1994). "Efficiency of insertion versus replacement vec

targeting varies at different chromosomal loci." Mol Cell Biol 14(12): 8385-90. 
P., W. K. O'Neal, et al. (1995). "SeveHasty, re phenotype in mice with termination 
mutation in exon 2 of cystic fibrosis gene." Somat Cell Mol Genet 
87. 
a, H., K. Kaseda, et al. (2002). "Small interfering RNA and

21(3): 177-

Hasuw  gene silencing in 
transgenic mice and rats." FEBS Lett 532(1-2): 227-30. 
Q. Yang, et al. (2005). "Dynamic DNA MethylatiHe, J., on and Histone Modifications 

a Contribute to Lentiviral Transgene Silencing in Murine Embryonic Carcinom
Cells." J. Virol. 79(21): 13497-13508. 

Henikoff, S. (1998). "Conspiracy of silence among repeated transgenes." Bioessays 
20(7): 532-5. 

Heron, M. P., D. L. Hoyert, et al. (2009). "Deaths: Final Data for 2006." Natl Vital Stat 
Rep 57(14). 

Hirata, R. K., C. Xu, et al. (2004). "Efficient PRNP gene targeting in bovine fibroblasts 
by adeno-associated virus vectors." Cloning Stem Cells 6(1): 31-6. 
nn, A., B. Kessler, et al. (2006). "Epigenetic regulation of lentivHofma iral transgene 
vectors in a large animal model." Mol Ther 13(1): 59-66. 
nn, A., B. Kessler, et al. (2003). "EffiHofma cient transgenesis in farm animals by 
lentiviral vectors." EMBO Rep 4(11): 1054-60. 
nn, A., V. Zakhartchenko, et al. (2004). "Generation of Transgenic CHofma attle by 
Lentiviral Gene Transfer into Oocytes." Biol Reprod 71(2): 405-409. 
., M. Suzuki, et al. (1998). "An active Ac-like transposable element in teleost 
fish.

Hori, H
" Journal of Marine Biotechnology 6(4): 206-207. 

S 
Horie, K., A. Kuroiwa, et al. (2001). "Efficient chromosomal transposition of a 

Tc1/mariner- like transposon Sleeping Beauty in mice." Proc Natl Acad Sci U 
A 98(16): 9191-6. 
, R. H. (1991). "Oviduct function in pigs, with particular reference to the Hunter
pathological condition of polyspermy." Mol Reprod Dev 29(4): 385-91. 
., C. Kokubu, et al. (2007). "Sleeping beauty transposase has an affinity for Ikeda, R

heterochromatin conformation." Mol Cell Biol 27(5): 1665-76. 
., P. B. Hackett, et al. (1997). "Molecular reconstruction of Sleeping Beauty, a 
Tc1-like transposon from fish, and its transposition in human cells." Ce

Ivics, Z
ll 91(4): 

Ivics, Z  beauty transposition in human 
cells." Mol Ther

501-10. 
., A. Katzer, et al. (2007). "Targeted sleeping

 15(6): 1137-44. 



 

 247 

Izsvak, Z., Z. Ivics, et al. (1995). "Characterization of a Tc1-like transposable element 
in zebrafish (Danio rerio)." Mol Gen Genet 247(3): 312-22. 

Izsvak, Z., Z. Ivics, et al. (2000). "Sleeping Beauty, a wide host-range transposon vector 
for genetic transformation in vertebrates." J Mol Biol 302(1): 93-102. 

tically Jacobson, J. W., M. M. Medhora, et al. (1986). "Molecular structure of a soma
unstable transposable element in Drosophila." Proc Natl Acad Sci U S A 83(2
8684-8. 

2): 

Jin, D. I., S. H. Lee, et al. (2003). "Targeting efficiency of a-1,3-galactosyl transferase 
gene in pig fetal fibroblast cells." Exp Mol Med 35(6): 572-7. 

nt Kaji, K., K. Norrby, et al. (2009). "Virus-free induction of pluripotency and subseque
excision of reprogramming factors." Nature 458(7239): 771-5. 

Kanegae, Y., K. Takamori, et al. (1996). "Efficient gene activation system on 
mammalian cell chromosomes using recombinant adenovirus producing Cre 
recombinase." Gene 181(1-2): 207-12. 

 
ncing." Genes Dev

Kanellopoulou, C., S. A. Muljo, et al. (2005). "Dicer-deficient mouse embryonic stem
cells are defective in differentiation and centromeric sile  

Kawak
ell Biol

19(4): 489-501. 
ami, K. (2004). "Transgenesis and gene trap methods in zebrafish by using the 
Tol2 transposable element." Methods C  77: 201-22. 

t of 
h Oryzias latipes in Xenopus laevis and Xenopus tropicalis." 

Kawakami, K., K. Imanaka, et al. (2004). "Excision of the Tol2 transposable elemen
the medaka fis
Gene 338(1): 93-8. 
ami, K., A. KKawak oga, et al. (1998). "Excision of the tol2 transposable element of the 
medaka fish, Oryzias latipes, in zebrafish, Danio rerio." Gene 225(1-2): 17-22. 
ami, K. and T. Noda (2004). "Transposition of the Tol2 element, an Kawak Ac-like 
element from the Japanese medaka fish Oryzias latipes, in mouse embryonic 
stem cells." Genetics 166(2): 895-9. 

Kawakami, K., A. Shima, et al. (2000). "Identification of a functional transposase o
Tol2 element, an Ac-like element from the Japan

f the 
ese medaka fish, and its 

transposition in the zebrafish germ lineage." Proc Natl Acad Sci U S A 97(21
11403-8. 

): 

" Dev Cell
Kawakami, K., H. Takeda, et al. (2004). "A transposon-mediated gene trap approach 

identifies developmentally regulated genes in zebrafish.  7(1): 133-44. 
ne Kelly, W. G., S. Xu, et al. (1997). "Distinct requirements for somatic and germli

expression of a generally expressed Caernorhabditis elegans gene." Genetics 
146(1): 227-38. 

Kempken, F. and F. Windhofer (2001). "The hAT family: a versatile transposon 
common to plants, fungi, animals, and man." Chromosoma

group 
 110(1): 1-9. 

Keng, V. W., A. Villanueva, et al. (2009). "A conditional transposon-based insertion
mutagenesis screen for genes associated with mouse hepatocellu

al 
lar carcinoma." 

Nat Biotechnol 27(3): 264-74. 
. G., J. Cha, et al. (1996). "Hybrid restriction enzymes: zinc finger fusions to 
Fok I cle

Kim, Y
avage domain." Proc Natl Acad Sci U S A 93(3): 1156-60. 



 

 248 

O Rep
Klinakis, A. G., L. Zagoraiou, et al. (2000). "Genome-wide insertional mutagenesis in 

human cells by the Drosophila mobile element Minos." EMB  1(5): 416-

Koga, A an 
21. 
., A. Iida, et al. (2003). "The medaka fish Tol2 transposable element c

undergo excision in human and mouse cells." J Hum Genet 48(5): 231-5. 
., A. Shimada, et al. (2007). "The Tol1 transposable element of the medaka fish 

moves in
Koga, A

 human and mouse cells." J Hum Genet 52(7): 628-35. 
Koga, A., M. Suzuki, et al. (1996). "Transposable element in fish." Nature 383(6595): 

30. 
Kong, B. W., L. K. Foster, et al. (2007). "Establishment of an immortal turkey turbinate 

cell line suitable for avian metapneumovirus propagation." Virus Res 127(1): 

Kouba,
y, and embryonic development in vitro." 

106-15. 
 A. J., L. R. Abeydeera, et al. (2000). "Effects of the porcine oviduct-specific 
glycoprotein on fertilization, polysperm
Biol Reprod 63(1): 242-50. 
v, A., H. Koskinen, et al. (2005). "Transcribed Tc1-like transposons in salmo
fish." BMC Geno

Krasno nid 
mics 6: 107. 

Krumlauf, R., R. E. Hammer, et al. (1985). "Developmental regulation of alpha-
fetoprotein genes in transgenic mice." Mol Cell Biol 5(7): 1639-48. 

." 
Kues, W. A., R. Schwinzer, et al. (2006). "Epigenetic silencing and tissue independent 

expression of a novel tetracycline inducible system in double-transgenic pigs
Faseb J 20(8): 1200-2. 

Kunath, T., G. Gish, et al. (2003). "Transgenic RNA interference in ES cell-derived 
embryos recapitulates a genetic null phenotype." Nat Biotechnol 21(5): 559-61. 

g Kuroiwa, Y., P. Kasinathan, et al. (2004). "Sequential targeting of the genes encodin
immunoglobulin-mu and prion protein in cattle." Nat Genet 36(7): 775-80. 
 D. Kolber-Simonds, et al. (2002). "PLai, L., roduction of alpha-1,3-
galactosyltransferase knockout pigs by nuclear transfer cloning." Science 
295(5557): 1089-92. 
and R. S. Prather (2003). "Creating genetically modified pigs by using nuclear 
transfer." R

Lai, L. 
eprod Biol Endocrinol 1: 82. 

Lammert, E., O. Cleaver, et al. (2001). "Induction of Pancreatic Differentiation by 
Signals from Blood Vessels." Science 294(5542): 564-567. 

Langford, G. A., N. Yannoutsos, et al. (1994). "Production of pigs transgenic for hu
decay accelerating factor." Transplant Proc

man 
 26(3): 1400-1. 

Lavitrano, M., M. Forni, et al. (1997). "Sperm-mediated gene transfer: production of 
pigs transgenic for a human regulator of complement activation." Transplant 
Proc 29(8): 3508-9. 

Leaver, M. J. (2001). "A family of Tc1-like transposons from the genomes of fishes and
frogs: evidence for horizontal transmission." Gene

 
 271(2): 203-14. 

, M. J., J. Wright, et al. (1997). "Leaver Structure and expression of a cluster of 
glutathione S-transferase genes from a marine fish, the plaice (Pleuronectes 
platessa)." Biochem J 321 ( Pt 2): 405-12. 



 

 249 

Lechardeur, D. and G. L. Lukacs (2006). "Nucleocytoplasmic transport of plasmid 
DNA: a perilous journey from the cytoplasm to the nucleus." Hum Gene Ther 
17(9): 882-9. 

Lee, J. W., S. C. Wu, et al. (2003). "Production of cloned pigs by whole-cell 
intracytoplasmic microinjection." Biol Reprod 69(3): 995-1001. 

Lee, P. W., R. A. Cina, et al. (2005). "In utero bone marrow transplantation induces 
kidney allograft tolerance across a full major histocompatibility complex barrier 
in Swine." Transplantation 79(9): 1084-90. 
 W., Lee, P. R. A. Cina, et al. (2005). "Stable multilineage chimerism across full MHC 
barriers without graft-versus-host disease following in utero bone marrow 
transplantation in pigs." Exp Hematol 33(3): 371-9. 

Lewandoski, M. (2001). "Conditional control of gene expression in the mouse." Nat 
Rev Genet 2(10): 743-55. 
. Tong, et al. (2008). "Germline competent embryonic stem cells derived from 

rat blastocysts." Cell
Li, P., C

 135(7): 1299-310. 

ogramming and chemical inhibitors." Cell Stem 
Li, W., W. Wei, et al. (2009). "Generation of rat and human induced pluripotent stem 

cells by combining genetic repr
Cell 4(1): 16-9. 
R. A. Harrell, et al. (2005). "piggyBac internal sequences are necessaLi, X., ry for 
efficient transformation of target genomes." Insect Mol Biol 14(1): 17-30. 
, C. Cui, et al. (2009). "Generation of induced pluripotent stem cell lines from 
adult rat cells." Cell Ste

Liao, J.
m Cell 4(1): 11-5. 

Lickert, H., B. Cox, et al. (2005). "Dissecting Wnt/beta-catenin signaling during 
gastrulation using RNA interference in mouse embryos." Development 132(11): 
2599-609. 
, H., J. K. Takeuchi, et al. (2004). "Baf60c is essential for function of BAF Lickert

turechromatin remodelling complexes in heart development." Na  432(7013): 

Liu, Y., Q. Wu, et al. (2008). "Expression of EGFP and NPTII protein is not associated 
107-12. 

with organ abnormalities in deceased transgenic cloned cattle." Cloning Stem 
Cells 10(4): 421-8. 

Livak, K. J. and T. D. Schmittgen (2001). "Analysis of relative gene expression dat
using real-time quantitative PCR and the 2(-Delta Delta C(T

a 
)) Method." 

Methods 25(4): 402-8. 
., E. J. Hong, et al. (2002). "Germline Transmission and TisLois, C sue-Specific 
Expression of Transgenes Delivered by Lentiviral Vectors." Science 295(5556
868-872. 

): 

Luo, G., Z. Ivics, et al. (1998). "Chromosomal transposition of a Tc1/mariner-like 
element in mouse embryonic stem cells." Proc Natl Acad Sci U S A 95(18): 
10769-73. 

Lyssiotis, C. A., R. K. Foreman, et al. (2009). "Reprogramming of murine fibro
induced pluripotent stem cells with chemical complementation of Klf4." Proc

blasts to 
 

Natl Acad Sci U S A 106(22): 8912-7. 
Machaty, Z., K. R. Bondioli, et al. (2002). "The use of nuclear transfer to produce 

transgenic pigs." Cloning Stem Cells 4(1): 21-7. 



 

 250 

phic 

properties in the mouse embryo." PNAS

MacKenzie, A. and J. Quinn (1999). "A serotonin transporter gene intron 2 polymor
region, correlated with affective disorders, has allele-dependent differential 
enhancer-like  96(26): 15251-15255. 

gineering 
ification." Mol 

Maeder, M. L., S. Thibodeau-Beganny, et al. (2008). "Rapid "open-source" en
of customized zinc-finger nucleases for highly efficient gene mod
Cell 31(2): 294-301. 

. H., K. Signorelli, et al. (1992). "Genomic structure of the locus associated 
with an insertional mutation in line 4 transge

Mark, W
nic mice." Genomics 13(1): 159-66. 

Marson, A., S. S. Levine, et al. (2008). "Connecting microRNA genes to the core 
transcriptional regulatory circuitry of embryonic stem cells." Cell 134(3): 5
33. 

21-

oned by teratocarcinoma stem cells." Proc Natl Acad 
Martin, G. R. (1981). "Isolation of a pluripotent cell line from early mouse embryos 

cultured in medium conditi
Sci U S A 78(12): 7634-8. 
 M. J. and C. A. Pinkert (2002). ProductiMartin, on of Transgenic Swine by DNA 
Microinjection. Transgenic Animal Technology:  A Laboratory Handbook. C. 
A. Pinkert. Amsterdam; Boston, Academic Press: 307-336. 
z, E. A., J. N. CaMartine amano, et al. (2004). "Successful nonsurgical deep uterine 
embryo transfer in pigs." Theriogenology 61(1): 137-46. 
L., M. K. Chuah, et al. (2009). "Molecular evolution of a novel hyperactiveMates,  

 Sleeping Beauty transposase enables robust stable gene transfer in vertebrates."
Nat Genet 41(6): 753-61. 

Mátés, L., M. K. L. Chuah, et al. (2009). "Molecular Evolution of a Novel Hypera
Sleeping Beauty Transposase Enables Robust Stable Gene Transfer in 
Vertebrates

ctive 

." Nat Genet. 
tes 

rod

McCauley, T. C., W. C. Buhi, et al. (2003). "Oviduct-specific glycoprotein modula
sperm-zona binding and improves efficiency of porcine fertilization in vitro." 
Biol Rep  69(3): 828-34. 

McClintock, B. (1950). "The origin and behavior of mutable loci in maize." Proc Natl 
Acad Sci U S A 36(6): 344-55. 

McClintock, B. (1984). "The significance of responses of the genome to challenge." 
Science 226(4676): 792-801. 
ry, K. R., L. E. Diamond, et al. (1996). "Human complement regulatory p
expressed in transgenic 

McCur roteins 
swine protect swine xenografts from humoral injury." 

Transplant Proc 28(2): 758. 
gor, C. G., W. R. Davies, et al. (2005). "Cardiac xenotransplantation: recent 
preclinical

McGre
 progress with 3-month median survival." J Thorac Cardiovasc Surg 

McKon
 cystic fibrosis: a retrospective cohort study." Lancet

130(3): 844-51. 
e, E. F., S. S. Emerson, et al. (2003). "Effect of genotype on phenotype and 
mortality in  361(9370): 

Meng, 
iotechnol

1671-6. 
X., M. B. Noyes, et al. (2008). "Targeted gene inactivation in zebrafish using 
engineered zinc-finger nucleases." Nat B  26(6): 695-701. 



 

 251 

Menoret, S., M. Plat, et al. (2004). "Characterization of human CD55 and CD59 
transgenic pigs and kidney xenotransplantation in the pig-to-baboon 
combination." Transplantation 77(9): 1468-71. 

Michalkiewicz, M., T. Michalkiewicz, et al. (2007). "Efficient transgenic rat production 
by a lentiviral vector." Am J Physiol Heart Circ Physiol. 

Mickle, J. E. and G. R. Cutting (2000). "Genotype-phenotype relationships in cystic 
fibrosis." Med Clin North Am 84(3): 597-607. 
sen, J. G., S. R. Yant, et al. (2003). "Helper-independent Sleeping Beauty Mikkel
transposon-transposase vectors for efficient nonviral gene delivery and 
persistent gene expression in vivo." Mol Ther 8(4): 654-65. 

Miller, D. G., L. M. Petek, et al. (2003). "Human gene targeting by adeno-associated 
virus vectors is enhanced by DNA double-strand breaks." Mol Cell Biol 23(1
3550-7. 

0): 

Mintz, B. and M. Bradl (1991). "Mosaic expression of a tyrosinase fusion gene in 
albino mice yields a heritable striped coat color pattern in transgenic 
homozygotes." Proc Natl Acad Sci U S A 88(21): 9643-7. 
, C., Z. Izsvak, et al. (2003). "The Frog Prince: a reconstructeMiskey d transposon from 
Rana pipiens with high transpositional activity in vertebrate cells." Nucleic 
Acids Res 31(23): 6873-81. 

Miskey, C., B. Papp, et al. (2007). "The ancient mariner sails again: transposition of
human Hsmar1 element by a reconstructed transposase and activities of the 
SETMAR protein on trans

 the 

poson ends." Mol Cell Biol 27(12): 4589-600. 

cells." 
Miyagishi, M. and K. Taira (2002). "U6 promoter-driven siRNAs with four uridine 3' 

overhangs efficiently suppress targeted gene expression in mammalian 
Nat Biotechnol 20(5): 497-500. 

Moerman, D. G. and R. H. Waterston (1984). "Spontaneous unstable unc-22 IV 
mutations in C. elegans var. Bergerac." Genetics 108(4): 859-77. 
, J., M. W. Davis, et al. (200Morton 6). "Induction and repair of zinc-finger nuclease-
targeted double-strand breaks in Caenorhabditis elegans somatic cells." Proc 
Natl Acad Sci U S A 103(44): 16370-5. 

 
 by the porcine MCP gene promoter." Transplant 

Murakami, H., H. Nagashima, et al. (2000). "Production of transgenic pigs expressing
human DAF (CD55) regulated
Proc 32(7): 2505-6. 
mi, H., H. Nagashima, et al. (2002). "Transgenic pigs expressing human decay
accelerating factor regulated 

Muraka -
by porcine MCP gene promoter." Mol Reprod Dev 

Nagai, 
g eggs fertilized in vitro." Mol Reprod Dev

61(3): 302-11. 
T. and R. M. Moor (1990). "Effect of oviduct cells on the incidence of 
polyspermy in pi  26(4): 377-82. 

Nakanishi, T., A. Kuroiwa, et al. (2002). "FISH analysis of 142 EGFP transgene 
integration sites into the mouse genome." Genomics 80(6): 564-74. 

Nelson, J. S. (2006). Fishes of the World. Hoboken, NJ, John Wiley. 
Niemann, H. and D. Rath (2001). "Progress in reproductive biotechnology in swine." 

Theriogenology 56(8): 1291-304. 
Niwa, H., K. Yamamura, et al. (1991). "Efficient selection for high-expression 

transfectants with a novel eukaryotic vector." Gene 108(2): 193-9. 



 

 252 

nd-
y

Noelle, R. J., J. A. Ledbetter, et al. (1992). "CD40 and its ligand, an essential liga
receptor pair for thymus-dependent B-cell activation." Immunol Toda  13(11): 
431-3. 

Nottle, M. B., K. A. Haskard, et al. (2001). "Effect of DNA concentration on 
transgenesis rates in mice and pigs." Transgenic Res 10(6): 523-31. 

n 
l Genet

O'Neal, W. K., P. Hasty, et al. (1993). "A severe phenotype in mice with a duplicatio
of exon 3 in the cystic fibrosis locus." Hum Mo  2(10): 1561-9. 

 
 system." Blood

Ohlfest, J. R., J. L. Frandsen, et al. (2005). "Phenotypic correction and long-term 
expression of factor VIII in hemophilic mice by immunotolerization and
nonviral gene transfer using the Sleeping Beauty transposon  

Okita, K
nt stem cells." Nature

105(7): 2691-8. 
., T. Ichisaka, et al. (2007). "Generation of germline-competent induced 

pluripote  448(7151): 313-7. 
blast Onishi, A., M. Iwamoto, et al. (2000). "Pig cloning by microinjection of fetal fibro

nuclei." Science 289(5482): 1188-90. 
 D. M., R. D. Palmiter, et al. (1985). "Specific expression ofOrnitz,  an elastase-human 
growth hormone fusion gene in pancreatic acinar cells of transgenic mice." 
Nature 313(6003): 600-2. 

Otto, D. and J. Lawrence (2003). The United States Pork Industry 2003:Patterns and 

Overbe ice 
Economic Importance. M. P. Board. 
ek, P. A., S. P. Lai, et al. (1986). "Tissue-specific expression in transgenic m
of a fused gene containing RSV terminal sequences." Science 231(4745): 1574-

Palmer
hys

7. 
, M. L., S. C. Fahrenkrug, et al. (2006). "RNA interference and ion channel 
physiology." Cell Biochem Biop  46(2): 175-92. 

 role 
 Physiol

Palmer, M. L., S. Y. Lee, et al. (2006). "Stable knockdown of CFTR establishes a
for the channel in P2Y receptor-stimulated anion secretion." J Cell  

Palmite
206(3): 759-70. 
r, R. D. and R. L. Brinster (1986). "Germ-line transformation of mice." Annu 
Rev Genet 20: 465-99. 

Palmiter, R. D., G. Norstedt, et al. (1983). "Metallothionein-human GH fusion genes 
stimulate growth of mice." Science 222(4625): 809-14. 

Pannell, D. and J. Ellis (2001). "Silencing of gene expression: implications for design of 
retrovirus vectors." Rev Med Virol 11(4): 205-17. 
, S., I. Kondrichin, et al. (2004). "Tol2 transposon-mediated enhancer trap to 
identify develop

Parinov
mentally regulated zebrafish genes in vivo." Dev Dyn 231(2): 

Parinov cale 
rr 

449-59. 
, S. and V. Sundaresan (2000). "Functional genomics in Arabidopsis: large-s
insertional mutagenesis complements the genome sequencing project." Cu
Opin Biotechnol 11(2): 157-61. 

Park, C. W., B. T. Kren, et al. (2005). "DNA methylation of Sleeping Beauty with 
transposition into the mouse genome." Genes to Cells 10(8): 763-776. 
. W., J. Park, et al. (2006). "SleepinPark, C g Beauty transposition in the mouse genome 
is associated with changes in DNA methylation at the site of insertion." 
Genomics 88(2): 204-213. 



 

 253 

e Park, K. W., H. T. Cheong, et al. (2001). "Production of nuclear transfer-derived swin
that express the enhanced green fluorescent protein." Anim Biotechnol 12(2): 
173-81. 

-derived 
ed 

Park, K. W., L. Lai, et al. (2002). "Mosaic gene expression in nuclear transfer
embryos and the production of cloned transgenic pigs from ear-deriv
fibroblasts." Biol Reprod 66(4): 1001-5. 
. P., P. D. Good, et al. (2002). "Effective expression of small interferingPaul, C  RNA in 
human cells." Nat Biotechnol 20(5): 505-8. 
, K. M., C. W. Sun, et al. (1995). "End joining of genomic DNA and trans
DNA in fertilized mouse eggs." Gene

Pawlik gene 
 165(2): 173-81. 

Payne, G. S., J. M. Bishop, et al. (1982). "Multiple arrangements of viral DNA and an 
activated host oncogene in bursal lymphomas." Nature 295(5846): 209-14
., J. P. York, et al. (2006). "A transgenic approach 

. 
Peng, S for RNA interference-based 

genetic screening in mice." Proc Natl Acad Sci U S A 103(7): 2252-6. 
 R. M., C. A. Alexander, et al. (1997). Petters, "Genetically engineered large animal 
model for studying cone photoreceptor survival and degeneration in retinitis 
pigmentosa." Nat Biotechnol 15(10): 965-70. 

Phelps, C. J., C. Koike, et al. (2003). "Production of alpha 1,3-galactosyltransferase-
deficient pigs." Science 299(5605): 411-4. 
, C. A., D. L. Kooyman, et al. (1991).Pinkert  "Enhanced growth performance in 
transgenic swine." Biotechnology 16: 251-8. 
, R. H., Z. Izsvak, et al. (1999). "Resident aliens: the Tc1/mariner superfamily 
of t

Plasterk
ransposable elements." Trends Genet 15(8): 326-32. 

 fish Pocwierz-Kotus, A., A. Burzynski, et al. (2007). "Family of Tc1-like elements from
genomes and horizontal transfer." Gene 390(1-2): 243-51. 

Polejaeva, I. A., S. H. Chen, et al. (2000). "Cloned pigs produced by nuclear transfer 
from adult somatic cells." Nature 407(6800): 86-90. 

Porter, A. C. and J. E. Itzhaki (1993). "Gene targeting in human somatic cells. Complete 
inactivation of an interferon-inducible gene." Eur J Biochem 218(2): 273-81. 
, M. H. and D. BaltimorPorteus e (2003). "Chimeric nucleases stimulate gene targeting 
in human cells." Science 300(5620): 763. 
, R. S., R. J. Hawley, et al. (2003). "Transgenic swine for biomPrather edicine and 
agriculture." Theriogenology 59(1): 115-23. 
, R. S., M. M. Sims, et al. (1989). "Nuclear transplaPrather ntation in early pig 
embryos." Biol Reprod 41(3): 414-8. 
eva, D. D. and T. L. Wise (1995). "A postimplantation lethal mutation induced 
by transg

Pravtch
ene insertion on mouse chromosome 8." Genomics 30(3): 529-44. 

Pravtcheva, D. D. and T. L. Wise (2003). "Transgene instability in mice injected with 
an in vitro methylated Igf2 gene." Mutat Res 529(1-2): 35-50. 
eva, D. D., T. L. Wise, et al. (199Pravtch 4). "Mosaic expression of an Hprt transgene 
integrated in a region of Y heterochromatin." J Exp Zool 268(6): 452-68. 
. M., R. S. Prather, et al. (2006). "Multipotent adult progenitor cell linePrice, E s 
originating from the peripheral blood of green fluorescent protein transgenic 
Swine." Stem Cells Dev 15(4): 507-22. 



 

 254 

Pursel, V. G., R. E. Hammer, et al. (1990). "Integration, expression and germ-line 
transmission of growth-related genes in pigs." J Reprod Fertil Suppl 41: 77-87. 

Rakyan, V. K., T. Hildmann, et al. (2004). "DNA Methylation Profiling of the Human 
Major Histocompatibility Complex: A Pilot Study for the Human Epigenome 
Project." PLoS Biology 2(12): e405. 
z, P., M. J. Montoya, et al. (2005). "PreveRamire ntion of hyperacute rejection in a 

 H-transferase)." Transplant Proc
model of orthotopic liver xenotransplantation from pig to baboon using 
polytransgenic pig livers (CD55, CD59, and  

Ramso enic pigs that express 
37(9): 4103-6. 
ondar, J., T. Vaught, et al. (2009). "Production of transg
porcine endogenous retrovirus small interfering RNAs." Xenotransplantation 
16(3): 164-80. 

Ramsoondar, J. J., Z. Machaty, et al. (2003). "Production of alpha 1,3-
galactosyltransferase-knockout cloned pigs expressing human alpha 1,2-
fucosylosyltransferase." Biol Reprod 69(2): 437-45. 
lzadegan, M., Z. Naghashfar, et al. (1983). "Expression of the large T protein 
polyoma virus promotes the establishment in c

Rassou of 
ulture of "normal" rodent 

fibroblast cell lines." Proc Natl Acad Sci U S A 80(14): 4354-8. 
, R., M. J. Evans, et al. (1993). "ProductionRatcliff  of a severe cystic fibrosis mutation 
in mice by gene targeting." Nat Genet 4(1): 35-41. 
nd, C. K., B. S. Roberts, et al. (2005). "SimpleRaymo , quantitative primer-extension 
PCR assay for direct monitoring of microRNAs and short-interfering RNAs." 
Rna 11(11): 1737-44. 

Richt, J. A., K. M. Lager, et al. (2003). "Pathogenic and antigenic properties of 
phylogenetically distinct reassortant H3N2 swine influenza viruses cocirculating 
in the United States." J Clin Microbiol 41(7): 3198-205. 
t, W. M., 3rd, T. Wakayama, et al. (2000). "GeneratioRideou n of mice from wild-type 
and targeted ES cells by nuclear cloning." Nat Genet 24(2): 109-10. 
J., C. Kaps, et al. (2002). "Porcine mesenchymal stem cells. Induction of distinRinge, ct 
mesenchymal cell lineages." Cell Tissue Res 307(3): 321-7. 
, J. R., J. M. Rommens, et al. (1989). "IdeRiordan ntification of the cystic fibrosis gene: 
cloning and characterization of complementary DNA." Science 245(4922):
1066-73. 

 

als." Robertson, H. M. (1995). "The Tcl-mariner superfamily of transposons in anim
Journal of Insect Physiology 41(2): 99-105. 

Rogers, C. S., Y. Hao, et al. (2008). "Production of CFTR-null and CFTR-DeltaF508 
heterozygous pigs by adeno-associated virus-mediated gene targeting and 
somatic cell nuclear transfer." J Clin Invest 118(4): 1571-7. 
, C. S., D. A. Stoltz, et al. (2008). "Disruption of the CFTR geneRogers  produces a 
model of cystic fibrosis in newborn pigs." Science 321(5897): 1837-41. 
 R. M., D. King, et al. (1990). "Direct sequencing of PCR-amplified junctiRohan, on 
fragments from tandemly repeated transgenes." Nucleic Acids Res 18(20)
95. 
ns, J. M., M. C. Iannuzzi, et al. (1989). "

: 6089-

Romme Identification of the cystic fibrosis 
gene: chromosome walking and jumping." Science 245(4922): 1059-65. 



 

 255 

lly Rubinson, D. A., C. P. Dillon, et al. (2003). "A lentivirus-based system to functiona
silence genes in primary mammalian cells, stem cells and transgenic mice by 
RNA interference." Nat Genet 33(3): 401-6. 
, D. W. and R. K. Hirata (1998). "Human gene targeting by viral vectors." Nat Russell
Genet 18(4): 325-30. 

Sarkar, A., C. Sim, et al. (2003). "Molecular evolutionary analysis of the widesprea
piggyBac transposon family and related "domesticated" sequences." Mol

d 
 Genet 

Genomics 270(2): 173-80. 
Schaefer-Klein, J., I. Givol, et al. (1998). "The EV-O-derived cell line DF-1 supports 

the efficient replication of avian leukosis-sarcoma viruses and vectors." 
Virology 248(2): 305-11. 

Schmoeckel, M., F. N. Bhatti, et al. (1997). "Xenotransplantation of pig organs 
transgenic for human DAF: an update." Transplant Proc 29(7): 
er, A. R., P. Shinn, et al. (2002). "HIV-1 integration in the human genome
active genes and local hotspots." Cell

3157-8. 
Schrod  favors 

 110(4): 521-9. 
Schultes, N. P. and J. W. Szostak (1991). "A poly(dA.dT) tract is a component of the 

recombination initiation site at the ARG4 locus in Saccharomyces cerevis
Mol Cell Biol

iae." 
 11(1): 322-8. 

Schumacher, A., P. A. Koetsier, et al. (2000). "Epigenetic and Genotype-specific 
Effects on the Stability of de Novo Imposed Methylation Patterns in Transgenic 
Mice." J. Biol. Chem. 275(48): 37915-37921. 
, H. and P. J. Stambrook (1999). "A genetic program for deletion of foreign 
DNA from the mamma

Scrable
lian genome." Mutat Res 429(2): 225-37. 

sing a Seibler, J., A. Kleinridders, et al. (2007). "Reversible gene knockdown in mice u
tight, inducible shRNA expression system." Nucleic Acids Res 35(7): e54. 
 Y., T. Sawada, et al. (2006). "alpha1,3-GalactosyltransfeSendai, rase-gene knockout in 
cattle using a single targeting vector with loxP sequences and cre-expressing 
adenovirus." Transplantation 81(5): 760-6. 

Sha, K. and A. Fire (2005). "Imprinting capacity of gamete lineages in Caenorhabditis 
elegans." Genetics 170(4): 1633-52. 

Shi, Y., C. Desponts, et al. (2008). "Induction of pluripotent stem cells from mouse 
embryonic fibroblasts by Oct4 and Klf4 with small-molecule compounds." Cell 
Stem Cell 3(5): 568-74. 

K 
es in a mouse model of 

Shukla, V., X. Coumoul, et al. (2007). "RNA interference and inhibition of MEK-ER
signaling prevent abnormal skeletal phenotyp
craniosynostosis." Nat Genet 39(9): 1145-50. 
 O., G. Tiscornia, et al. (2006). "Rapid generation of knockdown transgenic
by silencing lentiviral vectors." Nat Protoc

Singer,  mice 
 1(1): 286-92. 

Sinkkonen, L., T. Hugenschmidt, et al. (2008). "MicroRNAs control de novo DNA 
methylation through regulation of transcriptional repressors in mouse embryonic 
stem cells." Nat Struct Mol Biol 15(3): 259-67. 
e, L., V. V. Kapitonov, et al. (2008). "Transposition of a reconstructed 
Harb

Sinzell
inger element in human cells and functional homology with two 

transposon-derived cellular genes." Proc Natl Acad Sci U S A 105(12): 4715-20. 



 

 256 

Sinzelle, L., N. Pollet, et al. (2005). "Characterization of multiple lineages of Tc1-like 
elements within the genome of the amphibian Xenopus tropicalis." Gene 349: 
187-96. 

Sinzelle, L., J. Vallin, et al. (2006). "Generation of trangenic Xenopus laevis using the 
Sleeping Beauty transposon system." Transgenic Res. 

Sivasubbu, S., D. Balciunas, et al. (2006). "Gene-breaking transposon mutagenesis 
reveals an essential role for histone H2afza in zebrafish larval development." 
Mech Dev 123(7): 513-29. 

Smith, S. N., D. M. Steel, et al. (1995). "Bioelectric characteristics of exon 10 
insertional cystic fibrosis mouse: comparison with humans." Am J Physiol 268(2 

sis 
Pt 1): C297-307. 

Snouwaert, J. N., K. K. Brigman, et al. (1992). "An animal model for cystic fibro
made by gene targeting." Science 257(5073): 1083-8. 

Spradling, A. C., D. M. Stern, et al. (1995). "Gene disruptions using P transposable 
elements: an integral component of the Drosophila genome project." Proc Natl 
Acad Sci U S A 92(24): 10824-30. 
ann, K. and G. Brem (1989). "[Embryo transfer in swine in relation to a gene 

transfer program]." Tierarztl 
Springm

Prax Suppl 4: 21-5. 
Stadtfeld, M., M. Nagaya, et al. (2008). "Induced pluripotent stem cells generated 

without viral integration." Science 322(5903): 945-9. 
. K., R. Allaei, et al. (2009). "A transposon-basStarr, T ed genetic screen in mice 
identifies genes altered in colorectal cancer." Science 323(5922): 1747-50. 
, K., A. Preece, et al. (1996). "Pig alpha1, 3galactosyltransferase: Strahan a major target 
for genetic manipulation in xenotransplantation." Front Biosci 1: e34-41. 
 H. M. Prosser, et al. (2008). "A DNA transposon-based approach to validateSu, Q.,  
oncogenic mutations in the mouse." Proc Natl Acad Sci U S A 105(50): 19904-
9. 
, C. Soohoo, et al. (2002). "A DNA vector-bSui, G. ased RNAi technology to suppress 
gene expression in mammalian cells." Proc Natl Acad Sci U S A 99(8): 5515-20
Parrish, J. L., D. L. Northey, et al. (19

. 
Susko- 96). Parthenogenetic Oocyte Activation. 

Suzuki
ouse line." Exp Anim

US. 
, O., T. Hata, et al. (2006). "Transgene insertion pattern analysis using genomic 
walking in a transgenic m  55(1): 65-9. 

rect 
orter gene in their small 

Sweetser, D. A., S. M. Hauft, et al. (1988). "Transgenic mice containing intestinal fatty 
acid-binding protein-human growth hormone fusion genes exhibit cor
regional and cell-specific expression of the rep
intestine." Proc Natl Acad Sci U S A 85(24): 9611-5. 
e, M. M., A. C. Smith, et al. (1988). "Swine as models in eSwindl xperimental surgery." 
J Invest Surg 1(1): 65-79. 
., M. Wiznerowicz, et al. (2006). "A versatile tool for conditional gene 
expression and knockdown." Nat Methods

Szulc, J
 3(2): 109-16. 

nsferase 
nd N-

Takahagi, Y., T. Fujimura, et al. (2005). "Production of alpha 1,3-galactosyltra
gene knockout pigs expressing both human decay-accelerating factor a
acetylglucosaminyltransferase III." Mol Reprod Dev 71(3): 331-8. 



 

 257 

 
Takahagi, Y., S. Miyagawa, et al. (2003). "Transgenic pigs expressing both human 

decay-accelerating factor and N-acetylglucosaminyltransferase III." Transplant
Proc 35(1): 516-7. 

Takahashi, K., K. Tanabe, et al. (2007). "Induction of pluripotent stem cells from adult 
human fibroblasts by defined factors." Cell 131(5): 861-72. 

Takahashi, K. and S. Yamanaka (2006). "Induction of pluripotent stem cells from 
mouse embryonic and adult fibroblast cultures by defined factors." Cell 126(4
663-76. 

): 

sgenic Takano, M., H. Egawa, et al. (1997). "The structures of integration sites in tran
rice." Plant J 11(3): 353-61. 

Tesson, L., J. Cozzi, et al. (2005). "Transgenic modifications of the rat genome." 
Transgenic Res 14(5): 531-46. 
lt, S. T., M. A. Singer, et al. (2004). "A complementaryThibau  transposon tool kit for 
Drosophila melanogaster using P and piggyBac." Nat Genet 36(3): 283-7. 
s, K. R. and M. R. Capecchi (1987). "Site-directed mutagenesis by gene targetin
in mouse embryo-derived stem cells

Thoma g 
." Cell 51(3): 503-12. 

 
ring RNA." Proc Natl Acad 

Tiscornia, G., O. Singer, et al. (2003). "A general method for gene knockdown in mice
by using lentiviral vectors expressing small interfe
Sci U S A 100(4): 1844-8. 
., M. Wilke, et al. (2008). "Very mild disease phenotypToth, B e of congenic 
CftrTgH(neoim)Hgu cystic fibrosis mice." BMC Genet 9: 28. 
s, T. M., H. Y. Chen, et al. (1985). "Expression of human beta-globin genes Towne in 
transgenic mice: effects of a flanking metallothionein-human growth hormone 
fusion gene." Mol Cell Biol 5(8): 1977-83. 

Tseng, Y. L., K. Kuwaki, et al. (2005). "alpha1,3-Galactosyltransferase gene-knocko
pig heart transplantation in baboons with survival approaching 6 months." 
Tra

ut 

nsplantation 80(10): 1493-500. 
n Tu, C. F., S. L. Hsieh, et al. (2000). "Successful generation of transgenic pigs for huma

decay-accelerating factor and human leucocyte antigen DQ." Transplant Proc 
32(5): 913-5. 

Urnov, F. D., J. C. Miller, et al. (2005). "Highly efficient endogenous human gene 
correction using designed zinc-finger nucleases." Nature 435(7042): 646-51. 
, L., J. Mancip, et al. (2001). "An efficient system for conditioVallier nal gene 
expression in embryonic stem cells and in their in vitro and in vivo 
differentiated derivatives." Proc Natl Acad Sci U S A 98(5): 2467-72. 
orninck, J. H., P. J. French, et al. (1995). "A mouse model for the cystic 
delta F508 mutation." Embo J

van Do fibrosis 
 14(18): 4403-11. 

Vennstrom, B. and J. M. Bishop (1982). "Isolation and characterization of chicken 
DNA homologous to the two putative oncogenes of avian erythroblastosis 
virus." Cell 28(1): 135-43. 
S. and M. Snyder (2001). "Large-scale mutagenesis: yeasVidan, t genetics in the 
genome era." Curr Opin Biotechnol 12(1): 28-34. 
. J. and T. G. Burdon (1997). The Fate of Microinjected Genes in 
Preimplantation Embryos. Transgenic animals : generation and use

Wall, R
. L.-M. 



 

 258 

5-

Wall, R. J., R. K. Paleyanda, et al. (2000). "DNA preparation method can influence 

Houdebine. Amsterdam, the Netherlands, Harwood Academic Publishers: 21
217. 

outcome of transgenic animal experiments." Anim Biotechnol 11(1): 19-32. 
. J., V. G. Pursel, et al. (1985). "Development of porcine ovaWall, R  that were 
centrifuged to permit visualization of pronuclei and nuclei." Biol Reprod 32
645-51. 
nn, J. (20

(3): 

Wallma 06). "Monitoring of antimicrobial resistance in pathogenic bacteria 
from livestock animals." Int J Med Microbiol 296 Suppl 41: 81-6. 
X. F., C. X. Zhou, et al. (2003Wang, ). "Involvement of CFTR in uterine bicarbonate 
secretion and the fertilizing capacity of sperm." Nat Cell Biol 5(10): 902-6
be, S., M. Iwamoto, et al. (2005

. 
Watana ). "A novel method for the production of 

transgenic cloned pigs: electroporation-mediated gene transfer to non-cultured 
cells and subsequent selection with puromycin." Biol Reprod 72(2): 309-15. 

 Biol Reprod
Wells, D. N., P. M. Misica, et al. (1999). "Production of cloned calves following 

nuclear transfer with cultured adult mural granulosa cells."  60(4): 

Welsh,
996-1005. 
 M. J. and A. E. Smith (1995). "Cystic fibrosis." Sci Am 273(6): 52-9. 

Wernig, M., A. Meissner, et al. (2008). "c-Myc is dispensable for direct reprogramming 
of mouse fibroblasts." Cell Stem Cell 2(1): 10-2. 
, M., A. Meissner, et al. (2007). "In vitro reprogramming of fibWernig roblasts into a 
pluripotent ES-cell-like state." Nature 448(7151): 318-24. 
r, S. R. (2006). "Transposable elements and the evolution of eukaryotic 
genomes." Proc Natl Acad Sci U S A

Wessle
 103(47): 17600-1. 

Wheeler, M. B. (1994). "Development and validation of swine embryonic stem cells: a 
review." Reprod Fertil Dev 6(5): 563-8. 

White, D. J. and N. Yannoutsos (1996). "Production of pigs transgenic for human DAF 
to overcome complement-mediated hyperacute xenograft rejection in man." Res 
Immunol 147(2): 88-94. 

Whitelaw, C. B., P. A. Radcliffe, et al. (2004). "Efficient generation of transgenic pigs 
using equine infectious anaemia virus (EIAV) derived vector." FEBS Lett 
571(1-3): 233-6. 

Wilkie, T. M. and R. D. Palmiter (1987). "Analysis of the integrant in MyK-10
transgenic mice in which males fail to transmit the integrant." Mol C

3 
ell Biol 

7(5): 1646-55. 
Wilmut, I., A. E. Schnieke, et al. (1997). "Viable offspring derived from fetal and adult 

mammalian cells." Nature 385(6619): 810-3. 
Wilson, M. H., C. J. Coates, et al. (2007). "PiggyBac Transposon-mediated Gene 

Transfer in Human Cells." Mol Ther 15(1): 139-45. 
Wiznerowicz, M., J. Jakobsson, et al. (2007). "The Kruppel-associated box repressor 

domain can trigger de novo promoter methylation during mouse early 
embryogenesis." J Biol Chem 282(47): 34535-41. 

Wiznerowicz, M., J. Szulc, et al. (2006). "Tuning silence: conditional syst
interference." Nat Methods

ems for RNA 
 3(9): 682-8. 



 

 259 

Wolf, E
ess and perspectives." Exp Physiol

., W. Schernthaner, et al. (2000). "Transgenic technology in farm animals--
progr  85(6): 615-625. 

sts Woltjen, K., I. P. Michael, et al. (2009). "piggyBac transposition reprograms fibrobla
to induced pluripotent stem cells." Nature 458(7239): 766-70. 

Wu, B., Y. H. Sun, et al. (2005). "Characterization of transgene integration patt
hGH-transgenic common carp (Cyprinus carpio L.)." Cell Res

ern in F4 
 15(6): 447-54. 

Wu, S. C., Y. J. Meir, et al. (2006). "piggyBac is a flexible and highly active transposon 
as compared to Sleeping Beauty, Tol2, and Mos1 in mammalian cells." Proc 
Natl Acad Sci U S A. 

Wu, X., Y. Li, et al. (2003). "Transcription start regions in the human genome are 
favored targets for MLV integration." Science 300(5626): 1749-51. 

Wu, Z., J. Chen, et al. (2009). "Generation of Pig-Induced Pluripotent Stem Cells
Drug-Inducible System." J Mol Cell Biol

 with a 
. 

mif.orgwww.a . (2006). "AMI Foundation." AMI Foundation facts and figures  
Retrieved 11/29/2006, 2006, from www.amif.org/FactsandFigures/AMIF-
animalwelfare3.htm. 

www.genet.sickkids.on.ca/cftr/app. (2006, 9/8/2006). "Cystic Fibrosis Mutation 
r/appDatabase."   Retrieved 11/28/2006, from www.genet.sickkids.on.ca/cft . 

www.prime-apes.org. (2006, 2005).    Retrieved 11/29/06, 2006, from www.prime-
apes.org/html/chimpanzees.html. 

Xia, X. G., H. Zhou, et al. (2006). "Pol II-expressed shRNA knocks down Sod2 gene 
expression and causes phenotypes of the gene knockout in mice." PLoS Genet 

Yant, S an 
2(1): e10. 
. R., Y. Huang, et al. (2007). "Site-directed transposon integration in hum
cells." Nucleic Acids Res 35(7): e50. 
. R., L. Meuse, et al. (2000). "Somatic intYant, S egration and long-term transgene 
expression in normal and haemophilic mice using a DNA transposon system." 
Nat Genet 25(1): 35-41. 

Yant, S. R., J. Park, et al. (2004). "Mutational analysis of the N-terminal DNA-binding 
domain of Sleeping Beauty transposase: critical residues for DNA binding and 
hyperactivity in mammalian cells." Mol Cell Biol 24(20): 9239-47. 
. R., X. Wu, et al.Yant, S  (2005). "High-resolution genome-wide mapping of transposon 
integration in mammals." Mol Cell Biol 25(6): 2085-94. 
 G., S. P. Demers, et al. (2007). "Developmental arrest and cytoskeletal 
anomalies of ra

Yoo, J.
t embryos reconstructed by somatic cell nuclear transfer." 

Cloning Stem Cells 9(3): 382-93. 
, C. R. (2001). "Factors influencing the succesYoungs s of embryo transfer in the pig." 
Theriogenology 56(8): 1311-20. 
M. A. Vodyanik, et al. (2007). "Induced pluripotent sYu, J., tem cell lines derived from 
human somatic cells." Science 318(5858): 1917-20. 
and A. Bradley (2001). "Engineering chromosomal rearrangements in m
Nat Rev Genet

Yu, Y. ice." 
 2(10): 780-90. 

Yusa, K., R. Rad, et al. (2009). "Generation of transgene-free induced pluripotent 
mouse stem cells by the piggyBac transposon." Nat Methods 6(5): 363-9. 



 

 260 

y 
tion." Mol Cell Biol

Yusa, K., J. Takeda, et al. (2004). "Enhancement of Sleeping Beauty transposition b
CpG methylation: possible role of heterochromatin forma  

Zayed, 1 is a cellular 
24(9): 4004-18. 
 H., Z. Izsvak, et al. (2003). "The DNA-bending protein HMGB
cofactor of Sleeping Beauty transposition." Nucleic Acids Res 31(9): 2313-22. 
 H., Z. Izsvak, et al. (2004). "Development of hyperactive sleeping beauty Zayed,
transposon vectors by mutational analysis." Mol Ther 9(2): 292-304. 
 B. G., E. Eichwald, et al. (1995). "A mouse model for the delta F508 allele of
cystic fibrosis." J Clin 

Zeiher,  
Invest 96(4): 2051-64. 

ne Zeng, L., E. Rahrmann, et al. (2006). "Multi-potent adult progenitor cells from swi
bone marrow." Stem Cells. 

Zhou, C. Y., E. McInnes, et al. (2002). "Production and characterization of a pig line 
transgenic for human membrane cofactor protein." Xenotransplantation 9(3): 

Zhou, H  
" Cell Stem Cell

183-90. 
., S. Wu, et al. (2009). "Generation of induced pluripotent stem cells using

recombinant proteins.  4(5): 381-4. 
ult Zhu, C., B. Li, et al. (2009). "Production of Prnp -/- goats by gene targeting in ad

fibroblasts." Transgenic Res 18(2): 163-71. 
Zhu, J., T. King, et al. (2003). "In vitro and in vivo developmental competence of 

ovulated and in vitro matured porcine oocytes activated by electrical activation." 
Cloning Stem Cells 5(4): 355-65. 
, A., M. A. van Rooijen, et al. (2000). "Expression of the inhibitory Smad7 in 
ouse devel

Zwijsen
early m opment and upregulation during embryonic vasculogenesis." Dev 
Dyn 218(4): 663-70. 


	List of Tables
	List of Figures
	Chapter 1: Introduction
	I.  SIGNIFICANCE
	II.  Swine Transgenesis  
	III.  Porcine Transgenesis of the Future
	IV.  References

	Chapter 2: Enzymatic engineering of the porcine genome with transposons and recombinases
	I.  Introduction
	II.  Results
	III. Discussion
	IV.  Conclusions:
	VI.  Materials and Methods
	V.  References

	Chapter 3: Passport, a Native Tc1 transposon from flatfish, is functionally active in vertebrate cells.
	I. Introduction
	II. Results
	III. Discussion
	IV. Methods
	V. References

	Chapter 4: Efficient mammalian germline transgenesis by enhanced Sleeping Beauty transposition
	I. Introduction
	II. Results
	/III. Discussion
	IV. Materials and Methods
	V. Supplementary materials
	VI. References:

	Chapter 5:  Sleeping Beauty delivered RNAi against mouse CFTR; towards a porcine model of cystic fibrosis
	II. Results 
	III. Discussion
	IV. Materials and methods
	V. References

	Chapter 6: The role of TnT in the genome engineering toolbox
	I. Transpositional transgenesis.
	II. rAAV Homologous recombination
	III. Zing finger nucleases (ZFN) for site directed mutation.  
	IV. iPS cells offer renewed hope for the derivation of germline competent embryonic stem cells (ESC) for multiple species.  
	V. The proof is in the pudding; putting the genome engineering toolbox to work.
	VI. References

	Cumulitive References

