
 

Hannover Medical School 

Institute of Experimental Hematology 
 
 

 

 

Establishing a zinc finger nuclease platform for targeted 
genome editing in human cell lines, primary keratinocyte 

stem cells and cardiomyocytes in vivo  

 

 

 

 

INAUGURAL - DISSERTATION 

For the degree of Doctor of Natural Sciences  

- Doctor rerum naturalium – 

(Dr. rer. nat) 

 

 

Submitted by 

 

Kafaitullah Khan 

 

 

 

 

Place of birth - Zhob, Pakistan 

Hannover 2012 

 



 

Angenommen vom Senat der Medizinischen Hochschule Hannover am 23.05.2012 

Gedruckt mit Genehmigung der Medizinischen Hochschule Hannover 

Präsident:  Prof. Dr. med. Dieter Bitter-Suermann 

Betreuer:  Prof. Dr. phil. Toni Cathomen 

Kobetreuer: PD Dr. med Albert Heim 

 

1. Gutachter:  Prof. Dr. phil. Toni Cathomen 

2. Gutachter:  PD Dr. med Albert Heim 

3. Gutachter:  Prof. Dr. rer. nat. Jürgen Alves 

 

Tag der mündlichen Prüfung vor der Prüfungskommission: 23.05.2012 

 

Prof. Dr. rer. nat. Jürgen Alves 

Prof. Dr. phil. Toni Cathomen 

PD Dr. med Albert Heim 

Prof. Dr. rer. nat. Jürgen Alves 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

Dedicated to my grandmother 

 

 

 

 

 

 

 

 

 

 

 

 



Table of contents 3

 

Table of Contents 
 

1. Introduction...........................................................................................................4 
   1.1. Genome editing ..............................................................................................4 
        1.1.1. Gene addition .........................................................................................5 

        1.1.2. Targeted gene addition...........................................................................5 

        1.1.3. Targeted gene correction........................................................................6 

        1.1.4. Targeted gene knockout or disruption ....................................................7 

        1.1.5. Chromosomal rearrangement .................................................................8 

   1.2. Nucleic acid delivery systems.........................................................................9 
        1.2.1. Non-viral delivery systems......................................................................9 

               1.2.1.1. Physical methods of nucleic acid delivery ....................................9 

               1.2.1.2. Chemical methods of nucleic acid delivery .................................11 

        1.2.2. Viral delivery systems ...........................................................................12 

               1.2.2.1. Retroviruses................................................................................13 

               1.2.2.2. Lentiviruses.................................................................................14 

               1.2.2.3. Adenovirus..................................................................................15 

               1.2.2.4. Adeno-associated virus...............................................................16 

               1.2.2.5. Other viral vectors.......................................................................19 

   1.3. Zinc finger nuclease......................................................................................20 
2. Aims of the thesis ...............................................................................................22 
3. Publication 1 .......................................................................................................23 
4. Publication 2 .......................................................................................................33 
5. Summary of results and discussion ....................................................................43 
6. Summary ............................................................................................................53 
7. Zusammenfassung .............................................................................................54 
8. References .........................................................................................................55 
9. Appendix.............................................................................................................75 
   9.1. List of own publication ..................................................................................75 
   9.2. Curriculum Vitae ...........................................................................................76 
   9.3. Acknowledgment ..........................................................................................77 
   9.4. List of abbreviation........................................................................................78 
   9.5. Declaration ...................................................................................................80 
 

 

 

 

 

 

 

 

 

 



Introduction 4

 

1. Introduction 

 
Living organisms have a certain set of genes which are their unit of heredity. Genes can be 

defined as “a locatable region of genomic sequence, corresponding to a unit of inheritance, 

which is associated with regulatory regions, transcribed regions and/or other functional 

sequence regions” [1]. Genes have information for certain type of structural or functional 

proteins. These proteins have a wide range of functions which includes defence against 

pathogen, homeostasis, maintenance and regulation of different cellular process. Most of 

diseases have a genetic factor which is either entirely or partially responsible for that 

disease. Disorders like thalassaemia, Sickle cell anaemia, and Gaucher’s have either 

completely lack or has mutation in a particular gene while diseases like hypertension and 

hypercholesterolemia involve interaction of genetic and environmental factors. In some 

other disorders, like Angelman syndrome, the causative agent is the loss of particular gene 

activity in specific cells. Even the infectious disease have genetic basis which involve the 

genes of the infectious agent and the host. 

 

Some of these genetic/infectious diseases have no treatment while in the case where 

treatment is present, majority of them are prophylactic rather than curative, by minimizing 

or reducing the severity of the diseases instead of providing permanent solution. One 

example of it is treatment of Gaucher's disease. Gaucher's disease is lysosomal storage 

disease due to accumulation of fatty substances in cells and certain organs [2]. The 

causative agent of this disease is a recessive mutation in a glucocerebrosidase gene which 

leads to the deficiency of the glucosylceramidase, an enzyme that degrades fatty acid 

glucosylceramide into D-glucose and N-acylsphingosine. Current treatment for Gaucher's 

disease includes enzyme replacement therapy with intravenous introduction of 

recombinant glucosylceramidase but this treatment is very expensive and should be 

continued for whole life. So to improve the life standard of these patients, there is a need of 

more effective and convenient long lasting therapy like gene based therapy or simply gene 

therapy.   

 

Gene-based therapy, which can be achieved by genome editing, are broadly define as “the 

introduction, using a vector, of nucleic acids into cells with the intention of altering gene 

expression to prevent, halt or reverse a pathological process” [3].  

  

1.1 Genome editing  
 
Depending upon the scientific or medical need editing of the genome can be performed by 

different ways including gene addition, targeted gene addition, targeted gene correction, 

targeted gene disruption and chromosomal rearrangements.  
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1.1.1 Gene addition 
 
Gene addition is the insertion of a functional copy of a mutated native gene. The first type 

of viruses used for gene addition therapy was retroviruses as their normal life cycle favour 

them to be used for permanent gene delivery in cells. The biggest barrier for the use of 

gene addition therapy is its inability to specify the insertion point of the transgene. This 

"stone throwing" approach of random insertion of a therapeutic gene, despite the 

successes of transferring it, may result in malignant transformation from the insertional 

activation of oncogenes [4]. In addition, randomly inserted genes are also subjected to 

silencing and position-effect variegation which make their expression unreliable and 

unpredictable [5, 6]. vice versa the randomly integrated transgene may affect endogenous 

genes and chromatin with the potential to change the cell behaviour and induce its 

transformation [7]. With some setbacks [8], gene addition has been used to successfully 

treat many diseases [9-12].  

 

1.1.2 Targeted gene addition 
 
Gene targeting is the method which allows for the precise and efficient modification of the 

genome. This method holds great potential not only as a tool for studying function of 

particular genes but also in biotechnology and human gene therapy [13]. Gene targeting or 

gene replacement strategy can be defined as “replacement of the endogenous DNA 

segment, with exogenously introduced DNA fragments, at predetermined genomic location 

by harnessing homologous recombination”. Targeted gene addition can be permanent or 

conditional. Conditional means that the transgene may express at specific time during the 

development of the organism or its expression may be specific to certain tissue. The 

expression of transgene, for example, can be made specific to a tissue or cells by using 

tissue specific promoter [14, 15] or detargeting by employing tissue specific microRNA 

(mir) target sites [16]. 

 

Targeted gene addition has three important advantages over other methods for gene 

editing. First it is possible to choose the genetic locus for gene editing as the addition takes 

place at predetermined genomic location. Second, the investigator can use full advantage 

of all the resources provided by the known sequences of the organism, especially for the 

mouse and human genomes. Third, investigators have control over the degree of 

modulation of the chosen genomic location [17]. Specifically the last advantage provides 

the investigator with the ability to modify the chosen genomic location according to 

pursuing biological questions. This includes the creation of null mutations or hypomorphic 

mutations as well as introduction of reporter genes to determine gene expression profiles, 

cell lineage or cell fate in transplantation studies,  to restrict the manipulation to specific cell 

groups or organs (spatial restriction) or to any particular period of the development of an 

organism (temporal restriction) [13].  
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The location of introducing a new gene in this method is of prime importance both in terms 

of safety and stability of the gene. As its position cannot only create problems for the 

integrity of the genome and normal surveillance of the organism/cell but may also affect the 

degree of expression of the newly introduced gene. So the best choice for targeted 

integrations are genomic safe harbours which must be potentially dispensable or, 

alternatively, extragenic regions. Genomic safe harbours can be defined as “Intragenic or 

extragenic regions of the genome that are able to accommodate the predictable expression 

of newly integrated DNA without adverse effects on the host cell or organism” [18]. The 

benefit of genomic safe harbours includes sufficient/uniform expression of transgene and 

the inability of the integrated transgene to transform the cell into a malignant form or alter 

its normal functions. In brief, based on prior knowledge, the outcome of integration can be 

predicted. To date the following three sites in the human genome have been used for 

targeted gene addition: the adeno-associated virus integration site1 (AAVS1) [19-25], 

chemokine (C-C motif) receptor 5 locus [26] and ROSA26 locus [27] which is the human 

orthologue of the mouse ROSA26 locus [18].  

 

As discussed above, targeted gene addition has great potential in developing the systems 

for studying gene function, biotechnology as well as human gene therapy. The same 

method can be used to produce mutant transgenic mice, for example to create models of 

human genetic disease [17, 28, 29]. Different variations of this technique have been 

applied since its discovery some 31 years ago [30, 31]. In addition targeted gene addition 

has enormous potential in human gene therapy and numbers of investigator employed this 

method in attempts to establish treatment for human monogenic diseases, such as sickle 

cell anemia [32] and haemophilia [33].    

 

1.1.3 Targeted gene correction 
 
Gene correction is “the in situ replacement of mutated endogenous gene with exogenously 

introduced (donor) normal/wild type copy, by gene targeting, potentially without perturbing 

rest of the genome, with the aim of restoring normal gene function”. 

 

The method and potential of gene correction to treat genetically inherited diseases can be 

appreciated in one of most recent published study by Yusa et al. [34]. In their study they 

successfully corrected a point mutation in alpha1-antitrypsin (A1AT, also known as 

SERPINA1) by gene correction method emplyoing induced Pluripotent Stem Cells (iPSC), 

Zinc Finger Nuclease (ZFN) and transposon (PiggyBac) technologies. The authors tried to 

correct human iPSC derived from individuals with alpha1-antitrypsin deficiency (A1ATD) 

[35].  A1ATD is the most common genetically inherited, autosomal recessive, metabolic 

disorder of the liver found in North European descent [36, 37]. The only available current 

therapy for this disorder is liver transplantation [34]. In their study they achieved biallelic 

correction of point mutation in these iPSC by introducing the donor with the help of ZFN 

and removing the unwanted sequences (e.g. puromycin selection cassette) by transposon 

piggyBac. The differentiation of these corrected iPSC into hepatocyte-like cells and 
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subsequent functional studies showed that they share key functional attributes of 

hepatocytes. Further, they also performed the transplantation of these hepatocyte-like cells 

into mice and showed the restoration of alpha1-antitrypsin in those cells. In brief, this proof 

of principle study clearly shows not only the correction of mutated gene, but also the 

integrity of genome and later the functionality of the corrected gene.     

 

1.1.4    Targeted gene knockout or disruption 

 

Targeted gene disruption or Knockout is a gene manipulation technique which can be 

defined as “a technique to altered one or more genes in order to make them inoperative or 

change the product, either by producing mutations in them or their complete deletion”. 

Depending upon the experimental limitations and the desired outcome, gene disruption can 

be achieve by several routes, including the induction of frame shift mutations to create 

nonsense transcripts, deletion of critical amino acids and/or the disruption of splicing.   

 

The deletions or insertions of nucleotides in the coding sequence, that is not a multiple of 

three, will alter the reading frame resulting in a different transcript than wild type. This shift 

in reading frame or in other words frame shift mutation, generally results in a nonsense 

transcript due to exposure to premature in frame stop codon. This nonsense transcript is 

then degraded by the Nonsense-Mediated Decay (NMD) pathway. NMD is a cellular 

mechanism of mRNA surveillance that detects nonsense mutation of truncated or “wrong” 

protein [38]. 

 

A gene can also be disrupted by introducing in-frame deletions or insertions. These 

deletions or insertions can be programmed to delete critical amino acids in the translated 

protein. Deleting critical amino acids in a protein will disrupt its function or/and stability. For 

example, we know that enzymes have active sites where substrates bind to undergo a 

chemical reaction. Deleting critical amino acids in those active sites will render the 

enzymes catalytically inactive. 

 

In addition, a gene can be disrupted by manipulating the splice junctions. Splicing is a 

eukaryotic cellular mechanism of maturing nascent primary mRNA transcript by removing 

introns and joining exons. Mutations in splice junctions may cause loss of function of that 

site, resulting in the introduction of premature stop codon or/and inclusion of introns or loss 

of exons. This may also lead to variations in splice locations, resulting in deletions or 

insertions which may cause a shift in reading frame. In brief, the disruption of splice 

junctions may disrupt the transcript/peptide integrity, including its degradation by control 

mechanism such as NMD. 

 

 Gene knockout has been used extensively to produced knockout model organisms and 

cell lines. An endogenous gene can be disrupted in cell lines as well as cells isolated from 

different organisms including human [39, 40]. To perform gene disruption in vitro and ex 

vivo, the gene of interest can either be mutated directly [41] or by using a target vector 
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employing homologous recombination. The vectors normally have reporter and/or selection 

marker genes flanked by homologous arm, which replace the endogenous gene. The 

manipulated cell clones are than picked, expanded and tested for the mutant genotype 

along with confirmation by sequencing. In addition, functional tests are performed to 

assess the mutant phenotype.        

 

Model organisms are non-human in vivo models for studying specific biological 

phenomena such as genetic disorders, gene function, mechanism of infection by pathogen, 

behavioural responses, as well as to develop new technologies in therapeutics, 

pharmacology, biotechnology and industry. They range from as small as viruses to as large 

as mammals. Based upon the specific goals, for human genome based studies usually 

animal models having taxonomic equivalency as well as physiological, anatomical and 

genomic resemblance to humans are used.  

 

Among animal models the mouse is closely related to humans and is used as a perfect 

small animal model of human diseases. This is also supported by the comparative genomic 

studies, as they show high homology between human and mouse genomes [42]. Many 

different strains of mice are used for knockout of different genes in order to create the 

model for studying that particular gene or DNA sequence. Knockout mice are generally 

produced by two main methods namely gene targeting and gene trapping.  

 

Gene targeting is based on more precise homologous recombination and embryonic stem 

cell culturing [43-45]. After twenty years of developing this method, the Nobel prize in 

medicine or physiology was awarded in 2007 to Martin Evans, Mario Capecchi and Oliver 

Smithies for their discoveries of “principles of introducing specific gene modification in mice 

by the use of embryonic stem cells” [46]. The standard concept of generating knockout 

mouse is straight forward but are lengthy and the combination of low-probability events 

[47]. The gene trapping method uses random insertion property of trapping vectors in 

mammalian genome. The principle element of these vectors is the gene trapping cassette 

which usually consist of a promoterless reporter gene and/or a selectable marker flanked 

by an upstream splice acceptor and a 3` transcription termination signal (polyadenylation 

signal) [48].       

 

The knockout technologies have a wide range of application including biomedical research, 

biotechnology, pharmacology, genetics, functional genomics and proteomics etc.      

 

1.1.4 Chromosomal rearrangements 

 

In humans chromosomal structure can alter either spontaneously or after exposure to 

some DNA damaging agents [49]. These alterations are of significant biological 

consequences and beside some advantages they may cause adverse effects not only to 

the individual in which they take place but also to the next generation as they might be 

inherited [50, 51]. These abnormalities in human chromosomes are the major cause of 
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fetal loss and developmental disorders [52]. In addition translocation in human 

chromosomes may cause tumour [53].  

 

Owing to physiological, anatomical and genomic similarities to human as well as the ease 

with which its genome can be manipulate, mice have been used as a model for 

chromosomal rearrangements studies [49]. Several chromosomal rearrangement events 

like deletion [54], duplication [55], inversion [56] and translocations [57] can be induced in 

mice. To achieve these chromosomal rearrangements a variety of different techniques, 

including recombinase systems like FLP/FRT [58] and Cre/loxP [59], bacterial artificial 

chromosomes (BAC) [60], endonucleases like I-SceI [61, 62] and ZFNs [63-65] have been 

employed. Some of these rearrangement techniques have been used in mice for modelling 

chromosomal rearrangement disorders like DiGeorge syndrome [66], Smith-Magenis 

syndrome [67, 68] and Down syndrome [69].       

   

1.2 Nucleic acid delivery system 

 

The main concept of genome editing is based on the introduction of exogenous genetic 

material into target cells to alter the endogenous genome. To achieve this, technologies 

which are capable of transferring exogenous nucleic acid to multiple targets are required. 

Producing such a delivery systems, which is safe and efficient, is one of the biggest barrier 

to genome editing. Gene delivery systems are broadly divided into non-viral and viral. 

 

1.2.1 Non viral delivery systems 

 

Non viral delivery system have certain advantages over viral vectors, including the 

simplicity of production and the low host immune response but are less efficient in 

delivering nucleic acids. They are divided into physical and chemical delivery system.   

 

1.2.1.1 Physical methods of nucleic acid delivery 

 

Physical methods include mechanical methods such as microinjection, high pressure, 

particle bombardment, magnetofection, and sonoporation, electrical methods, like 

electroporation, as well as photonic tools like laser.   

 

Microinjection is the direct injection of uncomplexed, naked nucleic acid into the cell. It is a 

simple and easy method for nucleic acid delivery. Specific cells, for example, embryonic 

stem cells, can be targeted by this method. However the fact that only single cells can be 

targeted by this approach not only make it slow and laborious but inappropriate for 

research where large number of cells are desired for targeting as well as for in vivo 

application [70].  

 

High pressure is also used to mediate the delivery of naked oligonucleotide. Transfection 

of cardiovascular tissue has been achieved with an efficiency of 50% [71]. Naked DNA is 
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also delivered to hepatocytes by similar hydrodynamic force (rapid injection by tail vein) 

[72, 73]. In addition the same hydrodynamic based transfection was used to deliver nucleic 

acid to different organs of post-natal mice [74]. Those particles or molecules which 

normally are unable to traverse the plasma membrane can be delivered using the same 

high pressure approach. However this method is unspecific as it targets the cells without 

specification.  

 

Particle bombardment or biolistic particle delivery by gene gun is used to deliver nucleic 

acid to many cells simultaneously. In this method exogenous nucleic acid is coated with 

metal (such as gold or tungsten) nanoparticles which are than accelerated to high velocity 

to enter the cell [75]. Gene delivery to brain [76], skin, mammary gland and liver [77] as 

well as tumour cells [78] has been achieved by using this method. However its in vivo use 

is mainly limited to superficial cells due to difficulty in controlling the path of the particles 

and poor tissue penetration [79, 80].  

 

Magnetofection is the delivery of nucleic acid to the cells by the use of magnetic field which 

can be defined as “nucleic acid delivery guided and mediated by magnetic force acting as 

an associate of magnetic particles and nucleic acids” [81, 82]. In this approach magnetic 

particles complexed with nucleic acid are concentrated on cells by using magnetic field. Its 

benefits include rapid transfection kinetics, improved dose-response relationship while 

drawback includes difficulty to apply in vivo [83]. 

 

Sonoporation is the use of the sound (generally ultrasound) for nucleic acid delivery. The 

main principle of this approach is acoustic cavitation (i.e. rupturing of liquids and 

associated effects) of microbubble which release energy that in turn temporarily increase 

the internalization of exogenous nucleic acid into the cells by changing the permeability of 

the plasma membrane.  Sonoporation has been used for in vitro [84, 85] as well as in vivo 

delivery of nucleic acid including skeletal muscle [86, 87], blood vessel [88], skin [89], heart 

[90], and pancreas [91].     

      

Electroporation is the delivery of nucleic acid into the cell by applying electric pulse. High 

voltage electric pulses transiently permeabilize plasma membrane by opening the pores in 

it and allowing the cellular uptake of the macromolecules including nucleic acid. This 

technique is simple and has the benefit of efficient delivery to a variety of cell types [92, 

93]. Beside this the disadvantages of electroporation are the need of a large amount of 

nucleic acid, the need of optimization the procedure for every cell line, and high mortality of 

the cells. In addition, although it has been used for in vivo delivery of nucleic acids to skin 

[94], corneal endothelium [95], muscle [92], melanoma [96] and liver [97] the in vivo 

application remains difficult. 

 

Optical transfection is the introduction of foreign nucleic acids into the cell by the use of 

light. In this method exogenous nucleic acid get entry into the cells through transient pores 

in the plasma membrane, which are generated after exposure to highly focused laser for 
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brief time. Since the delivery of plasmid DNA for the first time [98] in 1984 it has been used 

for many cell types [99, 100]. Beside in vitro this technique is also used for in vivo delivery 

[101, 102].  

 

1.2.1.2 Chemical methods of nucleic acid delivery 

 

In chemical methods nucleic acids are normally complexed with cationic molecules which 

are attracted to negatively charge plasma membrane by electrostatic interaction. Nucleic 

acid being anionic is condensed by these cationic carriers so that the complex as a whole 

maintains a positive charge. These complexes enter into the cells by the process of 

endocytosis after binding to negatively charged plasma membrane. After entering into the 

cells swelling of the endosome take place. The presence of cations in endosomes create a 

charge gradient between the endosome and the surrounding cytosol, causing water to 

enter the endosome that start to swell and then rupture to release the nucleic acid complex 

into the cytosol. After endosomal escape, the nucleic acid in the case of DNA must reach 

to the nucleus. This intracellular trafficking of the DNA to the nucleus occurs by diffusion 

and cytoskeleton pathways. Once it reaches the perinuclear space the DNA enter the 

nucleus through the nuclear pore complex by passive diffusion, active transport or calcium 

regulated transport depending upon the size. After nuclear localization, the DNA is 

separated from the complex and transcribed.      

 

The chemical methods or non viral vectors are subdivided into organic and inorganic. 

Organic includes lipoplexes and polyplexes, depending upon the nature of the organic 

substance used.     

 

Lipoplexes are complexes of cationic lipids with nucleic acid. Owing to the positive charge 

cationic lipids condense and encapsulate the anionic nucleic acid into liposome. These 

complexes bind to the negatively charged plasma membrane by non-specific electrostatic 

interaction [103] which facilitates the intracellular nucleic acid entry by endocytosis. They 

are easy and cheap to synthesise as well as non-pathogenic. Since their development in 

1987 [104] they have been successfully used for in vitro [105, 106] and in vivo delivery, 

including the lung [107], brain [108], tumours [109, 110] and skin [111].  Although used in 

clinical trials [112, 113] problems of low efficiency and toxicity are associated with the 

method [114].  

 

Polyplexes are complexes between nucleic acids and a cationic polymer. In polyplexes, 

like lipoplexes, anionic nucleic acid is condensed into stable complexes by cationic 

polymers due to electrostatic interactions [115]. The cationic surface charge of the complex 

is used to bind the plasma membrane by interacting with anionic proteoglycan [103, 116, 

117] followed by endocytosis [118] of the complex. Polylysine (PLL) [119, 120] and 

polyethyleneimine (PEI) [121, 122] are the most widely used polymers for polyplexes, with 

PLL being the first polymer used for nucleic acid delivery [123]. They have several benefits 

such as easy and cheap production, targeting of specific cells and tissue, low 
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immunotoxicity and freedom with the size of nucleic acid [124]. However they may exert 

toxic effect [114].  

 

The inorganic substances capable of nucleic acid delivery are gold nanoparticles, silica, 

iron oxide, magnesium phosphate and calcium phosphate.  

 

Iron-based nanoparticles have improved storage stability and can be designed for different 

application. They have been shown to transfect mouse cells with the application of 

magnetic field [125]. Their transfection efficiency has been improved by surface 

modification, for example, by minimizing coagulation of particles [126]. However they are 

difficult to translate in vivo [127]. 

 

The surface charge of silica particles is negative. In order to interact with a negatively 

charged plasma membrane and enter the cells they are normally modified with cationic 

surface molecules [128-130]. Modification of silica particles by organic substances protect 

the nucleic acid from enzymatic degradation and improved the transfection [131]. The 

prime advantage of these organosilicates is their low toxicity to cells, in contrast to many 

organic materials, while disadvantages include the unknown particle fate [127].  

 

Gold nanoparticles (GNPs) are easy for surface modification and can be used together 

with gene gun technology [75, 132]. They also have the advantage of photothermal 

properties and are locally exothermic after irradiation with the light. This property of GNPs 

is used for specific destruction of cancer cells where they release macromolecules after 

excitation with laser [133]. Their drawbacks includes non degradable nature and 

accumulation in the liver [127]. 

 

Calcium phosphate has been used for in vitro and in vivo transfection including human 

cells [134, 135]. Calcium is a strong cation and forms complexes with anionic nucleic acid, 

providing the positive surface charge which is necessary to enter the cells. The surface 

modification of calcium phosphate complexes can attribute different properties to them 

such as longer blood circulation and targeting to specific tissue. They also have the 

advantage of being biodegradable and biocompatible but it is difficult to control their 

synthesis [127]. 

 

Magnesium phosphate is also shown to transfect cells [136]. Magnesium is similar to 

calcium as both are divalent ion and are highly biocompatible but is relatively unexplored 

and more research is needed to prove their efficiency for transfecting different cell types. 

 

1.2.2 Viral delivery systems    

 

Viruses are obligate intracellular parasites that need the host cell machinery for their 

replication. They have efficient strategies to infect host cell and deliver their genetic 

information to the nucleus where it remains either latently as part of the host genome or 
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episomally as autonomous genetic entity. Viruses can be manipulated to be used as vector 

to deliver exogenous nucleic acid into the cells. Viruses used for vector generation can be 

classified by different ways including enveloped and non-enveloped, integrating and non-

integrating, lytic and lysogenic as well as RNA and DNA viruses.    

 

RNA viruses are a large and diverse group that infect a broad spectrum of cells from 

prokaryotes to eukaryotes [137]. Among them the Retroviridae family (retroviruses) based 

vectors has been used extensively as nucleic acid delivery vehicles. Retroviruses are 

generally categorized into simple (gammaretroviruses) and complex including lentiviruses 

such as human immunodeficiency virus 1 (HIV1), and spumaviruses such as chimpanzee 

foamy virus [138]. 

 

1.2.2.1     Retroviruses   

 

Gammaretroviruses have an envelope that encapsulates the cone shaped protein capsid, 

which further contains the viral genome [139]. Their envelope is a lipid bilayer which 

originates from host cell membrane and contains virally encoded surface and 

transmembrane glycoproteins [140].  

 

Their genome consist of two 7-12 kb long linear, nonsegmented, single stranded RNAs 

that contain the three major coding segments gag, pol and env. The gag encodes virus 

structural protein which forms the capsid, matrix and nucleoprotein complex, while pol 

encodes the viral enzymes, such as reverse transcriptase and integrase whereas env 

contains information for encoding surface and transmembrane glycoproteins [138, 139]. 

 

The life cycle of retroviruses is well studied. They attach to specific host cell receptors by 

their envelope's glycoprotein which is followed by membrane fusion and release of the viral 

capsid into the host cell cytoplasm. After internalization linear double stranded DNA 

(dsDNA) is generated by reverse transcription from viral genomic RNA using its reverse 

transcriptase [141]. Viral dsDNA is unable to cross nuclear membrane and integrate into 

host genome (to form provirus) unless cells undergo mitosis (division of cells) resulting in 

nuclear membrane disintegration [142]. The integrated provirus uses cis-acting elements 

which are mainly present in long terminal repeats (LTRs). To express the viral proteins 

they assemble the host cell cytoplasm and escape by budding out from the plasma 

membrane [143].  

 

Retroviral vectors are derived from different gammaretroviruses including murine leukemia 

virus (MLV), spleen necrosis virus, Rous sarcoma virus and avian leukosis virus [144]. The 

majority of the retroviral vectors are derived from MLV and they were among the first to be 

used for human gene therapy [145]. They are replication defective by replacing all trans-

acting elements (gag, pol and env) with a transgene of interest, while only leaving the 

packaging signals (psi), LTRs, attachment sites and sequences necessary for transgene 
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expression [146, 147]. Replication and packaging of vector is achieved in packaging cells 

that express gag/pol and env from separate constructs.            

 

Retroviral vectors have several advantages which includes their stable integration into host 

genome that lead to long lasting transgene expression, easy production of vector titres, 

high enough for nucleic acid delivery, infectivity of a broad range of target cell types and 

their flexibility regarding the size of transgene. Their disadvantages includes the instability 

of some vectors, insertional mutagenesis due to random integration of viral vectors in the 

host genome and limitation of delivering transgenes only to dividing cells, due to their 

mitosis dependency [148]. 

 

1.2.2.2 Lentiviruses  

 

Lentiviruses are complex retroviruses of the family Retroviridae. They have different 

serogroups depending on the host they are associated with. The well known and common 

example of lentivirus is HIV1.   

 

The genome of lentiviruses is similar to that of gammaretroviruses with the addition of two 

regulatory (tat and rev) and four auxiliary (vpr, vif, vpu and nef) genes which encode for the 

proteins needed for viral binding, infection, replication and release [149, 150]. 

 

The life cycle of lentiviruses is related to that of gammaretroviruses, including binding, 

internalization and reverse transcription, however, there are some important differences 

between the two: First lentiviral gene expression takes place in two separate phases 

namely early and late phases and the transition from early to late phase is induced by viral 

Rev protein [151]. Second, due to viral protein Vpr they are also able to infect non-dividing 

cells [152].  

 

The common lentiviral vectors are derived from HIV1 but those derived from HIV2 [153], 

feline immunodeficiency virus (FIV) [154], equine infectious anaemia virus (EIA) [155], 

simian immunodeficiency virus (SIV) [156] and maedi-visna virus [157] are also present. 

The lentiviral vectors contain only the essential cis elements, the packaging sequences 

(psi), a Rev response element and the transgene cassette [158, 159]. Lentiviral vectors are 

produced generally by transfecting HEK293T cells with vector plasmid and two helper 

plasmids, which provide trans elements for assembling of vector particles [160]. Vectors 

with HIV1 envelope glycoprotein infect only cells with CD4 and appropriate co-receptors, 

which restrict the range of targeted cells. Thus it was replaced with vesicular stomatitis 

virus glycoprotein (VSV-G) which not only widens vector tropism [158, 161] but also 

facilitate the concentration of the vector by ultracentrifugation [162, 163]. 

 

Vectors based on lentiviruses have several advantages including the ability of infecting 

mouse and rat embryo with tissue specific transgene expression [164], relatively large 

capacity for a gene of interest [139], ability of infecting also non-dividing cells and stable 
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transgene expression [148, 165]. However, the fact that these vectors are based on 

severely pathogenic viruses put them on disadvantage due to the possibility of virus 

mobilization and generation [166]. In addition, immunotoxicity [167], oncogenesis [168], 

and the inability of targeting specific cells [166] are the drawbacks of this vector.   

  

Lentiviral vectors are one of the best choice for the investigators for ex vivo approaches 

and have been used to deliver nucleic acids to a variety of cells including terminally 

differentiated cells such as those of nervous and cardiac origin [165]. They have been 

employed in gene based therapies for diseases like adrenoleukodystrophy (ALD) [10], 

Parkinson’s disease [169], sickle cell anemia and ß-thalassemia [170], HIV [171] and 

cancer [172]. 

 

1.2.2.3 Adenovirus 
 

Among the DNA based vectors the most widely used and studied ones are those based on 

adenoviruses and adeno-associated viruses. The basic principle of attachment to host cells 

and internalization are the same as those of RNA viruses 

 

Adenovirus (Ad), named after its first discovery in 1953 from human adenoids [173],  has 

been isolated from large number of species [174, 175]. The human Ad family consists of 

more than 50 serotypes and, based upon haemagglutination properties, are classified into 

six species (A-F) which infect different organs including the eye, respiratory tract, liver, 

gastrointestinal tract and urinary bladder [176]. Among human Ads, type 2 (Ad2) and type 

5 (Ad5) of species C are the most intensively characterized types [148].  

 

The capsid of the Ad is a nonenveloped icosahedral shaped protein shell that contains the 

viral genome. Ads contain fiber proteins extending from a pentameric penton base protein, 

which is located at each vertex of the capsid. These fiber proteins have terminal globular 

knob domain [177]. 

 

Their genome comprises a 26-40 kb long linear, double-stranded DNA (dsDNA) with two 

major transcription regions, known as early and late region [178, 179], which are flanked by 

103 base pairs (pb) inverted terminal repeat (ITR) on both sides [177]. 

 

The life cycle of Ad is divided into early phase and late phase. Early phase begins with the 

contact of the virus with the host cell and ends with the start of genome replication. The 

attachment takes place by binding of the globular knob domain of the viral capsid to 

coxsackievirus and adenovirus receptor (CAR) of the host cell surface [180]. In addition to 

this binding, efficient internalization occurs by the interaction of viral penton base protein 

with host cell secondary receptor, integrin α-V [181]. After receptor mediated endocytosis 

and endosome escape of the virion, the genome is release from the protein capsid and 

enters the host cell nucleus where it persist episomally. After nuclear localization the 

replication of viral DNA starts, which mark the end of early phase and begin of late phase. 
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After DNA replication and assembly of viral progeny, the disruption of the host cell takes 

place, resulting in the release of virus particles. Initial infection with Ad causes nonspecific 

host response (synthesis of cytokines) followed by a cytotoxic T lymphocyte response 

against infected cells, in addition to the humoral response [175].  

 

The Ad vectors are most commonly used vectors [177]. In the initial vectors based on Ad2 

and Ad5, E1 and E3 transcription units of early region in viral genome were replaced with a 

transgene [182, 183], while the “gutted” or “gutless” vectors are devote of any viral 

sequences except the ITRs and cis-acting packaging sequences [184]. 

 

The advantages of Ad vectors include their ability of targeting dividing as well as quiescent 

cells, a broad host range [185, 186], the stability of recombinant vectors, the relatively large 

insert capacity for foreign nucleic acid, the non-oncogenicity and the possibility of 

producing high titers. These advantages are, however, accompany with disadvantages, 

including difficulty in limiting tissue tropism due to the widely expressed nature of CAR 

[186], transit transgene expression owing to episomal nature of vector genome, and 

humoral as well as cellular host immune response which  limit the repeated application of 

the vector thus hindering its application in the treatment of hereditary diseases [187].   

       

Wild type Ad is released from the cells after disrupting them which is the basis of the 

oncolytic characteristic of replication competent vectors based on them. These oncolytic 

vectors are used for treatment of several tumours including malignant glioma, head and 

neck tumors and non-small cell lung cancers [188]. Beside the treatment of the cancer, Ad 

vectors have been used to treat ornithine transcarbamylase (OTC) deficiency (a urea cycle 

disorder) [189], cardiovascular diseases [190], pulmonary tuberculosis [191], AIDS [192], 

diabetes mellitus [193], and stem cell differentiation [194]. 

 
1.2.2.4 Adeno-associated virus  
 
Adeno-associated viruses (AAV) belong to genus Dependovirus of the Parvoviridae viral 

family. The prototype AAV serotype2 was discovered in 1965 as contaminant in a 

preparation of Simian adenovirus [195]. They are replication defective viruses which 

depend (and hence Dependovirus) on co-infection of helper viruses, such as adenovirus or 

herpes virus, or cellular stress, such as irradiation or treatment with genotoxic agents, to 

complete replication in the nucleus of infected cell [196, 197].  

 

Several serotypes and more than hundred variants of AAV have been isolated from 

adenovirus stocks or human and non-human primates [198, 199]. A new serotype is “a 

newly isolated virus that doesn’t efficiently cross-react with neutralizing sera specific for all 

other existing and characterized serotypes” [200]. AAV1, AAV2, AAV3, AAV4 and AAV6 

were isolated as contaminants in adenovirus stocks including simian adenovirus type 15 

stock (SV15), adenovirus type 12 stocks and adenovirus type 7 stocks [201-203]. AAV5 

was isolated from human penile condylomatous warts [204]. AAV7 to AAV11 were isolated 

as DNA sequences, by a novel PCR strategy, rather than live viruses [205]. AAV7 and 
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AAV8 were isolated from rhesus monkeys, while AAV9 from humans [205]. Serotypes 

AAV10 and AAV11 were isolated from cynomolgus monkeys [198]. AAV genome have also 

been isolated from other animals beside primates such as lizard [206], snake [207], 

chicken [208], goat [209, 210], cow [211] and horse [212]. All AAV serotypes display 

different tissue tropism which, in part, is determined by their specific capsid.     

 

The capsid of AAV is a nonenveloped, icosahedral protein shell which encapsidates the 

viral genome and comprises the viral proteins (VP) known as VP1, VP2 and VP3. The AAV 

capsid is made by self assembly of 60 monomers of these three VP in icosahedral 

symmetry. After the assembly of empty capsid the viral genome is packaged inside the 

capsid [213]. Capsid assembly and integrity is independent of full-length viral genome 

replication [214]. The helicase activity of the viral replication protein Rep52 inserts the viral 

genome into preformed empty capsids [215]. Investigators have shown that VP1 and VP3 

together are sufficient for producing infectious virus particles [216, 217] as deletion of VP2 

did not affect the infectivity of virus particles [218]. Each serotype of AAV has a 

characteristic capsid, with the motifs on the surface, which have specific affinity to 

particular host cell receptors leading to specific transduction efficiencies of each serotype 

in different tissues. To understand tissue tropism knowledge of AAV binding to specific 

host cell receptors are of prime importance. AAV2 utilizes heparin sulfate proteoglycan 

(HSPG) as primary receptor and at least three different co-receptors including αVβ5 

integrin, human fibroblast growth factors receptor-1 (FGFR-1), or hepatocyte growth factor 

(c-met), to facilitate the entry into the cell [219, 220]. AAV3 binds to heparin, heparin 

sulfate and FGFR-1 [221]. AAV4 binds to α2-3 O-linked sialic acid while AAV5 utilize 

platelet-derived growth factor receptor (PDGFR) as a primary and α2-3 N-linked sialic acid 

as coreceptors [222-224]. Closely related AAV1 and AAV6 used α2-3 linked as well as α2-

6 linked sialic acid as primary receptors [225]. Studies also showed that the 37/36-kDa 

laminin receptor (LamR) is important in binding and transduction of AAV8, AAV9 and AAV2 

[226]. Receptors for AAV7, AAV10 and AAV11 are unknown. 

 

The AAV genome is a linear, single-stranded DNA molecule with two open reading frames 

(ORF), encoding for non-structural replication proteins (Rep) and structural proteins (Cap), 

flanked by 145 bp long ITRs sequence on each side [227]. It has three promoters at map 

positions 5, 19 and 40. The 5`ORF (Rep) contains four overlapping Rep genes which 

encode for the four multifunctional replication proteins Rep78, Rep68, Rep52 and Rep40, 

named according to their molecular weight in kilodaltons (kDa) [228]. Rep78 and Rep68 

are translated from p5 promoter transcript while Rep52 and Rep40 from p19 promoter 

transcript by spliced and unspliced transcripts variants. The 3`ORF contains three 

overlapping genes which encodes for three capsid proteins, namely VP1, VP2 and VP3 

from spliced and unspliced transcript of the single p40 promoter with molecular weights of 

87, 72 and 62 kDa, respectively [229].  

 

The 145bp ITRs at each end of the AAV genome have palindromic regions which fold into 

a T-shaped secondary structure through self-basepairing. ITRs are divided into four sub-
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regions denoted as A, B, C, and D. Among these, B and C form 44bp asymmetric small 

internal palindromes that make the arm of the T strucure, whereas A is a symmetric 

palindrome that flanks B and C to make the stem of the T structure. The D sub-region is 

present in one copy and thus remains single-stranded. The 3` ends of the ITR serves as 

primer and allow primase independent synthesis of the second strand of the viral genome. 

In addition, ITRs also serve as origin for the replication of DNA. The two large Rep proteins 

(Rep78 and Rep68) bind to the tetranucleotide tandem “GAGC” repeats within the A 

palindromic subregion of ITR, called Rep binding element (RBE), which is also referred to 

as Rep recognition sequence (RRS) [230, 231]. This Rep-ITR complex is further stabilized 

by binding of Rep proteins to the internal palindrome of ITR known as RBE´ [230, 232, 

233]. For the complete conversion of single-stranded viral genomes into double-stranded 

genomes, resolution of the hairpin structure at the 3´ITR is necessary. This resolution, 

known as terminal resolution, is achieved by Rep mediated ATP-dependent isomerization 

of the palindromic A subregion at the junction of the A and D subregions that lead to the 

exposition of terminal resolution site (trs). Rep protein then produce a sequence-specific 

and strand-specific nick at the trs, on one strand, unwind the 3´ hairpin structure which 

leads to completion of replication. Although in addition to the ITR another cis element, 

known as cis-acting replication element (CARE), which augments replication [234] is 

present in the AAV genome. Unlike the large Rep proteins, the two small Rep proteins 

(Rep52 and Rep40) are not directly involved in replication but help in accumulation of the 

single stranded progeny genomes and their encapsidation in preformed empty viral 

capsids [235].   

 

The life cycle of the AAV2 has been much studied and it begins with the attachment of viral 

capsid to specific host receptor and co-receptor. The virus than enter the cells by receptor 

mediated endocytosis [236] which is followed by endosomal processing, an important step 

for nuclear transport of the virus [236]. AAV is then released from endosomes before it 

traffics to the nucleus [236]. The mode of AAV movement includes free and anomalous 

diffusion of the virus/endosome in the cytoplasm and directed motion to nuclei by motor 

proteins in the cytoplasm and nucleus [237]. Nuclear transportation of the AAV particles 

takes place prior to uncoating [238]. However nuclear transport appears to be a slow and 

inefficient process [236]. Once inside the nucleus replication of AAV and assembly of new 

virus takes place followed by lysis of the cell and release of virus. However, in non-

permissive conditions (such as absence of helper virus) AAV DNA either integrates into the 

host genome at a specific locus to establish a latent proviral state or remain episomally by 

forming concatemers [239]. In human cells, AAV2 integrates in the AAVS1 locus on 

chromosome 19 by binding of the AAV Rep protein [230] simultaneously to AAVS1 locus 

and the AAV ITR sequence [240].       

    

Recombinant vectors based on adeno-associated virus (rAAV) are attractive tools for gene 

transfer. In these “gutted” rAAV vectors all viral genes are replaced with a transgene 

cassette including promoter and polyadenylation signal [241]. In the absence of Rep 

protein rAAV remain largely episomally in the nucleus. In first generation rAAV packaging 
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systems, the vector construct was co-transfected with a packaging plasmid, which encode 

the viral rep and cap genes, into helper virus infected cells [242]. But, as in this procedure 

helper virus is also produced, it leads to the contamination with helper virus and need more 

laborious purification and inactivation steps. Later, helper free packaging systems were 

developed by replacing helper with an adenovirus helper plasmid containing only the 

adenovirus genes necessary for helper function [243]. This three plasmid system needs 

the simultaneous transfection of helper plasmid, packaging plasmid and vector plasmid. 

The most recent packaging system involves the combination of helper and packaging 

function in one single plasmid and hence need the co-transfection of only two plasmid, 

packaging/helper and vector, for production of AAV [244]. 

 

The traditional purification protocol of AAV, which was based on ammonium sulfate 

precipitation of AAV particle and multiple round of density ultracentrifugation in cesium 

chloride gradient [245], has been replaced by iodixanol. This new method gives at least 

100-fold more purification of the crude cell lysates [246]. For more pure grade rAAV, ligand 

affinity chromatography purification technique has been developed which is based on the 

use of cellular receptor or its commercial analogues [246-248]. This ligand affinity 

chromatography together with iodixanol produces over 99% pure rAAV vectors with good 

particle-to-infectivity ratio (100:1) [246].  

 

 The rAAV vectors have a number of features that make them favourable to use as gene 

delivery vehicle. These include their broad host range as well as restricted cell/tissue type 

tropism, transduction of dividing as well as quiescent cells, non-integrating episomal nature 

of vector genome in host cell nucleus [139, 249], maintenance of transgene expression 

over long period of time (years), apparent lack of pathogenicity by parental wild type AAV 

and low immunogenicity. Beside these advantages they also have certain limitations which 

include the relative small capacity for gene of interest, the slow onset of transgene 

expression, the production which, especially for high titers, is labour-intensive and costly, 

and the concerns about potential integration (although at low frequencies) and possible 

malignancy. 

 

Owing to its relative safety and selective tropism, rAAV is on of the best choice for in vivo 

gene delivery and has been used to deliver transgene to a variety of organs [200]. In rAAV 

mediated gene therapy trials the main focus remains monogenic diseases (53%), such as 

haemophilia, followed by cancer (23%) [250].  

 

1.2.2.5 Other viral vectors  

 

Beside above mentioned viral vectors, vectors based on viruses like baculoviruses [251], 

herpes simplex virus (HSV) [252] and poxviruses [253] are used. Also several hybrid 

vectors based on different viruses are being employed such as HSV/AAV [254, 255] and 

AAV/Ad [256] hybrid vectors. In addition, hybrid vectors combining merits of non-viral and 

viral systems by incorporating viruses or their components into non-viral vector systems, 
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such as virus–liposome–DNA complexes [257] and lipid–DNA mixed with the VSV 

glycoprotein [258] have been developed.   

 

1.3 Zinc finger nuclease  

 

Different targeting reagents can be used to achieve or/and enhance any of the different 

modes of genome editing. These targeting reagents include small interfering RNA (siRNA), 

Sleeping Beauty transposon, meganucleases, ZFNs, and Transcription Activator-Like 

Effector Nucleases (TALENs).   

  

Among the well characterized targeting reagents, ZFNs have proved to be the most 

versatile and efficient. They are synthesised chimeric proteins that consist of a separate 

specific DNA binding domain and an unspecific cleavage domain. The DNA binding 

domain is based on sequence-specific zinc fingers. Arrays of these zinc fingers are linked 

with non specific endonuclease domain of the restriction enzyme FokI. 

 

The term zinc fingers (ZFs) are used broadly to identify any compact domain that is 

stabilized by a zinc ion [259]. They are a structurally and functionally diverse group that are 

involved in several fundamental cellular processes, including replication and repair, 

transcription and translation, signalling, cell proliferation and apoptosis. ZFs typically are 

interaction modules and binds to nucleic acids or proteins. They can be classified into eight 

groups based on the structural properties in the vicinity of the zinc binding site. These 

groups include Cys2His2-like (such as the classical C2H2 zinc finger motif), gag knuckle, 

treble clef, zinc ribbon, Zn2/Cys6, TAZ2 domain like, short zinc binding loops and 

metallothioneins [260].  

 

The ZFs used as sequence-specific DNA binding domain in ZFNs are based on the C2H2 

zinc finger motif. These ZFs contain 20-30 amino acids including two cysteines and two 

histidine residues which bind the zinc atom [259]. Individual zinc finger consist of two 

antiparallel β sheets, which contain the two cysteines residue, and an α helix, which 

harbours the two histidine residues. The zinc ion held’s the two structural units together 

whereas the α helix makes sequence-specific DNA contacts in the major groove through 

hydrogen bonding. Each finger recognizes about three nucleotides (triplets) by a one-to-

one interaction of single amino acids with a specific single DNA base [261]. The individual 

ZFN generally contain three to six zinc fingers, each one recognizing three nucleotides. 

Engineered zinc finger which bind to desired sequences can be developed by different 

strategies, including modular assembly [262], the selection based oligomerized pool 

engineering (OPEN) system [40, 263], and context-dependent assembly (CoDA) [264].  
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Figure 1: Architecture and application of ZFNs. A ZFN designed to create a DNA double-strand break 

(DSB) in the target locus is composed of two monomer subunits. Each subunit encompasses three zinc-fingers 

(orange, 1-2-3), which recognize 9 base pairs within the full target site, and the FokI endonuclease domain 

(green). A short linker (grey) connects the two domains. After dimerization the nuclease is activated and cuts 

the DNA in the spacer sequence, separating the two target half-sites (L) and (R). (Adopted from Cathomen & 

Joung, 2008) 

 

The FokI is a bacterial type IIS restriction endonuclease naturally found in Flavobacterium 

okeanokoites. This enzyme consist of two functionally distinct domains the N-terminal DNA 

binding and the C-terminal DNA cleavage domain [265]. The binding domain is specific 

and binds to a particular sequence of the DNA while the cleavage domain is unspecific and 

cuts DNA phosphodiester bonds. The cleavage domain is similar to a BamHI monomer 

and contains a single catalytic centre [266]. In the unbound state, the binding domain 

sequesters the cleavage domain through protein-protein interactions until its activity is 

required. Through a conformational change, the cleavage domain swings over to the major 

groove for DNA cleavage [266]. The cleavage domain can be separated from the intrinsic 

binding domain and fused to an unrelated DNA binding domain, such as zinc finger arrays 

[267]. The unspecific nuclease domain of FokI requires the dimerization of two subunits to 

achieved cleavage of DNA [266, 268]. Efficient cleavage of DNA thus needs a pair of two 

ZFN monomers binding to neighbouring sequences. Upon binding to recognition 

sequences ZFs facilitate dimerization of FokI and subsequent cleavage of DNA.   

 

The functionality of the ZFN was initially evaluated in vitro [269] with artificial DNA 

substrates and later in Xenopus eggs [270]. With the advancement of the ZFN technology 

it has been successfully applied for editing of endogenous genomes from a variety of 

organisms, including maize [271], tobacco [272, 273], petunia [272], fruit fly [274], 

nematode [275], silkworm [276], zebrafish [277], sea urchin [278], frog [279], rat [280], 

mouse [281], hamster [282], pig [283], and human [284].  

 

ZFNs has been used for different strategies in genome editing including targeted gene 

addition [20, 285], targeted gene correction [32], targeted gene disruption [286] and the 

creation of chromosomal rearrangements [63, 65]. Although targeted genome editing by 

ZFNs is achieve by a specific DNA binding domain but the binding domain may recognize 

unspecific sequences which lead to undesired “off-target” cleavage that not only reduce the 

“on-target” genome modification but also exert toxicity [287]. These toxicities can be 

reduced by optimising reagents being delivered to the cells. 
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2. Aims of the thesis 

There are many human inherited and acquired chronic diseases, which still lack permanent 

treatment besides supportive care. Inherited genetic disorders are responsible for a large 

number of admissions in children's [288] as well as adult hospitals [289]. The most obvious 

treatment to these diseases is the editing of the mutated genome in order to correct the 

phenotype. ZFNs are designer targeting reagents which help to achieve this goal by 

allowing researchers to specifically edit the genome by producing DNA double strand 

breaks and harnessing the activated DNA repair pathways.  

The goal of achieving permanent treatment for genetically inherited diseases will rely on 

the genome editing in transplantable, patient-derived autologous stem cells. The first goal 

of this thesis was to establish ZFNs to modify the genome of keratinocyte stem cells 

(KSCs). For this proof-of-principle approach, I planned to optimize the architecture of 

EGFP-specific ZFNs to identify nucleases with high activity and low associated toxicity. 

While our collaboration partners assessed the impact of ZFN mediated EGFP knockout on 

the stem cell potential of KSCs, I have planned to do the molecular characterization of the 

outcome of ZFN-mediated gene disruption. 

Efficient genome editing is based on efficient transfer of targeting reagents to the target 

cells. The second goal of this thesis was to establish a viral vector delivery system based 

on adeno-associated virus (AAV). In a proof-of-principle study I aimed to demonstrate the 

versatility of combining efficient gene transfer technology of AAV vectors with therapeutic 

genome editing technology of ZFNs for rational editing of the human genome and to assay 

platform-associated toxicity. 

Keeping in view the importance of in vivo genome editing as well as the safety and 

efficiency record of AAV in clinical and preclinical studies, I aimed at establishing a protocol 

for ZFN mediated in vivo gene knockout. For this proof-of-principle project in a transgenic 

EGFP mouse, I designed a single construct containing both subunits of a ZFN pair and 

utilized the AAV-ZFN platform for in vivo genome editing of cardiomyocytes after a single 

viral vector administration. 

In summary, this doctoral thesis aimed to improve targeted genome editing technologies 

based on ZFNs and achieve proof-of-principle genome editing in different experimental 

setups, including in vitro, ex vivo and in vivo settings, to pave the way for therapeutic 

applications of this technology for different human diseases. 

 
 
 
 
 
 
 



Publication 1 23

 
 
 
 
 
 
 
 
 

3. Publication 1 
 

Highly Efficient Zinc-Finger Nuclease-Mediated Disruption of an eGFP 

Transgene in Keratinocyte Stem Cells without Impairment of Stem Cell 

Properties. 

Stem Cell Reviews and Reports, 2011 

 

 

 

Author’s contribution statement: 

 
This study was completed in collaboration of Dr. Julia Reichelt research group. I 

constructed, optimized and characterized the zinc finger nuclease expression plasmids 

used in this study and performed all the genotyping for qualitative and quantitative analysis 

of EGFP disruption on the genome level (Figure 2 a and b). In addition, I contributed to 

writing manuscript.  

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 



Highly Efficient Zinc-Finger Nuclease-Mediated Disruption

of an eGFP Transgene in Keratinocyte Stem Cells

without Impairment of Stem Cell Properties
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Abstract Zinc-finger nucleases (ZFNs) are sequence-specific

genome engineering tools with great potential for the

development of gene therapies. The achievement of permanent

cures through gene therapy requires targeting of stem cells but

the effects and/or side effects of ZFN treatment on adult stem

cell potency are largely unknown. Keratinocyte stem cells

(KSCs) are attractive candidates for the development of gene

therapies as their isolation, culture and grafting are well

established. We derived KSCs from eGFP-transgenic mice

and knocked out eGFP expression by disrupting the open

reading frame with specific ZFNs in cell culture. EGFP-

negative KSCs were then used as a model system to study the

impact of ZFN treatment on stem cell potential. We achieved

high gene disruption efficiencies with up to 18% eGFP-

negative KSCs. As expected, ZFN cytotoxicity increased with

rising ZFN concentrations. However, the ratio of correctly

targeted KSCs among total treated cells was similar at different

ZFN doses. Most importantly, our in vitro assays showed that

ZFN-treated KSCs maintained their stem cell potential. They

retained the capacity to both self-renew and form fully

differentiated epidermal equivalents in culture. Moreover, they

were able to form spherical aggregates in suspension culture, a

characteristic hallmark shared with other stem cell types, and

they expressed the in vivo KSC markers K15, NFATc1 and

Sox9. Our data suggest that the stem cell potential of KSCs is

not impaired by highly efficient ZFN treatment.

Keywords Keratinocytes . Stem cells . Gene targeting .

Mice . Cytotoxicity. EGFP protein . Gene therapy

Introduction

Gene therapy is currently the most promising approach for the

treatment of monogenetic diseases [1]. To achieve permanent

cure of an affected tissue by gene therapy, targeting of organ-

specific stem cells is advantageous. For several reasons,

genetic blistering skin diseases represent ideal targets for the

development of ex vivo gene therapy approaches involving

stem cells. Firstly, skin is an easily accessible organ.

Secondly, isolation, propagation and grafting of keratinocyte

stem cells (KSCs) are well established and have been widely

used to treat burn patients for more than 30 years [2, 3].

Thirdly, there is a high therapeutic demand for inherited skin

blistering conditions which are extremely painful, debilitat-

ing, often involve devastating disfigurement to the point of

mutilation and are potentially life-threatening.

Two major requirements for the clinical use of gene

therapies are safety and high efficiency. In their pioneering

work, Mavilio et al. [4] applied gene therapy successfully in a

patient with junctional epidermolysis bullosa, caused by

recessive mutations in the laminin 5 gene, by grafting

autologous KSCs which were virally transduced with laminin

5 cDNA. Although highly efficient, retrovirus-mediated gene

therapy bears several risks and may cause insertional

mutagenesis resulting in carcinogenesis [5]. Even novel self-

inactivating lentiviral vectors, which promise to represent a

safer tool, can be genotoxic by generation of viral-cellular

fusion transcripts from proviral integration sites [6].
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Hereditary blistering skin diseases are heterogeneous and

caused by a variety of different mutations. One major group

are dominant-negative keratin mutations which are ex-

tremely difficult to treat as recovery of normal tissue

function requires ablation of the mutant keratin [7]. One

current line of research aims to employ RNAi technology to

suppress expression of dominant-negative keratin mutations

[8]. However, the delivery of siRNA and their stable

expression in skin remain to be established, and transient

expression of siRNA would require repeated treatment of

patients. In contrast to siRNA-driven suppression of

dominant-negative mutant gene expression, zinc-finger

nuclease (ZFN) technology is a highly efficient tool to

knock out genes based on the error-prone non-homologous

end joining (NHEJ) pathway [9]. ZFN-mediated knockout

of chemokine receptor 5 (CCR5) was used in primary T

cells of HIV patients to render the cells resistant to infection

with the virus [10] and a phase I clinical trial is in progress

[11]. ZFNs are engineered endonucleases which can be

designed to recognize a specific target site within a complex

genome via their zinc-finger domains. Upon binding of two

ZFN subunits in correct orientation and spacing, the unspe-

cific FokI endonuclease domains dimerize and generate a

DNA double-strand break in the target gene. In the absence

of homologous DNA, the double-strand break is repaired by

NHEJ, which frequently causes frameshift mutations, result-

ing in functional deletion of gene expression. This mecha-

nism can be harnessed to inactivate dominant-negative

mutant genes such as disease-causing mutant keratin alleles.

A great advantage of the ZFN technology, in contrast to

virus-based gene therapy, is that ZFNs do not persist in the

treated cells. Following ex vivo treatment, ZFN expression

will therefore recede before targeted cells are grafted.

Furthermore, ZFN-induced modifications are permanent

and passed on to daughter cells further supporting the

therapeutic potential of this approach.

A prerequisite for the application of ZFN technology for

the treatment of KSCs from patients with genodermatoses

is that the stem cell potential is maintained following ZFN

treatment. Using transgenic eGFP-expressing murine KSCs,

we provide proof-of-principle that ex vivo ZFN-mediated

functional deletion of targeted genes is highly efficient and,

most importantly, our results indicate that the characteristic

stem cell properties of self-renewal and differentiation are

not impaired by ZFN treatment.

Materials and Methods

Plasmids and Cell Culture

ZFN expression vectors were generated by subcloning a ZFN

pair specific for position 502 (5′-ATCCGCCACnnnnnnGA

GGACGGC-3′) of the eGFP open reading frame [12] into

pRK5 vectors [13] containing the obligate heterodimeric

KV/EA FokI variants [14].

A KSC line (HD-KSC) was established by serial

cultivation of primary keratinocyte cultures [15] derived

from the epidermis of RA/EGxdelCre mice. Briefly,

epidermis was recovered from neonatal mice after over

night incubation on dispase (Invitrogen, Paisley, UK)

solution (5 U/ml) at 4°C. The epidermis was then minced

using scalpels and agitated for 30 min at 1000 rpm in FAD

medium (FAD medium: DMEM/HAM’s F12, 3.5 : 1.1 with

0.05 mM Ca2+ (Biochrom, Berlin, Germany), 10% FCS

(FCS Gold, PAA), 0.18 mM adenine, 0.5 μg/ml hydrocor-

tisone, 5 μg/ml insulin, 10−10 M cholera toxin (all from

Sigma, Gillingham, UK), 10 ng/ml EGF (Invitrogen),

2 mM glutamine, 100 U/ml penicillin, 100 μg/ml strepto-

mycin, 250 ng/ml amphotericin B (CnT-ABM, Cellntec,

Switzerland)). Prior to addition of FCS to the medium, FCS

was treated with 2 g Chelex 100 (Bio-Rad, Hempstead,

UK) per 50 ml serum rotating at 4°C over night to remove

Ca2+, and then sterile filtered. Keratinocytes were co-

cultured with inactivated 3T3-J2 fibroblast feeder cells for

the first 8 passages. Culture dishes (TPP, Trasadingen,

Switzerland) were coated with 50 μg rat tail collagen I (BD

Biosciences, Oxford, UK)/ml 0.02 M acetic acid for 1 h and

washed twice with PBS (Lonza, Tewkesbury, UK). Kerati-

nocytes were cultivated at 32°C and 5% CO2. Medium was

changed twice weekly and cultures were split at 1:1 for the

first 3–4 passages, and thereafter at 1:2 or 1:3. For splitting,

keratinocytes were washed with PBS, incubated with 0.02%

EDTA in PBS for 5 min and then for 8–12 min with 0.05%

trypsin/0.02% EDTA in PBS (Invitrogen) at 37°C.

3T3-J2 fibroblast feeder cells were grown in DMEM

medium (Invitrogen) with 10% FCS and antibiotic/anti-

mycotic solution. Prior to co-cultivation with keratinocytes,

feeder cells were inactivated with 0.4 μg/ml mitomycin C

(Sigma) for 2 h at 37°C.

Transfection of Keratinocytes

For determination of ZFN efficiency and cytotoxicity

(Figs. 1 and 2): HD-KSCs, passage (P) 27 were grown in

12-well plates and transfected at 50% confluence using

lipofectamine 2000 (Invitrogen) with 0.4, 0.6, 0.8, 1.0 and

1.2 μg of eGFP-specific ZFN expression plasmid/ml/well.

After 48 h, cells were transferred to 6-well plates and

further grown for 6–8 days to allow for eGFP protein

degradation. The increase in eGFP-negative keratinocytes

was measured by flow cytometry.

For determination of stem cell potential after ZFN

treatment (Figs. 3 and 4): HD-KSCs (P27) were seeded in

6-well plates and transfected at 50% confluence with 0.6 or

1.0 μg/ml total ZFN plasmid using lipofectamine 2000.
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Transfected KSC cultures were termed ZFN600-KSC and

ZFN1000-KSC, respectively. After 48 h, cells were trans-

ferred to 25 cm2, later to 75 cm2 flasks and further grown

for 6–8 days.

Flow Cytometry and Fluorescence-Activated Cell Sorting

(FACS)

Flow cytometry was used to determine ZFN efficiency.

ZFN-treated HD-KSCs were trypsinised, resuspended in

PBS, and DAPI was added to identify dead cells. DAPI-

positive cells were excluded from counting. EGFP-negative

and eGFP-positive cells were quantified using a FACS-

Canto II (BD Biosciences).

FACS was used for isolation and subsequent cultivation

of eGFP-negative and eGFP-positive populations of ZFN-

treated HD-KSCs. ZFN600-KSCs and ZFN1000-KSCs

were trypsinised and resuspended in FAD medium contain-

ing 0.8% FCS (Chelex-treated). DAPI was used to exclude

dead cells from sorting. The eGFP-negative population was

separated from the eGFP-positive population using a

FACSAria II (BD Biosciences). Sorted eGFP-negative

ZFN600-KSCs and ZFN1000-KSCs were immediately

plated and expanded in culture for further analysis.

EGFP fluorescence was measured using a BP 530/30 filter.

BD FACSDiva™ software version 6.1.3 was used for analysis.

Genotyping

The T7 endonuclease I (T7E1) assay was performed as

previously described [16] using genomic DNA from sorted

eGFP-negative ZFN1000-KSCs and from HD-KSCs (con-

trol) as templates. In short, 100 ng of the purified 544-base

pair PCR amplicon, which contains part of the ZFN binding

site of the eGFP gene (primers #76 5′-taaacggccacaagtt

cagcgt and #185 5′-gtgctcaggtagtggttgtcg), was melted at

95°C and reannealed at room temperature to allow for the

formation of heteroduplex DNA. The reannealed DNAwas

treated with 5 U of T7E1 (New England Biolabs, Frankfurt,

Germany) for 20 min at 37°C, and fragments separated on a

2% agarose gel.

Fig. 1 a Side scatters (left column), and cell numbers (right column)

from flow cytometry analysis were plotted against eGFP intensities.

Mock-transfected controls showed a background of 0.9% eGFP-

negative cells which was subtracted from the measurements of ZFN-

transfected samples to yield the percentage of eGFP-negative KSCs

(ΔGFP-). For mock-transfected HD-KSCs, and HD-KSCs transfected

with 0.4–1.0 μg ZFN DNA/ml/12well, the total number of counted

cells was 105. Note that for HD-KSCs transfected with 1.2 μg ZFN

DNA/ml/12-well only 2×104 cells were counted due to high cell loss

caused by ZFN toxicity. b Results from several independent flow

cytometry experiments showed that ZFN efficiency increased in a

linear manner with the amount of transfected ZFN DNA. Data points

represent means +/− SEM, n≥4; R2, coefficient of determination

R

Stem Cell Rev and Rep



Part of the eGFP gene containing the ZFN binding site

was amplified by PCR using 100 ng of genomic DNA from

sorted eGFP-negative ZFN1000-KSCs as template, along

with 10 μM of each primer (#850 5′-atcgacttcaaggaggacggc

and #185 5′-gtgctcaggtagtggttgtcg), 10 mM dNTPs, and 0.5

U of Phusion High-Fidelity DNA Polymerase (Fisher

Scientific, Schwerte, Germany) in 1x reaction buffer for 30

cycles. The 227-base pair PCR amplicon was purified and

cloned into pCR4Blunt-TOPO vector using Zero Blunt TOPO

PCR Cloning Kit for Sequencing (Invitrogen, Darmstadt,

Germany). DNA from 12 single clones was then sequenced

using M13 forward primer provided with the kit.

Cytotoxicity Assay

Cell viability was assessed 24 h after ZFN plasmid

transfection by determining keratinocyte numbers using a

hemocytometer. HD-KSCs (P27) were seeded in 12-well

plates and transfected as described above. As a control to

test for DNA cytotoxicity, HD-KSCs were transfected with

the same amounts of DNA (0.4–1.2 μg/ml/12-well) of an

unrelated plasmid (pEGFP-K10). All experiments were

performed in duplicate and Student’s t-test was used for

statistical analysis.

KSC Aggregate Formation Assay

Keratinocyte aggregates were grown in Aggrewell-400

plates (Stemcell Technologies, Grenoble, France). In order

to generate aggregates of a size of 100 cells/aggregate, the

two eGFP-negative KSC populations of ZFN600-KSCs and

ZFN1000-KSCs, obtained by FACS, as well as untreated

HD-KSCs (all P29) were seeded at a density of 1.2×105

cells/well in high calcium (1.2 mM Ca2+) FAD medium in

Aggrewell plates. 48 h after seeding, aggregates were

harvested into a 50 ml reaction tube and left for 5–10 min

prior to removal of the supernatant and transfer into a

1.5 ml reaction tube in 1 ml medium. After aggregates had

settled, excess medium was removed, aggregates were re-

suspended in 50–60 μl of 1.2% alginate (Sigma) in PBS,

added to 50 ml 102 mM CaCl2 and incubated for 10 min to

set. Once set, using forceps the aggregate-containing

droplets were placed into a drop of OCT-compound (Fisher

Scientific, Loughborough, UK), and frozen in isopentane,

pre-cooled over liquid nitrogen. To simplify aggregate

droplet recovery, OCT-compound (Fisher Scientific) was

pre-colored with 1% neutral red solution.

KSC Differentiation and Generation of Epidermal

Equivalents

Filter inserts (Millicell PCF, 0.4 μm, 12 mm, Millipore,

Watford, UK) were coated with collagen I prior to seeding

Fig. 2 a T7E1-based genotyping confirmed the presence of sequence

modifications in the targeted eGFP sequence. Genomic DNA was

isolated from cells transfected with E502-specific ZFN expression

plasmids (ZFN1000-KSCs; lanes 1, 2) or mock-transfected cells (HD-

KSCs, lanes 3, 4). PCR amplicons encompassing the ZFN targeted site

were then digested with T7E1 or left untreated (+ or -, as indicated at

the bottom). The percentage of modified alleles is indicated at the

bottom. b Sequence analysis of cloned PCR products from genomic

DNA of sorted eGFP-negative ZFN1000-KSCs revealed several

distinct mutations in the targeted sequence of the eGFP transgene.

The sequences of the recognition sites of the left (E502L) and right

subunit (E502R) of ZFN E502 are indicated by upper case letters, dots

indicate deletions and dashes accommodate the detected insertion. c

The graph shows the number of viable cells 24 h after transfection of

HD-KSCs with ZFN DNA at concentrations of 0.4 - 1.2 μg/ml/12-

well. Results are shown in means +/− SEM, n=16; ***, P<0.001. d

Although the fractions of dead cells differed strongly between KSCs

treated with 0.6 and 1.0 μg ZFN plasmid DNA/ml/12-well (white

areas) the fractions of correctly targeted (eGFP-negative) KSCs were

similar in the two populations (black areas)
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2× 105 keratinocytes per insert in FAD medium. Inserts

were placed in 6 cm dishes and media levels of dishes were

adapted to those of the inserts. The two eGFP-negative

populations of ZFN600-KSCs and ZFN1000-KSCs, isolated

by FACS, as well as untreated HD-KSCs (all P30) were grown

submerged for 2 days until confluence was reached. The

medium was changed to high calcium (1.2 mM Ca2+) FAD

medium including 50 μg/ml vitamin C and cultures were

further grown submerged for 16 h. The medium was then

aspirated and keratinocytes were grown for 12 days at the air-

liquid interphase with medium levels in the 6 cm dishes kept

up to the filter level. Medium was changed every 1–2 days.

Filters with epidermal equivalents were excised, embedded in

OCT-compound (Fisher Scientific, Loughborough, UK),

frozen in liquid nitrogen and stored at −80°C.

Immunofluorescence Analysis

Cryosections (5 μm) of epidermal equivalents and KSC

aggregates were fixed for 10 min with acetone at −20°C, or

(for detection of Sox9 and NFATc1) with 4% formaldehyde/

PBS. Antigen retrieval after formaldehyde fixation was

performed using 10 mM citrate buffer and a microwave oven

at sub-boiling temperature for 20 min. Immunofluorescence

analysis was performed as described before [17]. Antibodies

were diluted as follows: Ki-67 (Dianova, Hamburg,

Germany), 1:50; K10 (DE-K10, Progen, Heidelberg, Germany)

1:10; filaggrin (PRB-417P, Covance, Berkeley, CA), 1:1000;

K5 (PRB-160P, Covance), 1:1000; K1 (PRB-165P, Covance),

1:1000; K15 (GP-15.1, Progen), 1: 200; Sox9 (sc-20095, Santa

Cruz, Heidelberg, Germany), 1:50; NFATc1 (sc-7294, Santa

Fig. 3 Immunofluorescence analysis of KSC aggregates generated

from untreated HD-KSCs and from sorted eGFP-negative ZFN600-

KSCs showed similar expression patterns for K5, K15, Sox9, and

NFATc1 and absence of K1 in both samples. Cy3 (red) and DAPI

(blue) were used for visualization of specific antigens and nuclei,

respectively; scale bar, 100 μm
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Cruz), 1:50. Secondary antibodies were species-specific Cy3-

conjugated goat antibodies (Molecular Probes, Eugene, OR).

Nuclei were stained with DAPI (Invitrogen) and microscopical

analysis performed using an Axio Imager operated through

Axiovision software (Zeiss, Hertfordshire, UK).

Results

EGFP-expressing KSCs were derived from heterozygous

RA/EGxdelCre mice carrying one copy of the eGFP

transgene per cell [18]. The resulting KSC line, termed

HD-KSC, was used to study the efficiency of ZFN-

mediated functional deletion of the eGFP transgene and

its consequences on stem cell potential. We used plasmid

concentrations ranging from 0.4 to 1.2 μg/ml/12-well and

show that the efficiency of eGFP gene disruption increased

with the amount of transfected ZFN plasmid DNA. The results

from a representative flow cytotometry analysis are shown in

Fig. 1a. The experiment was repeated (n≥4) for individual

DNA concentrations and the resulting coefficient of deter-

mination (R2) described a strong linear correlation between

DNA concentration and targeting efficiency (Fig. 1b,

R2=0.98). At plasmid concentrations of 0.4 μg/ml/12-well,

on average 2.6% of the treated KSCs were eGFP-negative.

Although we observed high cytotoxicity in samples treated

with 1.2 μg plasmid DNA/ml/12-well, we also detected on

average 18% eGFP-negative keratinocytes among the sur-

viving cell populations (Fig. 1a and b).

NHEJ-induced ZFN-mediated target site modifications in

sorted eGFP-negative ZFN1000-KSCs was verified using the

mismatch-sensitive endonuclease T7E1 (Fig. 2a). The deter-

mined amount of 68% of mutated alleles is likely an

underestimation as quantifications above 50% are not

accurate. Furthermore, we have sequenced parts of the

targeted eGFP transgene derived from genomic DNA from

sorted eGFP-negative ZFN1000-KSCs and detected dele-

tions of 1, 2 and 24 base pairs as well as an insertion of 2

base pairs (Fig. 2b). The genotyping data confirmed that the

loss of eGFP expression in eGFP-negative ZFN1000-KSCs

resulted from ZFN action.

ZFN are known to exhibit cytotoxicity [19]. In our

experimental setting, ZFN plasmid amounts ≤0.6 μg/ml/12-

well did not cause significant cytotoxicity (Fig. 2c). At

plasmid concentrations ≥0.8 μg/ml/12-well, cytotoxicity

increased significantly with rising plasmid concentrations.

The observed ZFN-mediated cytotoxicity at DNA concen-

trations ≥0.8 μg/ml/12-well was unrelated to the amount of

exogenous DNA used for transfection as in control experi-

ments using HD-KSCs, the same amounts of DNA of an

unrelated plasmid showed no detectable cytotoxicity (data

not shown). Together, the results from flow cytometry and

cytotoxicity assay revealed a range of lower ZFN plasmid

concentrations (<0.8 μg/ml/12-well) which resulted in high

gene disruption efficiencies of at least 7.6% (on average at

0.6 μg/ml/12-well) without causing significant cytotoxicity.

The numbers of eGFP-negative HD-KSCs obtained from

flow cytometry (Fig. 1b) were projected on the total

number of cells used for ZFN transfection employing the

ZFN cytotoxicity data determined 24 h after transfection of

HD-KSCs (Fig. 2c), allowing us to compare the absolute

fractions of eGFP-negative KSCs at ZFN plasmid concen-

trations below (0.6 μg/ml/12-well) and above (1.0 μg/ml/

12-well) the determined cytotoxicity threshold (Fig. 2d).

Although ZFN cytotoxicity-induced cell loss upon treatment

with plasmid concentrations of 0.6 μg/ml/12-well (5.3%, not

significant) and 1.0 μg/ml/12-well (61.5%, significant with

P<0.001) differed strongly, the absolute fractions of eGFP-

negative KSCs were similar in the two populations, at 7.1%

and 6.1% respectively (Fig. 2d).

We demonstrate that both ZFN cytotoxicity and ZFN

targeting efficiency of single genes rise in KSCs with

increasing ZFN plasmid concentrations. Our results reveal

that (i) the relative knockout frequency increases with

increasing ZFN plasmid amounts while (ii) the absolute

fraction of eGFP-negative cells in the transfected wells

remains the same. This raises the question whether eGFP-

negative KSCs obtained via highly efficient, high ZFN dose

treatment accompanied by high cytotoxicity show impaired

stem cell capacity when compared to eGFP-negative KSCs

Fig. 4 HD-KSCs and sorted eGFP-negative ZFN600-KSCs showed

differentiation and formation of epidermal equivalents in high calcium

medium at the air-liquid interphase. Immunofluorescence analysis

revealed that proliferating, i.e. Ki-67-positive, keratinocytes were

confined to the basal layers, K10 was expressed throughout suprabasal

layers and filaggrin expression was restricted to terminally differen-

tiated keratinocytes in the upper suprabasal layers. Cy3 (red) and

DAPI (blue) were used for visualization of specific antigens; dashed

lines indicate basement membranes; scale bar, 100 μm
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arising from lower efficiency treatment, without involve-

ment of significant cytotoxicity.

We addressed this question and used FACS to isolate

eGFP-negative ZFN600-KSCs (resulting from transfection

with 0.6 μg/ml ZFN DNA, a dose which did not cause

cytotoxicity), and eGFP-negative ZFN1000-KSCs (result-

ing from treatment with 1.0 μg/ml ZFN DNA, a dose which

caused significant cytotoxicity), and propagated them in

culture to test their stem cell specific capacity to self-renew

and differentiate. Proliferation of both populations of eGFP-

negative KSCs was comparable to that of untreated HD-

KSCs, indicating that self-renewal was not affected by

ZFN-treatment (data not shown). Furthermore, both pop-

ulations of eGFP-negative KSCs were able to cluster and

form aggregates in suspension culture (Fig. 3), a character-

istic hallmark of several types of stem cells, including

KSCs [20]. KSC aggregates generated from both eGFP-

negative ZFN600-KSCs and eGFP-negative ZFN1000-

KSCs showed expression of keratin (K) 15, Sox9 and

NFATc1 (Fig. 3), characteristic in vivo markers of multi-

potent KSCs residing in the hair follicle bulge region [21].

Furthermore, KSC aggregates showed expression of K5,

which is a marker for undifferentiated keratinocytes,

whereas the epidermal differentiation marker K1 was absent

(Fig. 3). As eGFP-negative ZFN600-KSCs and ZFN1000-

KSCs showed identical results in the aggregate formation

assay, data for eGFP-negative ZFN1000-KSCs are not

shown.

In order to test for the differentiation potential of KSCs

after ZFN treatment, we used an established in vitro assay

and generated epidermal equivalents. Upon growth in high

calcium medium at the air-liquid interphase both eGFP-

negative ZFN600- and ZFN1000-KSCs were equally able to

stratify and form well-differentiated epidermal equivalents

(Fig. 4; eGFP-negative ZFN1000-KSCs are not shown). The

equivalents showed proliferation of keratinocytes in the basal

layer, as assessed by Ki-67 staining, and differentiation of

suprabasal keratinocytes as indicated by expression of the

early epidermal differentiation marker K10 and the late

differentiation marker filaggrin (Fig. 4).

The results from our in vitro assays indicate that highly

efficient ZFN treatment does not affect stem cell properties

or impair stem cell potential of KSCs.

Discussion

Permanent cure of genetic diseases via gene therapy will,

for most affected organs, rely on targeting of tissue-specific

stem cells. ZFN technology promises to be an extraordinary

safe and effective tool for both gene disruption and gene

correction therapy. The effect of ZFN-treatment on adult

multipotent stem cell potential has been poorly investigated

thus far. Gene therapy studies involving adult stem cells in

combination with ZFN technology have until now been

restricted to hematopoietic stem cells (HSCs) used for HIV

treatment [10, 22] and mesenchymal stem cells (MSCs)

[23]. Beside HSCs and MSCs, KSCs are probably the best

investigated, most accessible and transplantable adult stem

cell type, which make genetic skin diseases and KSCs an

ideal target for the development of ZFN-mediated gene

therapies. Our study, using eGFP-transgenic murine KSCs

as a model system, is the first to show successful ex vivo

ZFN-mediated disruption of a specific gene in KSCs. Using

lipofection-based gene transfer of ZFN plasmids, we

observed a high knockout efficiency of the targeted eGFP

allele in cultured KSCs, consistent with previously pub-

lished gene disruption efficiencies achieved in primary

porcine cells, which were electroporated to allow uptake of

ZFN-encoding mRNAs [24].

In our experimental setting cytotoxicity was detected at

higher concentrations of ZFN DNA (≥0.8 μg/ml) whereas

lower concentrations, which were still efficient at targeting,

had no influence on cell viability. ZFNs are known to be

genotoxic resulting in high cell death rates among treated

cells. The reasons for this toxicity are not entirely clear but

off-target nuclease cleavage sites, which are generated

during the short period of time when ZFNs are expressed

in transfected cells, are one likely cause. Since cytotoxicity

is inversely correlated with ZFN specificity [25] several

strategies have been devised to reduce ZFN toxicity, such as

increasing ZFN specificity and redesigning the FokI

nuclease dimer interface [26]. In order to improve the

safety of ZFN technology for the development of gene

therapies involving autologous stem cell grafting, optimi-

zation of ZFN engineering is essential to avoid long-term

side effects. Another prerequisite for using ZFNs in cellular

gene therapies is that stem cell multi- or pluripotency are

not impaired by the treatment.

Pluripotent stem cells such as embryonic stem cells (ESCs)

and induced pluripotent stem cells (iPSCs) hold great potential

for regenerative medicine, and several publications describe

successful genetic manipulation of these stem cells by ZFNs

without affecting pluripotency [22, 27, 28]. Although iPSCs

are very similar to ESCs [29] and their use as therapeutic

tools would circumvent ethical issues associated with ESCs,

robustness of epigenetic reprogramming during iPSC gener-

ation must be ensured before they can be regarded as safe for

human gene therapies [30, 31]. Adult tissue-specific multi-

potent stem cells, such as the well accessible KSCs, represent

an excellent alternative to pluripotent stem cells as targets for

ex vivo gene therapies.

We used two in vitro assays to assess the effects of ZFN

treatment on stem cell potency of KSCs. The assays were

applied to two correctly targeted KSC populations (FACS-

sorted eGFP-negative KSCs) which differed in the amounts
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of ZFN plasmid DNA they had been transfected with. The

compared ZFN plasmid amounts were either below

(ZFN600-KSCs) or above (ZFN1000-KSCs) the previously

determined threshold of significant cytotoxicity. Interest-

ingly, the potential of surviving stem cells was unaffected

by the ZFN treatment and both populations showed

comparable self-renewal and differentiation capacities. The

unaffected stem cell potential may be explained by highly

efficient repair processes ensuring KSC survival from ZFN

side effects and/or efficient elimination of damaged KSCs.

Another explanation is that the sorted eGFP-negative

ZFN1000-KSCs represented only that fraction of the total

population of targeted ZFN1000-KSCs which expressed

ZFNs at levels similar to the amount expressed in the

ZFN600-KSC population. KSCs expressing higher ZFN

doses in the population of targeted ZFN1000-KSCs may

have died and were lost before sorting.

In this study, we targeted and disrupted a transgenic

eGFP-allele in murine KSCs by employing ZFN-induced

endogenous NHEJ. It was recently shown that murine

KSCs in their in vivo hair follicle bulge niche are able to

repair DNA damage in response to ionizing irradiation

much faster than other, more differentiated, epidermal

keratinocytes due to highly efficient NHEJ [32]. This rapid

DNA lesion repair in KSCs was shown to rely upon their

increased DNA-PK activity, a key enzyme in the NHEJ

pathway [32]. Increased NHEJ in response to ionizing

irradiation was also reported for murine HSCs [33] but not

for human HSCs [34]. The choice between the error-prone

DNA damage repair via NHEJ and the high-fidelity

homology-directed repair system seems to depend upon

the cell cycle stage where NHEJ predominates in quiescent

cells whereas cycling cells tend to use high-fidelity

homology-directed DNA repair mechanisms in the S/G2

phase of the cell cycle [33]. If these findings also apply to

cultured human KSCs, the cell cycle stage of KSCs during

ex vivo ZFN treatment will influence targeting efficiency

and should therefore be considered in the development of

gene therapy treatments. The consequences of an increased

NHEJ pathway activity for ZFN-mediated functional

deletion of specific alleles in KSCs are yet unknown. It is

possible that increased NHEJ activity may positively

influence ZFN efficiency in KSCs, but it may also bear a

higher risk for DNA damage accrual [35].

In this study we show that ZFNs provide a highly

efficient tool for the deletion of specific alleles in KSCs and

that ZFN toxicity does not impair the stem cell potential of

KSCs. Further studies will be necessary to investigate long-

term in vivo effects of ZFN treatment of KSCs, originating

from possible DNA damage, including carcinogenesis or

accelerated aging. In combination with the well-established

method for isolation, expansion and grafting of autologous

human KSCs 2, ZFN-mediated ex vivo gene therapy of

KSCs is a highly promising approach for the treatment of

genodermatoses caused by dominant-negative mutations in

epidermal genes.
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Abstract

Zinc-finger nucleases (ZFNs) have become a valuable tool for targeted genome engineering. Based on the
enzyme’s ability to create a site-specific DNA double-strand break, ZFNs promote genome editing by activat-
ing the cellular DNA damage response, including homology-directed repair (HDR) and nonhomologous end-
joining. The goal of this study was (i) to demonstrate the versatility of combining the ZFN technology with a
vector platform based on adeno-associated virus (AAV), and (ii) to assess the toxicity evoked by this platform.
To this end, human cell lines that harbor enhanced green fluorescence protein (EGFP) reporters were generated
to easily quantify the frequencies of gene deletion, gene disruption, and gene correction. We demonstrated that
ZFN-encoding AAV expression vectors can be employed to induce large chromosomal deletions or to disrupt
genes in up to 32% of transduced cells. In combination with AAV vectors that served as HDR donors, the AAV-
ZFN platform was utilized to correct a mutation in EGFP in up to 6% of cells. Genome editing on the DNA level
was confirmed by genotyping. Although cell cycle profiling revealed a modest G2/M arrest at high AAV-ZFN
vector doses, platform-induced apoptosis could not be detected. In conclusion, the combined AAV-ZFN vector
technology is a useful tool to edit the human genome with high efficiency. Because AAV vectors can transduce
many cell types relevant for gene therapy, the ex vivo and in vivo delivery of ZFNs via AAV vectors will be of
great interest for the treatment of inherited disorders.

Introduction

I
n the last two decades various platforms have been
developed that allow for efficient and precise modification

of the human genome. A very promising approach is based on
zinc-finger nuclease (ZFN) technology (Urnov et al., 2010;
Rahman et al., 2011). ZFNs are designer nucleases that consist
of two functional domains: a customized zinc-finger array
that specifies DNA binding and the endonuclease domain of
the restriction enzyme FokI that contains the catalytic activity
(Smith et al., 2000). Each zinc-finger array in a ZFN subunit
confers binding to the respective target half-site, and upon
dimerization of the two subunits in correct spacing and ori-
entation, the nuclease domain introduces a DNA double-
strand break (DSB) within the spacer sequence that separates

the two target half-sites (Smith et al., 2000). ZFNs have been
shown to cleave target DNA with high specificity and effi-
ciency in a variety of human cell lines and primary cells, in-
cluding T cells (Perez et al., 2008), hematopoietic stem cells
(Lombardo et al., 2007; Holt et al., 2010), mesenchymal stromal
cells (Benabdallah et al., 2010), embryonic stem cells (Lom-
bardo et al., 2007; Hockemeyer et al., 2009; Zou et al., 2009), and
induced pluripotent stem cells (Hockemeyer et al., 2009; Zou
et al., 2009).

A major issue for therapeutic applications of designer
nucleases is the balance between ZFN activity and nuclease-
associated toxicity (Händel and Cathomen, 2011). ZFNs have
undergone several critical improvements in design in the last
decade, including the development of novel platforms to
generate specific zinc-finger arrays (Maeder et al., 2008;
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Urnov et al., 2010; Kim et al., 2011; Sander et al., 2011), im-
proved architecture of the dimer interface to prevent
homodimerization of ZFN subunits (Miller et al., 2007;
Szczepek et al., 2007; Söllü et al., 2010; Doyon et al., 2011;
Ramalingam et al., 2011), and customized interdomain link-
ers that connect the DNA-binding domain with the nuclease
domain (Bibikova et al., 2001; Händel et al., 2009). After ZFN-
mediated DNA cleavage of the target site, the resulting DSB
leads to activation of the cellular DNA damage response,
involving nonhomologous end-joining (NHEJ) and homology-
directed repair (HDR) (Shrivastav et al., 2008). NHEJ is an
error-prone repair pathway that can lead to small insertions
or deletions (indels) at the junction site. If the DSB occurs
within coding sequences, indels can result in frame-shift or
nonsense mutations. HDR, on the other hand, is based on
homologous recombination and is the basis of ZFN-induced
gene targeting. Although NHEJ is the more prominent repair
pathway in mammalian cells, when high numbers of donor
DNA are delivered to the nucleus, the HDR pathway be-
comes more prominent for DSB repair (Lombardo et al., 2007;
Gellhaus et al., 2010).

An important aspect in ZFN-based genome engineering is
vectorization of the nuclease and the donor. Ideally, ZFNs as
well as the donor DNA are present only transiently at high
concentrations. Episomal DNA-based ZFN expression sys-
tems, such as plasmid DNA or viral vectors, usually harbor
strong promoters to ensure high ZFN levels. Thus, the du-
ration of ZFN expression is limited through rapid dilution
during cell division in mitotic cells. In addition to plasmid
DNA, transient nuclease expression in human cells has been
reported from integrase-deficient lentiviral vectors (Cornu
and Cathomen, 2007; Lombardo et al., 2007), adenoviral
vectors (Perez et al., 2008), and vectors based on adeno-
associated virus (AAV) (Porteus et al., 2003; Gellhaus et al.,
2010). The use of AAV vectors is of particular interest be-
cause these vectors function efficiently as a substrate for
HDR, even if the target locus contains only a DNA single-
strand nick (Metzger et al., 2011) or no DNA damage at all
(Hendrie and Russell, 2005). In proof-of-concept studies us-
ing AAV as a donor for HDR and an I-SceI–induced DSB in
the target locus to stimulate gene targeting, we and others
showed that gene targeting at a chromosomally integrated
marker gene can be achieved in up to 65% of cultured human
cells (Miller et al., 2003; Porteus et al., 2003; Gellhaus et al.,
2010; Hirsch et al., 2010). Moreover, in a recent study ZFN-
stimulated in vivo gene targeting was reported after AAV-
based gene transfer in a mouse model for factor IX deficiency
(Li et al., 2011).

The goals of this study were to demonstrate the versatility
of combining AAV vectors with the ZFN platform for
rational editing of the human genome and to assay platform-
associated toxicity. We show that ZFN encoding AAV ex-
pression vectors can be employed (i) to delete a lentiviral
provirus, (ii) to disrupt an expression cassette, or (iii) to
correct a mutational insertion.

Materials and Methods

Plasmids

Plasmids were assembled by polymerase chain reaction
(PCR)-directed cloning and standard molecular biology
procedures. Relevant parts of the plasmids and the resulting

vectors are shown in Figs. 1 and 2. ZFN pairs EB1/BA1 (here
termed EB/BA) (Cornu et al., 2008), E292 and E502 (Maeder
et al., 2008), and their respective recognition sites have been
described before. For this study, the corresponding zinc-
finger arrays were first transferred into a pRK5 plasmid
backbone (Alwin et al., 2005) that contained either of the
obligate heterodimeric FokI variants KV or EA under control
of a cytomegalovirus (CMV) promoter (Szczepek et al., 2007;
Söllü et al., 2010), and then subcloned into the AAV backbone
plasmids pFB-GFPR (Urabe et al., 2002) or pTR-UF (gift of
Nicholas Muzyczka, Gainsville, FL). Plasmid pAV.LHA-
Sce1D encodes a CMV-driven, C-terminally truncated ver-
sion of I-SceI that served as a negative control. The AAV
donor vGFPiNwpre and the lentiviral vector encoding the
mGFPiNwpre target locus (Fig. 2) have been described be-
fore (Gellhaus et al., 2010; Söllü et al., 2010). The lentiviral
vector encoding target locus dsEGFP (Fig. 1) was generated
by adding two PEST domains at the C-terminus of EGFP of
vector pLV-CMV.EGFPiNwpre (Cornu and Cathomen, 2007)
and inserting the EB/BA target site in the DU3 region of the
3¢ long terminal repeat (LTR). Maps and sequences of all
plasmids are available upon request.

AAV-mediated genome engineering

All experiments were performed with recombinant AAV
type 2 vectors. With the exception of AAV.ZFNEB and
AAV.ZFNBA, all AAV vectors were produced and purified as
previously described (Gellhaus et al., 2010). Vectors
AAV.ZFNEB and AAV.ZFNBA were generated using the
baculovirus system, as described in detail elsewhere (Smith
et al., 2009). AAV vector titers were determined by quanti-
tative real-time PCR (LightCycler, Roche) using SYBR Green
(DyNAmoTM Capillary SYBR Green, Finnzymes) and ap-
propriate primers, as previously described (Gellhaus et al.,
2010). For AAV-mediated genome editing, 5· 104 target cells
were infected with vector doses ranging from 103 to 105 ge-
nome copies (gc)/cell in 500–2000 lL of standard medium.
To analyze AAV-mediated EGFP expression kinetics, 105

U2OS cells were transduced with either 50 or 500 gc/cell of
AAV2.EGFP (Schwartz et al., 2007). At the indicated time
points, cells were analyzed by flow cytometry (FACSCalibur,
BD Biosciences). U2OS-based cell lines were cultured in
Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum and penicillin/streptomycin (In-
vitrogen). The polyclonal target cells were generated by
lentiviral transduction (Cornu et al., 2008), followed by se-
lection with 0.4mg/mL geneticin (Händel et al., 2009).

Genotyping

Genomic DNA from target cells was extracted with the
Blood MiniKit (Qiagen). To amplify part of the proviral DNA
containing the EGFP locus, 100 ng of genomic DNA was
used as a template, along with 10 lM of each primer (#1270
5¢-tacatcaatgggcgtggata and #598 5¢-gaactccagcaggaccatgt),
10mM dNTP, and 0.125U of Phusion High-Fidelity DNA
Polymerase (Finnzymes) in 1· reaction buffer for 25 cycles.
A 150-bp amplicon of the PTBP2 allele (primers #1274 5¢-
tctccattccctatgttcatgc and #1275 5¢-gttcccgcagaatggtgaggtg)
served as a control. T7 endonuclease I (T7E1) assays were
carried out as described previously (Hoher et al., 2011;
Mussolino et al., 2011). In brief, 100 ng of the purified 544-bp
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PCR amplicon containing part of the EGFP gene (primers #76
5¢-taaacggccacaagttcagcgt and #185 5¢-gtgctcaggtagtggttgtcg)
was melted and re-annealed to allow the formation of het-
eroduplex DNA, treated with 5U of T7E1 (New England
BioLabs) for 20min at 37�C, and separated on a 2% agarose
gel. To detect AAV vector integration into the E502 site,
primers recognizing the EGFP gene and the AAV-ZFN ex-
pression vector were used for the 5¢-junction primers #76
and #1401 (5¢-accatggcccaacttgttta; SV40 pA) and for the 3¢-
junction primers #185 and #14 (5¢-aatggggcggagttgttacgac;
CMV). Correction of the EGFP target locus was verified us-
ing a nested PCR. For the first PCR, 100 ng of genomic DNA
was used as a template, along with 300lM of each primer
(#136 5¢-caagggcgaggagctggt and #559 5¢-ctcggcgcgggtcttg
tag), 200mM dNTP, 0.125U of Taq polymerase (PEQLAB) in
1 · reaction buffer for 13 cycles. PCR products were purified
using QIAquick PCR Purification Kit (Qiagen) and 1 lL (out

of 20lL) was used as a template for a second amplification
round with primers #361 5¢-gaggagctgttcaccggg and #559 for
25 cycles.

Analysis of ZFN expression

Western blot analysis to detect ZFN expression was per-
formed as previously (Shimizu et al., 2011). To assess ZFN
expression at the RNA level, 105 U2OS cells were transduced
with 105 gc/cell of AAV.ZFNEB and AAV.ZFNBA each, and
harvested in TRIzol reagent (Invitrogen) at indicated time
points. The cDNA was generated using QuantiTect reverse
transcription kit (Qiagen) and used as a template to amplify
a 162-bp fragment of the FokI nuclease using primers #1436
5¢-agtcaagagcgagctggaag and #1437 5¢-cggtagccgtacaccttcat.
The PCR products were separated on a 2% agarose gel and
quantified from nonsaturated gel images with Quantity One

FIG. 1. Adeno-associated
virus (AAV)-mediated ge-
nome editing by nonhomol-
ogous end-joining (NHEJ).
(A) Targeted deletion of len-
tiviral provirus. U2OS.693
cells carry an integrated copy
of a destabilized enhanced
green fluorescence protein
(dsEGFP) expression cassette
that was introduced by len-
tiviral transduction (target).
The lentiviral long terminal
repeats harbor a target site
for zinc-finger nuclease
(ZFN) pair EB/BA (fat ar-
rows). Expression of both
ZFN subunits (ZFNEB and
ZFNBA) upon infection of
cells with 3· 103 (gray) or 105

genome copies (gc)/cell
(black) of the respective AAV
vectors leads to excision of
the expression cassette
(product). The graph shows
the percentage of EGFP-
negative cells, as assessed by
flow cytometry; * indicates
statistically significant in-
crease in EGFP-negative cells
as compared to cells infected
with AAV-ZFNEB alone ( p< 0.05). (B) Polymerase chain reaction (PCR)-based molecular characterization. Genomic DNA of
single EGFP-negative clones (lanes 1–8) was extracted and used as a template to amplify a 1-kb fragment contained in the
provirus. The positions of the primers are indicated as arrows in (A). Amplification of a 150-bp fragment in the PTBP2 gene
served as a control. NT, nontransduced U2OS.693 cells; U, U2OS parental cell line; H2O, PCR control. (C) Targeted gene
disruption. U2OS.693 were infected with 103, 104, or 105 gc/cell of AAV vectors that express ZFNs targeting either position
292 or 502 (fat arrows) of the EGFP reading frame, respectively. Error-prone repair of the DNA double-strand break leads to
disruption of the coding sequence (product). The graph shows the fraction of EGFP-negative cells, as assayed 5 days post-
infection by flow cytometry; * indicates statistically significant increase in EGFP-negative cells, as compared to cells infected
with a control vector expressing a nonfunctional nuclease ( p< 0.02). (D) T7 endonuclease I (T7E1)-based genotyping.
Genomic DNA of cells transduced with E502-specific ZFN expression vectors was used as a template to amplify a 544-bp
fragment containing the target site. The amplicon was subjected to digestion with mismatch-sensitive T7E1 to verify the
presence of insertions/deletions at E502. The position of the expected 446-bp band is indicated. (E) PCR strategy to detect
AAV-ZFN integration into E502 site in antisense orientation. The positions of the PCR primers to detect the 5¢- and 3¢-
junctions, respectively, are shown. (F) Qualitative assessment. Genomic DNA of U2OS.693 cells transduced with E502-
specific ZFN expression vectors was subjected to PCR analysis. DNA from nontransduced (NT) cells served as a control. The
position of the expected *800-bp band is indicated. H2O, PCR control.
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V.4.6.9 (BioRad) software (Hoher et al., 2011; Mussolino et al.,
2011).

Cell cycle profiles and apoptosis

U2OS target cells were synchronized by serum starvation
for 1 day. Then, 105 cells were transduced with 105 gc/cell
each of both AAV-ZFNsubunit expression vectors or treated
with 100 nM vinblastine for 4 hr. After 4 days, cells were
fixed overnight in ethanol and stained with propidium io-
dide (PI) staining solution (3.8mM sodium citrate, 25 lg/mL
of PI, 0.2mg/mL of RNase A in phosphate-buffered saline).
Before analysis by flow cytometry (FACSCalibur), low
molecular weight DNA was released by incubating cells in
DNA extraction buffer (200mM Na2HPO4, 100mM citric
acid, pH 7.8). The fractions of cells in G1, S, and G2/M
phases were determined by plotting FL3-W versus FL3-A.
The number of cells containing a fragmented genome due to

apoptosis was quantified by determining the percentage of
subG1 events by plotting the whole cell population as FL2-H
versus cell counts.

Statistical analysis

All experiments were performed at least three times, with
the exception of data point E502 in Fig. 4. Error bars repre-
sent standard deviation. Statistical significance was deter-
mined using a one-sided Student’s t-test with unequal
variance.

Results

AAV-ZFN–mediated gene disruption

and provirus excision

As a paradigm for inactivating and/or deleting a retro-
viral sequence in the human genome, we generated a re-
porter line based on human osteosarcoma U2OS cells that
expresses a destabilized EGFP (U2OS.693) by lentiviral
transduction. Quantitative PCR established that U2OS.693
cells contain between three and seven copies of the provirus
(data not shown). The lentiviral LTRs of the lentivector used
contain a target site for the previously characterized ZFN
pair EB/BA (Cornu et al., 2008). Upon expression of both
ZFN subunits the entire provirus should be excised, leaving
just a single LTR signature in the genome (Fig. 1A). To this
end, U2OS.693 cells were infected with 3 · 103 or 1 · 105 gc of
AAV particles per cell, either individually with a single ZFN
subunit or in combination, and the percentage of EGFP-
expressing cells was determined 5 days later. As expected,
successful excision of the provirus was dependent on the
expression of both ZFN subunits and on the vector dose.
After co-transduction with 105 gc/cell of AAV vectors

FIG. 2. AAV-mediated genome editing by homology-
directed repair (HDR). (A) Schematic of gene correction in
U2OS.893 cells. The target locus consists of a mutated EGFP
(mGFP) gene under control of a cytomegalovirus (CMV)
promoter, followed by an ires-NeoR-wpre cassette. The mu-
tation in mGFP is based on a 43-bp insertion that includes
three in-frame stop codons and a recognition site for ZFN
pair EB/BA (fat arrow). The AAV donor vector contains a 5¢-
truncated EGFP gene (vGFP) followed by the ires-NeoR-wpre
cassette. HDR (indicated by two crosses) between target lo-
cus and AAV donor leads to expression of a functional EGFP
gene (product). (B) AAV-ZFN mediated gene targeting.
U2OS.893 cells were transduced with the indicated vector
dose of AAV donor and ZFN expression vectors, and as-
sessed by flow cytometry 6 days post-transduction. The
graph displays the average percentage of EGFP-positive
cells; * and ** indicate statistically significant increase in
EGFP-positive cells as compared to mock infected cells
( p< 0.01 and p< 0.002, respectively). (C) AAV-mediated ZFN
expression. U2OS cells were transduced separately with
AAV-ZFNEB, AAV-ZFNBA, or a control vector at 104 or 105

gc/cell, harvested after 72 hr, and ZFN expression levels
detected using an HA tag specific antibody. (D) Genotyping.
Genomic DNA of U2OS.696 cells infected with 104 gc/cell of
AAV donor or AAV-ZFN, as indicated, was isolated 30 days
post-transduction. The DNA was subjected to nested PCR
analysis (primer positions shown in panel A) to detect the
corrected target locus; 104 and 105 copies of an EGFP plasmid
served as positive controls (cto1, cto2).

‰

324 HÄNDEL ET AL.



encoding the EB and BA subunits, 11% of U2OS.693 cells
turned EGFP-negative. To verify ZFN-mediated excision of
the provirus on the genome level, single clones were ex-
panded and the genomic DNA of EGFP-negative cells iso-
lated. PCR-based amplification of a region spanning most of
the EGFP gene and part of the CMV promoter revealed that
in the majority of clones all proviral genomes were excised
(Fig. 1B). In three out of the eight clones at least one provirus
copy remained untouched. Since all clones were EGFP neg-
ative, the respective expression cassettes must have been
silenced before or after AAV transduction.

As a proof of principle that demonstrates AAV-ZFN me-
diated inactivation of functional gene expression, ZFN pairs
targeting the EGFP marker gene at positions 292 (E292) and
502 (E502), respectively (Maeder et al., 2008), were employed.
U2OS.693 cells were infected with 103, 104, or 105 gc/cell of
each ZFN expression vector and evaluated after 5 days. The
percentage of EGFP-negative cells was dependent on both the
vector dose and the ZFN pair used (Fig. 1C). Whereas 9% of
cells lost functional EGFP expression upon infection with 105

gc/cell of the AAV vectors encoding the left and right subunits
of the E292 ZFN pair, 32% of cells transduced with 105 gc/cell
of the E502 encoding AAV vectors turned EGFP-negative.
Molecular characterization of genomic DNA from pooled cells
using the mismatch-sensitive T7E1 confirmed the presence of
indels at the E502 site after expression of the respective ZFNs
(Fig. 1D). To assess whether the AAV-ZFN expression vectors
can integrate into a ZFN-induced DSB, a PCR strategy to de-
tect vector–host genome junctions at the E502 site was applied
(Fig. 1E). Both PCR amplifications produced the expected
*800-bp fragments (Fig. 1F), confirming AAV integration into
nuclease-induced DSBs at low frequencies as previously
shown (Gellhaus et al., 2010).

Together these experiments demonstrated that AAV vec-
tors encoding ZFNs can be efficiently employed to modify
the human genome by harnessing the cellular NHEJ path-
way for DNA repair. The AAV-ZFN platform was success-
fully used to either disrupt a gene or to delete an entire
expression cassette, as illustrated by the excision of a lenti-
virus vector genome.

AAV-ZFN–mediated gene correction

To demonstrate AAV-mediated gene correction by HR, we
established an U2OS-based cell line harboring a promoter-
proximal 43-bp insertion that contains the recognition site for
the ZFN pair EB/BA at position 327 of the EGFP marker
gene (U2OS.893). Because promoter-free donors are advan-
tageous, such a target configuration requires the generation
of AAV donors with asymmetric homology arms. The AAV
donor contained a 5¢-truncated EGFP (vGFP) and a homol-
ogous 3¢-sequence stretch (ires-NeoR-wpre). Of note, the 5¢-
homology arm between the donor and target was only
268 bp long (Fig. 2A).

U2OS.893 cells were co-infected with different amounts of
AAV donor vector, AAV-ZFNEB, and AAV-ZFNBA, and the
percentage of EGFP-positive cells was determined 10 days
post-transduction (Fig. 2B). Co-infection of target cells with
104 gc/cell of donor vector and 105 gc/cell of both AAV-
ZFNEB and AAV-ZFNBA led to correction of 6% of trans-
duced cells. The percentage of EGFP-positive cells dropped
significantly to 0.9% when the amount of donor was in-

creased to 105 gc/cell, suggesting that the ratio between
donor and ZFN expression vector is crucial. Immunoblot
analysis confirmed equal expression of both ZFN subunits
upon transduction (Fig. 2C).

To verify that EGFP-positive cells were the result of a
genuine HR event between the target locus and the AAV
donor vector, genomic DNA from U2OS.893 cells was ex-
tracted 30 days post-transduction. The amplification products
of an allele-specific PCR, in which primers that specifically
recognize the corrected target locus but neither the AAV
donor DNA nor the mutated target locus were employed
(Gellhaus et al., 2010), confirmed that efficient gene targeting
was dependent on the presence of all three vectors (Fig. 2D).

Expression kinetics

Transient expression of ZFNs is crucial for many appli-
cations because prolonged expression of the designer nu-
cleases may be toxic to the cell. To characterize expression
kinetics of AAV-based transgene expression both at the
protein and RNA levels, we transduced U2OS cells either
with an AAV2-based EGFP expression vector or the AAV-
ZFN vectors. U2OS cells transduced with 50 or 500 gc/cell of
AAV.EGFP, respectively, were assessed by flow cytometry at
2, 5, and 8 days post-transduction (Fig. 3A). EGFP fluores-
cence dropped more than threefold between days 5 and 8,
suggesting that the vector is rapidly diluted out in these

FIG. 3. AAV expression kinetics. (A) Protein expression.
U2OS cells were transduced with an AAV-EGFP vector at 50
or 500 gc/cell, respectively, and subjected to flow cytometric
analysis at the indicated time points. The graph displays
mean fluorescence intensity measured in channel FL-1. (B)
RNA expression. U2OS cells were transduced with AAV-
ZFNEB and AAV-ZFNBA at 105 gc/cell. RT-PCR amplifying a
fragment contained in the ZFN FokI domain was performed
on RNA extracted from transduced cells at indicated time
points. The position of the expected 162-bp band is indicated.
Numbers below the gel indicate signal intensities relative to
day 2. NT, nontransduced cells; AAV, cells transduced with
an AAV control vector.
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cultured cells. Total RNA was isolated from cells transduced
with 105 of AAV-ZFNEB and AAV-ZFNBA each at days 2, 5,
and 8 post-transduction. Reverse-transcription PCR con-
firmed rapid loss of ZFN expression over the timeframe of 1
week (Fig. 3B). Together these results confirmed the tran-
sient, short-lived nature of ZFN expression in mitotic cells.

AAV-ZFN–associated toxicity

In the present study we applied three ZFN pairs that were
generated by selection-based approaches (Hurt et al., 2003;
Maeder et al., 2008). To assess cytotoxicity associated with
AAV-based expression of these ZFNs, U2OS cells were co-
infected with 105 gc/cell of each vector encoding either ZFN
subunit. After 2 and 4 days cells were fixed and stained with
PI to perform a cell cycle analysis and determine the per-
centage of apoptotic cells by quantification of the subG1
fraction. The cell cycle profiles at day 2 (not shown) and day
4 post-transduction (Fig. 4A) revealed a modest increase in
the G2/M populations for cells expressing the E292 and E502
ZFN pairs. In agreement with this modest effect on the cell

cycle, the percentage of the subG1 fraction, representing
apoptotic cells, did not increase above background for all
samples analyzed (Fig. 4B). Also Annexin V staining of these
cells did not reveal any significant signs of apoptosis (data
not shown). Together, these results suggest that AAV-
mediated expression of ZFNs can induce a mild G2/M arrest
but does not induce measurable levels of apoptosis.

Discussion

An important safety measurement when developing
platforms for therapeutic ZFN expression in human cells is to
make sure that nuclease expression quickly reaches a high
peak value after transfection/transduction but that expres-
sion lasts only transiently. The latter point is of utmost im-
portance because long-lasting high ZFN expression may
increase ZFN-associated off-target activity and hence cyto-
toxicity (Alwin et al., 2005; Doyon et al., 2008; Meng et al.,
2008; Foley et al., 2009; Pruett-Miller et al., 2009). Nucleofec-
tion of plasmid DNA and transduction with adenoviral or
integrase-deficient lentiviral vectors (IDLVs), respectively,
have been successfully used to achieve ZFN-mediated gene
editing in primary human cells (Lombardo et al., 2007; Perez
et al., 2008; Holt et al., 2010). Moreover, microinjection of
ZFN-encoding mRNA into one-cell zebrafish and rat em-
bryos was shown to allow for efficient gene disruption
(Doyon et al., 2008; Meng et al., 2008; Geurts et al., 2009). In
this study we present AAV vectors as a potentially valuable
vector platform for ZFN-mediated genome engineering
based on NHEJ and HDR. We demonstrated that combining
the two platforms allows for efficient genome editing in
human cells, such as the targeted deletion of an entire ex-
pression cassette, the targeted disruption of an expressed
gene, and the correction of mutations in an open reading
frame.

The concentration and configuration of the donor DNA is
a crucial parameter in HDR-based genome editing (Hirata
and Russell, 2000; Moehle et al., 2007; Gellhaus et al., 2010;
Orlando et al., 2010). It has been reported previously that
AAV vectors serve as efficient templates for HDR in human
cells, both in the absence (Chamberlain et al., 2004; Khan
et al., 2010) and the presence (Miller et al., 2003; Porteus et al.,
2003; Gellhaus et al., 2010; Hirsch et al., 2010) of a DSB. For
the experimental systems used in this and in our previous
studies, however, we were not able to detect AAV-based
gene targeting in the absence of a DSB-inducing enzyme. The
reason for this discrepancy likely resides in the donor ar-
chitecture, which in our case was optimized to work effi-
ciently for DSB-stimulated gene targeting.

Co-applying the AAV donors with AAV-ZFN expression
vectors resulted in functional gene correction in up to 6% of
cells. Although this number is therapeutically relevant, it is
about four times smaller as compared with a similar setting
in which U2OS target cells were co-infected with the same
donor and an AAV I-SceI expression vector (25% EGFP-
positive cells) (Gellhaus et al., 2010). Moreover, when the
same cells were infected with a single AAV vector that
combined donor function and I-SceI expression, 65% of cells
revealed a corrected target locus (Gellhaus et al., 2010).
Hence, the lower gene targeting activity cannot be solely
reduced to differences in nuclease activities. This is in
agreement with previous comparisons between I-SceI and

FIG. 4. Platform-associated toxicity. U2OS.693 cells were
infected with 105 gc/cell of AAV-ZFN vectors, as indicated,
fixed in ethanol 4 days after infection, stained with propi-
dium iodide (PI) and analyzed by flow cytometry. Cells
treated with 100 nM vinblastine (Vin) were assayed after 1
day and served as a control. (A) Cell cycle profile. The plots
show the respective cell populations in G1 (gray), S (white),
and G2/M phase (black). The average percentage of cells in
G2/M phase is indicated. (B) Apoptosis. The graph displays
the average fraction of cells in the subG1 population at day 4
post-transduction.
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ZFNs pairs, in which we did not detect more than twofold
differences in the ability of these nucleases to stimulate gene
targeting when plasmid transfection was used (Cornu et al.,
2008; Szczepek et al., 2007). We therefore speculate that the
drop in promoting gene targeting is a vector-associated
phenomenon, and reducing the number of different AAV
vector constructs from three to two may be crucial to further
increase the gene targeting frequency. Future experiments
will consequently focus on generating AAV vectors that
harbor a so-called two-in-one ZFN construct; i.e., a combined
expression cassette in which the two ZFN subunits are sep-
arated by a 2A autoproteinase (Söllü et al., 2010).

High peak expression of ZFN is a prerequisite to reach the
critical nuclear concentration of the enzyme necessary to induce
a targetedDSB. As shown previously for IDLVs and adenoviral
vectors, sufficient ZFN expression can only be achieved with
relatively high vector doses (Lombardo et al., 2007; Perez et al.,
2008). In many experiments we observed efficient NHEJ and
HDR-based genome editing onlywhen applying 105AAV-ZFN
gc/cell. Although this is a large number, 105 copies of an ex-
pression cassette per cell correspond to about 0.5lg of a 4-kb
plasmid vector per 106 cells, which is typically used for ZFN
expression vectors in nucleofection protocols. On the other
hand,we sometimes noticed inhibitory effects on gene targeting
when using very high AAV doses. Whether this is related to
saturation of the cellular transport machinery that shuttles the
capsids from the cell surface to the nucleus or saturation of the
DNA repair pathways that have to deal with high numbers of
incoming single-stranded DNA vectors, needs to be addressed
in future experiments.

The use of self-complementary AAV (scAAV) vectors
(McCarty et al., 2003; Wang et al., 2003) may effectively re-
duce the required ZFN vector dose. scAAVs harbor a double-
stranded DNA genome and are therefore not dependent
on conversion into duplex forms, either via second strand
synthesis or re-association kinetics, leading to faster and
usually higher transgene expression. In a proof-of-concept
approach Hirsch et al. (2010) showed that scAAV-based I-
SceI expression vectors performed better in a gene targeting
assay than single-stranded AAV counterparts. On the
downside, the limited vector genome size of scAAV will not
permit the packaging of a two-in-one ZFN expression cas-
sette or a combination of donor and ZFN. The high AAV
doses required to see biological effects in our studies suggest
that high vector genome concentrations in the nucleus may
allow for pairing of complementary genomes of (+ ) and (- )
polarity and as a result bypass the requirement of DNA
second strand synthesis.

ZFN and vector-associated toxicity is of utmost impor-
tance when transferring the AAV-ZFN platform to the clinic.
It is known that episomal DNA vectors can integrate into
naturally occurring DSBs (Miller et al., 2004), and we and
others have also shown that nuclease-induced DSB serve as a
prominent integration site for viral vectors, including IDLVs
and AAV (Cornu and Cathomen, 2007; Gellhaus et al., 2010;
Petek et al., 2010). Also in this study, we detected integration
of AAV vectors into the ZFN-induced DSB. However, al-
though AAV vectors can integrate into nuclease-induced
DSBs at low frequency, the majority of integrations seem to
occur outside the target locus (Gellhaus et al., 2010), most
likely in naturally occurring DSBs or nuclease off-target sites
(Petek et al., 2010; Gabriel et al., 2011). Moreover, we also

reported that a targeted DSB shifts the balance from illegit-
imate recombination to gene targeting (Gellhaus et al., 2010),
which strongly supports the use of designer nucleases to
promote HDR-based genome engineering.

Quantitative assessment of ZFN-associated toxicity has been
challenging, especially since the platforms to generate ZFNs
improved in terms of producing designer nucleases with
higher activity and lower toxicity (Händel and Cathomen,
2011). In this study we applied two assays to quantify AAV-
ZFN–induced apoptosis but did not detect signs of toxicity.
Cell cycle analysis, on the other hand, demonstrated a mild
arrest of cells expressing ZFN pairs E292 and E502 in the G2/
M phase. A G2/M phase arrest is indicative of DNA damage,
likely caused by the combined on- and off-target activities of
the respective ZFNs. Previous studies have further shown that
transduction of cells with wild-type AAV2 or UV-inactivated
AAV2 led to cell cycle arrest in the G2/M phase (Saudan et al.,
2000; Raj et al., 2001). Under the experimental conditions used
in our study, we only observed minimal effects of AAV
transduction on the cell cycle. The absence of both Rep ex-
pression and UV irradiation of our AAV vectors could explain
the different experimental outcomes. In summary, this study
emphasizes the importance of a comprehensive and thorough
analysis of the activities and toxicities triggered by the designer
nucleases and/or the vector system.

In conclusion, this study validates AAV vectors as a
valuable platform to deliver designer nucleases to target
cells. Given the safety record of AAV vectors in clinical and
preclinical applications, one can even envisage in vivo gene
editing therapies, as recently demonstrated in the liver of
neonatal mice (Li et al., 2011). AAV vectors have also been
used to efficiently transduce human iPS cells or mesenchy-
mal stem cells ex vivo, opening the door for a wide range of
applications in regenerative medicine by combining cell
therapy with targeted genome engineering.
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5.  Summary of results and discussion 

Modifications of complex genomes hold great potential for use in functional genomics, 

proteomics, the study of biochemical pathways, drug discovery, therapeutic applications, 

biotechnology, agriculture and even material science. The treatment of human monogenic 

diseases, such as sickle cell anaemia, thalassemia, haemophilia, cystic fibrosis, glycogen 

storage diseases, Huntington disease, and Wiskott-Aldrich Syndrome (WAS), will not only 

saves billions of Euro in the healthcare sector but it will also improves the quality of life of 

the affected patients. 

In the last few decades several targeting reagents have been developed that improve the 

genome editing process. These include siRNA [288], Sleeping Beauty transposon [289], 

triplex-forming oligonucleotides (TFOs) [290], DNA cutter ARCUT [291], poly-amides [292, 

293], peptide-nucleic acids [294], meganucleases [295], ZFNs [296, 297] and TALENs 

[298].  

Whereas ZFNs and TALENs are promising tools for precise genome modification, the 

former are well studied and characterized as compared to the latter. Although ZFNs have 

limitations, including the labour intense production process, off-target activity and 

accompanying toxicity, the overall benefits of this tool have greatly revolutionised the field 

of targeted genome editing. The reason behind our and most of other investigators choice 

to use ZFNs as targeting reagent, are the benefits over other targeting reagents, which 

includes: the ability to produce permanent and heritable genome modification that need 

only a transient expression of ZFNs, the rapid kinetics of genome editing, functionality in a 

variety of mammalian cell types and model organisms, editing of the genome with a single 

transfection/transduction round without the need of repeated introduction, rather rapid 

generation of modified cell lines and model organisms, the ability of generating mono and 

multiallelic genome editing, no prerequisite for the incorporation of non-native exogenous 

DNA sequences such as antibiotics resistant genes for selection, editing of large DNA 

segment by simultaneously involving two distant genomic sequences with either two or a 

single pair of ZFNs as well as the possibility of introducing ZFNs in various form such as 

DNA, mRNA, or protein.  

The mode of action of ZFNs is rather straight-forward. Upon introduction into cells, they act 

like DNA scissors to create a double strand break (DSB) by hydrolysing the 

phosphodiester bonds of the nucleotides. Cells detect these breaks as potentially lethal 

damage and generally repair it by either homologous recombination (HR) or non-

homologous end joining (NHEJ). HR is a precise pathway where under natural conditions 

the cellular repair machinery uses the sister chromatid as a template to repair the DSB. In 

genome engineering, this pathway also accepts exogenous donor DNA as a template for 

repairing the DSB. The relatively low frequencies of HR in mammalian cells can be 

increased significantly by a DSB introduced by ZFNs. In contrast, the NHEJ is error-prone 
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pathway in which the overhanging ends of the DSB are either incorrectly filled or chewed 

back followed by ligation of the two ends. The result is deletions, insertions and/or 

substitutions at the break site. This approach has been used to create targeted gene 

disruption or knockout in a variety of systems, including cultured cell lines, primary stem 

cells and whole model organisms.                            

Based on these two major DNA repair pathways, the ZFN technology can be harnessed for 

various genome editing strategies including targeted gene addition, correction and 

disruption as well as chromosomal rearrangement.           

A major factor for the successful application of ZFNs in genome editing is specificity which 

is linked to their activity and the associated toxicity. The ZFNs, more elaborately, consist of 

three domains: an artificially designed sequence-specific DNA binding domain, an 

unspecific DNA cleavage domain derived from the restriction enzyme FokI, and a short 

inter-domain linker which connects the first two domains. This modular structure of ZFNs 

allowed for optimizing and selecting each of the domains independently from each other. In 

the beginning of my thesis I screened for the best DNA binding domain in terms of activity 

and the most-optimized nuclease domain to reduce toxicity. 

The nuclease domain is a critical component of the ZFN that affect its activity and 

specificity. For efficient DNA cleavage activity, the natural FokI enzyme requires the 

dimerization of two catalytic domains [266]. However, due to homodimerization of two FokI 

cleavage domains, two identical ZFN monomers could cleave at degenerated (depending 

on the specificity) homodimeric target sites. The crucial advancement for ZFN technology 

was the development of obligate heterodimeric nuclease variants with significantly reduced 

ZFN-associated toxicity [65, 299]. Initially I tested different variants with wild type to identify 

an obligate heterodimeric nuclease with comparable activity to wild type. For my particular 

target, I observed that the KV/EA variant [65] had comparable activity to wild type. These 

obligate heterodimeric FokI variants were than used for all subsequent studies. 

Next, I looked for highly active DNA binding domains to target different positions in EGFP. 

These ZFs were developed by Maeder et al. using the OPEN method [40]. In this study the 

authors showed that OPEN derived ZFNs are more effective than previously published 

modular assembly methods. In their study they constructed 37 ZFN pairs by OPEN 

method, which were used to specifically edit the genome with allelic frequencies of 1% to 

50%. On top of the five ZFNs to target endogenous loci, they made ZFNs against five 

target sites in EGFP (E223, E292, E382, E502 and E568) and among these two ZFN pairs 

specific for target sites 292 and 502 were shown to be the most efficient pairs with 

knockout activities ranging from ~19-29% and ~25-28%, respectively. For my thesis, I 

selected the E292 and E502 specific ZFNs for further optimization. By cloning them in 

different mammalian expression plasmids that contain an upstream intron, a six-nucleotide 

linker sequence between the ZFs and the nuclease domain, and obligate heterodimeric 

FokI variants, I increased the EGFP knockout efficiency of E292 and E502 to ~41% and 

~54%, respectively. 
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In manuscript 1 the knockout efficiencies at a single EGFP locus in keratinocyte stem cells 

(KSCs) derived from EGFP-transgenic mice was determined after introducing the 

optimized EGFP-specific ZFN pair E502. The EGFP negative cells were then used to 

evaluate the impact of ZFN mediated genome editing on the stem cell potential and to 

assess gene knockout quantitatively and qualitatively at the genomic level. 

Depending on the amount of ZFN expression vector used, EGFP was knocked out in 2.6% 

to 18% of treated cells. Assessment of ZFN-induced toxicities revealed that an increase in 

the fraction of EGFP negative cells was associated with higher cytotoxicity. This increase 

in cytotoxicity is probably related to high ZFN expression levels rather than a result of an 

increase in the amount of foreign DNA in the cells, as transfection of the same amount of 

empty vector DNA showed no detectable cytotoxicity. This increase in cytotoxicity is in 

accord to the previous suggestion made by our group that high expression levels of ZFNs 

are not well tolerated by the cells, probably leading to their elimination over time through 

accumulation of unspecific DSBs [300] and decrease in cell survival [287]. Although the 

reason for this ZFN-induced cytotoxicity is not entirely clear, it is most likely associated with 

excessive cleavage at off-target sites, which, in turn, suggests imperfect target site 

recognition by the ZF DNA binding domains [301]. Albeit highly specific, ZFNs also exhibit 

off-target activity, as shown by Gabriel et al. [302]. Our study demonstrated that a certain 

number of EGFP-negative KSCs could not be exceeded. When further augmenting the 

amount of ZFN expression plasmids in the transfection, the relative increase in the EGFP 

knockout frequency was solely due to increased cell death. In this study these dose 

escalation experiments suggested that increasing the number of knockout KSCs can only 

be achieved by optimization of ZF specificity to reduce off-target activity and further 

redesign of the FokI nuclease dimer interface to improve the balance between activity and 

cytotoxicity. 

I investigated how the optimized E502-specific ZFN modified the target site in the KSCs. 

As discussed earlier, in the absence of a donor DNA the ZFN induced DSBs are repaired 

by the error-prone NHEJ repair pathway that often leads to small insertions and deletions 

(indels) at the break site. I verified EGFP target site modification in sorted EGFP-negative 

KSCs using the mismatch-sensitive T7 endonuclease I (T7E1), which cuts heteroduplex 

DNA formed by mismatches between edited and unmodified target sites in a PCR segment 

produced from the target site. The assay indicated that 68% of alleles have been edited in 

these EGFP negative KSC population, which is likely an underestimation as quantification 

above 50% are not accurate in this assay. Next, I looked for more direct evidence of ZFN 

specific target site modification by sub-cloning the target site derived from genomic DNA of 

sorted EGFP-negative KSC. Sequence analysis revealed several distinct mutations, 

including deletions of 1, 2, and 24 base pairs as well as an insertion of 2 base pairs. These 

indels prove the efficiency of ZFNs to permanently disrupt the specific target genomic site. 

The permanent treatment of many genetic diseases will rely on gene editing of tissue-

specific stem cells. The result of our proof-of-principle study shows that the ZFN 

technology is a promising and safe genome editing tool to achieve specific gene disruption 
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in adult stem cells. The effect of ZFN treatment on stemness of adult multipotent stem cell 

has been poorly studied thus far and was mainly restricted to hematopoietic stem cells 

(HSCs) and mesenchymal stem cells (MSCs) [303]. Beside these two stem cell types, 

KSCs are probably the best investigated most easily accessible and transplantable adult 

stem cells type. These properties make KSC an ideal candidate for gene based therapies 

of genetic skin diseases. The possibility of using KSCs for treating skin diseases was 

demonstrated some 24 years ago by Morgan et al. where they manipulated KSC ex vivo by 

introducing a recombinant human growth hormone gene using recombinant retroviruses 

[304]. Our proof-of-principle study showed the possibility of using ZFN-mediated ex vivo 

genome manipulation of KSC as it fulfils both safety and efficiency requirements for clinical 

use in gene based therapies. 

In conclusion, we in this proof-of-principle study showed that ZFNs provide a highly 

efficient genome editing tool for the functional disruption or knockout of specific 

endogenous alleles in KSCs and that ZFN-induced toxicity doesn’t impair the stem cell 

potential of KSCs. These manipulated KSCs can serve as cell therapeutics in regenerative 

medicine as well as in vitro models for different investigations such as drug screening. 

However further studies are necessary to investigate long term in vivo effects of ZFN 

treatment on KSCs, including carcinogenesis or accelerated aging. Also transient 

expression of the ZFN is sufficient for ex vivo genome editing in KSCs. Owing to the high 

gene disruption efficiency, as evident by genotyping, the isolation of edited cells doesn’t 

require the selectable markers, which may hinder its downstream applications. In addition 

the simplicity of the technique will also allow for specific disruption of multiple alleles either 

sequentially or in parallel by using autonomous ZFN pairs. Furthermore, given the well 

established method for isolation, expansion and grafting of autologous human KSCs, our 

findings can be transferred easily to human system to establish ZFN-mediated ex vivo 

genome editing of KSCs for treatment of several genetic skin diseases. 

The delivery mode of the necessary components in ZFN-mediated genome editing is an 

important aspect. The ZFN expression cassettes can be delivered either by non-viral or 

viral methods. In the first manuscript we introduced ZFN expression plasmids into KSCs by 

a commercially available, liposome-based transfection reagent. Whereas non-viral gene 

delivery methods may have advantages of low cost for production, ease of synthesis, 

relative long shelf life, low immunogenicity and degradability, they generally have low 

efficiency, especially for in vivo gene delivery. In contrast, owing to their highly evolved and 

specialized components viral systems are generally more effective means of DNA delivery, 

achieving high efficiencies for both delivery and expression [70]. Viral vectors can be 

designed based on different requirements, including efficient and easy production, safety 

aspects, sustained and/or regulated transgene expression, specific targeting of 

cells/organs, infection of dividing and non-dividing cells and site-specific integration [296]. 

Ideally, ZFNs are transiently expressed in high concentration, just long enough to create 

the DSB [305]. As discussed earlier, high expression of ZFN for prolonged period of time 

can lead to off-target activities and hence nucleases-associated cytotoxicity [277, 300, 306-

308]. Thus viral vectors like retroviral vectors and lentiviral vectors that integrate into the 
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host genome are not a choice for the delivery of ZFN. However, non-integrating episomal 

viral vectors, such as IDLVs, adenoviral vectors and AAV may be ideal to deliver ZFNs. 

The aim of manuscript 2 was to combine highly efficient gene transfer technology of AAV-

based vectors with precise genome editing of ZFNs. Human U2OS osteosarcoma cells that 

stably express from an integrated lentiviral provirus either a functional EGFP for knockout 

studies or a mutated EGFP for gene correction approaches were used as paradigmatic 

model cell types. In parallel, system-associated toxicity was evaluated by determining 

relative cell survival rate and cell cycle profiles by flow cytometry. 

To verify AAV-ZFN mediated excision of an entire provirus including the EGFP expression 

cassette at genome level I sorted the EGFP negative cells and extracted the genomic DNA 

from expanded single clones for genotyping. PCR-based amplification of the genomic DNA 

region confirmed the excision of the transgene cassette in the majority of the EGFP 

negative clones. This approach of excising an entire gene can be applied in numerous 

ways, including removal of undesirable exogenous sequences which are introduced into 

the cells during genome modification. Selectable marker genes, such as antibiotic 

resistance gene, are routinely used for the screening and selection of genetically modified 

cells. However, these marker genes have several potential disadvantages, such as the 

alteration of the expression of adjacent endogenous gene as well as activation of 

oncogenes. Our platform can be used to remove the selectable marker gene after selecting 

the genetically modified cells. Moreover, this approach also has potential utility in the 

recently emerging field of cell reprogramming. The discovery of induced pluripotent stem 

cells (iPSCs) has made way for unprecedented approaches for regenerative medicine, 

understanding human disease and drug discovery [309]. However, efficient generation of 

iPSC requires the integration of a reprogramming cassette consisting of three to four 

specific transcription factors. Integration of this reprogramming cassette is of concern, 

including the risk of mutation [309] and the potential risk of tumour formation by some of 

the transcription factors owing to their oncogenic properties [310]. Since it has been 

already shown that AAV and ZFNs can be used for gene targeting in iPSC without 

impairing their potential pluripotency [20, 24, 311], one could use AAV-ZFNs to precisely 

excise the reprogramming cassette. 

It is already known that although integration of wild type AAV2 is targeted to the AAVS1 

locus by the viral Rep proteins [240], AAV vectors persist episomally in the target cell 

nucleus [312]. However, it is also known that episomal DNA vectors, such as AAV based 

vectors, integrate into naturally occurring DSBs [313]. Several studies, including from our 

group, have shown that viral vectors based on IDLV and AAV prominently integrate into 

nuclease mediated DSBs [314-316]. To assess whether AAV-ZFN expression cassette 

integrated into DSBs induced by the EGFP-specific ZFNs, we used a PCR amplification 

strategy to detect vector-host genome junctions at the E502 target site in the EGFP locus. 

Albeit at low frequencies, the PCR reaction confirmed the integration of AAV vectors into 

the ZFN-induced DSB. Although integration of AAV vectors into nuclease-induced DSBs 

occurred at low frequencies it seems that a majority of the integrations occurred outside 



Summary of results and discussion 48

the target locus [315], most likely in nuclease mediated off-target sites and naturally 

occurring DSBs [302, 316]. Integration of AAV vector DNA into the cell genome is hence a 

double-edged sword where, at one hand, it can be used for gene targeting in cells in vitro 

[317, 318] and in vivo [319] by HR and, on other hand, it can lead to the tumour formation 

[320] if integration is random by NHEJ. 

Different studies have demonstrated that concentration and configuration of the donor DNA 

are important parameters for HR-based genome editing [315, 321, 322] and that AAV 

vectors are efficient templates for HR, both in the absence [317, 323] and presence of a 

DSB [315, 324-326]. However using a similar setup in this study and some previous 

studies our laboratory was unable to observe AAV-based gene targeting in the absence of 

the DSB-inducing enzymes. This may be attributed to the architecture of the donor, which 

was designed and optimized for DSB-induced gene targeting. 

Due to the limiting cargo capacity of AAV vectors, we had to apply three AAV vectors 

simultaneously in the gene correction approaches, one as a donor and one for each 

subunit of the ZFN. As opposed to an approach where we could use a single vector that 

contained donor sequences combined with a nuclease expression cassette [287, 315] we 

observed a significant drop in gene correction frequencies, which may be related to vector-

associated phenomena, including saturation of receptor-mediated endocytosis and 

intracellular transport. The generation of a single AAV vector construct harbouring a 

combined 2-in-1 ZFN expression cassette by fusing the two subunits via a 2A 

autoproteinase is a strategy to overcome this problem. 

As discussed earlier, a transient high expression of ZFNs is crucial in many cases because 

prolonged expression of the designer nucleases may produce toxic side effects on the 

treated cells. To this end, I assessed the expression kinetics of AAV-based transgene 

expression both at the protein and RNA level. For this purpose I transduced U2OS cells 

with AAV-based EGFP expression vector and AAV-ZFN vectors separately. It was 

observed that EGFP and ZFN expression dropped quickly in dividing cells, suggesting that 

episomal vector genomes are rapidly diluted in cultured cells and hence confirming the 

transient, short-lived nature of ZFN expression by AAV in mitotic cells. 

In all experiments I observed better efficiencies of AAV-ZFN mediated genome editing with 

higher doses of AAV vectors. This has also been shown for IDLVs and adenoviral vectors 

where only relatively high vector doses express sufficient amounts of ZFN [286, 327]. 

However, although in many experiments I observed efficient NHEJ and HR-based genome 

editing only with high AAV vector copy numbers per cell, these numbers were comparable 

to non-viral gene deliver methods, such as nucleofection, where similar copy numbers of 

plasmid DNA is applied per cell. High vector dose required for sufficient ZFN expression 

can be reduced by the use of self-complimentary AAV (scAAV) vectors [227, 328] which 

harbour double-stranded DNA genome and are therefore not dependent on the conversion 

of single-stranded vector genome into double-stranded DNA for transgene expression. 

This has been shown for the model nuclease I-SceI where scAAV vectors performed better 
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than single-stranded AAV [324]. However, the limited vector genome size of scAAV will not 

allow for the packaging of 2-in-1 ZFN expression cassettes or the combination of ZFN and 

donor in one vector.  

The target site of a ZFN pair, which usually includes three or four ZFs per monomer, 

encompasses 18 or 24 bp, which is statistically large enough to define a unique site in a 

human genome [329]. However, ZFNs revealed undesirable off-target activities [302] which 

lead to ZFN-associated toxicity [274, 287, 299, 300, 330-332], a major concern in ZFN-

mediated genome editing in therapeutic approaches. These toxicities can be theoretically 

subdivided into cytotoxicity, genotoxicity, immunotoxicity or teratogenicity. In the context of 

ZFN-associated toxicities, genotoxicity is any deleterious action that affects the integrity of 

the cellular genome, immunotoxicity is the immune response to the ZFN itself or a 

genetically modified cell, while teratogenicity is the ability of a compound to cause birth 

defects [305]. Cytotoxicity, on the other hand, is a simple parameter determined by 

measuring cell viability and overall cell integrity. For the quantitative assessment of AAV-

ZFN associated cytotoxicity I performed cell cycle analysis and determined the percentage 

of apoptotic cells by quantification of the subG1 fraction. While not detecting any significant 

sign of apoptosis, the cell cycle profiling demonstrated a mild arrest of AAV-ZFN treated 

cells in the G2/M phase. This arrest in G2/M phase is indicative of DNA damage, which is 

likely caused by a combination of ZFN on- and off-target activities. It has been shown that 

in the event of DNA damage the p53 tumour suppressor protein prevents cell death by 

arresting the cell cycle in the G2 phase [333, 334]. Raj et al. reported that UV-inactivated 

wild type AAV selectively induces apoptosis only in the cells that lack active p53 while 

U2OS cells, which are wild type for p53 are not killed by AAV infection but undergo arrest 

in the G2 phase of the cell cycle [335]. In another study by Saudan et al. it has been shown 

that the cells were arrested in G2 phase by the AAV Rep protein [336]. Under my 

experimental conditions I observed only minimal effects of AAV-ZFN on the cell cycle. The 

absence of Rep expression and UV-irradiation may explain the different experimental 

outcomes. 

In conclusion, I have validated the versatility of combining AAV vectors with the ZFN 

platform for rational targeted genome editing. The AAV-ZFN platform was employed 

successfully for gene deletion, gene disruption and gene correction with no apparent 

cytotoxic effect with the exception of a mild cell cycle arrest. Owing to the efficient ex vivo 

transduction of a variety of cells by AAV vectors, including iPSC and mesenchymal stem 

cells, this platform will open the door for a wide range of applications in regenerative 

medicine by combining cell therapy with targeted genome editing. Furthermore, given the 

safety record of AAV in clinical and preclinical trials AAV-ZFN platform can be employed 

for in vivo genome editing even for tissues comprising of post mitotic cells such as liver and 

cardiac tissues [337]. 

I further validated the AAV-ZFN platform for in vivo gene disruption in the mammalian 

heart. For this purpose, a transgenic C57BL/6J mouse model that contains a single copy of  

EGFP locus was used [338]. To this end, an AAV vector expressing both subunits of the  
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E502-specific ZFN pair was introduced into the heart muscle of adult mice by direct 

myocardial injection. Before in vivo application, the AAV vector encoding plasmid was 

verified for activity in vitro as shown in Figure 1A and C. Expression of ZFN, in vivo , was 

confirmed by PCR and the absence of EGFP protein in about 30% of cells was revealed by 

immunohistology of the heart muscle in sections close to the injection site.  

The 2-in-1 ZFN construct allows for transcription of both subunits from a single promoter as 

after translation the two monomers are separated from each other by the self-cleavage 

activity of the 2A autoproteinase (Figure 1B). To express the ZFNs I used either the 

cytomegalovirus (CMV) or the cardiac specific myosin light chain (MLC) promoter. Owing 

to the relatively weak expression by the MLC promoter [339], I used a variant which 

contained the CMV enhancer at the 5’-end [14]. Initially the activities of these constructs 

were evaluated by transfecting U2OS cells which stably express a destabilized EGFP. The 
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results confirmed the ability of a single AAV plasmid harbouring a 2-in-1 ZFN cassette to 

produced EGFP negative cells (Figure 1A), paving the way to produce the viral vector for in 

vivo applications in the mammalian heart. The ability of delivering both ZFN subunits into 

the heart by a single viral vector is of prime importance as a single vector administration is 

expected to increase the efficiency of genome editing in the heart.  

There are different serotypes of AAV vectors and each serotype has a distinct cell tropism, 

including post-mitotic cells in cardiac tissues [200]. Serotypes AAV1, AAV6, AAV8 and 

AAV9 have been identified as the most cardiotropic [340, 341]. The selection among these 

AAV serotypes depends upon the experimental setup and the ultimate goal of the study. 

Yang et al. showed that AAV9 has more than 13-fold higher gene transfer efficiency than 

AAV6 after intra-venous injection and that AAV9 transduced nearly 100% of 

cardiomyocytes in hamsters [342]. In another study Zincarelli et al. analysed AAV 

serotypes 1-9 for gene expression and tropism in mice. They observed that AAV9 

mediated the most robust and rapid onset of transgene expression among the cardiotropic 

AAV serotypes [340]. In one another important study, Inagaki et al. showed that both AAV9 

and AAV8 cross vascular endothelial cell barriers very efficiently, but that AAV9 was 

superior for cardiac gene delivery as it transduced myocardium 5-10 fold more efficiently 

than AAV8, resulting in over 80% of cardiomyocytes transduced in mice [343]. In brief, 

from all the above mentioned studies it can be concluded that AAV6 is most efficient to 

transduce primary cardiomyocytes in vitro while AAV9 is best suited for in vivo transduction 

of cardiomyocytes due to its efficiency to cross endothelial cell barrier as well as a fast 

onset rate and higher transgene expression levels. Based on these information I have 

chosen the AAV9 serotype to deliver our EGFP-specific 2-in-1 ZFN cassette to specifically 

disrupt EGFP in the heart of the EGFP mouse. 

In our study we introduced the AAV9-ZFN (2-in-1) vector into the left ventricle of adult 

EGFP mice by three direct intra-myocardial injections to ensure reliable and robust 

expression of the ZFN in the target area. Immunohistology revealed clusters of EGFP 

negative cardiomyocytes (Figure 2A), suggesting the transduction of several localized 

areas. Such a pattern is in agreement to results shown by several studies where adjacent 

cardiomyocytes express the transgene after intramyocardial injection of AAV. Another 

interesting factor will be to evaluate the effect of the administration route of the viral vector 

on the efficiency of the AAV9-ZFN platform for specific disruption of EGFP in the heart. To 

this end I applied the AAV9-ZFN vector also intra-peritoneally. These probes will be 

analysed in the near future. Although the results of the intra-myocardial vector 

administration clearly demonstrated the absence of EGFP in several cardiomyocytes, 

further confirmation on the genomic level will be necessary. Genotyping will be performed 

similarly as described in manuscripts 1 and 2.  

In our study I have sacrificed the mice 4 weeks after intra-myocardial administration of 

AAV9-ZFN. Generally, AAV9 mediated in vivo transgene expression in cardiomyocytes is  
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detected after 2 weeks of systematic delivery [340, 342]. The 4-week time point was 

chosen to give enough time for the ZFNs to disrupt EGFP and clearance of previously 

expressed pre-existing EGFP by cardiomyocytes. Expression of ZFN was still detectable 4 

weeks after delivery of the AAV9-ZFN vector (Figure 2B), which is in agreement with the 

known long-lasting AAV9-mediated transgene expression in cardiomyocytes. For instance, 

Chu et al., by comparing AAV and adenoviral vectors for efficiency and stability of 

transgene expression in mammalian hearts after intra-myocardial administration, detected 

transgene expression up to 7 days after adenoviral vector delivery and up to 3 months after 

administration of AAV vectors [344].    

In brief, two major conclusions may be drawn from this study. First, both ZFN subunits can 

be expressed from a single expression cassette in vivo when separating the two ZFN open 

reading frames by a 2A autoproteinase. Second, the AAV-ZFN platform is efficient enough 

for disrupting a specific gene in vivo. This suggests that such an approach may be useful 

to achieve a local gene knockout for basic research questions. Moreover, even therapeutic 

applications may be feasible, such as the protection of the heart muscle from persistent 

infection with coxsackievirus by disrupting CAR (coxsackievirus and adenovirus receptor). 
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6. Summary 

This cumulative doctoral thesis introduces two proof-of-principle studies of targeted 

genome editing in different experimental settings based on the use of synthesised zinc-

finger nucleases (ZFNs) designed to specifically target EGFP. The delivery of these 

targeting reagents was established with both non-viral and viral vectors. In addition to the 

assessment of the efficacy of ZFN mediated genome engineering, I evaluated the impact 

of system associated toxicities. 

In the first manuscript keratinocyte stem cells (KSCs) derived from an EGFP-transgenic 

mouse model were used for ex vivo knockout of EGFP by using optimised EGFP specific 

ZFN delivered by a non-viral transfection method. The KSCs were than evaluated for 

impact of ZFN treatment on the stem cell properties as well as ZFN associated cytotoxicity. 

The results proved ZFNs to be a highly efficient genome editing tool for functional 

disruption of a marker gene and that ZFN-associated toxicity did not impair the stem cell 

potential of KSCs. In this publication the modification of KSCs by ZFN was demonstrated 

for the first time which have the potential to be used for therapeutic application in 

regenerative medicine as well as to create the model for different investigations such as 

drug screening 

In the second manuscript, I aimed to combine the precise genome editing technology of 

ZFNs with the highly efficient gene transfer technology of vectors based on adeno-

associated virus (AAV). In parallel, system-associated toxicities were evaluated by 

determining relative cell survival rate and cell cycle profiling. My results validate the 

versatility of using the AAV-ZFN platform for rational targeted genome editing, including 

gene deletion, gene disruption and gene correction, with no apparent cytotoxic side effects. 

These results encourage the use of the AAV-ZFN platform for further in vivo genome 

editing. 

In hitherto unpublished work, I utilized the AAV-ZFN platform for in vivo gene disruption of 

EGFP in the mouse heart. After initial validation of a single viral vector construct 

harbouring both ZFN subunits in vitro, this 2-in-1 vector was introduced directly into the 

myocardium of EGFP transgenic mice. Expression of ZFN in the myocardium was 

confirmed after AAV9-ZFN injection while histological analysis showed functional disruption 

of EGFP in cardiomyocytes. However, further ongoing molecular characterization is 

needed to conclude this study. This proof-of-principle study encourages further in vivo 

application of the AAV-ZFN platform for future therapeutic applications.  

In conclusion, I demonstrated ZFN-mediated genome editing in vitro, ex vivo and in vivo 

using both non-viral and viral delivery tools. These proof-of-principle studies revealed an 

acceptable balance between efficacy and platform-associated toxicity, suggesting that 

these technologies may be applied for basic research to get more insights into biological 

questions, and maybe translatable into the clinic for therapeutic applications. 
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7. Zusammenfassung 

In dieser kumulativen Doktorarbeit werden zwei Grundsatzstudien zur gezielten 

Genomveränderung vorgestellt. Die Arbeiten basieren auf der Benutzung von 

synthetischen, EGFP-spezifischen Zink-Finger-Nukleasen (ZFNs), welche mittels viralen 

und nicht-viral Vektoren in die jeweiligen Zellen eingeschleust wurden. Zusätzlich zur 

Bewertung der Wirksamkeit der ZFN-vermittelten Genommodifikation habe ich den 

Einfluss der damit verbundenen Toxizität untersucht. 

Im ersten Manuskript wurden Keratinozytenstammzellen (KSCs) eines EGFP-transgenen 

Mausmodells für einen Ex-vivo-Knockout des Markergens mit optimierten EGFP-

spezifischen ZFN verwendet. Die KSCs wurden hinsichtlich Knockoutfrequenz, 

Stammzelleigenschaften nach ZFN-Behandlung sowie ZFN-assoziierter Zytotoxizität 

untersucht. Die Ergebnisse zeigten auf, dass ZFNs ein hocheffizientes Werkzeug zur 

Erzeugung eines funktionellen Knockouts sind und dass ZFN-assoziierte Toxizität das 

Stammzellpotential der KSCs nicht beeinträchtigt. In dieser Publikation wurde zudem zum 

ersten Mal die ZFN-vermittelte genetische Modifikation von KSCs demonstriert, welche 

aufgrund ihres Anwendungspotentials in der regenerativen Medizin bzw. als Model für 

Medikamentenscreening, attraktive neue biotechnologische Möglichkeiten erschafft. 

Im zweiten Manuskript habe ich versucht die ZFN-Plattform mit der Gentransfertechnologie 

von auf Adeno-Assoziierten Viren (AAV)-beruhenden Vektoren zu vereinen. Die 

Ergebnisse stellten die Vielseitigkeit der AAV/ZFN-Plattform für die gezielte 

Genommodifikation, einschließlich Gendeletion, Genknockout und Genkorrektur, dar. 

Zudem zeigten die Untersuchung der plattformassoziierten Toxizität mittels Bestimmung 

der relativen Zellüberlebensrate und Zellzyklusanalysen keine offensichtlichen 

zytotoxischen Nebenwirkungen.  

Diese Ergebnisse ermutigen mich die AAV/ZFN-Plattform für In-vivo-Genommodifikationen 

zu verwenden. In bisher unpublizierter Arbeit, habe ich diese Plattform für einen In-vivo-

Knockout im Mausherzen eingesetzt. Ein sogenanntes „2-in-1“-Vektorkonstrukt, das beide 

ZFN-Untereinheiten in einem AAV-Vektor beherbergt, wurde nach In-vitro-Validierung 

direkt in das Myokardium von EGFP-transgenen Mäusen eingebracht. Die ZFN-Expression 

im Herzmuskel wurde mittels RT-PCR nachgewiesen und die histologische Analyse zeigte 

einen funktionellen EGFP-Knockout in den Kardiomyozyten. Nichtsdestotrotz ist eine 

weiterführende molekulare Charakterisierung zur Vervollständigung dieser Studie nötig. 

Diese erfolgreiche Grundsatzstudie spornt zu weiteren In-vivo-Anwendungen der 

AAV/ZFN-Plattform für therapeutische Ansätze an. 

Zusammenfassend habe ich ZFN-vermittelte Genommodifikation in vitro, ex vivo und in 

vivo dargestellt. Diese Grundsatzstudien zeigten eine akzeptierbare Balance zwischen 

Effizienz und plattformassoziierter Toxizität und demonstrieren, dass diese Technologie 

sowohl den Weg in die Grundlagenforschung als auch zukünftig für therapeutische 

Anwendung in die Klinik finden könnte. 
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9.4  List of abbreviations  
 

 
AAV Adeno-associated  virus 

AAVS1 Adeno-associated virus integration site 1 

A1AT Alpha 1-anitrypsin 

A1ATD Alpha1-antitrypsin deficiency  

Ad Adenovirus  

AIDS Acquired immune deficiency syndrome 

ALD Adrenoleukodystrophy  

bp Base pair 

CAR Coxsackievirus and adenovirus receptor  

CARE Cis-acting replication element  

CMV Cytomegalovirus  

CoDA Context-dependent assembly  

DSB Double strand break  

dsDNA Double-stranded DNA  

EIA Equine infectious anaemia virus  

FGFR-1 Fibroblast growth factors receptor-1  

FIV Feline immunodeficiency virus 

HIV1 Human immunodeficiency virus 1  

HIV2 Human immunodeficiency virus 2 

HR Homologous recombination 

HSPG Heparin sulfate proteoglycan  

HSV Herpes simplex virus 

iPSC Induced Pluripotent Stem Cells 

ITR Inverted terminal repeat  

kDa Kilodaltons  

KSCs Keratinocyte stem cells  

LamR Laminin receptor  

LTR Long terminal repeat 

MLC Myosin light chain  

mRNA Messenger ribonucleic acid 

NHEJ Non-homologous end joining  

NMD Nonsense-mediated decay  

OPEN Oligomerized pool engineering  

OTC Ornithine transcarbamylase  

PDGFR Platelet-derived growth factor receptor  

PEI Polyethyleneimine  

PLL Polylysine  
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psi Packaging signal  

rAAV Recombinant adeno-associated  virus 

RBE Rep binding element  

RNA Ribonucleic acid 

SERPINA1 Serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, 
antitrypsin), member 1 

siRNA Small interfering RNA  

SV15 Simian adenovirus type 15 stock  

SIV Simian immunodeficiency virus  

TALENs Transcription Activator-Like Effector Nucleases  

TFOs Triplex-forming oligonucleotides  

T7E1 T7 endonuclease I  

VP Viral protein 

VSV-G Vesicular stomatitis virus glycoprotein  

WAS Wiskott-Aldrich Syndrome  

ZF Zinc finger 

ZFN Zinc finger nuclease  
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