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- Introduction - 

1.    Introduction 

1.1.    Manipulations on the genomic level 

The utilization of model organisms for the systematic investigation of gene functions 

is one of the most productive fields of biological research. Classical model animals for 

genetic manipulations are the slime worm (Caenorhabditis elegans), the fruitfly 

(Drosophila melanogaster), the zebra fish (Danio rerio) and the mouse (Mus 

musculus). In this order, the models become more similar to human, and in parallel 

efforts needed for genetic modification increase because of the larger and more 

complex genomes and extended periods of development and cell growth. Whereas 

research on worm and fly can is largely restricted to very principal and highly 

conserved protein components, while fish and mouse being vertebrates share more 

features with humans. 

For studying gene function on a genetic level, two main approaches exist: First, 

overexpression (by adding genes), and second, complete deletion (called knock out), 

both accompanied by subsequent phenotype analysis. For overexpression, it is only 

needed to add the gene of interest driven by a powerful promoter somewhere to the 

genome, the site where it inserts being of lesser importance. For knock-outs it is 

sometimes possible to add dominant negative protein versions. However, often the 

alteration has to be site directed. Newer approaches deal with altering a gene in a 

precise way, e.g. by substituting distinct base pairs. Also in this case, site-specificity 

is crucial. Such site specific alterations of the genome are called gene targeting. 

For gene targeting approaches, most constructs are composed of parts of the 

sequence to be targeted, a reporter gene and a selection marker. The portions that 

are identical to the genomic target facilitate a homologous recombination of the 

construct with the genome when brought into cells. The selection marker ensures 

that only cells with incorporated construct survive subsequent antibiotic selection. 
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1.1.1.   Gene targeting in animal model systems 

In model organisms, gene targeting is often achieved by altering the germ line to 

raise whole animals with a modified genome. For the creation of such animals, Mario 

Capecchi, Martin Evans and Oliver Smithies were awarded the Nobel prize in 

medicine in 2007. Embryonic stem cells are the major cell source for targeting 

approaches. These cells are pluripotent, show unlimited proliferation, are amenable 

to complex modification and display germline competence. 

However, in mammalian cells, nonhomologous recombination is orders of magnitude 

more frequent (Waldman, 1992). Using only a selection marker does not allow 

discrimination between site specific and random integration, meaning that genetic 

enrichment procedures are needed to prevent nonhomologous recombination. 

Although there are several methods for enrichment available like the positive-

negative selection (Mansour et al., 1988), or promoterless vectors (Hanson & Sedivy, 

1995), which work quite well in the theory, many of them improve the specificity at 

surprisingly low rates in practice (Bunz, 2002). 

Although a huge knowledge was accumulated by the use of the model organisms 

described above, which are often susceptive to transformation into the corresponding 

genes in humans, the limited extrapolation potential to other species or cell types 

constrains such studies. This applies especially to the study of higher brain functions 

and its disorders in humans due to its significantly higher complexity.  

 

1.1.2.   Gene targeting in human cells 

For the direct investigation of human genes tools are still limited. Molecular 

epidemiology offers methods to find correlations between genetic loci and medically 

relevant phenotypes, but a detailed analysis needs genetic manipulations. In 

humans, experimentally altering the germ line is ethically unacceptable. 

Targeting efficacy is of particular importance for human cells because, unlike in the 

mouse system, where a heterozygous targeting event can be bred to homozygosity, 
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the generation of homozygously altered human cell lines requires the disruption of 

both alleles. For such a homologous recombination, plasmid lengths of more than 5 

kb are needed. Because of the high single-nucleotide polymorphism in the human 

genome (Wang et al., 1998), isogenic DNA should be used, which would necessitate 

a customization for each cell line used.  

Transformed tumor cell lines are a very artificial model to study the natural function 

of human genes, while primary cell lines are themselves limited to a definite number 

of passages in cell culture. Recently established human embryonic stem (ES) cell 

lines that can be kept in culture theoretically for an unlimited number of passages, 

offer the possibility to establish stable, genetically modified human cell lines. Due to 

their pluripotency, such modified stem cells can be differentiated into the cell types 

in which the gene of interest is crucial. This will greatly facilitate the understanding 

of biochemistry and physiology of disease-associated genes.  

So far the translation of the techniques established to target genes in mouse ES cells 

to human is still a challenge. Up to now, only few approaches for genetic 

modification of human ES cells have been reported. Zwaka and co-workers were the 

first to achieve a homologous recombination in the HRPT1 locus in human ES cells 

using a reporter construct for clone selection. However, the reported efficiencies are 

low compared to standard efficiencies in the mouse system. This may be due to the 

fact that human ES cells are much more sensitive to physical manipulations resulting 

in low survival and clonogenicity (Zwaka & Thomson, 2003). A few months later, 

Urbach and co-workers targeted the same locus to introduce a mutation found in 

Lesch-Nyhan disease into the HRPT1 gene, which for the first time established a 

model for a human-specific disorder in a hES cell-derived culture system (Urbach et 

al., 2004). 

The fact that since the first description of human embryonic stem cell lines in 1998 

(Thomson et al., 1998) only few groups were able to report homologous 

recombination in the human system emphasizes limitations and difficulties of classical 

gene targeting approaches. Other approaches like e.g. viral systems might therefore 
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be an attractive alternative to manipulate the genome of human ES cells and their 

derivatives. 

 

1.1.3.    Viral systems for gene delivery 

First attempts to repair mutations in genes with retroviral vectors showed high 

frequencies of correction and thus successful targeting, but targeting was associated 

with unwanted gene conversion in other regions (Ellis & Bernstein, 1989). Other 

studies used adenoviral vectors, which deliver their genome with high efficacy and at 

preferred ratios of correct targeting to random insertion, i.e. 1:2.5 (Mitani et al., 

1995). Problems of the adenoviral system are the length of the genome of over 30 

kb, which can not be reduced due to the particle construction, making the design of 

targeting vectors quite difficult. Also, adenoviruses can induce fulminant immune 

responses (Christ et al., 1997) and have a huge potential for toxic side effects 

(Nunes et al., 1999), which further worsens the prospects for a direct application in 

patients. 

The direct application of viral vectors always brings along the problem of unwanted 

random insertion into the genome, which can lead to a transformation of single cells 

into a malignant state (Hackett et al., 2007). One hit cell already has the potential to 

form a tumor, which is definitely undesirable. Up to now, no viral system is known 

that would lack this attribute. Therefore, efforts switched to cell therapy systems in 

the past years, for which viral vectors were used for modification of cells in culture, 

where single clones can be identified by appropriate screening that are free of 

unwanted alterations (Noda et al., 1986). After engineering appropriate cells in 

culture, they could be transplanted into the host body and compensate for a genetic 

defect in a suitable tissue. For this purpose, again stem cells come into focus: 

patient-specific stem cells were repaired using viral systems and afterwards 

differentiated into a fitting cell type for the grafting back into the patient (Conrad et 

al., 2007). 
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1.1.4.   Alternative  systems  for  genetic  modifications  of  human 

cells 

Besides the already listed viral and electroporation systems, other methods for 

genetic manipulations, or corrections were described: Homologous integration was 

reported for short double- or single-stranded DNAs (Colosimo et al., 2001), and also 

for DNA/RNA chimeras (Kmiec, 1999) and triplex forming oligos (Fox, 2000). These 

approaches work fine and very efficiently for the substitution of only a few base 

pairs, but are not applicable to larger portions of the genome. So they could be used 

for a couple of gene correction purposes, but presumably not for knock-out 

strategies. For the investigation of disease models, as well as for a possible 

therapeutic application, a system is required that is highly efficient in targeting the 

desired locus, easy to engineer, so that it can be used for different approaches, and 

applicable to human stem cells. For the application of patient-specific cells, as well as 

for use with different cell lines, a targeting vector with a relatively short homology 

region is to prefer, so that a once constructed vector can be used with cells others 

than of isogenic origin. 

 

1.1.5.   Somatic stem cells derived from human ES cells as a donor 

source for gene targeting 

As described above, human embryonic stem cells show many features which so far 

limited successful genetic manipulation using gene targeting. These potential hurdles 

might be overcome by a population of somatic stem cells derived from these 

pluripotent cells. In the laboratory Koch and coworkers established a population of 

hES-derived neural stem cells (hES-NSCs) which overcome many of the limitation 

described for hES cells (Koch et al., 2006a). These cells can be extensively 

propagated for at least 150 passages and display a stable neurogenic differentiation 

pattern over the passages. In comparison to hESC, these cells exhibit significantly 

shorter doubling times (38 vs. 51-81 hours) and a higher clonogenicity. Moreover, 

hES-NSCs have been shown to be readily amenable to genetic manipulation, e.g. by 
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electroporation or viral transduction (Koch et al., 2006b) Because of the random 

integration of retro- and lentiviral systems and the already mentioned problems with 

the adenoviral vector, in this study the AAV system was chosen, which offers many 

interesting features and will be described in the next section. 

 

 

1.2.    AAV system 

1.2.1.   Adenoassociated virus type 2 

The adeno-associated virus (AAV) is a member of the parvovirus family, the only 

human virus family with a linear single-stranded DNA genome known so far. Its 

members contain a nonenveloped icosahedral capsid of ~20 nm in diameter 

(Atchison et al., 1966). They belong to the smallest viruses known and own a 

relatively small genome of around 5000 bases (Chapman & Rossmann, 1993). Nine 

subtypes (AAV 1-9) are known, for which humans are the primary host, subtype 2 

being the most common one. While 80% of the human population are seropositive, 

no pathology is associated with the virus (Vasileva & Jessberger, 2005). 

The genome of AAV-2 contains two open reading frames (ORFs), called cap (3 

transcripts) and rep (4 transcripts) (Fig 1.1) (Srivastava et al., 1983). These coding 

sequences are flanked on both sites by palindromic inverted terminal repeats (ITRs) 

that form hairpin loops. The rep ORF encodes proteins that are involved in viral 

replication and integration, while the cap genes are responsible for packaging and 

cell infection. Heparan sulphate proteoglycan (HSPG) has been shown to act as the 

primary receptor (Summerford & Samulski, 1998), while αVβ5 integrin and human 

fibroblast growth factor receptor 1 have been proposed as co-receptors (Qing et al., 

1999; Summerford et al., 1999). This enables AAV-2 to infect a large variety of cell 

types including epithelial cells, skeletal muscle, neurons and mesenchymal stem cells 

(Wang et al., 2000; Flotte et al., 1992; Kaplitt et al., 1994; Stender et al.,2007). 

A lytic infection with production of new AAV particles by the infected cells is 

dependent on a co-infection with an adeno virus, which acts as a helper virus for the 

AAV due to the presence of the immediate early genes E1, E2A, E3 and E4 of adeno 
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virus in the affected cells (Richardson & Westphal, 1981). Without these gene 

products, AAV-2 enters a lysogenic cycle, i.e. without the production of virus 

particles, and stably integrates in the human genome. This integration is random, but 

with a high prevalence for a specific region on chromosome 19q13.3, called AAVS1 

(Kotin et al., 1992). Presumably, homology in the ITRs with this locus is responsible 

for the preference. For stable integration, the rep proteins are essential. After 

infection with the suitable helper virus, AAV can again enter the lytic cycle. 

 

 

HSPG 
Integrin 

AAV 2 

ITR ITR 

Rep78

Rep 68 

Rep 52

Rep 40

VP-1

VP-2

VP-3

Promoter 

rep 

cap 

0                1000             2000             3000            4000                              nucleotides 

a b 

c 

 

Fig 1.1: Adeno-associated virus type 2. a) Electron microscopy of AAV particles; on the left side a 

much larger adenovirus particle can be seen. Copyright 2002 by International Committee on 

Taxonomy of Viruses. b) AAV2 uses HSPG and integrin on human cell surfaces to enter the cytoplasm. 

c) Genome of AAV2. Single stranded DNA is shown with palindromic ITR on both ends. Sequences 

coding for non structural proteins are shown in blue, those for structural proteins in purple. Exons are 

shown by bold lines, spliced introns are indicated by thin lines. Poly(A) tails are designated by jagged 

lines. Scale bar in a) is 100 nm. 
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1.2.2.    AAV 2 as a gene delivery vector 

Due to its defective replication, the non-pathogenicity and its ability for site-specific 

integration in chromosome 19, AAV2 was considered potentially useful for gene 

therapy (Linden et al., 1996). The sequences between the ITRs could be replaced by 

desired genes and so integrated into a harmless site of the genome. Soon, vector 

systems were established, the rep and cap ORFs needed for vector production as 

well as helper-virus elements being supplied in trans (Fig 1.2). 

 

 

Fig 1.2: Recombinant AAV expression system. a) Wild-type virus alone stably integrates into 

chromosome 19. If the cell is co-infected by an appropriate helper virus, the productive circle starts 

with assembly of new AAV particles which again can infect cells. b) Recombinant expression vectors 

are packed instead of wild-type genome into AAV particles, whose protein contents arise from helper 

vectors with Rep, Cap and adenoviral components. These recombinant AAVs can infect cells and 

integrate, but are not able to replicate. Adopted from Vasilleva & Jessberger, 2005. 
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Because of its small genome of only 4.8 kb, this vector system is not suitable for 

large genes. Also the danger of a randomized insertion persists, and even when 

inserted into the main locus at chromosome 19, an influence on cellular genes lying 

nearby, like the MBS85, was reported (Tan et al., 2001). Insertions were observed 

mainly at transcriptionally active sites (Nakai et al., 2003), which can also bear 

oncogenic potential (Miller et al., 2002). These problems restrict the use of AAV2 as 

a tool for adding genes to the genome. 

Nevertheless, AAVs were used in attempts to treat Duchenne muscular dystrophy 

(Athanasopoulos et al., 2004), or beta-thalassemia (Tan et al., 2001), where non-

dominant negative mutations could be compensated by the integration of wild-type 

genes into the AAVS1 locus. The use of AAVs is further simplified by the arrival of 

commercially available systems. 

 

1.2.3.    rAAV for sitespecific gene targeting 

Due to its little capacity, AAV is not the best vector system for gene adding, but the 

discovery that the integration can be directed to a desired locus offers new 

possibilities for gene editing or deletion. 

Following the hypothesis that homology of the ITRs with the AAVS1 locus is 

responsible for preferred respective insertion of AAV genomes, Russell and 

colleagues used a rAAV containing genomic sequences to establish an area of 

homology in the vector for directing the site of integration. They disrupted the 

human HPRT gene by introducing a mutation of a few base pairs (Russell & Hirata, 

1998), while the total length of homology between the substrate and the targeting 

vector was 2.7 kb. This was about four times less than the length required for 

efficient targeting with conventional systems. Recombination frequencies were about 

two orders of magnitude higher than observed with adenoviral or retroviral vectors 

(Ellis & Bernstein, 1989). It has been shown that the cellular homologous 

recombination machinery is required for this site-specific gene targeting (Vasileva et 

al., 2006). 
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Disrupting the HPRT did not require a selection marker, because to the only allele on 

the X chromosome of the male cells used in this study a suicide metabolite could be 

applied. For other, biallelic, genes another targeting design was necessary: By 

reducing the homology to 900 bp on both sites flanking the target sequence, the 

system has also been shown to work efficiently by disrupting a gene in a human 

colon cancer cell line (Kohli et al., 2004). This system used rAAVs with homology 

arms lying directly inwards both ITRs to direct the insertion to a specific site. The 

gained space in the vector of 2.5 kb was employed to incorporate a selection marker. 

Thenceforward, there were two AAV based vector systems established that have to 

be clearly distinguished: First, the gene adding system for integration into the AAVS1 

locus on chromosome 19, for which commercial systems are available. This system 

only requires the ITRs in the targeting vector and bears a capacity of ~4.5 kb. 

Second, a site-specific system that requires homology arms inside the ITRs of 

together 1.8 kb length, reducing the available space for a selection cassette to ~2.5 

kb (Fig 1.3). 

The group of Russell showed the functionality of this new system for the first time in 

vivo by correcting a mutant lacZ gene at the ROSA26 locus in mouse (Miller et al., 

2006). Gene correction and gene deletion are possible with the AAV system, each 

shown in cell culture on transformed cells and in vivo with somatic cells, respectively. 

However, until now this system was not been used on human somatic cells in a cell 

culture system.  

For neurons and glia, AAV application was reported to be stable and non-toxic 

(Howard et al., 2008) when insertion into AAVS1 locus was used for gene addition. 

These observations suggested that hESC-NSCs, being precursors of glia und neurons 

were also suitable candidates for transduction. 
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Fig 1.3: a) Common AAV systems for gene adding integrate into the AAVS1 locus on chromosome 19. 

Interaction of the viral Rep protein with the terminal resolution site (TRS) and Rep binding site (RBS) 

in AAVS1 finally leads to integration of the complete AAV vector within 1 kb downstream of the RBS, 

although RBS and ITR share homology. Up to now, the exact mechanism of this integration has not 

been elucidated (Yamamoto et al., 2007). b) The novel system for site-specific targeting uses 

homology inside the ITRs to target the site of integration. The result is an exchange of the targeted 

exon against the selection cassette without incorporating the ITRs. Available space for the delivered 

sequence is indicated for each system. 
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1.3.   Adenosine kinase and epilepsy 

For the targeting approach of the present study, a locus was chosen with clinical 

relevance and an established mouse model for disease and its treatment: the 

adenosine kinase (ADK). Depletion of ADK results in an increased efflux of 

adenosine, which has antiepileptic effects. 

 

1.3.1.   Overview of epilepsy 

Epilepsy is a common neurological disorder with ~1% affected persons in the 

population (Jallon, 1997). The process that transforms a healthy brain into an 

epileptic brain and that is triggered by initial precipitating injuries, such as status 

epilepticus or traumatic brain injury, is called epileptogenesis (DeLorenzo et al., 

2005; Hauser et al. 1991). It is characterized by changes in the equilibrium between 

excitatory (glutamatergic) and inhibitory (GABA-ergic) neurotransmission. Also, 

dysfunction of anticonvulsant or neuroprotective regulatory systems were reported 

(DeLorenzo et al., 2007). Currently used antiepileptic drugs largely act on targets 

involved in the neurotransmission to suppress seizures, but do not suppress the 

process of epileptogenesis (Löscher & Schmitt, 2004). Surgical interventions also act 

only symptomatically. 

Thus, no effective prophylaxis or pharmacotherapeutic cure is available. Additionally, 

the progression to chronic epilepsy often leads to pharmacoresistance and intractable 

seizures, by which up to 30% of all patients with epilepsy are affected (Jallon, 1997). 

These patients are often severely disabled and have an increased risk of sudden 

death. Thus, new therapeutic strategies are needed. A prerequisite for the 

development of new therapies is the understanding of mechanisms underlying 

epilepsy. 
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1.3.2.   Adenosine in the brain 

Adenosine acts as a neurotransmitter in the brain through the activation of four 

distinct G-protein-coupled receptors that mediate neuroprotection and a general 

down-regulation of neuronal activity (Guieu et al., 1998; Dunwiddie & Diao, 2000). 

Hence, adenosine itself is thought to act as an endogenous anticonvulsant (Lee et 

al., 1994; Boison, 2005; Fredholm et al., 2005a). So far, four adenosine receptors 

are known: high-affinity inhibitory A1 and excitatory A2A receptors and low-affinity A2B 

and A3 receptors. Different affinities of these receptors to adenosine and difficult 

distribution patterns within the brain form a highly complex system of adenosine 

action (Dunwiddie & Masino, 2001; Fredholm et al. 2005b). The anticonvulsant 

functions of adenosine are thought to base largely upon the activation of A1 

receptors coupled to inhibitory G proteins leading to an inhibition of the release of 

neurotransmitters, in particular glutamate. The excitatory A2A receptors appear to be 

restricted to active synapses and modulate the action of other neurotransmitters 

(Ferre et al. 2005). The role of the low affinity receptors is not completely 

understood so far. 

Adenosine action can moderate epilepsy, but despite optimal drug treatment, 

seizures persist in ~35% of patients with partial epilepsy (Devinsky, 1999). When 

administered systemically, adenosine and its analogues cause strong effects ranging 

from sedation to suppression of cardiovascular functions and cessation of 

spontaneous motor activity (Dunwiddie, 1999). A local administration of adenosine 

only in the affected brain region would be favoured. 

 

1.3.3.   The role of adenosine kinase 

The enzyme adenosine kinase (also known as ATP:adenosine 5’-phosphotransferase, 

ADK; EC 2.7.1.20) catalyzes the phosphorylation of adenosine to adenosine 

monophosphate (AMP) (Lindberg et al., 1967) (Fig 1.4) and thus plays a key role in 

the regulation of intra- and extracellular adenosine levels. Adenosine is also 

metabolized  by adenosine deaminase,  but ADK is considered to be the key  enzyme 
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  ATP +   ADP + 

Adenosine 
kinase 

Adenosine AMP 
 

Fig 1.4: Reaction mediated by adenosine kinase. 

 
due to its lower Km value. This can also be seen by inhibiting the ADK, resulting in an 

efflux of adenosine (Lee et al., 1984) 

In an animal model, the inhibition of ADK showed a markedly increase in the 

therapeutic effect of adenosine (Tatlisumak et al., 1998) due to increased release of 

adenosine by cells in the brain, which has led to a strong interest in understanding 

the biochemistry and physiology of this enzyme as a therapeutic target. Local 

administration of adenosine was assessed recently by implantation of an adenosine 

releasing synthetic polymer that released low adenosine concentrations and 

protected against electrically induced seizures with no detectable side effects in 

animals (Boison et al., 1999). Such low concentrations should also be producible by 

biological sources, so that the group of Boison developed a system of adenosine-

releasing fibroblasts with inactivated adenosine kinase and adenosine deaminase. 

These cells were transplanted into brain ventricles in a rat epilepsy model and were 

shown to efficiently suppress seizures (Huber et al., 2001).  

The study of Huber and colleagues used cells engineered by undirected mutagenesis 

comprising a high risk of oncogenic potential. Also, fibroblasts are not a natural 

population of the brain, so a neural cell type with a specifically altered genotype was 

demanded. This was achieved by engineering murine embryonic stem cells by 

genetic disruption of both alleles of the adenosine kinase and subsequent 

differentiation into neural precursor cells by the laboratories of Brüstle and Boison (Li 

et al., 2007). These cells were transplanted into rats and, because of their stem cell 

features, differentiated in vivo into neurons and integrated into the established tissue 
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in a natural way. This population efficiently suppressed epileptogenesis through 

adenosine release, while a control cell population of baby hamster kidney cells with 

the same destruction of the ADK gene did not show similar benefits after 

transplantation, underpinning the importance of functional integration of cells for cell 

therapy purposes. 

After the knock-out of ADK in mouse by classical methods (Fedele et al., 2004), this 

study investigates the knock-out in the human system by using an adeno-associated 

virus on human embryonic stem cell derived neural stem cells. For the targeting 

approach, the constitution of the gene locus is of importance. 

 

1.3.4.    Structure and locus of human adenosine kinase 

Adenosine kinase is a highly conserved protein with an amino acid sequence 

similarity of over 95% among mammals (Singh et al., 1996) and over 55% to the 

enzymes of plant and eukaryotic microorganisms (Darling et al., 1999). Mutagenesis 

studies (Maj et al., 2000), together with the identification of the structure by X-ray 

crystallography (Mathews et al., 1998), elucidated the catalytic mechanism of ADK 

and the substrate binding entities involved.  

Essential for the enzyme function is its active site: Asparagin 316 acts as a catalytic 

base that deprotonates the 5’-hydroxyl of adenosine to initiate the transfer of 

phosphate from ATP to form AMP (Fig 1.5). Substitution of this residue inactivates 

the enzyme. The C-terminus forms local secondary structures constituting the 

adenosine binding site (Schumacher et al., 2000), and its disruption is accompanied 

by loss of ADK activity. The gene consists of 11 exons with lengths of 36 to 765 bp, 

the majority having a length below 100 bp (Fig 1.5). The transcript itself has a length 

of 1169 nt while the gene spans 578 kb, meaning that the introns are very large with 

lengths between 4157 and 126676 bp.  
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Fig 1.5: ADK gene structure in human. a) Intron/exon structure with exon lengths. Intron lengths are 

not in scale. Properties of distinct portions for the targeting approach are indicated on top row. b) The 

frame shift resulting from deletion of exon 4 shortens the open reading frame from 1089 bp to 201 bp 

and leads to a transcript lacking the enzymatic domain coding sequences. c) Proposed catalytic role of 

the Arg316 residue. Deletion of exon 10 removes this essential residue. Figure in a) is based on 

Mathews et al., (1998) and figure in c) is adopted from Maj et al. (2000).  

 

  16



- Introduction - 

1.4.    Aim of this study 

The aim of this study is to apply a novel adeno-associated virus vector-based system 

for site-specific gene targeting on a recently established population of human 

embryonic stem cell derived neural stem cells. This virus-based system will be used 

to deplete the function of the adenosine kinase gene by deletion of an exon through 

homologous recombination.  

Adenosine kinase is a key enzyme for the metabolization of adenosine in the brain 

and its depletion increases adenosine efflux of affected cells. Adenosine itself acts as 

a suppressor of neuronal activity and was shown to moderate epilepsy. Cells with 

homozygous knock out of the ADK gene might be useful in a cell therapy model of 

epilepsy.  

The investigation includes, first of all the identification of suitable targeting sites as 

well as the design of targeting vectors, production of recombinant AAV particles, 

transduction of hESC-NSCs with these viruses, breeding of clones with the modified 

genome and finally the screening for the desired site-specific integration. 
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2.    Material and methods 

2.1.     Material 

2.1.1.    Technical equipment 

Appliance Name Manufacturer Registered office 

Autoclave D-150 Systec Wettenberg, Germany 

Balance LA310S Sartorius Göttingen, Germany 

Balance BL610 Sartorius Göttingen, Germany 

Block heater Thermomixer compact Eppendorf Hamburg, Germany 

Cell culture centrifuge Megafuge 1.0R Kendro Hanau, Germany 

Digital camera C 5050 Zoom Olympus Optical Hamburg, Germany 

Fluorescence lamp HAL100 Carl Zeiss Jena, Germany 

Fluorescence 
microscope Axioskop 2 Carl Zeiss Jena, Germany 

Freezer -80°C HERAfreeze Kendro Hanau, Germany 

Gel electrophoresis 
chamber 

Agagel Biometra Göttingen, Germany 

Incubator HERAcell Kendro Hanau, Germany 

Inverse light 
microscope 

Axiovert 25 Carl Zeiss Jena, Germany 

Liquid nitrogen store MVE 611 Chart Industries Burnsville, USA 

Micro-
Spectrophotometer Nanodrop ND-1000 Thermo Fisher 

Scientific Wilmington, USA 

Micropipettes Labmate L2, L10, L20, 
L100, L1000 Labmate Langenfeld, Germany 

Pipette-boy Accu-Jet Brand Wertheim, Germany 

Power supply 
electrophoresis 

Standard Power Pack 
P25 

Biometra Göttingen, Germany 

Refrigerators 
 4°C /-20°C G 2013 Comfort Liebherr Lindau, Germany 
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Appliance Name Manufacturer Registered office 

Secure horizontal flow 
hood HERAsecure Kendro Hanau, Germany 

Sterile laminar flow 
hood HERAsafe Kendro Hanau, Germany 

Thermocycler T3 Biometra Göttingen, Germany 

Table centrifuge Centrifuge 5415R Eppendorf Hamburg, Germany 

UV-Vis 
Spectrophotometer 

BioPhotometer Eppendorf Hamburg, Germany 

Vacuum pump Vacuubrand Brand Wertheim, Germany 

Water bath 1008 GFL Burgwedel, Germany 

 

 

2.1.2.    Plastic ware 

Consumables Manufacturer Registered Office 

6-well culture dishes 
 Nunclon surface Nunc Wiesbaden, Germany 

12-well culture dishes 
Nunclon surface Nunc Wiesbaden, Germany 

24-well culture dishes Costar Corning Life Sciences Schiphol-Rijk, The Netherlands 

48-well culture dishes Costar Corning Life Sciences Schiphol-Rijk, The Netherlands 

Cell Strainer 40 µm Nylon BD Falcon Bedford, USA 

Cryovials 1 ml Nunc Wiesbaden, Germany 

Cryovials 1.8 ml Nunc Wiesbaden, Germany 

PCR strip tubes 0.2 ml peqLab Erlangen, Germany 

Petri dishes ∅ 10 cm BD Biosciences Heidelberg, Germany 

Round bottom tubes - 
 12x75 mm 

BD Biosciences Heidelberg, Germany 

Serological pipettes 1 ml BD Falcon Bedford, USA 
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Consumables Manufacturer Registered Office 

Serological pipettes 2ml Corning Life Sciences Schiphol-Rijk, The Netherlands 

Syringes 20 ml BD Biosciences Heidelberg, Germany 

Syringe filter 0.2 μm Pall Dreieich, Germany 

TC dishes ∅ 3.5 cm BD Biosciences Heidelberg, Germany 

TC dishes ∅ 6 cm BD Biosciences Heidelberg, Germany 

TC dishes ∅ 10 cm BD Biosciences Heidelberg, Germany 

Tubes 0.5 ml Greiner Bio-One Solingen, Germany 

Tubes 1.5 ml Greiner Bio-One Solingen, Germany 

Tubes 15 ml Greiner Bio-One Solingen, Germany 

Tubes 50 ml Greiner Bio-One Solingen, Germany 

 

 

2.1.3.    Chemicals 

Chemicals Manufacturer Registered office 

Agar Sigma Deisenhofen, Germany 

Agarose PeqLab Erlangen, Germany 

Ampiciline Sigma Deisenhofen, Germany 

Azide Sigma Deisenhofen, Germany 

B-27 supplement Invitrogen Karlsruhe, Germany 

Bromphenol blue Sigma Deisenhofen, Germany 

BSA Sigma Deisenhofen, Germany 

Chloroform Sigma Deisenhofen, Germany 
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Chemicals Manufacturer Registered office 

DAPI Sigma Deisenhofen, Germany 

Direct PCR Lysis Reagent PeqLab Erlangen, Germany 

DNA ladder (100bp) PeqLab Erlangen, Germany 

DNA ladder (1kb) PeqLab Erlangen, Germany 

dNTPs PeqLab Erlangen, Germany 

DMEM/F12 (1:1) Invitrogen Karlsruhe, Germany 

DMEM high glucose Invitrogen Karlsruhe, Germany 

DMSO Sigma Deisenhofen, Germany 

EDTA Sigma Deisenhofen, Germany 

Ethanol Merck Darmstadt, Germany 

Ethidium bromide Sigma Deisenhofen, Germany 

FCS Invitrogen Karlsruhe, Germany 

FGF2  R&D systems Wiesbaden, Germany 

Ficole-400 DL Sigma Deisenhofen, Germany 

G418 Sigma Deisenhofen, Germany 

Gelatine Invitrogen Karlsruhe, Germany 

Glucose Sigma Deisenhofen, Germany 

Glycerol Sigma Deisenhofen, Germany 

Hygromycin B Sigma Deisenhofen, Germany 

Insulin Sigma Deisenhofen, Germany 

L-Glutamine Invitrogen Karlsruhe, Germany 

Laminin Sigma Deisenhofen, Germany 
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Chemicals Manufacturer Registered office 

NaHCO3 Sigma Deisenhofen, Germany 

Non-essential amino acids Invitrogen Karlsruhe, Germany 

PBS Invitrogen Karlsruhe, Germany 

PFA Sigma Deisenhofen, Germany 

Phenol Sigma Deisenhofen, Germany 

Poly-L-ornithine Sigma Deisenhofen, Germany 

Sodium pyruvate Invitrogen Karlsruhe, Germany 

 Sucrose (60%) Carl Roth Karlsruhe, Germany 

Tris Merck Darmstadt, Germany 

Trypaneblue Invitrogen Karlsruhe, Germany 

Trypsin-EDTA (10x) Invitrogen Karlsruhe, Germany 

Tryptone Sigma Deisenhofen, Germany 

VectaShield mounting medium Axxora Loerrach, Germany 

Yeast extract Sigma Deisenhofen, Germany 

Xylene Cyanole FF Bio-Rad München, Germany 

Zeocin Invitrogen Karlsruhe, Germany 
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2.1.4.    Enzymes 

Enzyme name Manufacturer Registered office 

Alkaline Phosphatase, Shrimp Roche Diagnostics Penzberg, Germany 

Phusion High Fidelity 
Polymerase 

Finnzymes Heidelberg, Germany 

Platinum Taq DNA Polymerase 
High Fidelity 

Invitrogen Karlsruhe, Germany 

T4 DNA Ligase New England Biolabs Frankfurt, Germany 

Taq DNA Polymerase, 
recombinant 

Invitrogen Karlsruhe, Germany 

 

 

2.1.5.    Restriction endonucleases 

 

Enzyme name Restriction site Manufacturer Registered office 

BstXI 5’...CCA(N)5^NTGG...3’ 
3’...GGTN^(N)5ACC...5’ New England Biolabs Frankfurt, Germany 

KpnI 5’...GGTAC^C...3’ 
3’...C^CATGG...5’ New England Biolabs Frankfurt, Germany 

NcoI 5’...C^CATGG...3’ 
3’...GGTAC^C...5’ New England Biolabs Frankfurt, Germany 

NotI 5’...GC^GGCCGC...3’ 
3’...CGCCGG^CG...5’ New England Biolabs Frankfurt, Germany 

PvuI 5’...CGAT^CG...3’ 
3’...GC^TAGC...5’ New England Biolabs Frankfurt, Germany 

SacII 5’…CCGC^GG…3’ 
3’…GG^CGCC…5’ New England Biolabs Frankfurt, Germany 
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2.1.6.    Plasmids 

Plasmid name Portions used Producer 

pAAV-MCS Backbone Stratagene 

pAAV-RC Unaltered for AAV production Stratagene 

pcDNA3.1 Backbone Invitrogen 

pHelper Unaltered for AAV production Stratagene 

pNeDaKo-Hyg PGK-Hyg_EM7-Zeo Kohli et al., 2004 

pNeDaKo-Neo PGK-Neo_EM7-Zeo Kohli et al., 2004 

pWPXL EF1alpha-eGFP Trono, 2000 

 

 

2.1.7.    Bacterial solutions 

 LB agar  

10 g  Tryptone 

5 g  Yeast extract 

5 g  NaCl 

7 g Agar  

H2O was added to 1 l and the mixture was 
autoclaved and stored at 4 °C 

 

 LB medium  

10 g  Tryptone 

5 g  Yeast extract 

5 g  NaCl 

1 ml 1 M NaOH 

H2O was added to 1 l and the mixture was 
autoclaved and stored at 4 °C 
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 SOB medium  

20 g  Tryptone 

5 g  Yeast extract 

0.5 g  NaCl 

0.19 g KCl 

5 ml 2 M MgCl2 

H2O was added to 1 l, pH adjusted to 7.0 with 5 
M NaOH, then the mixture was autoclaved and 
stored at 4°C 

 

 

 

2.1.8.    Cell culture media  

All basal media were ordered from Invitrogen (Karlsruhe). All compounds were mixed 

and sterile-filtered (0.2 μm filter), stored at 4°C and used within 4 weeks. 

 

% MEF (mouse embryonic feeder) 

86 DMEM-high-glucose 

10 FCS 

1 Sodium pyruvate 

1 L-Glutamine 

1 Non-essential amino acids 

1 Pen / Strep 

 

% N2 

97.5 DMEM/F12 

1 N2 Supplements 

1 Pen/Strep 

0.5 Insulin 

 D-Glucose (1.5 mg/ml) 
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2.1.9.    Cell culture solutions 

% 1xTrypsin/EDTA 

90 PBS 

10 Trypsin-EDTA (10x) 

mixed and stored at 4°C 

 

% Poly-L-ornithine (PO) 

99 H2O  

1 Poly-L-ornithine (1.5 mg/ml stock) 

mixed, sterile-filtered and stored at 4°C 

 

% 0.1% Gelatine 

99.9 H2O 

0.1 Gelatine 

mixed, autoclaved and stored at 4°C 

 

 2x HBS buffer 

8 g NaCl 

0.38 g KCl 

0.1 g Na2HPO4

5 g Hepes 

1 g Glucose 

H2O was added to 500 ml, the pH was adjusted 
to 7.05, the mixture was sterile-filtered and 
stored at -20°C 
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2.1.10. Cell culture stock solutions 

Reagent Concentration Solvent 

B27 Used directly from Invitrogen 

EGF 10 µg/ml 0.1 M Acetic acid + 0.1% BSA 

FGF2 10 µg/ml PBS + 0.1% BSA 

G418 50 mg/ml H2O 

Hyg B 100 mg/ml H2O 

Insulin 5 mg/ml 10 mM NaOH 

Laminin Used directly from Sigma 

 

 

2.1.11. Gel electrophoresis solutions 

50x Tris-acetate-EDTA-buffer (TAE)  

242 g Tris 

100 ml 0.5 M EDTA (pH 8) 

57.1 ml Water-free acetic acid 

Total volume of 1 l was adjusted with H2O 
For use 50x TAE was diluted with H2O 1:50 

 

6x Gel loading buffer  

2 ml 0.5 M EDTA (pH 8) 

6 g Sucrose 

0,2 ml 2% Bromphenol-blue-solution 

0,2 ml 2% Xylene-cyanol-solution 

0,2 g Ficole 

3,8 ml Aqua bidest. 

The solution was mixed well, prepared in 1 ml 
aliquots and stored at 4°C 
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2.1.12. Software 

Name Application Producer 

ApE – A plasmid Editor v1.11 Cloning strategies M. Wayne Davis 

AxioVision 4.5 Fluorescence microscopy Carl Zeiss  MicroImaging 

Chromas v2.31 DNA sequence analysis Technelysium 

ClustalW v1.83 Sequence alignment EMBL-EBI 

Microsoft Office 2003 Figures and text processing Microsoft 

Primer3 v0.4.0 Primer picking Steve Rozen, Helen Skaletsky 

Quantity One Electrophoresis gel documentation Bio-Rad 

RepeatMasker Gene locus analysis Arian Smit, Gustavo Glusman, 
Robert Hubley 

USCS Genome Browser Genome database and in silico PCR Human genome consortium 

 

 

2.1.13. Kits 

Name Producer Registered office 

DNA Blood Tissue Kit Qiagen Hilden, Germany 

peqGOLD CyclePure Kit Peqlab Biotechnologie Erlangen, Germany 

peqGOLD Gel Extraction Kit Peqlab Biotechnologie Erlangen, Germany 

peqGOLD 
Plasmid Miniprep Kit I Peqlab Biotechnologie Erlangen, Germany 

PureYield 
Plasmid Midiprep System Promega Mannheim, Germany 
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2.2.   Production of homology arms 

The targeting vector composition is illustrated in Fig 2.1. The homology arms (HAs) 

flanking the selection cassette are necessary for site-specific recombination and thus 

exon deletion. They were amplified from genomic DNA of the same cell line that was 

later targeted. First, suitable exons had to be found using the Ensembl databases 

(http://www.ensembl.org), then primers were designed and the HAs were amplified 

for incorporation into the targeting vector. 

 

upper HA selection lower HA ITR ITR 

Amp

 

Fig 2.1: AAV targeting vector for site specific integration. 

 

2.2.1.   Selection of genomic DNA  

Based on biochemical and genetic properties of ADK and its gene locus, two exons of 

the ADK gene were chosen: deletion of exon 10 removes the catalytic domain of 

adenosine kinase, while deletion of exon 4 results in a frameshift that leads to a stop 

codon after two additional amino acids. Both approaches should result in a functional 

disruption of the ADK. Based on an in silico analysis with RepeatMasker, both exons 

were found to be suitable for our targeting strategy. Primers were picked using the 

Primer3 algorithm (Rozen & Skaletsky, 2000) on the intronic sequences lying directly 

upstream and downstream of the exons (Fig 2.2). 
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 TTTTTTTTCCAACATTTCTCTCTTACTCTTCATAATCTCTATTTTCCCTTTCTGTATTTCCTGTTAAACAGATCTCAGACCAC

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

Fig 2.2: Genomic sequence of the human ADK locus according to Ensemble Genome Browser. The 

exons are shown in red, while homology arms are indicated in blue. Primers for their amplification are 

indicated by yellow background. Repetitive motives found by RepeatMasker are indicated by “N”. 

ADK Exon 4 

CTAATAAATTCTCTACACCNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNCCCATGCATATTTTGATTGCTCAGGTAATCCATCCAACTATTGATTTT
TCAAAAATTTTTCAATAATTGTTAGTGTACAGAAACTGTGTCATTCTCTAGCTGCATCTTTTCATATAATTAGATAGGTCTGT
TTGTGGCATCTTTCTTTCCTTGCTTTACAGGCAGTACTGTTATACTTTTGTTTATTTTTATACATAAAACATATTTTTTGACG
TTTAGTAAGATGTGGAAGAGGAAATGAACATATACTTCATCTCTTTTGAAGTGTAAGGTCTTATAATTTTCATACTTCTTGAA
CTGATTCCAAGGGTAACATTAAGTGAAATTTTGTTTAGTTTCTATAGAAAACTCTGTTAGTTGTCTGGAATGAGGAGAAATAC
ATGCTGATTTCTGTATGTTTGTAGTAACAAGTGATTCTGAGACTGGGATTCTGATTTTGACTTAACCAGTTTGCCACGTGACC
TCCATTTGGCAATCTATTAATTATTACTTTTACTTTCTGTTTAGTTTAATGGCCAATTATGGACAGTCTGTTTTAAATTCTTA
AATTCTTATAGTTGTACACTTATGGAAAACATTTCTTAAATGTGGAAATTTAGTATTTTTGTTATAAGATATTTCAATTCATT
TATTCAACATACTTAAACAATAAAAACATTTTACTATTTGTGTTTTAATACTCTTCTGCTCAGAAAAGTTTACTTTGTTGCAA
CTCACAGAAGGTAACTTACTTTTTTCTACTGTGATTTCCTTATAGGTTTGATGAACTTGTGAAAAAATTCAAAGTCGAATATC
ATGCTGGTGGCTCTACCCAGAATTCAATTAAAGTGGCTCAGGTTGGTTAATTATTTTAAAAGTTAAAAGGATTCAAAATGATT
CTAGACCCATGTCTATTTTGCATAATTGTTTCCTTTTATATTGTGTTGCTGTAGAATAGTTTTGTTCATTTGAATTGGGATTT
TAGTAGTCATTGCACATCTAATCAAAAGTTATTTTAATTGGTATTTCTTTGGTTATTGGTAAGCTTGAACTTTTAATGTTTAT
TGTTCATTTGTGTTTCTTCTTAAATTGTTTCCTTTCACTATCATTTTATAATTTTTCATGTTACAGATTTGTAGAAACTTCAT
ATTTTATAGATAGTATTCCTTTTTATTTTATAAGTTGAAAGTATTTATTTTTTGTTATGTGTACATTAACTCTTACAGTGTCT
TTTACTGTGCCTTAGTTCTTAATGTAACTTTCAAAGTTTTTAACGTAATTAAACTTTATGGCTTCTTCATTTCCTGCATGTCC
CCCTTACGAAGGACGTTTCTGCCACAAGATAGTAGAAATTGCTCTGTATNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNCCGGTGTAT
ATCTTTTATAAATCTATATATCTGTCTCTATTCCCATATCTTCCAATGAGTAATTGAATAAACCCATTAGGCATATACTCTTT
GAGTTACCAGCTTAACCTAATCTTGATTGAGAGAGTTAGTGATCTGTTTAATCTTCCAGCTTTGAAAGATATGAACAAGTTTT
ACATACCTCTGGTTCTTACCTCTGCAGTTTGAAGTTAACTCAAAATTCTGCTCATTGCAATCATGTGTCAGTTCTGCCTACAC
TAGATTTCTTTTTCTTTTTTATTGATTAATGCTTTCCCCTTGAATTCTGATTAACTTCAAGAACTGGGGAAGTGGAAAATTGA
CAAATAAAATCCAGAATGATTTCTTTTCAAGTAACTCTTAGTTGATTGAGACATATAGTATGATTATTCCACATACTTCCAAG
CTCAGATTTAATCATAGTTTTCAAATATTTTGTAAAAATGAATCTTTAAGGCGGTCATTAATATGAAGTGGCCTGAGTCTTTG
TATTGGTCAATTGATTTGTATTGTTTTTGGTAAAACATCCTGGTGGTCACTTTATGAACTTCCAGAGTAATAGAAAAAGGATG
ATTTACNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

ADK Exon 10 

NNNNNNNNNNNNNNNNNNNNNNNNNGATTTTAAAAAAGATTGACTAAGTGAATGAGTCCTCTTCTTGAATATCAGTCATTCCA
GGAGAGTATTTTCATTAACATATTTATGTCTCTTGTTGAAAGTATCCATTAAGAGCAGGTAGCAAAAGCTAGACAGAATATGC
TTTTGAAGATTCTCTATGCTCTTTATTAATACCTTTCTTAAGTTTCTCAAGATCTCCTTTTGCCTCCCTCTTGATCTTAAACG
AGACTGAAGTTTAAGAGTCTTTAGCCACTCTGTCCCCATAGGGATGCAAATTTATGATTTCAGAAGTTCCAGCCCCCAATAAG
AAGCACTGTCCAATCGTTTGCAGATGTATCTTGTAAGCCAGATTTCATGACAGATAAGTCCATTCCACTGTCATGTGCCATGT
TTAAAGTACTAAATTAGGTTACTCTGTAGTCAAAACAAGTAAGCCCTGGTCCAGACTACTCTAGGGCAAAATCCCGTTGCACT
GTCCCTTTTGTTCTGCCCATGCATTCAGTTGTAGCTTTCCCTTTTGCCAGTTGACAGATAGTGACTTCTTTGCAAAACATAAC
CAGATTAGGTTATTTTTAGTAAACCAACTAAAATAAAAAATTCTTGACATTGGGAAGAAGTATTTTAACAGAATAATAGTAAT
GTTTTTATTGTGCCATTGTGATTTTCTATAAAGAAACACCCAATATTCNNNNNNNNNNNNNNNNNNNNNNNNCAACTCTTTAA
CTGTATCCAACATTTCACTGCCAGGAATATAGTCAGGCTCGAAGCTTTTTTAGAAACCCATGATCCAATCCATACCAACACTT
CCTTTAGTTTATGGCTTCTGTTCATTTGCACTGTCCAGAAAGGTACTGCNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNAAAGTATTACTTGCAGATGAT
TTTGCACCTTAGTTCCCAAGTGCCCCTGTACAGAATATGGAGCTTATGTCCTGTCTCTCTTTGAATGATGAGTGATGAAGGAG
CTTCAGATGTTACTGGGTGAGCTTGTATTGAGTGTTACAAAGAGAAGTCATTCTGCCTTTCTTTGGCTCTAATTGCAGAAAGT
GAAGTCACTGCTTTTGCTGTCTTGGATCAAGACCAGAAAGAAATTATTGATACCAATGGAGCTGGAGATGCATTTGTTGGAGG
TACAGACTAATTTATTTCATTCTTACTTACAAGTAAAACATTTTAACCCTTGTTTCTACCATATAACCAAGATTTATTCATTT
AGTAACTTCTAATTTCTTCTTTTAAATAATTAACTTCTGAAGTTCTTTCCATATACTTCTATCATTGTCAGTATTAGAGGGTT
TTACCAGAGGAAAAATATGTGTTTGGAAAAGATAATTTGCTACTATGCTGTACCCCAGTCATTTTCACAAGATTAATTGTATC
TGTCAGAAAATTGCATAAACAAACTGCATCAAGTACAGTATATAGTATATTCATAGCCCTTCAGGCTTAAATGTTAACACATT
TTTGTTCTTTAAAACAAGTTGTGATGAATATTAAACAGTATGCTAATAACTAAGGATGATGTCTTTTGATGATAATCCTTTGG
TTAAAACATCTGTTTCAAACACAATAGTGGTTGTTTGTTATACTAAAAAGGGTTAAATTTTTGCCTATTTTTGGCTCAATAAG
AACTGGCAAATTTTATGTGAACTAATGATTTTGGTAATGAATACTCAAAAATAAAATCAAAACAATAGAAGACTTGGCTTGAT
GACTTAGATTGATCTAAAATCTGATTCAAAAATTCTTTTGATAAGTCTAAATTCCTTCTAGTTAAGTGTAGTTAATTAAGCTA
GTTTATAGTCTCTAGAAAGCTTTCGCTTCCTCACAGATACCCCAAAGGGGTCTTTCCTGGTCTCTGTTTCTTTCTCTTAACAT
CAAGCCAGACCAGGNNNNNNNNNNNNNNNNNNNNNNNNNGCAAGCAAGTGGAGCTGATGATTGTCCCTTTTTCTCTGGAGGAT
AATTTGAATCATGGGAAACTTATTTAAGTTTGTGTGATGGTTTTAACTTAATATTTTATTTTAATAGTCTTTTGCCAACATAA
ATTTTTATTTTTCTTTCTCTAAAACTATTCATGCCCAGTCTTTTTTTTTTTNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

  30



- Material and methods - 

2.2.2.   Amplification of homology arms  

For the amplification of the two homology arms (needed for the targeting construct), 

genomic DNA was isolated from human embryonic stem-cell derived neural stem 

cells (hES-NCSs) of the cell line I3 using the Qiagen DNeasy Blood and Tissue DNA 

isolation kit according to the manufacturer’s instructions. The homology arms were 

amplified from genomic DNA by PCR using primers with overhanging ends containing 

restriction sites for NotI, KpnI, SacII or BstxI (Tab. 2.1). Primer sequences 

encompassed 20-25 nucleotides of target binding, the restriction enzyme recognition 

site and additional nucleotides homologous to the selection cassettes resulting in an 

overall-length of 36-48 nucleotides.  

 

Name Primer sequence (5’-3’) 

P1 A4 upperHA 
forward 

ATACATACGC^GGCCGCTTGCTCAGGTAATCCATCCA 
NotI                        . 

P2 A4 upperHA 
reverse Hyg 

AAGTTATCCACCGCGGTG^GTGGACCTTCTGTGAGTTGCAACAAAGT 
BstxI                                    . 

P3 A4 upperHA 
reverse Neo 

TATACGAAGTTATCCGC^GGTGGACCTTCTGTGAGTTGCAACAAAGT 
SacII                           . 

P4 A4 lowerHA 
forward 

CGAAGTTATGGTAC^CCAATTCGCCCTCTAGACCCATGTCTATTTTGCAT 
KpnI                                                . 

P5 A4 lowerHA 
reverse 

ATACATACGC^GGCCGCTGACCACCAGGATGTTTTACC 
NotI                         . 

P6 A10 upperHA 
forward 

ATACATACGC^GGCCGCGTCCCCATAGGGATGCAAAT 
NotI                        . 

P7 A10 upperHA 
reverse Hyg 

AAGTTATCCACCGCGGTG^GTGGAGCCAAAGAAAGGCAGAATGA 
BstxI                          . 

P8 A10 upperHA 
reverse Neo 

TATACGAAGTTATCCGC^GGTGGAGCCAAAGAAAGGCAGAATGA 
SacII                      . 

P9 A10 lowerHA 
forward 

CGAAGTTATGGTAC^CCAATTCGCCCAACATTTTAACCCTTGTTTCTACCA 
KpnI                                                . 

P10 A10 lowerHA 
reverse 

ATACATACGC^GGCCGCGACTGGGCATGAATAGTTTTAGAGA 
NotI                                 . 

Table 2.1.: Sequences of designed primers used for generating the six homology arms. Restriction 

sites in the overhanging ends are indicated by red background, the genome binding sequence is 

indicated by yellow background. 
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1 µM of each forward and reverse primers, 0.025 U/µl Taq-Polymerase, 2 mM of 

Mg2+ and 0.2 mM dNTPS were added to 1 µg of DNA in a total volume of 50 µl PCR 

buffer. The cycling conditions were the following: 1 cycle of  94°C for 5 min; 20 

cycles of 94°C for 30 s, 53°C for 30 s and 72°C for 90 s; 1 cycle of 72°C for 10 min. 

The primers were removed using the peqLab PCR cycle pure kit. The extracted DNA 

was digested with NotI and BstxI (10 units each) in 20 µl NEB buffer 3 or with NotI 

(20 units) and SacII (15 units) in 20 µl NEB buffer 2 or with NotI (20 units) and KpnI 

(15 units) in 20 µl NEB buffer 2 for 90 min at 37°C. Electrophoresis on a 0.8% 

agarose gel yielded single, strong bands of the expected sizes (Tab. 2.2) which were 

excised and gel-extracted using the peqLab gel extraction kit. 

 

Name Length 
in bp 

Combination with 
resistance cassette Arising vector 

A1 A4 upperHA for Hyg 749 Hyg-Zeo pAAV-A4-Hyg 

A2 A4 upperHA for Neo 749 Neo-Zeo pAAV-A4-Neo 

A3 A4 lowerHA 1170 Neo-Zeo or Hyg-Zeo pAAV-A4-Neo or pAAV-A4-Hyg 

A4 A10 upperHA for Hyg 905 Hyg-Zeo pAAV-A10-Hyg 

A5 A10 upperHA for Neo 905 Neo-Zeo pAAV-A10-Neo 

A6 A10 lowerHA 958 Neo-Zeo or Hyg-Zeo pAAV-A10-Neo or pAAV-A10-Hyg 

Table 2.2.: The six homology arms. 
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2.3.    Construction of targeting vectors 

2.3.1.    General design  

The contents of the targeting vector are depicted in Fig 2.1. Besides a classical 

backbone with Amp resistance it contains the targeting cassette flanked on both 

sides by the ITRs that give rise to the hairpin shaped termini of the viral genome. 

Between the ITRs the homology arms are situated and in between them, as core, lies 

the selection cassette with G418 or HygB resistance genes for eukaryotic selection 

and Zeo resistance for bacterial selection purposes. These cores were taken from the 

plasmids pNeDaKo-Neo and pNeDaKo-Hyg (Fig 2.4), created by the group of 

Vogelstein (Kohli et al., 2004). The ITRs and the backbone are of the pAAV-MCS 

vector which is part of the commercial helper-free AAV-system from Stratagene. 

The creation of the targeting vector is a multi-step-process: first the upstream HA 

and the selection cassette were ligated into a pcDNA-backbone, then this larger 

fragment was excised and, together with the downstream HA, ligated into the 

pAAV-MCS Backbone. The whole excision and ligation process is shown in Fig 2.3. 

 

2.3.2.    Ligation  of  upper  HA  and  selection  cassette  into                . 

    pcDNA backbone 

First, attempts were made to ligate the selection cassette, pAAV-backbone and both 

homology arms for the targeting vector in one reaction, as proposed by Rago (Rago 

et al., 2007), but under no single condition a correct product could be obtained. A 

four unit ligation seems to be such rare an event that it could not be observed in any 

of the many reactions that were performed. Thus, the approach was changed to 

ligation of the selection cassette and one homology arm, the upstream one, into a 

fitting temporal vector. 

The pcDNA3 vector was chosen, digested with NotI (20 units) and KpnI (15 units) in 

20 µl NEB buffer 2 for 90 min at 37°C, and the linearized backbone was purified from 

a 0.8 % agarose gel using the peqLab gel extraction kit according to the 
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manufacturer’s instructions. The upper homology arm and the selection cassette 

were digested with appropriate restriction enzymes in the same way. Afterwards the 

linearized backbone (50 ng) was combined with the digested homology arm (150 ng) 

and the selection cassette (50 ng), so that the insert was in 20 fold molar excess of 

backbone and cassette. Ligation was performed using T4 ligase (400 units) in 20 µl 

NEB T4 ligation buffer for 30 min at 22°C. The ligated vector was transformed into 

competent E. coli cells. 100 µl of frozen competent bacteria were thawed on ice, all 

20 µl of the DNA solution were added, and the reaction tube chilled on ice for 30 

min. Then, heat shock was performed for 90 sec at 42°C and the sample again 

chilled for 5 min. To allow the cells to gain antibiotics resistance, 500 µl SOB medium 

was added and the tube shaken in an incubator at 37°C for 90 min. Then, the cells 

were plated on LB agar plates containing 100 mg/l ampicillin and 40 µg/l zeocin and 

incubated over night (o/n) at 37°C in an incubator. 

The next morning, plates were put into the fridge to pick colonies in the evening. 

Each colony was grown o/n at 37°C on a shaker in 3 ml LB medium containing the 

antibiotics mentioned above. The DNA was isolated using the peqLab DNA mini prep 

kit according to the manufacturer’s instructions. 1 µl of the preparations were further 

analyzed by electrophoresis on a 1 % agarose gel after digestion with NotI (20 units) 

and KpnI (15 units) in 20 µl NEB buffer 2 for 90 min at 37°C. Clones showing two 

bands (backbone and fusion of upper HA with selection cassette) of the correct sizes 

were considered positive. One of these clones was selected and grown o/n in shaking 

incubator at 37°C in 200 ml LB medium containing 100 mg/l ampicillin. DNA 

purification was performed using the Promega PureYield Plasmid Midiprep System kit 

according to the manufacturer’s instructions. The correct design of this vector was 

verified by PCR amplifying the homology arm (protocol as written above) while the 

resistance to zeocin of the producing cells showed that the downstream-facing end 

of the resistance cassette was functional.  
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Fig 2.3: Cloning strategy for targeting constructs. 

 

2.3.3.    Ligation of upper HA with selection cassette and  lower HA 

    into pAAVMCS backbone 

Having produced large quantities of upper HA fused onto the selection cassette, the 

next ligation step could be tackled, by combining it with the lower HA into the pAAV-

MCS backbone to gain the functional targeting vector. 
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The pAAV-MCS was digested with 10 units of NotI in 20 µl of NEB buffer 3 for 90 

min. at 37°C and the larger fragment (2887 bp) was purified from a 0.8 % agarose 

gel using the PeqLab gel extraction kit. To prevent unwanted circularization, the 

linearized fragment was dephosphorylated using 10 units of alkaline phosphatase in 

10 µl of dephosphorylation buffer. After an incubation of 30 min. at 37°C the alkaline 

phosphatase was inactivated for 15 min. at 65°C. The lower HA–PCR product was 

digested with the appropriate restriction enzymes and also gel-purified as detailed 

above. The fusion-construct of upper HA with selection cassette was digested with 

NotI and KpnI as described in section 2.3.2. Ligation was performed with 50 ng of 

pAAV-MCS-backbone, 350 ng of downstream HA and 50 ng of upper-HA-selection 

cassette-fusion-construct in 20 µl NEB T4 ligation buffer with 400 units of T4 ligase 

for 30 min at 22°C. This time, the HA was used in 200 fold excess of the other 

segments to ensure efficient incorporation. Transformation of competent cells and 

clone picking were performed as described above. Positive clones were chosen on 

the results of four single digestions with NotI, BsaAI, NcoI and PvuII (each 10 units 

in 20 µl NEB buffer 3) following agarose gel electrophoresis. Again, PCR was 

conducted to verify integration of the homology arms. Because backbone and 

resistance cassette accounted for one resistance to antibiotics each, growth of 

colonies on double-selective agar-plates ensured inclusion of both components. 

 

2.3.4.    Construction of the eGFP vector 

For visualization of infection efficacy, a targeting vector with eGFP as fluorescent 

reporter was constructed. A fragment containing eGFP driven by the EF1alpha 

promoter was amplified by PCR from the pWPXL plasmid (http://www.tronolab.com) 

using the primers listed in table 2.3. In 50 µl of Phusion HF buffer (containing 1.5 

mM Mg2+) 0,5 µg of pWPXL, 1 µM of forward and reverse primers, 0.02 U/µl Phusion 

DNA polymerase, 0.5 mM Mg2+ and 0.2 mM dNTPs were added. The cycling 

conditions were the following: 1 cycle of 98°C for 3 min; 35 cycles of 98°C for 30s, 

68°C for 30s and 72°C for 4 min; 1 cycle of 72°C for 7.5 min. 
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The gained PCR product was purified with the PeqLab cycle pure kit and afterwards 

digested with KpnI (15 units) and BstxI (10 units) in 20 µl NEB buffer 2 for 90 min at 

37°C. After electrophoresis on a 0.8% agarose gel, the 2237 bp long fragment was 

gel extracted using the PeqLab gel extraction kit. The previously described pAAV-A4-

Hyg-vector was digested under the same conditions and the 4752 bp long fragment 

gel-excised. These two fragments were ligated at a ratio of 5:1 for 30 min at 22°C in 

20 µl NEB T4 ligation buffer with 400 units of T4 ligase. Transformation of competent 

cells and clone picking was performed as described in section 2.3.2., but without 

zeocin in the agar plate, because this resistance was no longer included. Again, 

control digestions and PCR to amplify the homology arms were performed to validate 

the vector. 

 

2.3.5.    Preparation of competent E. coli and glycerol stocks  

Competent cells were prepared and transformed according to the Inoue method for 

ultra competent cells (Inoue et al., 1990). Of every plasmid producing clone, glycerol 

stocks were prepared allowing an easy and quick access to the desired DNA. From 

the culture flask used for maxi preparation of its plasmid DNA, 800 µl of bacterial 

solution were thoroughly mixed with 200 µl of glycerol, transferred into a cryovial 

and frozen at -80°C. The bacterial cells can be stored like this for at least one year. 

To raise a new culture from the stock, a small amount of frozen cells was scratched 

with a pipette tip and dripped into fresh LB medium with ampicillin. The stock did not 

have to be thawed for this purpose. 

 

Name Primer sequence (5’-3’) 

P11 EF1alpha-eGFP 
forward 

AAGTTATCCACCGCGGTG^GTGGATTGAAAGGAGTGGGAATTGG  
BstxI                           . 

P12 EF1alpha-eGFP 
reverse 

TTGGGCGAATTGGGTAC^CCGGGAATTCGAAGTTGAGCAAGTTAT  
KpnI                           . 

Table 2.3.: Sequences of designed primers used for generating the eGFP vector. Restriction sites in 

the overhanging ends are indicated by red background, the plasmid binding sequence is indicated by 

yellow background. 
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Fig 2.4: pNeDaKo-Hyg /-Neo from Kohli et al. (2004) and pAAV-MCS from Stratagene. The Kohli-

constructs provided the selection cassettes and LoxP sites, while the pAAV-MCS with its viral ITRs was 

used as backbone for the targeting constructs. The complete ligation strategy is shown in Fig 2.3. The 

used restriction sites are indicated each. 
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2.4.    Cell culture  

2.4.1.    PolyLornithine/laminin coating 

For poly-L-ornithine/laminin (PO/lami) coating TC dishes or wells were incubated o/n 

with 1x PO solution at 37°C. Then the dishes were washed 2 times with PBS and 

coated at 37°C o/n with laminin (1:1000) in PBS. The laminin solution was removed 

immediately before plating cells on the TC dishes, thus avoiding drying of the 

surface. For small colonies of I3 hES-NSC clones, laminin coating was used at 1:500 

to improve the adhesion of the cells. For propagation of the cell stock, the laminin 

coating solution could be used at least three times. 

 

2.4.2.    Gelatine coating 

Gelatine coating was used to ensure the adhesion of HEK-293 cells while producing 

virus. TC dishes were incubated o/n at 4°C with 1% gelatine solution. The solution 

was removed immediately before plating cells onto the TC dishes. 

 

2.4.3.    hESNS cells of I3 Line 

The cells being targeted were human embryonic stem cell derived neural precursor 

cells (hES-NSCs). They were originally generated from ES cells using a well-

established step-wise differentiation protocol (Zhang et al., 2001; Koch et al., 

2006a). They have the ability to differentiate into neurons, astrocytes and 

oligodendrocytes but can also be propagated to remain multipotent. For this study, 

hESC-NSCs derived from the parental human embryonic stem cell line I3 were used. 

hESC-NSCs were nourished with N2 medium supplemented with freshly added stock 

solutions of B27, EGF, and FGF, 1:1000 each (final concentrations of EGF and FGF 

were 10 ng/ml). 
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hES-NS cells need PO/laminin coated culture dishes to adhere. Because they arrange 

in cell clusters of at least 4 cells each, they have to be split at a ratio of 1:2 

approximately every three days when the confluence reaches 90 %. For this 

purpose, cells were trypsinised, gently centrifuged at 300 g for 4 min and dissolved 

in fresh medium to be plated onto new dishes. Medium was exchanged every other 

day, while new factors (B27, EGF, FGF) were added daily.  

 

2.4.4.    HEK293 cell line 

The HEK-293 cell line is of human embryonic kidney origin and has been transformed 

by the adenoviral E1A gene product. Hence it already brings along one of the needed 

components to produce adenoviral-associated viruses. The missing parts of the 

adenoviral genome are brought into the cells by helper plasmids, so that the 

targeting vector can be used for structural design of the AAV genome. Transient 

transfection into HEK-293 cells is a common way to produce and harvest both 

proteins and viral particles. These cells are known to be highly transfectable by the 

calcium phosphate method and are used to produce large amounts of AAV particles 

after triple transfection of the three viral plasmids. 

For propagation, HEK-293 cells are cultured as a monolayer on uncoated TC dishes in 

MEF medium. Usually 2-4 million cells were plated on a 10 cm TC dish, grown to 

confluence and then passaged with trypsin. Because the cells are first stressed and 

then lysed while producing virus, gelatine coated TC dishes were used when virus 

production was induced. 
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2.5.    Production of AAV vectors 

For AAV production HEK-293 cells were transfected with the three plasmids pAAV-

RC, pHelper, and the respective targeting vector. After 4 to 8 days, viral particles 

were harvested by alternated freezing and thawing of the cells. 

 

2.5.1.    Triple transfection using the calcium phosphate method  

HEK-293 cells were grown on 10 cm dishes until a confluence of 70-80% was 

reached. One hour prior to transfection, 5 ml of fresh MEF medium was added. The 

targeting vector (15 µg) was mixed with pAAV-RC and pHelper plasmids (10 µg 

each) in 700 µl of water. This solution was well mixed with 89 µl of 2.5 M CaCl2. In a 

15 ml Falcon tube, 700 µl of 2xHBS were prepared. A 2 ml plastic pipette was put 

into this falcon while the DNA-solution was taken with a 1 ml micropipette to be 

dropped carefully onto the outside of the plastic pipette while a pipette boy was used 

to blow air into the 2xHBS. The DNA-solution now floated into the 2xHBS and was 

thoroughly mixed by ascending bubbles. This transfection reagent was incubated for 

30 min. at room temperature and then added dropwise to the cell dish. After 6 h, the 

medium was replaced. 

 

2.5.2.    Harvest and freezing of AAV particles 

Prior to lysis, which was estimated according to visual judgement, the producing cells 

were trypsinised and washed with PBS. The cells of one 10 cm dish were 

resuspended in 1 ml of PBS, then the suspension was subjected to five cycles of 

freezing and thawing and finally centrifuged for 3 min at 12 000 g to remove cell 

debris. The supernatant was frozen at -80°C and could be directly used for treatment 

of target cells. 
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2.6.    Gene targeting of hESNS cells 

2.6.1.    Transduction of hESNSCs with AAV particles 

For viral transduction, I3 hES-NS cells were seeded on 12-well-plates and infected 

with 50 µl of viral stock-solution per well. After 3 h at 37 °C, the media was aspirated 

from the cells and substituted by fresh medium. After three days of propagation, 

cells were split onto 6 well-plates and from the following day on taken under 

antibiotic selection with either G418 (100 µg/ml) or Hyg B (25 µg/ml). After one 

week of selection, all non-targeted cells were dying. With G418, wild type cells died 

quickly while with hygromycin they in some cases survived for more than ten days 

counting from the last day with HygB supplemented medium.  

 

2.6.2.    Propagation of selected clones 

As resistant colonies emerged, selection was removed to not further stress the cells 

and to let the existing colonies grow. As soon as colonies began to form spherical 

bulges, they were picked with a 10 µl micropipette by scratching and soaking, then 

plated onto 48 well-plates. The clones were again taken under selection and 

expanded. Whenever enough cells were available, they were split onto larger plates. 

Often the clones did not grow equally over the plate but formed again bulges after a 

couple of days, so that it became necessary to again move them onto a new plate. 

To transfer small cell numbers no centrifuge was used as described above for the 

propagation of large quantities. Instead, the trypsinised cells were directly plated 

onto new wells together with trypsin inhibitor and a small amount of medium. As 

cells adhered after ~3 h, the medium was carefully exchanged to get rid of the 

trypsin and inhibitor components. As soon as enough cells of a clone were present to 

secure the propagation, genomic DNA was isolated for screening purposes. 
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2.6.3.    Screening for targeting events  

To discriminate between correct targeting with gene disruption and random insertion 

of the construct, screening by PCR was performed. The positions of the primers used 

are shown in Fig 2.4, the corresponding sequences are listed in Tab. 2.4. The exon 

to be deleted was not suitable for primer picking, so the wild type allel was 

investigated with primers binding in the homology arms (P13/14). This implied that 

also the targeted allel would show a signal here, but due to the larger size of the 

integrated cassette, a signal of the twofold length would result. The three other 

primer pairs P15/16, P17/18 and P19/20 amplify parts of the selection cassette to 

give rise to a PCR product. Whereas P19/20 just verifies the existence of the 

construct anywhere in the genome, P15/16 and P17/18 prove targeted integration 

and thus the presence of a heterozygous KO. 

Genomic DNA of small cell numbers was isolated by using the DirectPCR lysis reagent 

from PeqLab according to the manufacturer’s instructions. Already 50,000 cells were 

sufficient to use standard PCR protocols. 1 µl of the resulting DNA lysate was used 

per PCR reaction. 1 µM of each forward and reverse primers, 0.025 U/µl units Taq-

Polymerase, 2 mM of Mg2+ and 0.2 mM dNTPs were added in a total volume of 25 µl 

PCR buffer. The cycling conditions were the following: 1 cycle of 94°C for 5 min; 20 

cycles of 94°C for 30 s, 65°C for 30 s and 72°C for 3 min; 1 cycle of 72°C for 10 min. 

exonupper HA lower HA

1918 bp 

WT 
976 bp P13 P14 

cassetteupper HA lower HA

2998 bp 

KO 

266 bp P19 P20 

2056 bp P14 

938 bp P15 P16 

1175 bp P18 P17 

P13 

 

Fig 2.4.: PCR screening for correct targeting of ADK locus. Example shown for exon 10 Neo construct. 
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Name Primer sequence (5’-3’) 

P13 A10 WT forward TTGCAGATGATTTTGCACCT 

P14 A10 WT reverse GACCCCTTTGGGGTATCTGT 

P15 A10 KI upper forward TCTCCTTTTGCCTCCCTCTT 

P16 A10 KI upper reverse GGGGGAACTTCCTGACTAGG 

P17 A10 KI lower forward CCAATTCGCCCAACATTTTA 

P18 A10 KI lower reverse ACCAGCCTGGGAGAAAAA 

P19 Zeo forward TCACTATAGGAGGGCCACCA 

P20 Zeo reverse ACACGACCTCCGACCACTC 

Table 2.4.: Sequences of designed primers used for PCR screening. 

 

2.7.    Immuncytochemistry 

Cells on 3.5 cm dishes were washed in PBS azide (0.1% sodium azide in PBS) and 

fixed in 4% PFA for 20 min. at RT. Following double washing with PBS, cells were 

blocked for 1 h at RT with 10% FCS in PBS (blocking solution). Anti-eGFP-antibody 

from rabbit (Abcam, Cambridge, United Kingdom) was used 1:3,000 in blocking 

solution for 2 h at RT. After double washing with PBS, secondary FITC-conjugated 

antibody goat-anti-rabbit (Dianova/Jackson ImmunoResearch, Hamburg, Germany) 

was used 1:250 in blocking solution for 1 h at RT. Cells were again washed in PBS 

azide and then counterstaining of nuclei with DAPI 1:10,000 in PBS was applied for 6 

min. at RT. The cells were embedded in VectaShield mounting medium and covered 

with a glass coverslip. 
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3.    Results 

3.1.    Analysis of the ADK locus 

Knocking out a gene while only a small portion of it can be targeted demands an 

analysis of the gene locus to find weak points whose destruction is sufficient to 

ablate the protein function. In section 1.3.2, the structure of adenosine kinase was 

described. Two domains were found important for the enzymatic activity: Arg 316 as 

the attacking base in the active site, and the carboxyterminal domain, which folds 

the substrate binding loop. A removal of either would ablate all enzymatic activity of 

the ADK and so these entities were found promising areas for a functional knock out 

of the gene. 

Only one isoform of adenosine kinase is known in humans, of which two transcripts 

are formed by alternative splicing of the first exon. Therefore, it is sufficient to delete 

one exon of the ADK on both alleles to achieve a functional knock-out. 

In the targeting construct, the two homology arms flank a sequence of ~1,000 bp 

without homology to the target site. The corresponding sequences at the locus 

should have similar distances to not decrease the efficacy of homologous 

recombination (Kohli et al., 2004). Hence, small exons below a size of 1,000 bp 

should be chosen. 

The C-terminus with its substrate binding site is coded by exon 11, which, due to its 

length (Fig 1.4), is not suitable for a homology arm picking approach. Therefore, 

attention was switched to arginin 316, which is coded in Exon 10. Exon 10 is short 

enough to comply with the abovementioned size limit and thus was used for vector 

construction.  

In search for other suitable exons, it was found that the deletion of exon 4 would 

result in a frameshift (see Fig 1.4 b) with termination of protein translation after two 

additional amino acids. In this case, all biochemically relevant parts of the enzyme 

would be depleted. Therefore, also exon 4 was targeted. 
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3.2.     Targeting vectors 

In this study, five different vectors for production of ADK locus targeting rAAV were 

constructed (Fig 3.1), as described in section 2.3. The homology arms define the site 

of integration, for which the exons 4 and 10 of the human adenosine kinase were 

chosen. For each exon, two vectors with either G418 or HygB resistance cassette 

(driven by PGK promoter) were constructed. This is reasonable in two ways: Because 

it is likely that after infection only one of both alleles is hit, a second transfection 

round is necessary. Therefore, a second resistance marker is needed. Also, the 

differing sequences avoid retargeting of the first allele due to the long homology 

block. 

The targeting module (composed of both homology arms and selection cassette) is 

flanked by loxP sites for easy removal of the peregrine sequences and resistance 

genes to gain as clean and inartificial cells as possible. Although this feature was not 

used in this study, the possibility is given to exploit it in later stages of the project.  

The selection cassettes were originally constructed by the group of Vogelstein (Kohli 

et al., 2004) and contained also the Zeo gene driven by EM7 promoter for bacterial 

selection while generating the targeting construct. 

Later in this study, also an eGFP bearing targeting vector (driven by EF1alpha 

promoter) was constructed for visualization of different steps of the targeting 

approach, namely transfection efficacy of HEK cells with the calcium phosphate 

method, transduction of target cells with recombinant adeno-associated viruses and 

detection of stably delivered sequences in these cells by fluorescence microscopy. 
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Fig 3.1 A: Targeting vectors for exon 4 of ADK gene Homology arms are shown in dark blue, G418 or 

HygB resistance in green, zeocin resistance in light blue, eGFP in green, E1alpha promoter in red, 

LoxP sites in purple, ampicillin resistance in yellow. The same colours were used in all other figures in 

this study. 
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Fig 3.1 B: Targeting vectors for exon 10 of ADK gene. Homology arms shown in dark blue, G418 or 

HygB resistance in green, zeocin resistance in light blue, LoxP sites in purple, ampicillin resistance in 

yellow. The same colours were used in all other figures in this study. 

 

3.2.1.    PCR amplification of homology arms 

As described recently (Dong et al., 1996), the optimal packaging size of rAAV-

particles lies between 4.1 and 4.9 kb. The selection cassettes use up to 2.7 kb, both 

ITRs are 282 bp long, leaving approx. 1.9 kb for the homology arms. This dimension 

should be exploited, because the longer the homology arms are, the higher is the 

targeting efficiency. 
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Because the homology arms frame the exons to be targeted, they contain sequences 

of intronic DNA. Introns often contain repeated motifs, so RepeatMasker was used to 

detect regions with a minimum of such repeated sequences. It was paid attention 

not to use primers in highly repetitive areas to enable the clean amplification of HAs. 

Eventually, homology arms of 900 bp length each for exon 10 and 700/1100 bp for 

exon 4 were chosen (Fig 2.1). Other studies showed that this length is sufficient for 

knock-outs at acceptable efficiencies (Kohli et al., 2004). It was not possible to avoid 

repeated motifs inside the homology arms, which are listed in table 3.1. Latter study 

recommended not exceeding a fraction of repeated sequences of 50% in the 

homology arms, which has been achieved in this study. 

 

Name Length of genomic 
portion in bp 

Nucleotides forming 
repeated motif 

Contingent of 
repeated motifs 

A1/2 A4 upperHA 707 0 0 % 

 A3 A4 lowerHA 1129 108 9.5 % 

A4/5 A10 upperHA 866 120 13.9 % 

A6 A10 lowerHA 917 25 2.7 % 

Table 3.1.: Contingent of repeated motifs in the homology arms. 

 

The forward primer for the upper HAs and the reverse primer for the lower HAs 

contained restriction sites for NotI so that the final construct could be ligated into the 

commercially available pAAV-MCS vector (Fig 2.2).  The forward primer for the lower 

HAs contained a KpnI restriction site for ligation downstream onto the Zeo gene of 

the selection cassettes. Since the Neo and HygB selection cassettes had divergent 

sequences on the 5’end, for ligation of the upper HAs upstream of them, two 

different restriction sites had to be integrated by PCR: a BstxI site for HygB and 

SacII for Neo. 
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1000 bp 

3000 bp 

500 bp 

A4 upper A4 lower A10 upper A10 lower 

 

Fig 3.2.: Amplified homology arms (HAs), two lanes each. From left to right: No. 1 (A4 upper HA for 

Hyg) @ 749 bp, No. 3 (A4 lower HA) @ 1170 bp, No. 4 (A10 upper HA for Hyg) @ 905 bp, No. 6 (A10 

lower HA) @ 958 bp, 100bp ladder, 1kb ladder. 

 

The PCR on genomic DNA of I3 NP cells was unproblematic and single bands of the 

expected size were gained (example in Fig 3.2). The amplified HAs were sequenced 

off-house to compare the ADK locus of the I3 cell line with Ensemble genome 

databases. Sequence alignment with ClustalW (Chenna et al., 2003) was performed, 

showing that the sequences were highly identical (Tab. 3.2).  

 

Sequenced HA Length of genomic portion in bp Conformance 

A1/A2 A4 upperHA 707 98 % 

A3 A4 lowerHA 1129 100 % 

A4/A5 A10 upperHA 866 99 % 

A6 A10 lowerHA 917 82 % 

Table 3.2.: Conformance of the amplified parts of the ADK locus of I3 cell line with Ensemble 

database entries. Please notice that repeated sequencing of A6 always stopped at the same position 

which led to a lower conformance value. 
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3.2.2.    Vector ligation 

Following the suggestion to join homology arms and selection cassette by fusion PCR 

(Kohli et al., 2004), attempts were made to approach in a similar way. Instead of 

restriction sites in the reverse primer of upperHAs and forward primer of lowerHAs, 

homology arms were used to fuse both HAs in one PCR reaction onto the selection 

cassette to gain a ~3.5 kb fragment for direct ligation into the pAAV-MCS backbone. 

Although many different settings for this reaction were used, under in no single case 

a product was received. Therefore, the strategy was switched to a ligation-only 

approach. 

Four components had to be ligated: Both HAs, the selection cassette and the 

backbone. Attempts to achieve this in one reaction were not successful, even after 

dephosphorylation of backbone and cassette. So it was tried to first ligate one 

homology arm onto the selection cassette and propagate this construct in a 

supporting temporal backbone of the pcDNA class. After production of a sufficient 

amount of the plasmid in competent cells, the cassette with its upper HA was 

regained by digestion and applied in the second ligation step with the lower HA into 

the pAAV-MCS backbone to obtain the definite targeting vector. The detailed 

description of vector production can be found in section 2.3 and is illustrated in Fig 

2.3. 

The backbone provided an Amp resistance while the selection cassette provided the 

Zeo resistance, so that on double selective agar plates only clones with both 

components could survive. Due to the lack of compatible restriction sites the HAs had 

to be included as linker. A three component ligation is a rare event, especially in the 

short ligation times of only 20 min. at room temperature used here. However, under 

these conditions wrong or unexpected ligation products could be minimized. This was 

reflected by one experiment, where a 20 µl ligation reaction only gave rise to three 

colonies on the agar plate, which all contained the desired product. 
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The obtained vectors were confirmed to contain the correct sequence by PCR 

amplification of HAs, control digestions (example in Fig 3.3) and also by off-house 

sequencing of the critical transitions between distinct elements of the vector.  

Another vector for ADK exon 4 was constructed (section 2.3.4), bearing an eGFP 

driven by EF1alpha promoter instead of the selection cassette. With this targeting 

vector, the transfection efficacy of the producing HEK cells could be monitored by 

fluorescence microscopy and was found being ~40% of all cells. 

 

1000 bp 

3000 bp 

500 bp 

circular KpnI NotI NcoI 

 

Fig 3.3.: Control digestion of 2 positive clones of pAAV-A10-Hyg ligation. From left to right: 100bp 

ladder, 1kb ladder, circular plasmid, KpnI digestion @ 7346 bp, NotI digestion @ 4459 bp and 2887 

bp, NcoI digestion @ 6029 bp and 1317 bp. 
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3.3.   Virus production 

Targeting vector plasmids were transfected together with pHelper and pAAV-RC into 

HEK cells using the calcium phosphate method as described in section 2.5. With the 

adeno viral components of the helper plasmids (E2A, E4 & VA genes from pHelper; 

rep & cap genes from pAAV-RC) and the HEK cells (E1A gene), production of virus 

could start. During the next days, viral particles were enriched inside the cells. At the 

end of the infection cycle, the producing cells would be lysed, leading to the release 

of virus into the medium. Therefore, the cells had to be harvested prior to lysis, as 

estimated by visual judgement. The more time was given to the cells, the more viral 

particles could be generated. Cells were routinely harvested 3–8 days after 

transfection. After detaching in PBS, repeated cycles of freezing and thawing cracked 

the cell walls and freed the AAV particles, so that after pelleting of cell debris by 

centrifugation a virus supernatant was obtained. AAV particles were produced from 

all targeting vectors. After incubation of viral stock solution at 90°C for 1 h, PCR on 

the lysate was performed to amplify the homology arms showing successful 

introduction of desired sequences into the viral particles. All five produced viral 

vectors were able to infect hESC-NSCs resulting in the selection of resistant clones. 
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3.4.   Transduction of hESCNSCs with rAAV 

For monitoring the transduction with this recombinant AAV system, the AAV-A4-

eGFP-vector was used that introduced eGFP driven by the E1alpha promoter into 

hESC-NS cells. 

 

a b 

c d 

 

 

Fig 3.4.: hESC-NSCs 10 days after infection with A4-eGFP vector. a) Phase contrast microscopy. b) 

eGFP staining. c) DAPI staining. d) Merge of DAPI and eGFP signals over phase contrast picture. This 

positive cell cluster was the only one in distance of 5 fields of view in every direction. Therefore it is 

most likely that these 4 cells attribute to one integration event. Scale bar 20 µm. 
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3.4.1.    rAAVs are able to infect hESCNSC 

Three days after infection about 10% of all cells showed a slight eGFP fluorescence 

signal, possibly due to temporal translation from episomal viral genomes, as 

suggested by Bertran et al. (1996). After 2 passages and 10 days post transfection, 

this temporal translation disappeared with only around 0.1% of all cells showing an 

eGFP signal. For distinctive and bright pictures, eGFP was stained by 

immunocytochemistry. Fig 3.4. shows hESC-NSCs fixated and stained 10 days after 

infection with rAAV-A4-eGFP. Dividing cells hand over the production of eGFP to their 

daughter cells, as can be seen in Fig 3.4. So it was concluded that these cells had a 

stably introduced eGFP. Recombinant AAVs were able to infect hESC-NSCs and 

integrated the desired sequences into the cells’ genome. 

Successfully infected cells formed clusters of clones positive for the selection 

markers, i.e. either eGFP or antibiotics resistance. As growth of hESC-NSCs is largely 

contact dependent and cells showed significantly slower growth rates and 

clonogenicity when cultured as single cells, selection with antibiotics was performed 

after cell cluster formation. This is the reason for the complicated propagation-and-

splitting protocol used for this cell type described in the next section. 

 

3.4.2.    Transduction efficacy of hESCNSCs with rAAVs 

hESC-NSCs of the I3 line were transduced with rAAV-A4-eGFP under different 

conditions to elucidate the infection efficiency. Viral stock solution was applied in 4 

µl, 20µl or 100 µl volumes in 1ml medium onto wells of 12-well-TC dishes and left for 

2 h, 4 h, 8 h or 16 h before a complete change of medium was performed. Ten days 

later, eGFP positive clones were counted by fluorescence microscopy (Fig 3.5 and 

Tab. 3.1). 

For immunocytochemistry, tissue culture dishes of 3.5 cm in diameter were used. At 

the time of staining, ~100,000 cells were present on each dish. Finding up to 300 

cells positive for eGFP per plate implies that the insertion efficacy is approx. 3 out of 
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1,000, i.e. a little below the observation of 1 % transduction efficacy previously 

described for a transformed cell line (Kohli et al., 2004). 

For viral transduction, duration and amount of virus given to the cells were of 

importance. A clear correlation could be seen for both parameters. Duration of 

exposure is limited by the need for daily factor addition and medium exchange, so 

that an exposure for more than 24 h was only possible by a second transduction 

step. The use of larger quantities of viral stock solution is limited by the increasing 

cell death occurring at more than 10% vol. of AAV in PBS. Cell death is most likely 

due to the contamination of the viral stock with debris and fragments from the 

producing HEK293 cells. This means that the observed 0.3% transduction efficacy is 

up to now the best value achievable with the used protocol. 

 

eGFP positive cells
per 3.5 cm TC dish
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Fig 3.5.: eGFP positive cells per 3.5 cm dishes, each containing ~100,000 cells. Values represent 

means +/- SEM of three individual experiments. 

 

n 2 h 4 h 8 h 16 h 

4 µl 4.33 +/- 0.33 5.33 +/- 0.33 9.67 +/- 0.88 13.67 +/- 1.45 

20 µl 18.67 +/- 0.88 47 +/- 1.73 74.67 +/- 3.48 101.33 +/- 4.48 

100 µl 101.67 +/- 1.2 166.67 +/- 6.69 239.67 +/- 20.53 316.33 +/- 18.27 

Table 3.2.: eGFP positive cells per 3.5 cm dish, each containing ~100,000 cells. Values represent 

means +/- SEM of three individual experiments. 
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3.5.    Gene targeting of ADK in hESCNSCs 

Transduction of AAV-A4-Neo, AAV-A4-Hyg, AAV-A10-Neo and AAV-A10-Hyg into 

hESC-NSCs was performed successfully and G418 or hygromycin B resistant clones 

could be gained. 

The amount of virus generated from one 10 cm dish of HEK cells was sufficient to 

infect ~ 10 dishes of the same size of hES-NSCs. From such an infected dish of hES-

NSCs, 8 – 22 clones arose that survived the whole selection process. Higher 

quantities of viral solution increased the cell toxicity manifestly, probably because of 

cell fragments left over from the producer cell line. 

Infection with the eGFP introducing vector showed that a much higher number of 

cells were infected than clones survived selection (see Fig 3.5). This discrepancy is 

due to the quite sensitive hESC-NSCs, whose propagation is quite challenging already 

under ideal conditions. Under chemo selection, WT cells die within one week. 

Normally, the first wave of massive cell death under G418 selection was seen on the 

third day. It had to be taken care of not treating the cells too violently, because if 

done so, bystander effects would have also killed the resistant cells, for example 

through massive potassium efflux from the dying cells or simply because of the loss 

of cell-cell-contacts, which are essential for the hES-NSCs. Therefore, selection was 

removed for a couple of days after this first wave to give the targeted cells the 

chance to recover, before recommencing selection. Selection with G418 resulted in 

single clones, which were let to proliferate on the dishes in which selection was 

performed, as seen in Fig 3.6. Stable clones with integrated constructs proliferated 

under selection, while clones without genomic integration survived, but did not 

proliferate. Only the proliferating clones formed bulging clusters, which could be 

picked and afterwards propagated on 48 well-plates. To lessen the chemotoxic stress 

from the already burdened cells, G418 selection was removed from the cells for 

some days, giving them time to recover. In between, selection was again used to 

ensure clonogenicity of the cells. 
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Selection with HygB was more difficult. First, WT cells survived much longer, so that 

after one week of selection it lasted up to one additional week for these cells to 

finally die. Second, many of the clones that seemed positively targeted died in later 

selection rounds, so the number of initial false-positive selections was much higher. 

This was also observed in human embryonic stem cells (Jungverdorben, personal 

communication). Nevertheless, also with the Hyg targeting vectors, stable clones 

could be obtained. Because the Neo selection was more efficient, easier, and quicker, 

targeting was completely switched to the use of the Neo constructs. 

 

Fig 3.6.: Stable clone of hESC-NSCs after transduction with A10-Neo construct, followed by selection 

with G418. The cell cluster is surrounded by cell fragments and debris of killed cells. Scale bar is 100 

µm. 

 

In total, 15 rounds of viral transduction were performed, including all constructs made 

during this study. After selection, ~ 300 clones were obtained, of which ~ 100 were 

found to be transduced with AAV-A10-Neo. Because of the aforementioned focusing, 

only A10-Neo clones were further expanded. It was conspicuous that few of the 

clones grew very well while the vast majority of the clones could hardly be 

propagated. During the expansion, more and more of the weak clones died. A reason 

for this characteristic remains elusive, but for practical purposes the main focus was 

on robustly proliferating clones. Finally, 15 clones could be analyzed by PCR for 

correct integration. 
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3.6.    Heterozygous knockout of the ADK locus 

As soon as enough cells were available, DNA from individual clones was isolated for 

PCR for verification of correct insertion using the four primer pairs listed in Tab. 2.4. 

Untreated cells were used as negative control in all reactions.  

Based on recent publications (Bunz, 2002; Kohli et al., 2004), we expected a 

targeting efficacy of 5% for site-specific insertion. Using a primer pair for 

confirmation of upstream integration, we observed two positive out of fifteen clones 

analyzed. However, these two hits were only seen in one of the two verification PCRs 

for correct insertion. As shown in Fig 3.7, the PCR product upstream of the selection 

cassette appears of correct size and location. So far, it has not yet been possible to 

detect a reliable signal for the downstream counterparts. Three different primer pairs 

were constructed that showed either unspecific or no signals at all. Further 

experiments have to be performed to address this issue. The approach is 

complicated by the lack of a positive control, which would permit discrimination 

between primer malfunction and incorrect insertion. 

Selection for double-knock out events can be accomplished by selecting with the pro-

drug 6-methylmercaptopurine riboside (MMPR). All cells with at least one gene copy 

for ADK would be killed due to ADK-mediated conversion of MMPR into a toxic 

metabolite. This selection procedure has been reported to be highly efficient in 

mammalian cells. The combined application with guanosine further improves the 

metabolization of MMPR. 

Clone No. 4 was suspicious due to the low signal for WT primers, as if the allel had 

been targeted, maybe even homozygously. Therefore, chemical selection against the 

presence of adenosine kinase itself was performed by using MMPR and guanosine as 

described above but no resistance of clone No. 4 could be observed. Eventually, this 

procedure was applied to all clones with a sufficient amount of cells and revealed 

that clone No. 3 had a slight resistance against concentrations of 6 µM MMPR and 

300 µM guanosine over a 14 day period of application, while wild type cells were 

killed within 2 days at only one third of the concentration. 
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Verification PCR for A10 Neo targeting is shown in Fig 3.7. Until the end of this study, 

of the 15 clones analysed 9 could be expanded successfully, while the remaining 6 

were lost, mostly due to sudden cell death of the whole population in the well. 

Among the lost clones, No. 1 was positive, while clone 9 could be expanded. 

Targeting of exon 4 of the ADK gene was still in progress at the end of the study. 

 

C   1   2    3   4    5    6    7    8    9   10  11  12   13  14  15 
P13/P14 

P15/P16 

P17/P18 

P19/P20 

266 bp 

1175 bp 

938 bp 

976 bp 

 

Fig 3.7.: PCR analysis of 15 hESC-NSC clones (cell line I3) targeted with A10-Neo vector. Primer pairs: 

P13/P14 for wild type allel @ 976 bp, P15/P16 for verification of correct upstream integration @938 

bp, P17/P18 for verification of correct downstream targeting @ 1175 bp, P19/20 for zeocin cassette 

detection @ 266 bp. From left to right: 100 bp ladder, 1 kb ladder, control PCR with unaltered cells 

and clones 1-15. Clone No. 9 appeared to be the best promising candidate for the desired alteration 

while clone No. 1 was lost shortly after DNA extraction. See Fig 2.4 for positions of primers used at 

the locus. Pictures taken from different gels were merged for the purpose of clarity. 
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4.    Discussion 

4.1.    Achievements and perspectives 

This study showed that vectors based on adeno-associated viruses are able to infect 

human embryonic stem cell derived neural stem cells and stably integrate genes of 

interest into the cells’ genome. The aim was to direct this integration to a specific 

locus, here the adenosine kinase gene, thereby deleting an exon, resulting in a 

functional disruption. While out of the 15 clones investigated so far two showed 

evidence for site-specificity and deletion of the targeted exon, further analysis is 

required to verify a correct targeting. 

Besides the positive transduction of hESC-NSCs, this study also showed that it is 

possible to propagate these sensible cells through a harsh selection process and to 

produce nearly unlimited progeny originating from one single clone. Based on the 

recently published results with rAAVs, the fact of an open and easily accessible 

genome of the stem cells used and the results obtained so far, it is very likely to get 

a definite positive result within the next weeks. Ideally, the protocol established in 

this thesis should yield correctly targeted stem cells within 4.5 to 7 months (Fig 4.1). 

Starting with ~100 clones that were resistant to the antibiotic, the largest fraction 

was lost during propagation due to unknown reasons, possibly due to the sensitivity 

to genotoxic stress, going along with an insertion into undesired genomic regions 

resulting in cell death. Considering, that much fewer clones were obtained than cells 

infected, it is possible that cells with random integration undergo cell death already 

in the beginning of clone expansion. 

With one allele targeted, biochemical methods like measuring adenosine efflux are 

not yet applicable, as the other allele suffices to compensate for the function. 

Western blot analysis needs much higher cell numbers than are available at present. 

Thus, the only proof by now is verification by PCR or by Southern blots, the latter to 

be established in the near future. All further analysis has to wait until the second 

allele is targeted as well. The second targeting round is expected to work out faster, 

with the constructs readily available and the techniques established. For homozygous 
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clones biochemical assays and western blots can be performed to confirm the 

physical and functional absence of ADK. After in vitro characterization of the newly 

established cell line, in vivo experiments will be done, e.g. the transplantation into 

epileptic rodents to investigate the benefits of adenosine delivery by functionally 

integrated cells in the epileptic brain. 

Instead of using two antibiotics in the second selection round, using MMPR / 

guanosine selection is possible as described in section 3.6., thus eliminating 

randomly integrated clones with ADK activity from the screening process, although 

not shortening the time frame. 

 

Vector 
construction 

Virus 
production 

Virus 
transduction

Clone 
breeding 

Propagation 
of positives 

3-6 weeks 4-10 days 1 week 3-4 months 2-4 weeks 

4.5-7 months
 

Fig 4.1.: Expected time scale for the rAAV-based gene targeting in hESC-NSCs. Predicted time 

periods are based on data of this study. For the second targeting round, locus analysis and homology 

arm production is not needed, so the time scale can be shorten by at least one month. 
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4.2.    ADK as a target for gene disruption 

The ADK as a target for the AAV system was chosen for different reasons. Adenosine 

was shown to suppress generalised seizures (Huber et al., 2001) as well as 

epileptogenesis (Li et al., 2007; Li et al. 2008), the process leading to chronic 

epilepsy, for which there is to date no preventive therapy at all. ADK is the main 

metabolizing enzyme of adenosine and its deletion causes increasing extracellular 

adenosine levels. Previous studies performed the knock-out of the ADK locus in 

mouse embryonic stem cells with classical genetic methods (Fedele et al., 2004). 

Transplantation of these cells back into rats suppressed epilepsy (Li et al., 2007). 

Thus we already knew that the disruption of ADK function is a useful way to 

generate antiepileptic implants. As it is a very efficient enzyme, siRNA mediated 

knock-down of the gene does not deplete the enzymatic activity, leading only to a 

slight improvement of seizure effects in animal models (Ren et al., 2007). For a 

complete depletion, a knock-out is essential. Screening for deletions is simplified by 

biochemical methods being available for measuring the ADK release of cells, and with 

MMPR and guanosine, a chemoselection for ADK-/- cells was available. ADK 

metabolizes the adenosine analogue MMPR into a toxic agent, leading to the death of 

wild type cells. Cells lacking the enzyme survive this selection. 

On the genomic level, it was advantageous that there are no ADK homologues that 

could substitute for the eliminated enzyme. Additionally, the two existing splice 

variants only differ in the first exon, so that the ablation of exons 4 or 10 should 

functionally disrupt both isoforms of the kinase. 
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4.3.    Advantages & limitations of the system 

The construction of new vectors for other target sites is straight forward and can be 

performed in short time. Establishing a modular construction system for vector 

production will further accelerate this process. Production of viral particles is also 

quite easy because neither purification nor concentration steps are needed. The 

bottleneck in this study was the culture of hESC-NS cells, because of their slow 

proliferation rate and sensitivity, resulting in a relatively small number of recovered 

clones as compared to transformed tumor cell lines recently used for AAV-based 

targeting by other groups (Kohli et al., 2004). However, as compared to the only 

alternative for our study, i.e. the original human ES cells, clonal expansion worked 

quite efficient with hES-NSCs. Because of the suboptimal results using the HygB 

selection, a puromycin-based selection cassette will be constructed that is reported 

to work quite well in other stem cell lines (Jungverdorben, personal communication). 

 

4.3.1.   Method for the construction of the targeting vector 

A publication from the Vogelstein group (Kohli et al., 2004) suggested using a fusion 

PCR reaction (Kuwayama et al., 2002) to combine the PCR amplified homology arms 

with the selection cassette. Linkers of 23 bp length were fused onto the HAs by 

primers with overhanging ends. The same sequences are integrated in the pNeDaKo 

plasmids, which were used in the present study. These linking portions were 

designated to enable a crossing over of the three separated DNA strands to form one 

large fusion construct. The formation of this product should theoretically be the only 

possible outcome in a reaction in which the used primers only bind at the ends of the 

two outer homology arms (Fig 4.1). Yet, in the current study it was not possible to 

obtain the desired product. More than 300 different settings were explored for this 

PCR reaction by changing parameters such as the polymerase, Mg2+ concentrations, 

primer sequences, concentrations of nucleotides or primers, ethanol/chloroform 

precipitation steps, temperatures and durations of annealing and elongation steps, 

the use of detergents or BSA or different thermocyclers. Conspicuously, the fusion 
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PCR approaches often yielded bands similar in size to the HAs, indicating an 

amplification of these PCR products. However, after gel electrophoresis, gel 

extraction and purification as well as phenol/chloroform precipitation, it seems 

implausible that primers of the first PCR step were still included. After many 

attempts, the ligation of two fragments, namely upper HA with selection cassette, 

was successful, although with very low efficacy. This fragment was directly ligated 

into a backbone for propagation and showed functionality. With only two successfully 

ligated fragments in a large number of attempts the procedure appeared to consume 

too much time and costs as to be worth of further pursuit.  

Hence, the method was switched to a ligation approach that used restriction sites 

instead of linkers. Interestingly, shortly thereafter, the group of Vogelstein published 

a methods paper for the generation of AAV targeting constructs (Rago et al., 2007), 

in which a fusion PCR is no longer implemented and instead replaced by a ligation. 

To use restriction endonucleases and ligase for vector construction is a cheap and 

fast approach that allowed the generation of all of the desired constructs. The 

addition of restriction sites by primer extension worked very well (even without 

laborious improvement steps). One problem is the need for two ligation steps due to 

the fact that a ligation of four entities in one reaction is impossible. If one of the NotI 

sites in the pAAV-MCS could be exchanged by another motif, it would be possible to 

replace the homology arms in the targeting construct one by one, which would 

simplify the construction of new vectors, making the temporary use of a pcDNA 

backbone dispensable. 

A relatively new method is the use of fusion enzymes like the In-Fusion system 

(Berrow et al., 2007), which also needs linker sequences that are combined by an 

enzyme that directly recombines homologous sequences rather than in a PCR. This 

system is supposed to offer a quick and efficient combination of nucleic acid strands, 

albeit it is also significantly more expensive.  
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In conclusion, the use of ligations in vector construction appears to be a good choice 

with regard to costs and time. After building up a library of constructs, new 

combinations of existing portions could be exploited for rapid construction of new 

vectors. 

 

4.3.2.   Comparison with other targeting approaches 

A few months ago, Irion et al. (2007) reported targeting of the ROSA26 locus in 

human embryonic stem cells. ROSA26 as a targeting locus was already widely used 

in mouse ES cell systems because it is largely expressed, not silenced and relatively 

easy to target. In this publication, it was identified to be also present in the human 

genome, consisting of highly homologous sequences on chromosome 3. With 

classical recombination approaches (electroporation of 5 kb plasmid with homology 

to ROSA26), a reporter gene flanked by LoxP sequences was introduced into the 

locus. This allowed the exchange of the floxed sequence with virtually any cDNA of 

interest using recombinase activation. This cassette exchange system greatly 

decreases the costs for targeting but is limited to the addition of genes. With this 

system it is impossible to correct the effects of dominant-negative mutations or to 

determine the null phenotype of a distinct gene. Gene correction or deletion needs a 

site-specific alteration of the gene of interest, which is possible with classical 

methods but is less efficient than the AAV system as described in the literature. 

 

4.3.3.   Comparison with other viral systems 

Retro- or lentiviral vectors naturally integrate randomly into the genome of infected 

cells (Panganiban, 1985), bearing the possibility of oncogene activation or 

destruction of other genes. Without site specific integration, gene knock-out or 

correction is not possible. Both attributes are inconsistent with a therapeutic 

purpose. In contrast, adenoviral vectors do not chromosomally integrate at all, but 
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are only transiently expressed. So far, the AAV seemed to be the only viral vector 

useful for site specific gene targeting. 

During the preparation of this thesis, another viral system for the same purpose has 

been introduced: an integrase deficient lentivirus using zinc-finger nucleases 

(Lombardo et al., 2007). Without integrase, the virus does not randomly integrate 

into the genome, thus reducing the oncogenic or genome destabilization potential. 

The zinc finger nuclease is a fusion protein of a zinc finger DNA binding domain and 

a nuclease (Urnov et al., 2005), the former being responsible for site specific 

sequence binding and the latter for inducing a double strand break in the DNA. This 

stimulates homologous recombination between the chromosome and an 

extrachromosomal DNA donor. As long as the target locus does not contain a binding 

motif for naturally occurring zinc fingers, an artificial DNA binding domain has to be 

designed (Zhang et al., 2000). This requires the implementation of a phage display 

screen for selection of protein compounds capable of binding the desired sequence. 

Although novel, enhanced phage display methods faster lead to a binding motif 

(Isalan et al., 2001), this system is more complex than a system programmable 

simply on the level of plasmid sequence, such as the AAV system. Also, the 

specificity of the zinc finger nuclease system is supposed to be lower: the sequence 

length of the motif recognized by the zinc finger domain is about 10-23 bp (Zhang et 

al., 2000), while the homology arms used by the AAV system span over 900 bp of 

homology, thus ensuring a high level of sequence specificity. 
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4.4.    Enhancements of the protocol 

The time frame for targeting one allele of hESC-NSCs with the rAAV system as it was 

used in this study is shown in Fig 4.1. Enhancements of the current protocol may 

shorten the time needed concomitant with higher efficacy. 

 

4.4.1.    Culture conditions improvements 

To advance the protocol, several further improvements are conceivable. Enrichment 

of viral particles by using size separating chromatography might lower the cytotoxic 

and perturbing effects of cell fragments left over from the producer cells and 

increase the viral titer. To enhance the clonogenicity during the selection process, 

the cultivation conditions have to be improved. In this regard co-culture with freshly 

added hES-NSCs could compensate cell death caused by lack of factors or cell-cell 

contact required for clonal growth. Alternatively, co-culture with human astrocytes 

resistant to the antibiotics could be performed. 

Also, increasing the production of AA virus would be useful: Recently, a specially 

engineered HEK293 cell line, called AAV-293, has become available. This cell line 

pledges to produce much higher titers of AAV particles. 

 

4.4.2.    Improvements in vector design 

Besides increasing the quantity of clones, also integration specificity should be 

considered. In classical gene targeting techniques, homologous recombination is 

boosted by positive-negative-selection (PNS) (Mansour et al., 1988). To its end, a 

negative selection gene, for example a viral thymidin kinase, is attached to the area 

of homology. If recombination is random, this kinase will also be integrated, while in 

a homologous integration the sequence outside the homology domain will be 

excluded. Using antimetabolites metabolized only by the viral thymidine kinase would 
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remove all cells with an integrated enzyme. However, it is not known whether 

additional sequences outside the ITRs are accepted by the adeno-associated virus. 

Another issue is the AAV rep protein. It bears a helicase activity and is responsible 

for site-specific integration by interaction with binding sites in the ITR and possibly 

with the cellular machinery for homologous recombination (Vasileva et al. 2006), as 

it has been shown recently for a large number of cellular proteins (Pereira & 

Muzyczka, 1997; Di Pasquale & Stacey, 1998; Hermonat et al., 1998; Ni et al., 1998; 

Batchu et al., 1999). Overexpression of the Rep protein facilitates homologous 

recombination of ITR flanked sequences into the AAVS1 locus. This was even shown 

for DNA sequences without any parts of ITRs (Howden et al., 2008). However, a high 

expression also was accompanied by unwanted side-effects: through interaction with 

p53, cell proliferation can be reduced, which is not useful for expanding single cell 

clones. Also, overexpression of Rep may result in genotoxicity due to increased 

rearrangements of genomic DNA. Thus, the best approach would be to induce a 

short boost of Rep protein levels during infection in the cells to be targeted for the 

desired integration, followed by a complete removal to avoid genotoxity and cell 

cycle inhibition. A very sophisticated system developed by Liu et al. (2006) is a 

hybrid of AAV and HSV components, where the expression gene is flanked by LoxP-

ITR segments. The Rep ORF and its promoter are placed separately at the ends of 

the flanked fragment. As a result of Cre-LoxP recombination, the vector is 

circularized, which brings Rep under the influence of its promoter and thus to 

expression. The activity of Rep then linearizes the vector and facilitates the 

integration into the genome, while expression of Rep is again lost. Possibly, a 

variation of this system could be established for the rAAV used in this study. 
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4.5.    Towards application 

The recombinant AAV system for site-specific integration itself provides new 

perspectives for the modification of human stem cells, suggesting not just gene 

adding into the AAVS1 locus as it was performed with AAV vectors recently, but a 

specific manipulation of the genome including the disruption of genes and the 

mutation or modulation of these. This is of great importance for the analysis of 

human gene function, as well as for possible therapeutic application in a cell therapy 

system. 

With this system, the creation of cells mimicking a disease for the investigation of 

pathophysiological mechanisms in vitro is possible. For example, a mutated gene 

could be amplified from patients’ cells and this anomaly brought into stem cells by 

AAV particles. After differentiation into the cells of interest, this would allow the 

study of human diseases in a cell culture system. Such an attempt was not yet 

performed in human cells and bears a huge research potential for many different 

human diseases. 

At greater distance in the future the use of patient-specific cells for therapeutic 

application can be seen. Recently, a great step towards this goal was achieved by 

the reprogramming of human fibroblasts into pluripotent stem cells by the groups of 

Yamanaka (Takahashi et al., 2007), Thomson (Yu et al., 2007) and Daley (Park et 

al., 2008). By transducing three stem cell factors into somatic cells, so called induced 

pluripotent stem (iPS) cells were obtained that seem to offer all possibilities of 

human embryonic stem cells. With this method, easily accessible cells could be taken 

from affected patients and converted into iPS cells. In this stage, they can be taken 

into culture and possess pluripotency and unlimited replication potential. After 

engineering in cell culture through correction of a mutated gene, they could be 

differentiated into the desired cell population and then given back to the donor. 

Many monogenetic diseases could be treated in this manner, especially those 

showing a progressive form, meaning that a treatment in early childhood could 

largely prevent further development of the disease. Examples include muscular 
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dystrophy, caused by point mutations in the dystrophin gene (Roberts et al., 1994), 

cystic fibrosis, caused by a 3 bp deletion in the CFTR gene (Kerem et al., 1989), the 

sphingolipidosis Gaucher disease, caused by single mutations in the beta-

glucocerobrosidase gene (Beutler, 1993), Lesch-Nyhan disease, caused by deletions, 

duplications or inversions in the HPRT gene (Sege-Peterson et al., 1992) or familial 

Alzheimer disease, caused by mutations in the APP, PS1 or PS2 genes (Finckh et al., 

2005). However cell or even tissue repair is technically a farfetched goal, especially 

in extremely well organised and largely non-regenerating organs like the human 

brain. 

The use of the patients’ own cells for a therapy approach alleviates the hitherto 

existing problems of immunogenic rejection of transplanted allogenic cells and opens 

up new vistas for cures that eliminate the cause of disease. Especially for this 

application the used system must be highly efficient and reliable to ensure that no 

negative side effects will appear. Site-directed gene targeting with recombinant 

adeno-associated viruses might be such a system. 
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5.    Summary 

The derivation of human embryonic stem (hES) cells and their somatic derivatives 

like neural stem cells has opened new avenues for studies on human development 

and provided a potential source of cells for replacement therapy. To reveal the full 

potential of these cells, it would be advantageous to be able to genetically alter them 

as is routinely done with mouse ES cells through homologous recombination. Up to 

now only very few genetically modified human stem cell lines are available. This is 

due to a lack of tools for efficient genetic modification. 

In this study, a new adeno-associated viral (AAV) system for site-specific integration 

was used for targeting the adenosine kinase (ADK) gene in human embryonic stem 

cell-derived neural stem cells (hES-NSCs). This system uses homology arms amplified 

from the locus of the target cells to direct the site of recombination. 

To that end, five different targeting vectors for two exons of the ADK were 

constructed and used for production of recombinant AAV particles. rAAVs were able 

to infect hESC-NSCs and to stably integrate in ~0.3% of the cells. Under 

chemoselection, clones were raised and screened for correct targeting via PCR. Of 15 

clones analysed, two showed evidence of site specific integration at one of the two 

alleles. By applying a second round of infection with an additional selection marker, a 

biallelic targeting of the ADK gene will be accomplished in the future. Thus, AAV-

mediated gene targeting in hES cell and their somatic derivatives may serve as a 

powerful alternative tool for gene alteration in the human system. 
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