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 Site-specific genome engineering is a powerful tool for medical 

therapeutics and basic scientific research. As the name implies, site-specific 

genome engineering describes the ability to add or subtract nucleic acid 

information in a precise, controlled manner within the genome. This technology 

has developed as a result of two key discoveries. The first is that a cell’s double 

strand break machinery can be highjacked to affect a desired change in the 

genome. Double stranded breaks are typically repaired by a pathway called non-

homologous end joing (NHEJ) which can allow for disruption of an endogenous 

locus, or the pathway of homologous recombination (HR) which can allow for 

insertion of sequences if a homologous donor is supplied. The second major 

discovery is that chimeric enzymes can be engineered to create site-specific 

double stranded breaks, and that these enzymes can dramatically stimulate the 

frequency of  gene targeting at a given locus. Recently, there has been an 

outpouring of studies performing site-specific genome engineering in human cell 

lines and primary cells, including embryonic stem cells, induced pluripotent stem 
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cells and CD34+ hematopoietic stem cells. However, very little has been 

accomplished in terms of animal modeling of these principles. The work 

described in this thesis seeks to address some of these issues in a reporter 

mouse model that we have developed to study genome engineering. With this 

model we have demonstrated gene correction of an endogenous locus and also 

site-specific gene addition through a novel strategy which does not require 

disruption of the gene product at the site of the insertion. We have accomplished 

gene correction in several cell types including embryonic and adult fibroblasts, 

astrocytes and embryonic stem cells. For gene addition, we have demonstrated 

site-specific insertion of multiple transgenes including human growth hormone 

and human platelet derived growth factor-B, as well as a surface selectable 

marker (the truncated nerve growth factor receptor) and drug selectable marker. 

The tantamount goal for ex vivo genome engineering is to be able to modify a 

patient’s cells and then re-transplant them into the patient for a therapeutic 

outcome. In our mouse model, we have described a strategy where primary 

fibroblasts can be modified and then transplanted back into a recipient mouse. 

We are currently investigating the ability of these fibroblasts to serve as vehicles 

for local protein delivery to augment biological processes, such as tissue repair 

and wound healing.  This work contributes to the body of knowledge that will 

enable translation of genome engineering from a scientific endeavor into a 

clinical reality.  
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Chapter I- INTRODUCTION TO SITE SPECIFIC GENOME ENGINEERING, A 
REVIEW OF THE LITERATURE 
 
Portions previously published and co-written with Richard Voit 
 
Current Treatment Options for Monogenic Diseases 

The fundamental basis of medicine is to provide therapy for human 

diseases and a major aspect of medical therapy is to provide medicines derived 

from small molecules to do this.  These small molecule based therapies have 

had a dramatic impact on the human condition and provide curative therapy for 

many diseases.  Nonetheless, for the preponderance of diseases, small molecule 

based therapy provides symptomatic rather than curative relief.  In particular, for 

diseases caused by genetic mutations, small molecule based therapy provides 

treatment for the consequences of the underlying genetic defect rather than 

directly addressing the root cause. In the last several decades, however, new 

classes of therapeutics have either been developed or are being developed that 

attempt to treat genetic diseases at their root cause, including the use of protein 

replacement therapy, bone marrow transplantation, and gene therapy. 

Enzyme replacement therapy for the lysosomal storage diseases and 

severe combined immunodeficiency caused by mutations in the adenosine 

deaminase (ADA) gene, as well as clotting factor replacement for hemophilia are 

examples of protein therapeutics in which protein is administered directly to 

replace the missing protein. Protein replacement therapy does provide lifer-

altering treatment for patients for which it is available, but does not cure the 

disease as the underlying genetic defect remains. Further, protein replacement is 

limited in both cost and effectiveness. The high cost of protein therapy (hundreds 
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of thousands of dollars per year per patient for some diseases) means this type 

of therapy is not available to patients from resource poor parts of the world. 

Finally, despite attempts at prolonging the half-life of therapeutic proteins, protein 

replacement therapy requires life-long, repeated infusions at daily, weekly or 

monthly intervals.  

The administration of recombinant proteins is not limited to the treatment 

of genetic diseases, and can be used to enhance biologic functions as well. One 

example includes the use of recombinant PDGF-BB (Becaplermin gel or 

Regranex) to augment the wound healing process in diabetic ulcers (Smiell et al., 

1999). However, peptide-based therapy is limited in efficacy within the 

destabilized chronic wound environment, and other, cell-based strategies may be 

preferable. Cell-based delivery platforms may have the advantage of providing 

protein delivery in a stable, constituitive or regulated fashion, and within biologic 

context.  

The only broadly used cell-based therapeutic is allogeneic bone marrow 

transplantation. Bone marrow transplantation is a highly effective therapy for 

patients with genetic diseases of the blood such as sickle cell disease, 

thalassemia and SCID, where the hematopoietic system containing the disease-

causing mutation is replaced with the hematopoietic system free of the genetic 

defect from an immunologically matched donor. The limitations, however, of bone 

marrow transplantation are several-fold. First, like protein therapeutics, bone 

marrow transplantation is a highly technical and expensive procedure and so is 

not available in many parts of the world. Second, many patients do not have a 
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suitable immunologically-matched donor. Third, there are long-term side-effects 

from bone marrow transplantation including graft versus host disease and side-

effects of high doses of myeloablative conditioning therapy that can result in 

conditions worse than the original disease. 

An alternative to protein replacement therapy or allogeneic stem cell 

therapy is to use genome engineering to modify the patient’s own cells and use 

those gene modified cells as treatment for the disease (“gene therapy”). This can 

be accomplished by disruption of a gene product, correction of a gene where 

modified cells replace diseased cells, or by addition of a gene where modified 

cells functionally participate in the correction of the diseased state or simply act 

as vehicles for protein delivery. The modification of the patient’s cells can be 

done in vivo in which the modification takes place without the cells leaving body 

or ex vivo in which the cellular modification takes place outside the body and 

then the cells are transplanted back into the patient.  Unlike small molecule 

therapy or protein replacement therapy for genetic diseases, this strategy is 

directed at the root cause of the disease and if successful, cure could be 

achieved with a single intervention. Unlike allogeneic bone marrow 

transplantation, this approach uses the patient’s own cells and so the problems 

of finding matched donors and graft versus host disease are solved. 

There have been several gene therapy clinical trials for genetic diseases 

of the blood including SCID-X1, ADA-SCID, Wiskot-Aldrich syndrome, chronic 

granulomatous disease, and thalassemia (Abuljadayel et al., 2006; Aiuti et al., 

2009a; Bank et al., 2005; Boztug et al., 2010; Cavazzana-Calvo et al., 2000; 
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Cavazzana-Calvo et al., 2005; Gaspar et al., 2006; Kang et al., 2010; Malech et 

al., 1997). In each of these trials, the patient’s bone marrow cells have been 

removed, transduced with a retroviral or lentiviral vector that carries a wild-type 

copy of the mutated gene and then transplanted back into the patient.  Tens of 

patients of worldwide have benefited from this therapy.  A fundamental feature of 

this viral based strategy is that the transgene integrates in an uncontrolled 

fashion.  An unfortunate consequence of this uncontrolled integration is that the 

integration can activate a latent oncogene and this has occurred in a number of 

patients, causing frank leukemia, myelodysplasia, or a clonal proliferation 

(Hacein-Bey-Abina et al., 2008; Hacein-Bey-Abina et al., 2003b; Ott et al., 2006). 

Overall, the frequency of uncontrolled integration seems to be greater than 10% 

although there are vector and disease specific differences and this relatively high 

frequency may make this approach unsustainable for the treatment of genetic 

diseases. 

Targeted genome engineering, a technology that enables site-specific, 

controlled insertion of a transgene, allows for the benefits of transgene 

technology while avoiding the complications of random integration. Targeted 

genome engineering strategies in human cells have been developed to stimulate 

sequence specific DNA modifications to achieve one of three therapeutic 

endpoints. First, the targeted disruption of an endogenous locus can provide a 

rapid, efficient means for researchers to achieve permanent gene knockouts in 

human cells, a powerful research tool that has heretofore been restricted to 

model organisms. In addition, the ability to disrupt a gene at its endogenous 
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locus provides a new therapeutic approach in which targeted gene mutation can 

be used to treat a disease. The second use of targeted genome engineering is 

the direct correction of disease-causing mutations at endogenous loci. Third, 

targeted genome modification can be used to target transgene addition to precise 

locations in the genome, including “safe harbors.”  Such targeted transgene 

addition has important ramifications both therapeutically, to eliminate insertional 

oncogenesis, and as a scientific tool. With such potentially precise methods of 

genomic manipulation available, researchers now have the ability to begin to 

address the root cause of many of the more than 10,000 monogenic diseases. 

Mammalian Double Strand Break Repair 

Most natural double strand breaks (DSBs) are the result of ongoing 

environmental stresses such as ionizing radiation and metabolically derived 

reactive oxygen species (Figure 1). Unrepaired DSBs lead to cell death and 

multiple, redundant cellular DNA repair pathways have evolved to repair these 

important genetic lesions. The two most important DSB repair mechanisms are 

non-homolgous end joining (NHEJ) and homologous recombination (HR).  

NHEJ is performed by re-ligation of  DSB ends in either a non-mutagenic 

or mutagenic fashion. This pathway is initiated by the end-binding of Ku70 and 

Ku80 and the subsequent recruitment of DNA Protein Kinase catalytic subunit 

(DNA-PKcs). Once the ends are in juxtaposition, Artemis proceeds with 

nucleolytic end processing. DNA Ligase IV, XRCC4 and XLF complete ligation of 

the ends (Wyman and Kanaar, 2006) (Figure 1, Left Panel).  
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A second pathway by which DSB repair can occur is through homologous 

recombination. As the name implies, HR requires the presence of a homologous 

template, which is typically the sister chromatid. As such, HR is thought to occur 

mostly in the S/G2 phase of the cell cycle. Indeed, inducing an S/G2 cell cycle 

arrest in certain cell types allows for increases in the frequency of an HR event 

(Connelly et al., 2010). The HR pathway is initiated by the MRN complex 

(Mre11/Rad50/Nbs1) binding the DSB ends and generating 3’ overhangs by 5’ 

end resection. BRCA1 binds ssDNA and facilitates Rad51 assembly who  

mediates strand invasion of the homologous template. The repair process then 

proceeds with either DNA synthesis, Holliday junction formation and resolution or 

through the synthesis dependent strand annealing (SDSA) pathway (Szostak et 

al., 1983; Wyman and Kanaar, 2006) (Figure 1, Right Panel). In the case where 

the sequence of the homologous template differs, an altered sequence can be 

incorporated into the original locus. A few examples of this include loss of 

heterozygosity (LOH) where one wild-type allele is converted to a mutant allele or 

an intentional sequence altering event through a genome engineering strategy.  

Gene Targeting by Homologous Recombination 

As suggested, the HR pathway can be manipulated to precisely modify a 

locus. This is accomplished by designing an exogenous plasmid with regions of 

homology surrounding an intentional sequence alteration. When the HR pathway 

utilizes the exogenous DNA as the homologous template, instead of the sister 

chromatid, conversion of the target locus can occur. This strategy was first 

demonstrated in S. cerevisiae by gene targeting of a Leu2+ sequence into the 
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Leu2 gene in a Leu2- strain of yeast (Hinnen et al., 1978). Later, several groups 

demonstrated that similar targeting events could also occur in mammalian cells,  

including integration at the endogenous human beta-globin locus, albeit with an 

extremely low frequency (Smith and Berg, 1984; Smithies et al., 1985; Smithies 

et al., 1984). Gene targeting is currently best known for its use in the generation 

of genetically altered mice through embryonic stem cell knock-in technology 

(Thompson et al., 1989). Precise genomic modification certainly held promise for 

use in the treatment of genetic diseases, but the low frequency of occurrence for 

targeting events limited it’s practicality.  

Because DSBs are the initiating event for HR, it is logical that site-specific 

generation of a DSB could stimulate HR at a particular locus. Indeed, in 1994 

Rouet et al demonstrated that integration of an 18 base pair recognition site for 

the homing endonuclease I-Sce into a non-functional neomycin resistance gene 

could stimulate HR and gene targeting at the locus, restoring gene expression 

(Rouet et al., 1994a). This work was a critical stepping stone for the translation of 

gene targeting into gene therapy. However, because this strategy required 

integration of the I-Sce site into the target locus, it was also not practical for gene 

therapy.  

Type IIS restriction enzymes such as FokI contains two separate domains, 

the C-terminal of which is a non-specific nuclease domain. The N-terminus is 

responsible for DNA binding and specificity (Li et al., 1992; Wah et al., 1997). 

This observation led to the hypothesis that the nuclease domain could be 

isolated and fused to a new DNA binding domain to confer specificity at a new 
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site. Indeed, Kim and Chandrasegaran et al demonstrated feasibility of this 

concept by fusing the FokI nuclease domain to the DNA binding domain of 

Ultrabithorax (Ubx), a Drosophila transcription factor. This chimeric protein was 

able to bind and create a site-specific DSB at the Ubx locus in vivo (Kim and 

Chandrasegaran, 1994). Subsequent DNA binding domains (such as zinc-fingers 

or TAL effectors) have been fused with the modular FokI nuclease domain, and 

this has led to the development of chimeric proteins that can create site-specific 

DSBs at virtually any locus in the genome. 

Methods for Site-Specific Genome Engineering 

 While AAV vectors can be used for targeted gene addition and gene 

correction (Khan et al., 2011; Khan et al.), the focus of this section will be on 

using site-specific nucleases to perform targeted gene mutation, gene correction 

and targeted gene addition. Central to targeted genome engineering is the ability 

to design highly specific nucleases. There are now three general classes of 

sequence specific nucleases: 1) homing endonucleases 2) zinc-finger nucleases 

(ZFNs)  and 2) TAL effector nucleases (TALENs). As mentioned, ZFNs and 

TALENs share a common general architecture in which an engineered DNA 

binding domain is fused to the non-specific nuclease domain from the FokI 

restriction enzyme. The genome specificity of ZFNs and TALENs derives from 

both the sequence specificity of the DNA binding domain and the need for the 

FokI nuclease domain to dimerize (Bitinaite et al., 1998) in order to create a DSB 

at a specific target site. As previously discussed, the DSB is the initiating even in 

generating targeted genome modification. 
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Zinc-Finger Nucleases 

Zinc fingers have a conserved  structure and the  helix fits into the 

major groove of DNA, interacting with three nucleotides. The first six amino acids 

of the  helix, along with the immediately preceding amino acid, give the zinc 

finger its nucleotide specificity. By stringing multiple zinc fingers in series, 

proteins can be designed with 9- or 12-base pair (or longer) recognition 

sequences. When these zinc finger motifs are fused at their C-termini to the FokI 

nuclease domain, the resulting chimeric protein is known as a zinc finger 

nuclease (ZFN) (Kim et al., 1996). Study of the activity of the wild type FokI 

endonuclease revealed that efficient cleavage is mediated by the dimerization of 

nuclease domains (Bitinaite et al., 1998). The dimerization requirement for 

efficient activity is maintained for chimeric nucleases including ZFNs. For ZFNs, 

dimerization is achieved by having two different ZFNs bind in an inverted 

orientation on opposite DNA strands thereby allowing the nuclease domain to 

dimerize and cut the DNA in the spacer region between the two ZFN binding 

sites (Bibikova et al., 2001). Each individual ZFN has a 9- or 12- base pair target 

binding site, a length not sufficient to confer genomic specificity, but a pair of 

ZFNs has an 18- or 24- base pair target site, a length which is sufficient to confer 

genomic specificity. 

There are several approaches to the design of ZFNs.  The simplest is to 

use modular-assembly in which individual fingers are strung together in an array 

of three or more. This approach is relatively straightforward and has been useful 

in several different studies (Beerli et al., 2000; Dreier et al., 2001; Dreier et al., 
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2005). The major disadvantage is that it has a low success rate when target sites 

do not fit a certain type of sequence and even with potentially ideal target sites, 

the zinc finger nucleases made using this strategy have lower activity and higher 

off-target effects than proteins made using other strategies. A similar strategy is 

to use modular-assembly to string together two-finger modules into an array 

(Perez et al., 2008; Urnov et al., 2005). This strategy was first developed by 

Gendaq, then bought by Sangamo Biosciences, and now sold to the research 

community through Sigma-Aldrich Pharmaceuticals. Because this method has 

not been publicly described, the overall success rate has not been published but 

the strategy has had a high success rate for targeting multiple genes. This 

method is based on a proprietary archive of two-finger modules and thus is not 

freely available to researchers.  A derivative of this approach is to assemble a 

ZFN using two-finger modules and then to subsequently refine the original 

protein for improved properties (“Sangamo approach”).  It is through this method 

that the best published ZFNs from Sangamo Biosciences have been made but is 

also not an approach that is freely available to others.  An alternative approach to 

assembling pre-determined modules, is to use selection strategies, either by 

phage display or using bacterial based methods (including the Oligomerized Pool 

Engineering or “OPEN” method), to select for zinc finger domains that bind the 

desired target sequence out of a randomized library of proteins.  These selection 

approaches are difficult to use but do result in nucleases with properties of high 

activity and lower off-target effects. Interestingly, ZFNs made using the Sangamo 

approach and using the OPEN approach have been compared for their off-target 
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effects and both methods seem to generate relatively specific ZFNs but they 

achieve the specificity through different mechanisms.  Finally, there are two 

derivates of the OPEN approach to making ZFNs. In context dependent 

assembly (CoDA), modular assembly is used to assemble ZFNs using zinc finger 

modules that have been previously identified using the OPEN system (Sander et 

al., 2011). In a hybrid approach individual modules can be combined with the 

OPEN system to generate proteins that have high activity and relatively low 

toxicity (Wilson and Porteus, unpublished data). 

Homing Endonucleases and TAL Effector Nucleases (TALENs) 

Zinc finger nucleases have had the widest application in targeted genome 

modifications, but other classes of nucleases are also being developed to 

stimulate targeted DNA double stand breaks. The first of these classes includes 

meganucleases, also called homing endonucleases. The major family of 

meganucleases, called LAGLIDADG endonucleases because of the presence of 

a conserved amino acid motif, are derived from the mitochodria and chloroplasts 

of eukaryotic unicellular organisms such as yeast. As their name suggests, 

meganucleases have very long DNA recognition sites (between 12 and 40 base 

pairs), allowing them to bind DNA with very high specificity. The first example of 

a meganuclease used in gene targeting is I-SceI. In 1994, Maria Jasin and 

colleagues stably integrated two I-SceI sites into mouse chromosomes and 

demonstrated cleavage at one or both of those sites by transient expression of I-

SceI (Rouet et al., 1994b). To use meganucleases in targeted genome 

modification, however, the nuclease must be re-engineered to recognize a new 
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target site. Several different academic groups and companies (Cellectis and 

Precision Biosciences) have had some success with the re-engineering of 

meganucleases to recognize new target sites for the purposes of genome 

engineering using targeted genome modification (Arnould et al., 2006; Arnould et 

al., 2011; Grizot et al., 2010; Smith et al., 2006). However, the re-engineering of 

meganucleases to new target sites is a challenging endeavor and has not been 

widely adopted. 

Recently, another DNA-binding domain has been identified as a potential 

motif for use in chimeric nucleases. Transcription activator-like (TAL) effectors 

are virulence factors in the phytopathogenic bacteria Xanthomonas and bind to 

DNA through a series of nearly identical repeats. Each repeat of 34 amino acids 

has two key residues that recognize and bind one nucleotide, and proteins with 

11 to 17 repeats can be designed de novo to bind very specific DNA sequences 

(Boch et al., 2009; Moscou and Bogdanove, 2009). TAL effector repeats, like 

zinc finger proteins, can be fused to the FokI nuclease domain to generate TAL 

effector nucleases (TALENs) which dimerize and effectively cleave expected 

DNA sequences in yeast and plants (Cermak et al., 2011; Christian et al., 2010; 

Mahfouz et al., 2011). Notably, TALENs have also been developed which 

stimulate homologous recombination at an endogenous human locus at a rate of 

16% (Miller et al., 2011). A significant advantage of TALENs compared to ZFNs 

is their seemingly total modularity; the same repeat recognizes and binds the 

same nucleotide regardless of the context of its neighboring repeats. This 

modularity eliminates most of the screening steps required in the synthesis of 
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other chimeric nucleases. In fact, the Voytas and Bogdanove groups have 

established a rapid method to design and synthesize novel TALENs and has 

made the necessary reagents publicly available (Cermak et al., 2011). Though 

most current literature contains ZFN data, in early comparisons, TALENs seems 

to have comparable activity, yet fewer off-target effects than ZFNs, and may 

soon be the more widely adopted method for targeted genome engineering 

strategies. 

Targeted Genome Modification using non-Nuclease Approaches 

In addition to nuclease-mediated genome editing strategies, adeno-

associated virus (AAV) has been used for targeted genome modifications (Khan 

et al., 2011). Through mechanisms still not clear, at high multiplicities of infection, 

AAV can stimulate targeted transgene integration or gene correction at 

frequencies up to 1% under certain experimental conditions. While this frequency 

is a log lower than what can be achieved using nuclease mediated genome 

modification, it does have the advantage of not needing to engineer site-specific 

nucleases. 

Papapetrou et al have described another site-specific viral targeting 

approach in induced pluripotent stem cells (iPS). This lentiviral-mediated 

approach depends upon retrospective analysis and selection of optimal 

integration events at a “safe harbor” locus. The authors define a safe harbor 

locus as a locus that meets the following citeria: a locus that is 50kb from the 5’ 

end of any gene, 300kb from any cancer-related gene, 300kb from any 

microRNA and one that is located outside transcription units or “ultraconserved” 
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regions. The iPS cells for this experiment were derived from patients with  -

thalassemia and consequently did not express functional  -globin when 

differentiated into the erythroid lineage. The iPS cells were infected at a low 

multiplicity of infection with a -globin expressing lentivirus. Single copy integrant 

clones were then selected and screened for the genomic location of integration. 

After screening, the authors found that they could isolate an iPS clone 

expressing  -globin efficiently from a locus that met the “safe harbor” criteria 

(Papapetrou et al., 2011). Although this retrospective strategy differs from many 

of the prospective targeting approaches, the end result is similar and perhaps 

provides a plausible alternative for targeted genome engineering. 

Gene Disruption, Gene Correction and Gene Addition 

 The following describes the types of genome modifications that can be 

effected using site-specific nucleases. These can be classified into three major 

categories that include 1) endogenous gene disruption 2) endogenous gene 

correction 3) safe harbor gene addition. The type of modification selected 

depends upon the etiology of the disease state, i.e. a protein that contributes to a 

disease state can be removed by endogenous gene disruption, a missing protein 

can be replaced by safe harbor gene addition or the defect can be reversed at 

the endogenous site through gene correction.  

Gene Disruption 

 The simplest method of targeted genome modification is gene disruption 

by mutagenic NHEJ after the induction of a DSB by the engineered nuclease. As 

described, in NHEJ the DNA ends created by a DSB are ligated back to one 
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another. Often, this process occurs without altering the DNA sequence near the 

break site (Figure 1a), but sometimes repair by NHEJ introduces insertions or 

deletions at the site of the break (“mutagenic NHEJ”) (Figure 1b).  These 

insertions or deletions, if they occur in the coding region of a gene, can result in 

frameshift mutations creating a non-functional gene product.  If the DSB is 

created by an engineered nuclease and that DSB is repaired by mutagenic 

NHEJ, inactivating gene specific frameshift mutations can be generated.  Thus, 

by combining the engineering of gene specific nuclease with the intrinsic 

mutagenic property of NHEJ, researchers can create targeted gene mutations.  

In this method of targeted genome modification, the site of the mutation is 

controlled by the specificity of the nuclease but the specific genomic modification 

at that site is uncontrolled.   Depending on the activity and expression level of the 

nuclease, targeted gene mutation frequencies of greater than 50% can be 

generated (Perez et al., 2008). 

 Gene disruption has been used for a variety of experimental purposes 

including the creation of knockout mammalian cell lines as well as primary cells 

including stem cells (Alwin et al., 2005; DeKelver et al., 2010; Hockemeyer et al., 

2009; Kim et al., 2009; Perez et al., 2008; Porteus and Baltimore, 2003; Urnov et 

al., 2005; Zou et al., 2009). Further, whole animal knockout has been achieved 

by this method in model organisms that include flies (Beumer et al., 2006; 

Beumer et al., 2008; Bibikova et al., 2002; Bozas et al., 2009), zebrafish (Doyon 

et al., 2008; Foley et al., 2009; Meng et al., 2008), mice (Carbery et al., 2010; Cui 

et al., 2011; Meyer et al., 2010), rats (Geurts et al., 2009; Mashimo et al., 2010), 
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rabbits (Flisikowska et al., 2011), frogs (Young et al., 2011), sea urchins (Ochiai 

et al., 2010), plants (Lloyd et al., 2005; Wright et al., 2005) and nematodes 

(Morton et al., 2006) and worms (Takasu et al., 2010). This is particularly useful 

in species where classic transgenesis is more difficult, such as in zebrafish and 

rats. To create gene specific knockouts, site-specific nucleases have been 

introduced as either DNA expression plasmids or as mRNA through a variety of 

delivery techniques including standard transfection, nucleofection, adenoviral 

infection, integration-defective lentiviral infection, or by glass-needle 

microinjection. From a clinical gene therapy perspective the most important use 

of this approach has been to create HIV resistant cells through the ZFN induced 

mutation in the CCR5 gene. CCR5 is a necessary co-receptor for infection of 

CD4+ T-cells by HIV. People with homozygous 32 mutations in CCR5, which 

results in non-functional CCR5 proteins, are resistant to HIV infection, but are 

otherwise phenotypically normal except for an increased risk of infection by West 

Nile Virus and Listeria monocytogenes. The hypothesis based on these finding is 

that by creating an immune system that is CCR5 mutated in a patient who was 

already infected with HIV, one could alter the course of the disease. In an 

exciting proof-of-principle experiment, an HIV infected patient underwent a bone 

marrow transplant for acute myelogenous leukemia using donor marrow that was 

homozygous CCR5 32.  Remarkably, after the transplant the patient’s HIV viral 

load became undetectable and his CD4 count, derived from the CCR5 32 

donor, increased (Allers et al., 2011; Hutter et al., 2009). The results of this 

patient’s treatment demonstrated that it might be possible to engineer the 
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immune system to become HIV resistant with a beneficial clinical outcome. 

Unfortunately, bone marrow transplantation using homozygous 32 donors is not 

a broadly feasible strategy for the treatment of HIV because most patients will not 

have an HLA matched homozygous 32 donor and because of the general 

toxicity from allogeneic bone marrow transplantation.   

An alternative strategy would be to engineer the patient’s own immune 

system to become HIV resistant by creating ZFN mediated knockout of the CCR5 

gene in autologous cells, either CD4+ T-cells or hematopoietic stem cells. In pre-

clinical studies, Carl June and co-workers have demonstrated that using CCR5 

directed ZFNs, primary T-cell populations can be generated in which >50% of the 

CCR5 alleles have been mutated and that these T-cells are resistant to a 

laboratory CCR5 tropic strain of HIV (Perez et al., 2008). Similarly, Paula Cannon 

and her co-workers have demonstrated that the same CCR5 ZFNs can cause 

inactivation of the CCR5 gene in human CD34+ cells and that T-cells derived 

from these gene modified cells are resistant to HIV (Holt et al., 2010). Recently, it 

has been demonstrated that ZFNs can also be used to disrupt the cxcr4 locus 

(the co-receptor for r4 tropic HIV) in CD4+ T-cells and that transplantation of this 

cells into mice can confer some resistance to HIV infection (Yuan et al., 2012). 

Based on these pre-clinical findings for CCR5, clinical trials have opened based 

on this strategy. In the first clinical trials to open, patient derived CD4+ T-cells are 

infected with an adenovirus that expresses the CCR5 ZFNs causing CCR5 gene 

modification. The population of autologous T-cells is then expanded in vitro and 

then transplanted back into the patient. These trials have enrolled a number of 
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patients and the results, including whether the modified T-cells persist and are 

able to confer functional clinical protection against HIV, are pending. 

Of the handful of published ZFN pairs designed to disrupt human genes, 

the CCR5 ZFNs have had the most pre-clinical and clinical success. Others, 

however, are being developed that are perhaps promising therapeutic tools. One 

such pair of ZFNs has been developed to recognize CAG triplet repeat tracts. 

CAG tracts are physiologically normal in multiple genes when the number of  

repeats in fewer than 30. However, expansion of repeat number leads to 

debilating diseases such as myotonic dystrophy, Huntigton’s disease and 

spinocerebellar ataxia. ZFNs that bind these repeats were designed by modular 

assembly, and demonstrate the ability to contract CAG repeats in a reporter 

assay in human cells (Mittelman et al., 2009). 

Though endogenous gene disruption is clinically relevant in perhaps only 

a few scenarios, an important point to consider is the impact that endogenous 

gene disruption could have for studying the biology of disease. As demonstrated, 

highly efficient targeting strategies now allow for robust and precise genetic 

manipulation in previously inaccessible cells types such as hESC/iPSC. 

Moreover, ZFNs have been used to create targeted gene mutations to create 

genetically modified organisms in a wide variety of species for which it previously 

was not possible to perform targeted gene modification.  The ability to create 

precise genetically modified lines in species other than mouse is certainly going 

to result in improved models of human disease, improved species for agricultural 
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purposes, and in the long-term general improvements in human health as a 

result. 

Gene Correction 

By harnessing the capability of nucleases to stimulate gene targeting 

through homologous recombination, small, precise changes can be introduced 

into the genome including the correction of disease causing mutations. To 

achieve gene correction at an endogenous locus, site-specific nucleases must be 

designed to a sequence within the gene through one of the strategies described 

above. A donor DNA template must also be designed that is homologous to the 

endogenous gene and contains the small changes that are to be introduced into 

the genome (Figure 1e). The donor DNA template will be used by the 

homologous recombination machinery as the substrate to synthesize new DNA 

that will then be used repair the DSB.  Finally, both components (the nucleases 

and the donor DNA template) must be able to be delivered to a cell-type that is 

capable of reconstituting the diseased tissue or organ. Translation of this 

therapeutic paradigm to the clinic has not yet been accomplished, but progress 

has been made in vitro towards its end, and work is currently underway to 

demonstrate the feasibility of the strategy in animal models. 

The first examples of nuclease mediated gene correction of a 

chromosomally integrated gene in human cells were described in 2003 and 2005 

(Porteus and Baltimore, 2003; Urnov et al., 2005). In these first examples of ZFN 

mediated gene correction, a mutated GFP gene was introduced as a single copy 

into the genome of cells to create a reporter line. The frequency of gene 
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correction was measured by determining the frequency that cells became GFP 

positive. When the donor DNA template was introduced without nucleases, the 

frequency of gene correction was on the order of 0.0001% (10-6).  In HEK-293 

cells, the frequency of gene correction, when ZFNs that target the integrated 

reporter gene were co-transfected with the donor DNA template, increased to 

0.5-2.2% (Porteus and Baltimore, 2003; Urnov et al., 2005).  This frequency 

increased to ~10% when the cells were transiently arrested in G2/M by 

vinblastine treatment (Urnov et al., 2005). A similar stimulation in gene correction 

using the GFP reporter system was also found in human embryonic stem cells 

(hESCs) and human induced pluripotent stem cells (iPS) (Zou et al., 2009). 

Importantly, the gene corrected hESCs and iPS cells retained their pluripotency 

and did not develop any overt karyotypic abnormalities.  Finally,  gene correction 

rates of ~2% were obtained in primary mouse fibroblasts using a transgenic gene 

targeting mouse reporter line in which the mutated GFP gene was “knocked-in” 

to the ROSA26 locus (Connelly et al., 2010). 

Urnov et al published the first example of gene correction in an 

endogenous human gene (Urnov et al., 2005). Mutations in the IL2RG gene 

cause SCID-X1, the most common form of severe combined immunodeficiency 

(SCID). ZFNs to exon 5 were engineered using the Sangamo strategy.  

Transfection of these ZFNs along with a gene correction DNA donor template, 

demonstrated gene correction efficiencies of ~20% in K562 cells and ~5% in 

primary T-cells. Lombardo et al built on this work and demonstrated that using 

integration defective lentivirus rather than standard transfection techniques, 



 33

similar rates of gene targeting could be obtained in HEK-293 cells, K562 cells, 

and an Epstein Barr Virus transformed lymphoblastoid cell line (Lombardo et al., 

2007). 

 Recently, Sun et al has published the use of TALENs for targeting the 

human -globin locus. In this work, the -globin target sequence was inserted 

into a GFP gene. Generation of the double strand break by the -globin TALENs 

and correction of the GFP gene from an exogenous plasmid template was used 

as the readout in this reporter assay (Sun et al., 2012). Though gene correction 

of the sickle cell mutation would be the ultimate goal for gene therapy, no 

targeting at the endogenous locus was demonstrated in this scenario. Another 

emerging concept in gene therapy is that instead of targeting small gene 

corrective mutations, one can target full-length cDNA within a disease locus 

which would provide generic protection for all mutations that may be found at a 

given locus for a given disease. Excitingly, recent work in our lab has 

demonstrated targeting of the -globin cDNA at the -globin locus in a cell line 

using another pair of -globin TALENs (Richard Voit et al, manuscript submitted). 

In addition to ZFNs, homing endonucleases have also been designed to 

stimulate HR at chromosomal loci of human diseases. The first example of this is 

an I-CreI derived homing endonuclease that targets XPC, a gene involved in the 

skin disorder Xeroderma Pigmentosum (Arnould et al., 2007). The 

endonuclease-binding site from XPC was cloned into the lacZ gene, disrupting 

expression of lacZ. Then the mutated lacZ construct was integrated into the 

genome of CHO-K1 cells, transfected with the designed homing endonuclease 
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and a lacZ repair template, and shown to successfully stimulate HR. Another 

gene relevant to human disease that has been targeted with a homing 

endonuclease is RAG1. RAG1 is essential for VDJ recombination in B- and T-

cells, and mutations in RAG1 cause Omenn syndrome, a SCID variant. RAG1 

homing endonucleases stimulate HR at the endogenous locus in HEK-293 cells 

at rates of up to 6% (Grizot et al., 2009; Munoz et al., 2011). Although the results 

of these two studies with homing endonucleases show promising initial targeting 

results, there have not yet been reports of the correction of disease-causing 

mutations in primary human cells.  

Endogenous gene correction has several advantageous features. First, 

with modification of the endogenous gene, the resultant transgene product 

remains under the control of endogenous regulatory elements at its correct 

chromosomal location. This is crucial for maintaining the biological optimum of 

protein expression that may be lost with ectopically located transgene 

integrations. Second, direct gene correction, rather than virally mediated 

transgene addition, eliminates the concern regarding insertional onocgenesis 

from uncontrolled viral integration sites. Third, gene correction, in contrast to 

gene addition, could be used to treat dominant diseases or diseases in which the 

mutant protein has dominant features.  An example of the latter is sickle cell 

disease which is caused by a point mutation in the beta-globin gene.  In a gene 

addition strategy, the transgene will have to out-compete the two mutant genes 

that continue to express large amounts of mutant beta-globin.  In contrast, after 

gene correction, one would be turning the homozygous state into a heterozygous 



 35

state, a non-disease causing condition, and issues of competition would be 

avoided. 

The major challenges to translating nuclease mediated gene correction 

into therapy include developing high quality nucleases to disease causing genes, 

demonstrating that clinically relevant levels of gene correction can occur in the 

appropriate cell type and finally demonstration that gene corrected cells can  

correct the disease phenotype. 

Safe Harbor Gene Addition 

An alternative to direct gene correction is to use homologous 

recombination to target transgene addition to a safe harbor in the genome. While 

the defining features of a safe genetic safe harbor are still being established, in 

principle a safe harbor locus can be generally defined as one in which the 

insertion of a transgene has no aberrant physiologic consequences.  Another 

feature of a safe harbor locus, in addition to its safety, is it must be a location in 

which a transgene can be expressed at the levels necessary to achieve 

therapeutic efficacy. A robust example of safe harbor utilization is the frequent 

targeting of the murine ROSA26 locus for knock-in mouse technology.  

Targeted gene addition by homologous recombination can be achieved 

using nucleases engineered to recognize the specific safe harbor site. In 

addition, a donor DNA plasmid is engineered by inserting a transgene cassette 

(driving the expression of one or several genes) between arms of homology. The 

arms of homology can be as short as 0.5-1 kilobase in length and flank the site of 

the nuclease site. Targeted gene addition occurs when the homologous 
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recombination machinery uses the donor DNA template to repair the nuclease 

induced DSB. When the homologous recombination machinery uses the donor 

DNA template, it results in the insertion of the transgene cassette at the site of 

the break (Figure 1f). Moehle et al first described this technology using the 

previously described IL2R-  ZFNs. The authors began by inserting a very small, 

in-frame tag of only 4 amino acids (RAKR, furin cleavage site) into the IL2R-  

gene. They found that they could achieve targeting up to 15% by this strategy in 

K562 cells. Then, to investigate the full potential of gene addition, the authors 

targeted a 900 base pair GFP cassette, an 1100 base pair GFP-PolyA cassette 

and a full transcriptionally active unit of a promoter-GFP that measured 1500 

base pairs. The authors demonstrated targeting frequencies of 6%, 3% and 6% 

for these three constructs, respectively. Finally, the authors generated a donor 

plasmid with a very large insert (8kb) between homology arms that contained 

three independent, transcriptionally active units. Remarkably, the authors found 

by Southern blot analysis that 5-8% of the IL2R-  alleles had been targeted 

(Moehle et al., 2007). These data highlight the potential for nuclease-mediated 

gene addition strategies by suggesting that even very large payloads can be 

efficiently and precisely targeted to safe harbor loci.  

Lombardo et al described gene addition using the IL2R-  ZFNs in a panel 

of human cell types using integration deficient lentivirus (IDLV) delivery of 

targeting components. First, the authors attempted targeting with a donor 

construct where GFP was flanked by IL2R-  homology arms. They reported 

targeting efficiencies of up to 6.6% and up to 2.4% in K562s and in an Epstein 
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Barr virus transformed lymphoblastoid cell line, respectively. Of note, in the latter 

cell line, gamma chain expression was lost in GFP+ cells. Because SCID can be 

caused by many mutations in the IL2R-  gene, the authors thought a potential 

treatment for the disease could be to target normal IL2R-  cDNA to the 

endogenous locus, as a one shot approach to cover all of the different mutations 

(instead of designing novel ZFNs to target each mutated exon separately). The 

authors found that they could target IL2R-  cDNA to the endogenous IL2R-  

locus at a frequency of up to 6% in their lymphoblastoid cell line and that IL2R-

 expression was then restored (Lombardo et al., 2007). 

One site being developed as a potential safe harbor is the AAVS1 

integration site on human chromosome 19. The AAVS1 locus encodes the 

ubiquitously expressed PPP1R12C gene. Because AAV integration at this site 

does not seem to be deleterious and because the AAVS1 site is ubiquitously 

expressed, it has characteristics that may make it a good safe harbor. To this 

end, Sangamo Biosciences developed a pair of zinc-finger nucleases that 

recognize the AAVS1 locus and found that they could target several transgenes 

to the AAVS1 locus in various cell types, including hESCs (DeKelver et al., 2010; 

Hockemeyer et al., 2009). In Hockemeyer et al, the authors demonstrated that 

thye could achieve three methods of transgene expression within this locus. First, 

they could successfully target a puromycin resistance cassette driven by the 

endogenous PPP1R12C promoter through a splice acceptor. Second, they could 

achieve constitutively expressed eGFP by targeting an eGFP cassette with 

cytomegalovirus (CMV) promoter with a chicken -actin enhancer. Lastly, the 
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authors targeted the eGFP gene with a tetracycline response element and 

demonstrated that eGFP expression could be induced by administration of 

doxycycline (Hockemeyer et al., 2009). Later, the authors demonstrated that they 

could achieve similar targeting in iPS and hESCs with TALENs designed to the 

AAVS1 locus as compared to the ZFNs (Hockemeyer et al., 2011). 

Recently, Zou et al has described an AAVS1 ZFN-mediated targeting 

strategy in iPS cells derived from a patient with X-linked chronic granulomatous 

disease (CGD). Patients with CGD have a deficiency of the p91-phox gene 

product and lack reactive oxygen species (ROS)-mediated microbicidal activity in 

neutrophils. As a result, these patients present with severe, recurrent, and 

atypical infections. In this paper, the authors described iPS cell derivation from 

patients with CGD, that, when differentiated into neutrophils, expressed no 

functional p91-phox protein and stained for reduced ROS production, compared 

to normal iPS cells. The authors targeted a p91-phox minigene (gp91phox) to the 

AAVS1 locus in the iPS cells using mRNA for the AAVS1 ZFNs and achieved 

targeted transgene insertion in 75% (15/20) of the iPS clones they examined. 

The authors then excluded clones with targeting at more than one AAVS1 allele 

and any clones that had experienced small NHEJ-mediated deletions at the 

other, non-targeted AAVS1 allele. Of the three (3/20) remaining clones, all 

retained normal iPS morphology, stable expression of the gp91phox transgene (for 

more than 4 months) and pluripotency (as measured by embryoid body and 

teratoma formation assays). Importantly, when differentiated into neutrophils, 

oxidase activity was restored, correcting the original disease phenotype. The 
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authors also performed an interesting and important control for this experiment. 

Using the same CGD iPS cells, the authors infected a gp91phox expressing 

lentivirus into the cells in an attempt to correct the disease phenotype as might 

have been attempted as an earlier non-targeted gene therapy strategy. Though 

gp91phox was initially expressed at very high levels, only 4% of the resultant 

differentiated neutrophils were weakly oxidase positive at the end of the 

experiment. The authors suggested that this was because “a significant 

proportion of lentivector genomic inserts are subject to accelerated silencing” 

when the iPS cells were differentiated into neutrophils (Zou et al., 2011). This 

data highlights the importance of moving towards precise, site-specific genome 

engineering and away from random integration and virally-mediated genome 

engineering.  

Another example of a potential safe harbor locus is CCR5. In addition to 

using ZFNs to create mutations in the CCR5 gene, there have also been reports 

using those ZFNs to target transgenes to that locus. One example shows the 

successful gene addition of erythropoietin (Epo) to CCR5 in up to 40% of human 

mesenchymal stromal cells (MSCs). Epo is a cytokine that drives the maturation 

of red blood cells in the bone marrow, and loss of Epo leads to severe anemia. 

Injection of the MSCs into immunodeficient mice resulted in increased levels of 

circulating Epo and higher hematocrit compared to controls (Benabdallah et al., 

2010). These results indicate that ZFN-mediated targeting of plasma-soluble 

factors to a safe harbor locus may be a viable therapeutic option. 
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One question about safe harbor loci was recently addressed by van 

Rensberg et al concerning chromatin status of the locus in different cell types. 

Using chromatin immunoprecipitation and analysis of different histone 

modifications, the authors examined the chromatin state of the AAVS1 and 

CCR5 loci in iPS cells and CD34+ cells. They found that the AAVS1 site has a 

relatively open chromatin status in both cell types, while the CCR5 locus was 

predominately closed (van Rensburg et al., 2012). They hypothesized that this 

may have implications for targeting efficiency, simply in terms of nuclease 

accessibility to the site. In addition however, it could be theorized that transgene 

expression may suffer as well from targeting to a relatively inactive region. As a 

result, it might be preferable to select a robustly expressed target site through a 

different safe harbor gene addition strategy. As mentioned, definition of a safe 

harbor locus heretofore included the necessity that when the locus is disrupted, 

there should be no physiologic consequence. Recently, our lab has 

demonstrated that by targeting a coding sequence which results in the same 

amino acid sequence, but is not homologous to the target site at the nucleotide 

level, gene expression at the safe harbor locus can be preserved. Thus, any 

targetable locus in the genome can now act as a safe harbor site, without regard 

to endogenous gene disruption. This may allow for selection of target sites which 

are more accessible by nucleases and also provide superior transgene 

expression. This work is further discussed in Chapter 3. 

Though endogenous gene correction could be considered the ultimate and 

paramount goal for gene therapy for loss-of-function genetic diseases, safe 
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harbor gene addition provides a significant amount of flexibility when compared 

to gene correction. For safe harbor targeting through nuclease-mediated 

strategies, only one pair of nucleases need be designed and optimized to 

achieve targeting of any number of therapeutic transgenes (as opposed to the 

individual tailoring that is required for endogenous gene correction). As briefly 

discussed, the effort put forth to bringing a pair of nucleases to clinical trials are 

substantial and a strategy that necessitates only one pair could be 

advantageous. Secondly, as highlighted by Benabdallah et al (Benabdallah et al., 

2010), alternative cell types (such as MSCs) can be manipulated to secrete 

ectopic transgene products (such as Epo) and this strategy might only be 

available through gene addition. Lastly, gene addition provides the option to 

express transgenes through any number of mechanisms, including splice 

acceptor/endogenous promoter approaches, constitutive expression or response-

element regulatable expression, as demonstrated by Hockemeyer et al 

(Hockemeyer et al., 2009). 

Non-Clinical Applications for Targeted Genome Engineering 

Site-specific genome engineering holds promise for use as a clinical 

therapeutic for many monogenic diseases. However, precise, genetic 

modification of human cells can also be developed as a tool to better understand 

more basic biological questions. One such example was published by DeKelver 

et al in 2010 (DeKelver et al., 2010). For this study, the authors utilized ZFNs 

directed to the AAVS1 locus to generate a panel of stable human cell lines. 

Typically, stable cell lines are generated by DNA transfection or viral infection of 
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a gene of interest along with a selectable marker (usually drug selection). The 

gene randomly integrates into the genome, integrants are selected for using the 

marker, and a clonal population is isolated. Unfortunately, many confounding 

factors can arise from the random integration and clonal selection that may alter 

the true phenotype that would have resulted from the genetic manipulation. 

Further, the transgene expression can be unstable due to silencing effects over 

time, lending to unpredictable results. DeKelver et al postulated that targeting 

trangenes to a safe harbor locus would circumvent these complications and allow 

for generation of more predictable and “isogenic” stable cell lines. To this end, 

the authors demonstrated targeting at the AAVS1 locus in a panel of cell lines 

(including K562, Hep3B, HEK293 and U2OS) and in two primary human cell 

types, fibroblasts and hESC. The authors targeted a variety of constructs to the 

AAVS1 locus that included 1) a GFP reporter in K562, Hep3B, and HEK293 cells 

where targeting frequencies ranged from 3-10% 2) glucocorticoid receptor 

response element luciferase reporter constructs in U2OS and 3) shRNA 

cassettes targeted to CD58 and to components in the mTOR pathway in K562, 

HEK293 and hESC. Though the scientific potential for targeted “isogenic” cell 

lines is clearly evident, and the ability to target a variety of constructs to many 

cell types was thoroughly demonstrated, a comparison between targeted 

“isogenic” stable cells and stable cell lines generated by conventional means was 

lacking in this report. 

Similar to the generation of targeted stable cells lines is the application of 

genome targeting for protein tagging. Classically, cellular trafficking studies have 
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been accomplished by overexpression of a tagged fusion protein from plasmid 

DNA. Often, however, protein overexpression can perturb the cell’s normal 

physiology and confound experimental results. A recent example of targeted 

protein tagging demonstrated that clarithin-mediated endocytosis could better be 

studied by the ZFN-mediated generation of fluorescent fusion proteins at their 

endogenous loci (Doyon et al., 2011a). Other studies have also demonstrated 

that ZFN-mediated gene targeting can be used to create tagged proteins that 

allow for lineage tracing. One example involved tagging Oct4 with eGFP as a 

reporter to monitor the pluripotent state of hESCs. In this same publication, the 

authors also targeted a non-hESC expressed locus (PITX3) with eGFP in hESC 

and iPS cells. They suggested that this strategy could be used as a reporter 

when the hESC or iPS cells were differentiated into neurons (where PITX3 is 

expressed), though this data was not reported (Hockemeyer et al., 2009). 

Interestingly, the authors provided a follow-up study and demonstrated that both 

the Oct4 and PITX3 experiments could be repeated with TALENs instead of 

ZFNs with similar efficacy (Hockemeyer et al., 2011). 

Another non-therapeutic role of ZFNs is the demonstration that two distinct 

pairs of nucleases can stimulate chromosomal translocations when administered 

to cells simultaneously (Figure 1c). Using first the nuclease combination of I-

SceI and ZFNs to the IL2R-  locus and then the combination of the IL2R-  and 

AAVS1 ZFNs, Brunet et al demonstrated the translocation of large chromosomal 

fragments. In the IL2R-  /AAVS1 experiments, reciprocal translocations between 

the X-chromosome (site of IL2R- ) and chromosome 19 (AAVS1 site) were 
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observed at a frequency of 10-4 in HEK-293 cells and 2x10-6 in human embryonic 

stem cells (Brunet et al., 2009). Although these rates are several orders of 

magnitude lower than rates of gene targeting at a single locus, this strategy 

provides a framework to study the mechanisms of chromosomal rearrangement 

and the factors required for this process. Additionally, developing nucleases to 

chromosomal sites that have been implicated in oncogenic translocations would 

provide a way to study the expression and regulation of the resulting fusion 

proteins from their endogenous loci.  The demonstration that ZFNs can induce 

translocations, albeit at very low frequencies, also has implications for how to 

evaluate the safety of nucleases as they proceed into human clinical trials. 

Another application of ZFNs for chromosomal manipulation is the use of 

two distinct pairs that recognize sites on the same chromosome to induce 

deletions. Using ZFNs designed to the adjacent genes CCR2 and CCR5, Lee et 

al used a simple PCR approach to detect deletions of up to 15 kb within the gene 

cluster. Further, when the authors utilized ZFNs upstream to the CCR5 locus, 

they were able to induce extremely large chromosomal deletions of  up to 15 

Mbp (Lee et al., 2010). Similarly, Sollu et al described chromosomal deletions at 

a frequency of 10% using two pairs of nucleases designed to different sites within 

the HOXB13 locus (Sollu et al., 2010). In this way, it may now be possible to 

achieve the targeted deletion of entire gene clusters, introns or even specific 

exons in human cells.  While the ability to create specific chromosomal 

rearrangements by nucleases has important research implications, it also has 

important implications for their translation into a clinical tool as the induction of 
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unintended gross chromosomal rearrangements would be a serious adverse 

event. 
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Figure 1.  After the induction of a double strand break, repair can proceed 
down 2 pathways, non-homologous end joining (left panel) or homologous 
recombination (right panel). For genome engineering purposes, repair by NHEJ 
can be used to intentionally disrupt a gene (b) or create chromosomal 
rearrangements by simultaneously introducing two pair of nucleases (c). If repair 
occurs by homologous recombination, exogenous donor DNA can be used to 
direct correction of an endogenous locus (e) or insert an entirely new gene into a 
safe harbor locus (f). 

 

Obstacles and Safety Concerns for Targeted Genome Engineering  

Since the first report on using ZFNs to create targeted genome 

modifications, it has been evident that expression of ZFNs in mammalian cells 

can result in reduced cell viability(Porteus and Baltimore, 2003). The reduced cell 

viability is directly correlated with the expression level of the ZFN as transfecting 

more ZFN expression plasmids results in a higher degree of cell toxicity (Pruett-

Miller et al., 2008). The mechanism of reduced cell viability is directly related to 

the creation of off-target DNA double-strand breaks. A point mutation in the 

nuclease domain that inactivates its catalytic activity, for example, eliminates the 

cytotoxicity of ZFNs. Moreover, staining for 53BP1 foci, a marker for double-

strand breaks, demonstrates that increased toxicity is directly correlated with 

increased numbers of 53BP1 foci (Pruett-Miller et al., 2008). Elimination of 

increased 53BP1 foci also eliminates the reduced cell viability associated with 

ZFN cell expression (Pruett-Miller et al., 2009).  Intriguingly, TALENs seem to 

have less cytotoxicity than ZFNs when expressed in cells, although they have not 

been studied to the same depth as ZFNs. Nonetheless, the apparent decreased 

cellular toxicity of TALENs is a promising feature of this alternative nuclease 

platform. 
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The identification of the sites of the ZFN off-target double-strand breaks 

has been a challenging problem.  Gabriel et al have used the capture of extra-

chromosomal DNA at sites of double-strand breaks in a non-homologous fashion 

to identify such sites and identified a number of genomic targets for a specific 

ZFN pair that had not been previously recognized.  The nature of their approach, 

however, clearly biased against identifying rare off-target sites and 

underestimated the number of off-target sites (Gabriel et al., 2011). Pattanayak 

et al used an entirely different strategy to identify off-target sites for the same set 

of ZFNs studied by Gabriel el al in the same cell type (Pattanayak et al., 2011). 

Interestingly, while both groups confirmed a number of new off-target loci, the set 

of sites were completely non-overlapping from the two different approaches.  

Thus, the full set of off-target sites, even for this highly studied nuclease pair, has 

not been described and it is likely that further improvements will be needed to 

generate a comprehensive or near comprehensive list.  Both of these studies 

evaluated the CCR5 ZFN pair that is now in clinical trials.  Prior to entering 

clinical trials, this pair was introduced into large numbers of mouse hematopoietic 

progenitor cells, the ZFN exposed cells were then transplanted into mice and the 

transplanted mice were observed for tumors. There was no increase in tumor 

formation in the transplanted mice but it is difficult to assess the significance of 

this heroic study as there are no positive controls for such studies to validate how 

this assay would relate to the probability of tumor formation in human cells 

transplanted after exposure to ZFNs. 
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The reduced cell viability after ZFN exposure has prompted an 

investigation into strategies to reduce this effect.  Two major strategies have 

been developed. The first is to modify the nuclease domain such that a nuclease 

pair can only cleave DNA as heterodimers (“obligate heterodimer nuclease 

domains). Theoretically and now confirmed experimentally, this reduces the 

number of off-target breaks by ~50%. The functional result is a marked 

improvement in cell viability when using nuclease pairs that contain the obligate 

heterodimer nuclease (Doyon et al., 2011b; Miller et al., 2007; Pruett-Miller et al., 

2008; Szczepek et al., 2007).  In some cases, however, the use of the obligate 

heterodimer nuclease domains also results in reduced on-target activity (Wilson 

and Porteus unpublished data).  An alternative strategy is to regulate the 

expression level of the ZFNs.  Since the targeted genome modification is a “hit 

and run” strategy, sustained nuclease expression is not needed and, in fact, 

sustained nuclease expression can result in increased cell toxicity. Pruett-Miller 

et al demonstrated that using small molecule regulation of ZFN protein level that 

on-target activity can be maintained while decreasing the cell toxicity and off-

target foci formation to background levels (Pruett-Miller et al., 2009).  The 

importance of regulating ZFN protein level both in amount and over time is 

confirmed by the off-target studies of Pattanayak et al (Pattanayak et al., 2011). 

Summary and Research Goals 

The ability to precisely modify the genome of human cells has the 

potential to shift the paradigm of how to treat monogenic and other human 

diseases. Instead of repeated infusions of deficient proteins like Factor VIII to 
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treat hemophilia or ADA to treat one form of SCID, which are very laborious and 

expensive regimens, gene therapy holds the promise of a robust, long-term cure.  

Additionally, gene therapy can address the root cause of other monogenic 

diseases like sickle cell disease and X-linked SCID, in which the deficiency is not 

a secreted protein, cannot be treated by protein infusion, and can currently only 

be cured through allogeneic stem cell transplants. Targeted modification of a 

patient’s own stem cells avoids the side-effects and reliance on 

immunosuppressive drugs associated with these allogeneic transplants and is 

now under investigation as a way to cure HIV infection. The targeted therapy 

approaches highlighted in this introduction address and improve the problems 

associated with classic retroviral-mediated transgene addition. Targeted methods 

do not rely on random integration that can lead to oncogenesis, and they are 

more broadly applicable because they can be used not only for gene addition, 

but also for gene correction and gene disruption. As the specificity of these 

methods continues to be improved and more clinical data from patient trials 

becomes available, targeted genome engineering will perhaps on day fulfill the 

promise of a cure for monogenic diseases.  

 A second emerging concept is that patient-derived cells can be modified to 

secrete proteins that augment a fundamental biologic process. In this setting, 

patient cells are  serving a vehicles for systemic or local protein delivery instead 

of participating in the correction of a genetic defect. This technology may have 

the advantage of constituitive or regulatable secretion of proteins within a biologic 

context, as opposed to high-dose bolus treatment with recombinant proteins. 
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 The central aim of this thesis is to thoroughly develop a mouse model for 

the study of both gene correction and safe harbor gene addition without safe 

harbor disruption. Many aspects of genome engineering require extensive 

optimization which underscores the need for such a model. Examples of this 

include: 1) How can we isolate cells of interest for genome engineering and how 

best to introduce foreign DNA into them? 2) Which types and quantity of site-

specific nucleases perform the best for gene targeting in these cell types? 3) 

Which donor plasmids are most effective for conferring the desired outcome, in 

terms of targeting efficiency and protein expression? 4) Which selection or 

purification strategies are most effective and allow for the best cell survival in 

these cell types? 5) What are the best techniques for introducing modified cells 

into a recipient? The mouse model we describe here is capable of addressing 

these detailed, technical questions through the use of an easily assayable and 

event-specific GFP reporter for both endogenous gene correction and safe-

harbor gene addition, and in doing so, provides essential information to the field 

of genome engineering. 

 

 

 

 

 

 

 



 51

Chapter II- GENE CORRECTION BY HOMOLOGOUS RECOMBINATION 
WITH ZINC FINGER NUCLEASES IN PRIMARY CELLS FROM A MOUSE 
MODEL OF A GENERIC RECESSIVE GENETIC DISEASE 
 
This data has been previously published in co-authorship with Jon Patrick 
Connelly, Ph.D. 
 
Abstract 
 

Zinc finger nucleases have been used in a wide variety of systems to 

create precise genome modifications at frequencies that might be therapeutically 

useful in the field of gene therapy.  One barrier to translating the use of zinc 

finger nuclease mediated homologous recombination is the lack of an animal 

model to establish a potential therapeutic paradigm in humans.  To address this 

limitation, we have created a mouse model of a generic recessive genetic 

disease.  We first knocked a mutated GFP gene into the ROSA26 locus in 

murine embryonic stem cells.  Using these knock-in embryonic stem cells we 

created a transgenic mouse and derived lines that were either heterozygous or 

homozygous for a knock-in of the mutated GFP gene at the ROSA26 locus.  We 

used zinc finger nucleases that target the GFP gene to determine the rate of 

gene targeting in different primary cells from this mouse model.  We achieved 

targeting rates from 0.17- 6% in different cell types, including primary fibroblasts 

and astrocytes.  We demonstrated that ex vivo gene corrected fibroblasts could 

be transplanted back into a mouse where they retained the corrected phenotype.  

In addition, we achieved targeting rates of over 1% in embryonic stem cells and 

demonstrated that targeted embryonic stem cells retained the ability to 

differentiate into multiple cell types from all three germ line lineages.   In 

summary, potentially therapeutically relevant rates of zinc finger nuclease 
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mediated gene targeting can be achieved in a variety of primary cells, and this 

work continues to support the possibility of using zinc finger nuclease technology 

for therapeutic purposes.  

Introduction 
 

Conceptually, the simplest application of gene therapy is for diseases 

caused by mutations in a single gene, the so-called monogenic diseases.  While 

millions of people suffer from monogenic diseases, a cure is only possible for a 

small fraction for whom either hematopoietic stem cell transplantation or organ 

transplantation is available.  In contrast, gene therapy uses the patient’s own 

cells and has the potential to cure many of these diseases.  In the last decade, 

several clinical trials have been carried out which have highlighted both the 

promise of gene therapy (the benefit of tens of patients with severe combined 

immunodeficiency (Aiuti et al., 2009b; Hacein-Bey-Abina et al., 2002) a handful 

of patients with Leber’s congenital amaurosis (Bainbridge et al., 2008; Maguire et 

al., 2009) and two patients with X-linked adrenoleukodystrohy (Cartier et al., 

2009) from gene therapy based on viral delivery), and the potential harm from the 

uncontrolled integrations of the viral vectors used to deliver the therapeutic 

transgene (Hacein-Bey-Abina et al., 2003a; Hacein-Bey-Abina et al., 2003b).  An 

alternative to using integrating viruses is to use gene targeting by homologous 

recombination to precisely control the genomic modification either through 

directly correcting a mutation or through controlling the site of transgene 

integration (Lombardo et al., 2007; Porteus and Carroll, 2005). 
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The natural rate of gene targeting by homologous recombination, 

hereafter referred to as “gene targeting,” is 1x10-5 -1x10-8 (Doetschman et al., 

1987; Hasty et al., 1991; Porteus and Baltimore, 2003; Sargent et al., 1997) and 

is too low to be therapeutically useful.  This barrier has been overcome by the 

recognition that the creation of a gene specific DNA double-strand break can 

stimulate gene targeting several thousand fold (Brenneman et al., 1996; Choulika 

et al., 1995; Donoho et al., 1998; Porteus and Baltimore, 2003; Rouet et al., 

1994b; Sargent et al., 1997; Smih et al., 1995), potentially to therapeutically 

relevant levels for certain diseases.  To translate this finding to the field of gene 

therapy, it was necessary to devise a method to generate site specific DNA 

double-strand breaks.  There have been two major approaches to this problem.  

The first is to re-design homing endonucleases to recognize target sites in 

endogenous genes (Arnould et al., 2006; Ashworth et al., 2006; Epinat et al., 

2003; Grizot et al., 2009; Paques and Duchateau, 2007; Redondo et al., 2008).  

The second is to design zinc finger nucleases to recognize target sites in 

endogenous genes.  Zinc finger nucleases (ZFNs) are artificial proteins in which 

the non-specific nuclease domain from the FokI restriction endonuclease is fused 

to a zinc finger DNA binding domain (reviewed in (Durai et al., 2005; Porteus and 

Carroll, 2005; Wu et al., 2007)).  A ZFN can have 3-6 individual zinc finger 

domains arranged in tandem recognizing a target site 9-18 basepairs long.  

Additionally, the FokI nuclease domain functions as a dimer (Bitinaite et al., 

1998; Smith et al., 2000).  Therefore, a pair of ZFNs must be engineered to bind 

the target site in a way that permits the nuclease domain to dimerize and create 
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the double-strand break.  Thus, even with a pair of 3-finger ZFNs, the full target 

site is 18 basepairs long.  An 18 basepair sequences should only occur once in 

the mammalian genome based on probability and can be empirically determined 

for any given sequence by BLAST searches.  There are a number of different 

approaches to engineer ZFNs, each of which has their advantages and 

disadvantages (reviewed in Cathomen and Joung (2008) (Cathomen and Joung, 

2008)).  Nonetheless, ZFNs have been successfully engineered to a wide variety 

of different gene targets in a range of different species (Beumer et al., 2006; 

Bibikova et al., 2003; Bibikova et al., 2002; Carroll, 2008; Doyon et al., 2008; 

Geurts et al., 2009; Meng et al., 2008; Morton et al., 2006; Porteus and 

Baltimore, 2003; Shukla et al., 2009; Townsend et al., 2009; Urnov et al., 2005).  

These ZFNs have been used to generate high rates of precise genome 

modifications either by the use of mutagenic non-homologous end-joining (in 

which short insertions or deletions are created at the site of the ZFN induced 

double-strand break) or by the use of gene targeting, including creating 

genetically modified zebrafish and rats (Doyon et al., 2008; Geurts et al., 2009; 

Meng et al., 2008). 

In human cells, ZFNs have been used to stimulate gene targeting in a 

variety of different cell lines.  The most recent advances demonstrated that ZFNs 

can stimulate gene targeting in human embryonic stem (ES) cells and induced 

pluripotent stem (iPS) cells (Hockemeyer et al., 2009; Zou et al., 2009). 

Moreover, Perez et al. demonstrated that human T-cells modified at the CCR5 

gene by mutagenic repair of a ZFN induced double-strand break could survive 



 55

when transplanted back into an immunodeficient mouse (Perez et al., 2008).  

Nonetheless, to date there has been no easy way to model a therapeutic 

paradigm in which patient derived cells are precisely modified by ZFN mediated 

gene targeting ex vivo and then transplanted back into the animal, as might be 

done when trying to treat a patient with a genetic disease.  To this end, we have 

created a mouse model of a generic recessive genetic disease in which a 

mutated GFP gene has been knocked-in to the ubiquitously expressed ROSA26 

locus (Friedrich and Soriano, 1991; Zambrowicz et al., 1997).  Using this model, 

we show that gene correction of 0.17-6% of murine ES cells, novel ROSA-3T3 

cell lines, primary embryonic fibroblasts, primary adult fibroblasts, and primary 

astrocytes can be achieved.  We also demonstrate that gene corrected cells can 

be transplanted back into a recipient mouse and the transplanted cells retain 

their gene corrected phenotype. 

Results 
 
Generation of a Mouse Model of a Generic Recessive Genetic Disease 
 
 A critical aspect of translating the use of ZFN mediated gene targeting to 

clinical use is to develop appropriate animal models to evaluate the feasibility of 

the strategy.  While there are many mouse models of human genetic diseases, 

these models are generally not useful for modeling ZFN mediated gene targeting 

for two major reasons. The first is that while the mouse and human genomes are 

very similar, there is enough sequence divergence that ZFNs designed to target 

a human gene will usually not recognize the mouse target.  The second is that 

most mouse models of human genetic diseases are not exact genetic models of 
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the human disease, but instead are phenotypic mimics.  Below we describe our 

use of a new mouse model to study ZFN mediated gene targeting.  This model 

provides a platform to directly determine the efficiency of gene targeting in a 

specific cell type and whether targeted cells can be successfully transplanted 

back into a host.  We created a mouse model of a generic recessive genetic 

disease by knocking-in a mutated GFP gene into the ROSA26 locus using 

standard homologous recombination technology in murine ES cells (Figure 

2.1a).  From two of the targeted ES cell clones we generated transgenic mouse 

lines in which either one (ROSA26GFP*/+) or both alleles (ROSA26GFP*/GFP*) of the 

ROSA26 locus contain a knock-in of the mutated GFP gene.  The mutation in the 

GFP gene consists of an 85 nucleotide sequence which includes both an in-

frame stop codon and the recognition site for the I-SceI homing endonuclease.  

This insertion is 12bp downstream from the ZFN target site in the GFP gene that 

we have previously designed and validated several different pairs of “GFP”- 

ZFNs to recognize (Pruett-Miller et al., 2008).  This animal model mimics the 

GFP gene-targeting system that we have used to better understand ZFN 

mediated gene targeting in tissue culture cells and human ES and iPS cells 

(Porteus, 2006; Porteus and Baltimore, 2003; Pruett-Miller et al., 2008; Zou et al., 

2009).  In this system, cells containing the integrated GFP* gene are transfected 

with two plasmids that each express a ZFN, and a third “donor” plasmid that 

carries sequence information needed to correct the mutation (by serving as a 

donor template during homologous recombination) (Durai et al., 2005; Porteus 

and Baltimore, 2003).  Because the mutated GFP gene is knocked-in to the 
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ubiquitously expressed ROSA26 locus, this model can be used to study the 

efficiency of gene correction by gene targeting in potentially every cell type in the 

mouse.  There are two possible strategies to use gene targeting for gene 

therapy. The first is to attempt gene targeting in vivo and directly correct disease-

causing mutations in cells without removing them from the animal beforehand.  

The second is to purify cells from the animal first, and correct the mutation ex 

vivo prior to transplanting back into the animal.  Here we report on our results at 

purifying primary cells from this generic genetic disease model and using ZFN 

mediated gene targeting to directly correct the mutation in the GFP gene and 

then transplanting those cells back into a mouse.  

ZFN Mediated Gene Targeting in Murine Embryonic Stem Cells 

 While we were generating the mouse line from the ROSA26GFP*/+ targeted 

ES cell clones, we performed a series of targeting experiments in the ES cell 

clones (Figure 2.2).  To perform these experiments we transfected ES cells with 

three plasmids—an EGFP donor vector that contains sequence information 

necessary to correct the mutation in the integrated target but is non-fluorescent 

because it is missing the first 37 nucleotides of the coding region, and two ZFN 

expression plasmids where the ZFN is driven by the ubiquitin C promoter.  In 

prior work we have shown that titrating the amount of the donor plasmid and 

nuclease expression plasmid is important in maximizing the rate of gene 

targeting (Porteus, 2006; Pruett-Miller et al., 2008).  In the gene targeting titration 

experiment we varied the amount of donor plasmid and ZFN expression plasmids 

while keeping the total amount of DNA transfected the same.   We achieved the 
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maximal rate of targeting when the transfection mix consisted of ~90% donor 

plasmid and ~10% of ZFN expression plasmids (Figure 2.2a). ROSA26GFP*/+ ES 

cells that were transfected with only the donor plasmid without ZFNs had an 

absolute targeting rate of less than 0.001% (data not shown).  The targeting rate 

with ZFNs was 0.20%.  An important concern involving the use of ZFNs to create 

DNA double-strand breaks is the potential for either off-target cleavage or off-

target plasmid insertion.  We have previously reported that the ZFNs used in this 

study demonstrate low levels of off-target toxicity in the murine embryonic stem 

cells used in this paper (Pruett-Miller et al., 2008), and no readily visible toxicity 

was observable in these experiments.  In the present study, we did not 

investigate the potential for off-target plasmid integration. We also tested whether 

exposing the cells to vinblastine would increase the rate of targeting in murine ES 

cells as has been demonstrated in other cell types arrested at the S/G2 phase of 

the cell cycle (Maeder et al., 2008; Potts et al., 2006; Urnov et al., 2005), and 

found that vinblastine exposure for the first 15 hours after transfection increased 

the rate of gene targeting in murine ES cells by approximately 4-5 fold to an 

overall rate of 1.6% (Figure 2.2b), at this concentration of vinblastine (100nM) no 

cytotoxic effects were readily apparent.  We also compared two different pairs of 

ZFNs that target the same sequence in the GFP gene (Table 1) and found that 

ZFN pair 3/4 was approximately 50% better than pair 1/2 (the pair we have 

previously published and characterized most extensively (Pruett-Miller et al., 

2008)).  
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 To determine if the targeted ES cells retained pluripotency, we evaluated 

whether the targeted cells could differentiate into all three germ line lineages 

using a teratoma formation assay.  GFP+ targeted ES cells were purified using 

fluorescence-activated cells sorting (FACS), and these ES cells were injected 

subcutaneously into nude mice to create fluorescent teratomas (Figure 2.3).  

Histological examination of the teratomas showed that targeted ES cells formed 

tissues representative of all three germ line lineages—endoderm, mesoderm, 

and ectoderm.  In summary, ZFNs can stimulate gene targeting in murine ES 

cells to an absolute rate of 1.6% (a greater than 1000-fold stimulation over the 

targeting rate without ZFNs) and these targeted cells retain the potential to 

differentiate into all of the major cell lineages. 

Gene Targeting in ROSA-3T3 Cells 

 We generated immortalized fibroblast cell lines “ROSA-3T3s” from both 

ROSA26GFP*/+ and ROSA26GFP*/GFP* mice using a standard fibroblast 

immortalization protocol (Todaro and Green, 1963), and performed a gene 

targeting titration experiment with varying amounts of ZFN expression plasmids 

and donor plasmid (Figure 2.4a).  As in the murine ES cells, we observed the 

maximal rate of targeting when the transfection mix contained ~90% donor 

plasmid and ~10% ZFN expression plasmids.  Gene targeting rates reached a 

maximum of 1.8% and 6.7% in heterozygous and homozygous lines respectively.  

Vinblastine exposure did not affect targeting rates in these lines (data not 

shown).   

Gene Targeting in Primary Embryonic and Adult Fibroblasts 
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We also studied gene targeting rates in fibroblasts derived from both 

embryonic (E13.5) and adult (3-6 months old) mice. In these experiments we 

used nucleofection rather than Lipofectamine 2000 as the method of transfection 

and found that increasing the amount of donor plasmid while keeping the amount 

of ZFN expression plasmid constant increased the frequency of gene targeting 

(Figures 2.4b and 2.4c).  The maximal gene targeting rate in primary adult 

fibroblasts from ROSA26GFP*/GFP* mice was over 2% (Figure 2.4b).  In murine 

embryonic fibroblasts the maximal rate of gene targeting was ~1.8%.  

Interestingly, the targeting rate in murine embryonic fibroblasts from 

heterozygous mice was significantly different when low amounts of donor was 

transfected but this difference disappeared when the highest amount of donor 

plasmid was transfected (Figure 2.4c).  In summary, ZFN mediated gene 

targeting rates of ~2% can be achieved in primary fibroblasts of either adult or 

embryonic origin. 

Gene Targeting in Primary Astrocytes 

 The final of primary somatic cell type that we examined for ZFN mediated 

gene targeting was astrocytes, another readily isolatable and robustly cultured 

cell type.  Using nucleofection with a constant amount of ZFN expression plasmid 

and increasing amounts of donor plasmid, we found that 0.03-0.17% of primary 

astrocytes could be targeted (Figure 2.4d).  As in all of the other cell types 

examined, the rate of targeting increased as the amount of donor plasmid 

transfected increased.  Overall this rate of targeting is lower than what we found 

in primary fibroblasts. This difference may reflect an intrinsic difference between 
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astrocytes and fibroblasts but may also reflect an underestimation of the rate of 

targeting in astrocytes because of a decreased ability to detect targeted cells 

secondary to the low level of GFP expression from the ROSA26 promoter in 

astrocytes compared to ROSA-3T3s and primary fibroblasts (Figure 2.4a,c,d).  

As in the immortalized cells and primary fibroblasts, there was no effect of 

vinblastine exposure on the rate of targeting in primary astrocytes (data not 

shown). 

Transplantation of Gene Corrected Primary Mouse Fibroblasts into an 

Immunocompetent Recipient 

 To perform cell based gene correction therapy clinically, gene corrected 

cells must be able to survive transplantation back into a recipient.  A potential 

treatment for hemophilia is to modify fibroblasts ex vivo to secrete Factor VIII or 

Factor IX, followed by transplanting the cells back into recipients.  This has 

already been performed with transient but significant clinical benefits observed in 

mice, rats, and human patients (Palmer et al., 1989; Qiu et al., 1996; Roth et al., 

2001).  As mentioned above, ZFNs may be toxic to cells.  Although no toxic 

effects were readily apparent upon microscopic examination of treated 

fibroblasts, we further looked for toxic effects using the previously described 

toxicity assay (Pruett-Miller et al., 2008).  When fibroblasts were subjected to this 

assay, a small degree of toxicity was measured (Figure 2.5a).  This was minor in 

comparison with a previously published pair of ZFNs designed to target the 

CCR5 locus (Perez et al., 2008), and which exhibit noticeable toxic effects on 

cells.  Both pairs of ZFNs contained the wild-type nuclease domain and were not 
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modified to prevent homodimerization.  To test whether our gene corrected 

fibroblasts were capable of transplantation, we isolated primary adult fibroblasts 

and performed another round of gene targeting.  On day 6 post-nucleofection, we 

analyzed a portion of the total cell population and found that 0.21% of the total 

cells had undergone gene correction.  We next took the remaining population, 

(without selecting for GFP positive cells), embedded the cells in matrigel and 

transplanted the cells subcutaneously into an immunocompetent, sibling mouse.  

Two weeks after transplantation we excised the matrigel plug, cultured the 

isolated cells for 6 days, analyzed the transplanted cells by fluorescence 

microscopy and found that 0.10% of the isolated cells were GFP positive.  The 

lower frequency of targeted cells may be due to contaminating host cells that 

were excised with the plug or as a result of cell death after transplantation 

(Figure 2.5b).  This study demonstrated that ex vivo zinc finger nuclease gene 

corrected fibroblasts could be successfully transplanted. 
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Discussion 
 

ZFNs have now been used in a wide variety of situations to create precise 

genome modifications (Carroll, 2008).  The precise genome modifications caused 

by ZFNs fall into two general classes.  The first is to create small insertions/ 

deletions at a specific locus by the mutagenic repair of a ZFN induced double-

strand break.  While the exact mutation cannot be controlled using this strategy, 

the precise location of the mutation is controlled by the specificity of the ZFN 

induced double-strand break.  This strategy is being increasingly used to create 

knockout cell lines and organisms in which the ability to efficiently create such 

knockouts was not previously available (Bibikova et al., 2002; Doyon et al., 2008; 

Geurts et al., 2009; Lloyd et al., 2005; Meng et al., 2008; Morton et al., 2006; 

Santiago et al., 2008; Shukla et al., 2009; Townsend et al., 2009).  In addition, 

this strategy has been used to create targeted mutations in the CCR5 gene in 

human T-cells, thereby creating a population of T-cells that are resistant to HIV 

infection (Perez et al., 2008)—a strategy that has now entered a Phase I clinical 

trial (Clinicaltrials.gov identifier NCT00842634). Theoretically this approach could 

also be used to treat dominant genetic diseases by selectively creating deletions 

in the dominantly acting allele. The second way to create precise genome 

modifications (gene targeting) is to use the ZFNs to create a gene specific 

double-strand break and then have the cell repair that break by homologous 

recombination using an introduced donor sequence as the template for repair.  

Using this strategy both the specific site of the genome change and the specific 

sequence change can be controlled.  In addition to the double-precision of gene 
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targeting, it also has the advantage that one can precisely create both small 

(single nucleotide) or large (the insertion of full a transgene cassette) changes in 

the genome (Moehle et al., 2007; Porteus, 2006) and reviewed in (Porteus and 

Carroll, 2005). In addition to being able to create inactivating mutations as the 

first strategy does, this strategy also allows the controlled integration of a 

transgene or the direct correction of a disease causing mutation and could 

theoretically be used to treat recessive genetic diseases.  ZFN mediated gene 

targeting has now been used in a wide variety of different cell types at a large 

number of different loci.  These include the modification of the IL2RG gene in 

various cell lines (Urnov et al., 2005), the modification of the CCR5 gene in a 

variety of cell lines including primary human embryonic stem cells and 

hematopoietic stem cells (Perez et al., 2008), the correction of GFP reporter 

genes and the modification of the PIG-A gene in human embryonic stem (hES) 

and human induced pluripotent stem (iPS) cells (Zou et al., 2009), and the 

modification of the OCT4 (POU5F1) and AAVS1 locus in hES and iPS cells 

(Hockemeyer et al., 2009).  

As part of the effort to translate the use of ZFN mediated gene targeting to 

clinical use, we have generated a mouse model of a generic recessive disease 

by knocking-in a mutated GFP gene into the murine ROSA26 locus.  Our goal is 

to generate a model in which one can either test the ability to use ZFN mediated 

gene targeting to correct mutations directly in vivo (similar to work performed by 

Miller et al to assess AAV gene targeting (Miller et al., 2006)), or to mimic a 

paradigm in which patient cells are purified and then precisely modified ex vivo 
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before transplanting the modified cells back into the patient.  Here we report a 

first step in establishing the ex vivo cell modification paradigm by demonstrating 

that primary embryonic fibroblasts, primary adult fibroblasts, and primary 

astrocytes can all be isolated from the transgenic mouse line and the mutation in 

the GFP gene efficiently corrected using ZFN mediated gene targeting ex vivo.  

The rates of correction in primary fibroblasts (~2%) are of a sufficient magnitude 

to suggest clinical utility in the appropriate situation.  Moreover, the gene 

corrected adult fibroblasts could be successfully transplanted back into an 

immunocompetent mouse where they both survived and retained their corrected 

phenotype.  Unlike previous studies where modified fibroblasts were transplanted 

back into a recipient mouse, by using gene correction the corrected gene is being 

driven by its own promoter and thus will not undergo silencing as occurs with 

transgenes that are driven by viral elements. 

The use of gene targeting by homologous recombination without the use 

of nucleases in murine ES cells is a well-established procedure. Here we 

demonstrate that ZFNs can stimulate gene targeting in >1% of cells without 

selection which is an order of magnitude or more than the rate of targeting in 

murine ES cells using I-SceI(Donoho et al., 1998) or in human ES or iPS 

cells(Hockemeyer et al., 2009; Zou et al., 2009). Thus this efficiency is high 

enough that one might be able to use ZFNs to create ES cells with extremely 

precise genetic modifications without using selectable markers and/or the 

Cre/Lox system. 
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This work also highlights an alternative strategy to creating gene corrected 

iPS cells. In prior work, investigators have first converted fibroblasts into iPS cells 

and then used gene targeting by homologous recombination in the iPS cells to 

correct a mutation (Hanna et al., 2007).  The relatively high rates of gene 

correction stimulated by zinc finger nucleases in primary fibroblasts that we 

demonstrate here suggests that one could first correct disease causing mutations 

in patient fibroblasts, and subsequently convert those gene corrected fibroblasts 

into iPS cells.  The advantages and disadvantages of whether to correct disease 

causing mutations at the primary cell stage or after conversion to iPS cells will 

likely be assessed in future studies. 

This work shows that in primary cells, just as in cell lines, that the best 

gene targeting rates are obtained when the optimal mixture of ZFN expression 

plasmids and donor plasmid are introduced.  Our finding that optimal targeting 

rates are achieved when the donor plasmid is at least 10-fold more abundant 

than the ZFN expression plasmid suggests that keeping the two elements 

separate so that each can be introduced at their optimal amounts will be 

important in achieving optimal targeting rates in different cell types.  

 In summary, we have developed a mouse model of a generic recessive 

disease in which ZFN mediated gene targeting can be studied in any cell of the 

mouse.  A particular advantage of this model is that correctly targeted cells can 

easily be quantified and isolated for subsequent experiments using flow 

cytometry.  In this paper, we demonstrated gene targeting and quantified the 

rates within several cell types from this mouse model and that targeted adult 
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fibroblasts, a potentially clinically relevant cell type, can be transplanted back into 

a mouse. Our current work focuses on isolating stem cells (such as 

hematopoietic stem cells, mesenchymal stem cells, muscle progenitor cells, and 

adipocyte precursor cells) from the mouse followed by performing gene targeting 

and subsequently transplanting the targeted stem cells back into a mouse, thus 

extending our current results of correcting and then transplanting a somatic cell.  

This study represents an important step in developing a paradigm for gene 

correction based gene therapy in an animal model prior to human clinical trials.  

Materials and Methods 
 
Generation of ROSA26-GFP* targeting construct 
 
We constructed the ROSA26-GFP* targeting construct by first destroying the 

XhoI and XbaI sites present in the insert of the published GFP* reporter gene.  

This was done by digesting GFP* with XhoI followed by blunting of ends with 

Klenow.  Next the XbaI site was destroyed in the same manner creating GFP*-B.  

We then used PCR to fuse a XhoI-XbaI-ClaI linker to GFP* using the follower 

primers:  

GFP*-XhoI-XbaI-ClaI-Forward: 

5’GTCTCGAGTCTAGAATCGATATGGTGAGCAAGGGCGAGG-3’  

and GFP*-XhoI-Reverse:  

5’-GACTCGAGTTACTTGTACAGCTCGTCCATGCCG- 3’.    

The vector GFP*-B-Pgk-Neo was created by ligating GFP*-B into the XhoI site of 

Pgk-Neo-Pgk-PA, giving GFP*-B-Neo.  Next a splice acceptor with ClaI ends was 

generated by PCR of pSAbGeo with primers: 
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SAClaI-Forward: 5’- GGATCGATATCTGTAGGGCGCAGTAGTCCAG-3’  

and SAClaI-Reverse: 5’-GTATCGATACCGTCGATCCCCACTG-3’.   

We digested the PCR product with ClaI and ligated it into the ClaI site of GFP*-B-

Neo, generating SA-GFP*-B-Neo.  Finally this vector was digested with XbaI, and 

ligated into the XbaI site of the ROSA26-1 targeting vector.  All restriction 

enzymes were ordered from New England Biolabs Inc.  The vectors pSAbGeo 

and pROSA26-1 were generous gifts from Dr. Philippe Soriano (Mount Sinai, 

New York, NY). 

Generation of Reporter Mice 

All experiments involving mice were approved by the IACUC at the University of 

Texas Southwestern Medical Center.  Targeting of the GFP* reporter construct to 

the ROSA26 locus was performed by the UT Southwestern Transgenic core 

facility. Briefly, 50ug of targeting vector was linearized with KpnI and 

electroporated into 1x107 129/SvEvTac (SM-1) ES cells.  Selection for targeted 

clones was performed using G418 at 250ug/ml.  Resistant clones were picked 

and screened using southern analysis (Figure 2.1).  Correctly targeted ES cells 

were injected into pseudo pregnant C57/Bl6 females.  Chimeric offspring were 

bred to identify mice transmitting the ROSA26-GFP* allele to their progeny. 

Gene targeting in ES cells 

ES cells were cultured in ESLX media consisting of ES-DMEM, 20% ES 

Qualified FBS, 1X non-essential amino acids, 1X nucleosides, 1000 U/ml 

ESGRO LIF all purchased from Chemicon (Chemicon, Billerica, MA),  2mM L-

Glutamine, 1X Pen/ Strep (Invitrogen, Carlsbad, CA), and 0.12mg/ ml sodium 
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pyruvate and 0.1mM BME (Sigma-Aldrich, St. Louis, MO). Before reaching 

confluency, cells were harvested and plated 100,000 cells per well in a 24 well 

gelatinized plate with and without 100nM vinblastine. We then transfected ES 

cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) with the indicated 

amount of donor and ZFN plasmids. Two sets of ZFNs designed to target GFP 

were compared.  Both sets bind to the same recognition site; however, their 

amino acid sequences differ.  Fifteen hours post-transfection media was changed 

to ESLX without vinblastine. Gene targeting events were analyzed four days post 

transfection using a FACScalibur (Becton Dickinson). 

Gene targeting and teratoma formation in ES cells 

Gene targeting experiments in ES cells were performed by nucleofection using 

the Mouse ES Cell kit (Lonza, Switzerland, Cat. VPH-1001).  Briefly 1.5x106 cells 

were nucleofected with 1.8 ug donor substrate and 1.6 ug of each GFP-ZFN 

using program A-30, giving an initial targeting rate of 0.07%.    Cells underwent 

two rounds of sorting for targeted GFP+ cells.  For teratoma analysis, nude mice 

were sublethally irradiated with 350 rads using a cesium-137 source.  The 

following day mice received subcutaneous injects in the hind flank with 1.3x106 

ES cells suspended in PBS.  Teratomas were harvested 16-20 days after 

injections, photographed for GFP and Cy3 fluorescence using a Zeiss Stemi-11 

Stereoscope equipped with an epifluorescence illuminator and Optronics 

Macrofire CCD camera.  Teratomas were subsequently fixed in 4% 

paraformaldehyde for 48hrs and paraffin processed for histopathologic analysis. 

Resulting H&Es stains were photographed on a Leica DM2000 upright 
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microscope with standard bright-field optics and Optronics Microfire CCD 

camera. 

Gene targeting in primary cells 

MEFs:  MEFs were isolated from E13.5 embryos using the WiCell protocol 

(WiCell Research Institute).  Cells were cultured in DMEM, 10% FBS, Pen/Strep, 

and L-Glut.  Before senescence occurred, cells were harvested and nucleofected 

in triplicate using the Basic Fibroblast kit (Lonza, Switzerland, Cat. VPI-1002) 

with program U-23.  Each nucleofection consisted of 4x105 cells plus 2 ug of 

each GFP-ZFN and 1, 5, 10 or 20 ug of donor plasmid.  We analyzed gene 

targeting events on day 4 post-transfection. 

MAFs:  MAFs were isolated from the ears of 3-6 month old mice and cultured in 

DMEM, 20% FBS, Pen/Strep, L-Glut, Fungizone and 1X non-essential amino 

acids.  5x105 cells per sample were nucleofected per sample using the Basic 

Fibroblast kit (Lonza, Switzerland, Cat. VPI-1002) with program U-23 and 

analysis performed on day 4 post-transfection. 

Astrocytes:  Astrocytes were isolated from newborn mice and cultured in the 

same media used for MAFs.  Nucleofections were performed on 5x105 cells per 

sample using the Mouse Astrocyte kit (Lonza, Switzerland, Cat. VPG-1006) with 

program T-20. 

Transplantation of gene targeted primary adult fibroblasts and cell survival assay 

Toxicity of GFP-ZFNs was measured as previously described (Pruett-Miller et al., 

2008).  Briefly, 1x106 primary fibroblasts were nucleofected with 4 ug of a 

tdTomato expression plasmid along with 4 ug of an I-SceI expression plasmid or 
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2ug of each GFP-ZFN, and replated in a 12 well plate.  On day 2, a portion of the 

cells was analyzed using flow cytometry and the remainder of cells re-plated in a 

12 well plate.  On day 6, cells were harvested and analyzed for tdTomato 

expression using flow cytometry.  Toxicity compared to I-SceI was determined by 

first calculating the change in GFP expression from day 6 to day 2 of the I-SceI 

transfected cells and then the GFP-ZFN transfected cells (DGFPnuclease = 

%GFP+
Day6 / %GFP+

Day2).  Toxicity compared to I-SceI was then calculated as 

Toxicicty = DGFPZFNs / DGFPI-SceI.  Analysis of toxicity for ZFNs targeting the 

CCR5 gene “CCR5 ZFNs” was performed in parallel using 2 ug of each CCR5 

ZFN.   

For transplantation experiments, fibroblasts underwent gene targeting by 

nucleofection as described above, using 2 ug of each ZFN expression plasmid 

and 10 ug of donor plasmid. Cells were analyzed by flow cytometry 6 days after 

nucleofection, immediately before transplantation. 9.3x105 fibroblasts, of which 

0.21% were GFP+,  were injected subcutaneously in a Matrigel (BD Biosciences, 

San Jose, CA) matrix in the back of a wild type, immunocompetent mouse not 

containing our ROSA26-GFP* transgene. The Matrigel plug and surrounding 

tissue were excised 2 weeks later.  Cells were dissociated by incubation in 

collagenase/displace (4mg/ml) (Roche Diagnostics, Indianapolis, IN) for 1 hour at 

37 degrees.  One ml MAF media was then added and cells incubated overnight 

at 37 degrees.  The next morning, cells were triturated, filtered with a 70uM cell 

strainer (BD Biosciences, San Jose, CA) and plated in 24 well plates.  On day 6 

cells were harvest and analyzed using flow cytometry. 
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Chapter III- ZINC FINGER NUCLEASE AND TAL EFFECTOR NUCLEASE 
MEDIATED SAFE HARBOR GENE ADDITION WITHOUT SAFE HARBOR 
GENE DISRUPTION IN MOUSE PRIMARY FIBROBLASTS 
 
Abstract 
 
Nuclease-mediated safe harbor gene addition strategies are promising as next 

generation gene therapy technology. Heretofore, “safe harbors” have been 

defined as loci that can be disrupted without physiologic consequence and which 

carry no oncogenic potential when disrupted. In this study, we propose a 

modification of homologous recombination-mediated safe harbor targeting which 

does not require disruption of the endogenous gene product. In short, DNA which 

results in the same amino acid sequence as the target locus, but is non-

homologous to the target locus by modification of the wobble position within 

multiple codons, can be targeted in-frame to result in no protein deficiency from 

the safe harbor.  To demonstrate the feasibility of this strategy, we used a GFP 

reporter assay which we have previously described (Connelly et al., 2010). In this 

assay, a GFP gene which carries an insertional mutation that renders the protein 

non-functional was knocked-into the mouse ROSA26 locus. For gene addition, a 

donor plasmid containing arms of homology to the GFP gene surround the 

desired “gene of interest” to be added to the genome. Importantly, 5’ to the “gene 

of interest”, we include a non-homologous sequence of DNA which codes for the 

completion of the C-terminus of GFP. Either zinc finger nucleases (ZFNs) or TAL 

effector nucleases (TALENs) specific for the GFP locus were co-transfected with 

this donor resulting in a gene addition event that restores GFP expression. We 

designed multiple donor plasmids with these GFP elements and included as our 
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“gene of interest” the Ubc promoter driving human growth hormone (hGH) cDNA, 

an array of multiple hGH genes linked by 2A peptides, human platelet derived 

growth factor (PDGF-B) or NGFR, a surface selectable marker that was 

targeted in-frame with GFP by a 2A peptide without the use of an exogenous 

promoter. Targeting frequencies ranged from 0.04-1.9% in primary fibroblasts 

depending on the donor construct or nucleases used, and targeting events were 

selectable by sorting for GFP or the surface marker NGFR. Transgene 

expression  for hGH was quantitated by ELISA to be 6.5-19.3 ng per million GFP 

positive cells per 24 hours. PDGF expressed reached 25.8 ng per million GFP 

positive cells per 24 hours. We directly compared the ability of ZFNs or TALENs 

to stimulate targeting at the same site, and found that TALENs markedly 

improved the efficiency of targeting over ZFNs with a simultaneous decrease in 

associated cellular toxicity. We also observed that targeting multiple copies of a 

transgene linked with the 2A peptide increases expression after targeting and 

that targeted fibroblasts could be re-introduced subcutaneously into either a 

sibling recipient mouse or an immunosuppressed unrelated strain of mouse for at 

least 30 days. The impact of the targeting system described here is two-fold. 

First, gene addition in a murine safe harbor locus can now be studied with 

virtually any gene of interest in any primary cell type with an easily assayable and 

quantifiable GFP reporter. Importantly, the restoration of GFP is specific for 

targeting events only. This is not the case with any other reporter for gene 

addition described to date.  Secondly, the system described here provides proof 
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of principle for an evolution in safe harbor gene addition technology where the 

disruption of the target locus gene product is no longer required. 

Introduction 

 Gene therapy, or the replacement of a defective gene with a functional 

copy, provides a definitive cure for many genetic diseases. Recently, the 

precision of this strategy has improved tremendously where the placement of the 

functional gene copy can now be guided by site-specific nuclease mediated 

homologous recombination. Homologous recombination is one pathway by which 

cells repair double strand breaks (DSBs), in doing so, the use of a homologous 

template is required. By providing a homologous template (an exogenous 

plasmid) with a desired sequence change, a site specific modification can be 

affected within the genome. The induction of a site-specific DSB at this site  

significantly increases the efficiency of this process (Kim and Chandrasegaran, 

1994; Rouet et al., 1994a).  

There are currently two major approaches for the induction of site-specific 

DSBs. The first, and more broadly studied to date, is the zinc-finger nuclease  

(ZFN) class of proteins. These proteins are non-natural, chimeric fusions of a 

zinc-finger DNA binding domain and a non-specific nuclease domain from the 

FokI endonuclease (Kim et al., 1996). Zinc-finger DNA binding domains consist 

of multiple fingers, each of which binds 3 nucleotides. The DNA binding 

specificity stems from the nucleotide recognition sequence from the combination 

of fingers, and also from the fact that the nuclease domain must dimerize to 

create a DSB. Thus, a pair of 3-finger ZFNs would have a 9 base-pair recognition 
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site on each side, for a total of an 18 base-pair recognition sequence, which is 

theoretically unique in the human genome. The second, and more recently 

discovered class of proteins are the TAL effector nucleases (TALENs). TALENs 

are also chimeric nucleases that possess the FokI nuclease domain, but the DNA 

binding domain is derived from the Transcription activator-like (TAL) effectors, 

which are virulence factors in the phytopathogenic bacteria Xanthomonas. TAL 

effectors bind DNA through a series of 34 amino acid repeats that differ by only 

two residues. These two residues are responsible for nucleotide binding 

specificity, and proteins with 11 to 17 repeats can be designed modularly to 

specifically bind a DNA sequence of interest (Boch et al., 2009; Moscou and 

Bogdanove, 2009). Both ZFNs and TALENs can efficiently bind and cleave DNA 

to create site-specific double strand breaks. 

To circumvent the problems of insertional oncogenesis associated with 

earlier forms of gene therapy, both ZFNs and TALENs have been used for a 

newer strategy termed “safe harbor” gene addition. Heretofore, “safe harbors” 

have been defined as loci that can be disrupted without physiologic consequence 

and which carry no oncogenic potential when disrupted. A few robust examples 

include the human AAVS1 locus, for which ZFNs have been designed for safe 

harbor gene addition (DeKelver et al., 2010; Hockemeyer et al., 2009), or the 

mouse ROSA26 locus which is frequently used for mouse knock-in technology 

(Zambrowicz et al., 1997). However, this paradigm could be improved by a few 

modifications. First, little evidence has been provided that insertion of transgenes 

at these loci are truly “safe” in human patients, and this idea should be 
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approached with caution. For example, AAVS1 is located within the PPP1R12C 

gene on human chromosome 19. PPP1R12C encodes for a phosphatase 

downstream of the AMPKinase pathway involved with proper completion of 

mitosis (Banko et al., 2011). A better alternative to disrupting a locus such as this 

might be to develop a strategy where locus disruption is  not a side-effect of  

gene addition. Secondly, some safe harbors may not provide a) accessible target 

sites in certain cell types because of chromatin status or b) sufficient protein 

expression in certain cell types for the same reason, which may limit therapeutic 

efficacy (van Rensburg et al., 2012). Thus, it might be better to develop a 

strategy where any locus, and at any site within the locus, can be used as a safe 

site for integration. This provides inherent flexibility in selecting and targeting the 

most robustly expressed locus for each cell type. Lastly, in the laboratory setting, 

a specific reporter for gene addition events is currently missing in the literature. 

Gene addition strategies described to date typically use donor vectors where the 

transgene has independent expression capabilities. Thus, any integration event 

(site-specific or random) expresses the transgene, and this is not initially 

distinguishable without later confirming by Southern blot or PCR based 

strategies, typically of clonal populations.  

To address these issues, we sought to develop a new paradigm for safe-

harbor gene addition. Here, we describe a proof of principle strategy where safe-

harbor gene disruption is not a consequence of transgene addition, and so 

virtually any locus in the genome could be used as a safe harbor. In 

demonstrating this proof of principle, we have also simultaneously developed a 
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mouse reporter which allows for a gene addition-specific fluorescent read out. 

With these capabilities, we can rapidly quantitate gene addition frequencies in 

primary cells derived from a mouse without the need for single cell clone analysis 

or other Southern blot and PCR based techniques. Thus, the impact of the 

targeting system described here is two-fold. First, gene addition in a murine safe 

harbor locus can now be studied with virtually any gene of interest in any primary 

cell type with an easily assayable and quantifiable GFP reporter. Importantly, the 

restoration of GFP is specific for targeting events only and so bulk populations 

can be accurately studied, as opposed to single cell clonal analysis. This is not 

the case with any other reporter for gene addition described to date.  Secondly, 

the system described here provides proof of principle for an evolution in safe 

harbor gene addition technology where the disruption of the target locus gene 

product is no longer required. 

We demonstrate that primary fibroblasts derived from a GFP mouse 

model of a “safe harbor” locus can undergo gene addition of several different 

transgenes while maintaining expression of the safe harbor gene product (GFP). 

This is accomplished by including 5’ to the transgene, a non-homologous 

sequence of DNA which codes for the completion of the C-terminus of GFP 

within the safe harbor reporter. The transgenes targeted include the Ubc 

promoter driving human growth hormone (hGH) cDNA, an array of multiple hGH 

genes linked by 2A peptides, human platelet derived growth factor (PDGF-B), or 

NGFR, a surface selectable marker that was targeted in-frame with GFP by a 

2A peptide without the use of an exogenous promoter. After quantitation of 
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targeting by flow cytometry for GFP, we confirmed hGH and PDGF-BB 

expression by ELISA, and demonstrated that targeted cells could be re-

introduced into either a sibling recipient mouse or an unrelated mouse strain 

under immunosuppressive conditions. We are currently investigating the 

therapeutic utility of transplanting PDGF-B targeted fibroblasts in a mouse wound 

healing model. 

Results 

Targeting Growth Hormone cDNA to a Safe Harbor Without Disruption 

 A disadvantage to current safe harbor gene addition strategies is that a 

safe harbor must be identified where targeted insertion and disruption of the 

locus results in no physiologic detriment. We sought to design a gene addition 

strategy which preserved the gene product of the safe harbor. For this purpose, 

we utilized a knock-in mouse model which we have previously described 

(Connelly et al., 2010), to serve as a reporter for gene addition events. Briefly, a 

mutated, non-fluorescent GFP gene was inserted in the mouse ROSA26 locus. 

We chose this model because restoration of the endogenous gene product 

(GFP) provides a reporter which is entirely specific for a gene addition event, an 

advantage which hasn’t been described in the literature to date. Other safe 

harbor gene addition models transfect site-specific nucleases along with a donor 

plasmid containing a full-length transgene, typically with independent expression 

capabilities. When transfected, targeting can occur or random integration can 

occur. The efficiency of targeting determines the ratio of targeting to random 

integration. Because of the independent expression capabilities of most 
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reporters, random integration cannot be conveniently (by flow cytometry for 

example) distinguished from targeting events, and Southern blot or other 

methods are required to confirm targeting. In our model, only gene addition 

restores the expression of our reporter, and so is a more convenient system to 

study gene targeting events.   

We designed a donor plasmid which contained a 5’ region of homology to 

the target locus, followed by a non-homologous sequence capable of completing 

the C terminus of GFP, followed by a transgene, and lastly a 3’ region of 

homology to the target locus (Figure 3.1A). Critically, the non-homologous 

sequence capable of completing the C terminus of GFP was modified from the 

wild-type GFP sequence because this prevents recognition as the 3’ homology 

arm, which would exclude insertion of the transgene (Figure 3.1B). We 

generated two constructs, one with approximately every 3rd nucleotide modified 

(64.5% identity) and one with approximately every 6th nucleotide modified (83.5% 

identity). We found that both were sufficiently modified to not be recognized as 

homology (data not shown) and both were capable of restoring GFP expression. 

In 293T cells, the resultant GFP from both constructs was expressed well enough 

to be assayed by flow cytometry, however, in primary fibroblasts derived from our 

mouse model, the 64.5% construct was too dim to reliably distinguish GFP 

positive cells, possibly due to codon bias and poor protein expression (data not 

shown). As a result, we proceeded with constructs containing 83.5% GFP identity 

for the remaining experiments (Figure 3.1B). We observed that a construct 

consisting of two homology arms and our GFP 83.5% construct followed by the 
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Ubc promoter driving expression of human growth hormone (hGH) cDNA could 

be targeted in primary fibroblasts derived from our mouse model at a frequency 

of 0.27% (Figure 3.1C left and middle panel). These cells were sorted by FACS 

for GFP positive cells (Figure 3.1C right panel), and subjected to both Southern 

blot and PCR analysis to confirm targeting (Figure 3.1D and 3.1E). Expression of 

hGH was confirmed by ELISA to be 15.2 ng per million GFP positive cells per 24 

hours (Figure 3.1F). This data confirmed that we could generate a donor 

construct for gene addition which, through modification of the nucleotide 

sequence to prevent recognition as homology, could maintain (or in this case, 

restore) safe harbor gene expression after a gene addition event. Further, we 

established an easily assayable reporter specific for gene addition through GFP 

restoration which allows for rapid quantitation of gene addition frequencies. 

Transplantation of Targeted, Growth Hormone Expressing Fibroblasts 

Re-introduction of gene modified cells into a patient is a paramount goal 

for gene therapy by targeted gene addition. Thus, we asked whether the growth 

hormone secreting fibroblasts we generated in Figure 3.1 could be implanted into 

a recipient mouse. We injected fibroblasts subcutaneously in a Matrigel matrix 

and then harvested the Matrigel 10 or 30 days after transplantation. We observed 

that in a sibling mouse, 64% of the cells recovered at 10 days after 

transplantation were GFP positive, normalized to the pre-transplant population. 

However, after 30 days, only 5% remained. We hypothesized this decrease may 

be immune mediated, either because of the human growth hormone peptide, or 

because our knock-in mouse reporter strain is not an isogenic strain. To test this 
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theory, we also transplanted fibroblasts into an unrelated strain in the presence 

or absence of anti-mouse thymocyte serum (ATS) (injected intraperitoneally for 4 

days prior to transplantation). As expected, we observed that in the absence of 

ATS 9.8% of transplanted cells remained after 10 days, and after 30 days, only 

0.04%. However, after one treatment with ATS, 82% of cells remained after 10 

days and 53% after 30 days (Figure 3.2). Thus, we were able to demonstrate 

successful re-introduction of gene modified cells that persisted in a recipient for 

at least 30 days. 

Targeting Multiple cDNA Copies Increases Transgene Expression 

Transgenes which are inserted by random integration sometimes have the 

advantage of high expression levels because the integration event can occur in 

an array of multiple copies. We asked whether targeting multiple copies of a 

transgene could result in a similar phenomenon. To generate a multicistronic 

vector, we turned to the T2A peptide derived from the insect Thosea asigna 

virus. The T2A peptide mediates a ribosomal skipping mechanism which results 

in linkage and expression of multiple open reading frames (Szymczak et al., 

2004). We generated four constructs, each with increasing numbers of the 

human growth hormone cDNA termed hGH1x, hGH2x, hGH3x, hGH4x (Figure 

3.3A). We found that we could successfully achieve gene addition of all four 

constructs at a frequency of 0.07%, 0.04%, 0.05%, 0.02% respectively (Figure 

3.3B). Next, we sorted for GFP positive fibroblasts and analyzed hGH expression 

by ELISA. We found that constructs with more copies of hGH linked with the T2A 

expressed the trangene at higher levels, at 11 ng,  12 ng, 19 ng, and 16 ng per 



 87

million GFP positive cells per 24 hours, respectively (Figure 3.3C). Thus, 

targeting an array of transgenes linked with a 2A peptide can result in higher 

levels of transgene expression, however the gene addition frequency of the 

larger constructs was decreased. 

TAL Effector Nucleases Outperform Zinc Finger Nucleases 

The data described in Figure 3.1, 3.2 and 3.3 were achieved with zinc 

finger nuclease mediated gene addition. We wanted to ask if designing TAL 

effector nucleases to our locus could improve our targeting strategy. Using the 

donor construct described in Figure 3.1A, we determined that the targeting 

frequency for TALENs was fives times higher than for ZFNs (Figure 3.4A). We 

observed that this increase in targeting was maintained even through a titration 

of the ZFN pairs (Figure 3.4B) or TALEN pairs (Figure 3.4C). In fact, TALENs 

were able to stimulate substantial targeting at very low quantities (0.1 ug), data 

not previously observed with ZFNs. Next, we evaluated the toxicity profile for the 

ZFN and TALEN pairs. A tdTomato fluorescent plasmid with or without nucleases 

was transfected and tdTomato expression was analyzed by flow cytometry at day 

2 or day 6 post transfection. Cell survival was calculated as a ratio of day 6:day 2 

fluorescence normalized to samples transfected without nuclease. It was 

observed that cells transfected with the Ubc promoter driving one pair of ZFNs 

retained 96% cell survival, the CMV promoter driving a second pair of ZFNs had 

83% cell survival, while the TALEN pair had 100% cell survival (Figure 3.4D). 

Thus, the TALEN pair demonstrated marked superiority compared to both pairs 
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of ZFNs in terms of both increased gene addition frequency, even at very low 

transfection quantities, and decreased associated cellular toxicity.  

Next, we asked if a transgene could be inserted in-frame with the target 

locus, so that the use of an exogenous promoter would not be required. A donor 

construct was designed with a T2A peptide which would read in-frame with the 

restored GFP segment, followed by the NGFR surface selectable marker 

(Figure 3.4E). It was demonstrated that TALENs could induce high levels of 

targeting with this donor at 1.9% percent compared with 0.07% for ZFNs and that 

the targeted fibroblasts could be rapidly and easily selected for with magnetic 

bead separation for NGFR (Figure 3.4F). 

Targeting Platelet Derived Growth Factor B in Fibroblasts 

 Fibroblasts play a critical role in the wound healing process by 

participating in granulation tissue formation and secreting extracellular matrix 

proteins. Platelet derived growth factor B (PDGF-B) is a key mediator in this 

process. After demonstrating site-specifc gene addition of secreted factors in 

transplantable fibroblasts, we hypothesized that by targeting PDGF-B in 

fibroblasts, it would be possible to augment the wound healing process. A donor 

plasmid was designed containing previously described targeting components and 

the CMV promoter driving expression of human PDGF-B truncated after the 211th 

amino acid (Figure 3.5A). The portion that is truncated encodes for a cell 

association domain, and so PDGF-B*211 is more actively secreted than full 

length PDGF-B (Eming et al., 1999; Ostman et al., 1991). Targeting of PDGF-B 

in mouse fibroblasts was confirmed at a frequency of 1.42% (Figure 3.5B). GFP 
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positive cells were sorted by FACs and PDGF-BB expression was quantitated by 

ELISA to be 25.8 ng per million GFP positive cells per 24 hours (Figure 3.5C). 

We are currently investigating the therapeutic utility of transplantation of these 

cells in a mouse wound healing model. 
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Discussion 

 In Chapter II, we described the paradigm of ex vivo ZFN mediated site-

specific gene targeting in mouse adult primary fibroblasts. In Chapter III, we have 

expanded on this paradigm to demonstrate that fibroblasts can undergo site 

specific gene addition events to secrete proteins. In the literature, gene addition 

in fibroblasts has been used for three categories of therapy. First, fibroblasts 

have been modified in diseases where the fibroblast is directly related to the 

pathology, such as epidermolysis bullosa (Titeux et al., 2010). Secondly, 

fibroblasts have been modified to serve as vehicles for systemic protein delivery 

by secreting ectopic proteins such as Factor VIII and IX for the treatment of 

Hemophilia A and B (Palmer et al., 1989; Qiu et al., 1996; Roth et al., 2001). 

Lastly, fibroblasts have been modified to secrete ectopic proteins, such as 

cytokines, to serve as enhancers of a local biologic process. This has been 

employed in models of wound healing, in models of tissue ischemia, and even in 

models of peripheral neuroregeneration through secretion of neurotrophic factors 

after injury (Breitbart et al., 2001; Mason et al., 2011; Zhang et al., 2011). Though 

many variations of fibroblast modification exist, none carry the precision of 

controlled gene addition through nuclease mediated site-specific integration. 

Gene addition by conventional strategies can be therapeutically beneficial, 

but is not ideal for two reasons. First, it is now known that when viral vectors are 

used to deliver DNA in gene therapy models, infected cells are frequently 

eliminated by the immune system because of recognition of viral components 

(Manno et al., 2006; Raper et al., 2003). Secondly, because of the inherent lack 
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of precision with insertion of a transgene by random integration, gene addition by 

this strategy can have unpredictable outcomes. For example, in gene therapy 

clinical trials for severe combined immunodeficiency (SCID), some patients 

developed leukemia because of insertional activation of a nearby oncogene 

(Hacein-Bey-Abina et al., 2008). In the present study, we sought to combine the 

idea of using fibroblasts as a therapeutic protein delivery system with the 

technology for controlled, site-specific gene addition.   

To overcome some of the obstacles associated with current safe harbor 

gene addition strategies, we sought to develop a strategy where locus disruption 

is not a consequence of gene addition. We accomplished this by designing a 

strategy for targeting a non-homologous sequence of DNA which encodes for 

and completes the C terminal amino acid sequence of the target locus. Altering 

the nucleotide sequence so that it is not identified as homology is critical because 

this prevents the homolgous recombination event from excluding the transgene. 

We demonstrated that altering 16.5% of the nucleotides, or roughly every 6th 

nucleotide at the wobble position was sufficient to prevent recognition as 

homology, yet was capable of substantiating expression from the safe harbor. 

This strategy provides an improvement to current safe harbor targeting strategies 

because we are no longer limited to loci which can be disrupted without 

physiologic consequence. In the past, these limitations may have led to selection 

of safe harbor which do not have the optimal capabilities for targeting or for 

therapeutic levels of expression. For this reason, we have demonstrated that we 

can target a locus (with the NGFR transgene), in-frame with the endogenous 
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gene product and this allows for expression from the endogenous promoter 

without disrupting the endogenous locus. In some instances, such as within the 

hematopoietic system, harnessing the robust, tissue-specific expression of 

endogenous loci through targeted gene addition without safe harbor gene 

disruption may prove to be a powerful gene therapy strategy. 

 In conventional transgenesis by random integration, transgenes often 

integrate in multicopy tandem arrays. This can have consequences ranging from 

higher levels of transgene expression to silencing of the transgene because of  

cellular recognition of the array (Henikoff, 1998; Mutskov and Felsenfeld, 2004; 

Rosser and An, 2010). We hypothesized that targeting multiple copies of a cDNA 

in our safe harbor locus might result in higher levels of transgene expression, but 

at a certain copy number threshold, expression might decrease, possibly 

because of silencing or locus instability. We targeted the human growth hormone 

cDNA at either 1, 2, 3, or 4 copies and observed hGH expression. We observed 

that up to 3 copies provided increased expression. Interestingly, 4 copies had a 

lower level of expression than 3 which might suggest that targeted arrays can be 

silenced as well.  

 Most gene targeting literature to date is zinc finger nuclease (ZFN) based. 

However, the newly discovered TAL effector nucleases (TALENs) have shown 

promise as a next generation genome engineering tool. A major reason TALENs 

might be preferable to ZFNs is that they can be rapidly assembled to target 

virtually any locus with a modular assembly approach. ZFNs have been best 

assembled with careful selection strategies which are laborious and highly 
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technical. We sought to directly compare ZFNs and TALENs that target the GFP 

gene in our safe harbor locus. Our results were striking in the preference of 

TALENs over ZFNs in terms of targeting efficiency and also cellular toxicity. Our 

results, combined with the rapid, modular assembly design strategy for TALENs 

advocates for the continued study of TALENs as next generation site-specific 

nucleases. 

 In summary, we have developed a mouse model for site-specific gene 

addition events. This model simultaneously demonstrates that locus disruption is 

not a requirement for safe harbor gene addition while providing a gene-addition 

specific reporter that allows for rapid quantitation of gene addition frequencies. 

This work provides proof of principle that ectopic proteins can be secreted from 

fibroblasts and this provides a foundation for further studies. Our current work is 

focused on the development of gene modified fibroblasts as local delivery 

vehicles for cytokines such as PDGF-B for the augmentation of biologic 

processes, especially pertaining to wound healing pathology.  

Materials and Methods 

Generation of Gene Addition Constructs 

 The gene addition vector in Figure 3.1 was constructed by synthesizing 

the GFP nucleotides 38-720 (Genscript). Nucleotides 38-303 consist of the 

published nucleotides, while 304-720 are modified as described in Figure 3.1B. 

We then subcloned this construct into a pUB6 expression vector (Life 

Technologies, Grand Island, NY). Using the same plasmid from which the knock-

in mouse was derived (Connelly et al., 2010), the 3’ homology region was PCR 
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amplified with  5’AAGGACGACGGCAACTAC3’ and 

5’GACGTGCGCTTTTGAAGCGT3’ and also subcloned in the pUB6 expression 

vector. Next, the hGH gene was PCR amplified (SC300088 Origene, Rockville, 

MD), and subcloned this into the vector along with a PolyA region. For the 

multicopy hGH constructs, two PCRs were performed for cloning- the first 

eliminated the stop codon within hGH and the second fused a Furin-SGSG-T2A 

sequence (5’ CGCAAGCGCCGCAGCGGCAGCGGCG 

AGGGCCGCGGCAGCCTGCTGACCTGCGGCGACGTGGAGGAGAACCCCGG

CCCC3’) in front of hGH so that when cloned together, the two constructs would 

be in the same ORF. Serial cloning of these two constructs allowed for 

generation of multicopy donor vectors. For the NGFR vector, the synthesized 

construct of GFP 38-720 described above was PCR amplified to eliminate the 

stop codon and the Furin-SGSG-T2A was fused by PCR to the NGFR 

construct. Subcloning of these two in-frame resulted in the donor plasmid 

described in Figure 3.4. Lastly, the CMV-PDGF-B*211 donor was derived by 

cloning the GFP 38-720 construct and the 3’ homology arm into a CMV 

expression vector. PDGF-B*211 was generated by PCR to truncate full-length 

PDGF-B (SC111665 Origene, Rockville, MD) after the 211th amino acid and then 

subcloned into the vector. All restriction enzymes were ordered from New 

England Biolabs Inc.  

Generation of ZFNs and TALENs  

 The ZFNs described are the same two pairs previously published 

(Connelly et al., 2010). The TALENs were designed to recognize 
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TGCCCGAAGGCTACGT on the sense strand and TTGCCGTCGTCCTTGAAG 

on the anti-sense strand. The spacer between the TALENs is 18 basepairs. 

Within the TALEN repeats, NN recognizes G, HD recognizes C, NI recognizes A 

and NG recognizes T. These were cloned into a CMV expression vector along 

with the wild-type, codon optimized FokI nuclease domain and contain a 3x 

FLAG tag. 

Primary Fibroblasts Culture, Transfection, and Gene Addition Analysis 

 Primary fibroblasts were isolated from the ears of 3-6 month old mice by 1 

hour of digest in collagenase/dispase (4mg/ml) (Roche) and then 1 ml MAF 

media was then added and cells incubated overnight at 37 degrees.  The next 

morning, cells were triturated, filtered with a 70uM cell strainer (BD Biosciences, 

San Jose, CA) and then cultured in DMEM, 16% FBS, Pen/Strep, L-Glut, 

Fungizone and 1X non-essential amino acids. Critically, all cultures were 

maintained in low oxygen conditions (5%) which drastically improves the survival 

of the cells and minimizes early senescence. 1x106 cells per sample were 

nucleofected per sample using the Basic Fibroblast kit (Lonza, Switzerland, Cat. 

VPI-1002) with program U-23 and analyzed for GFP fluorescence by flow 

cytometry. Gene addition was confirmed by DIG-Southern (Roche) using an 

EcoRV digest and a probe designed against the PGK-Neo region at the 3’ end of 

our knock-in locus (described in(Connelly et al., 2010)). PCR for gene addition 

was performed using the following 3 primers: 

F:   5’ATGGTGAGCAAGGGCGAGGA3’ 

R1: 5’TTACTTGTACAGCTCGTCCATGCCG3’ 
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R2: 5’TTATTTGTAGAGCTCATCCATTCCGAGGG3’ 

Growth hormone expression was quantitated by ELISA (ELH-GH-001 

RayBiotech, Norcross, GA) by culturing 2 x 104 fibroblasts in 1 ml of media for 24 

hours. PDGF-B expression was detected by the same strategy using an ELISA 

for the PDGF-BB homodimer (DBB00 R&D systems). NGFR selection was 

performed by staining with magnetic bead conjugated antibodies (130-092-283 

MACS Kit, Miltenyi Biotec). Cells were resuspended in 2.5ml MACs buffer, then 

incubated in an Easy Sep (18000 Stemcell Technologies) magnet for 10 minutes 

in a 5 ml tube. Liquid was briskly poured out of the tube, and then the 

resuspension and magnetic incubation was repeated. After 3-4 days selection 

was repeated. 

Transplantation of Primary Fibroblasts 

For transplantation experiments, fibroblasts underwent gene addition by 

nucleofection as described above. Cells were analyzed by flow cytometry prior to 

transplantation and were then injected subcutaneously in a Matrigel (BD 

Biosciences, San Jose, CA) matrix on the dorsum of either a sibling mouse or an 

anti-thymocyte serum (Fitzgerald industries) treated unrelated mouse. Mice who 

received ATS treatment were given 120 mg/kg intraperitoneally over the course 

of 4 days prior to transplantation for a total of 480 mg/kg. Successful lymphocyte 

knock down was confirmed with CBC analysis using a HemaVet system (Drew 

Scientific Waterbury, CT). Of note, we found that in our mice the dose needed for 

this lot of serum was higher than required by previous studies, suggesting that 

individual lots should be tested  on a per strain basis for efficacy. After 10 or 30 
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days post-transplantation, the Matrigel plug was excised and then processed in 

the same manner as the initial fibroblast derivation above. Post-transplant 

fluorescence was quantitated by flow cytometry, and the percent survival was 

calculated as percent post-transplant GFP positive normalized to pre-transplant 

GFP positive. 
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Chapter IV- CONCLUSIONS AND FUTURE DIRECTIONS 

Targeted genome engineering of patient derived cells holds promise for 

the treatment of diseases by providing more effective, more safe and more 

specific therapies than those which are currently available. However, at present, 

there are many rate-limiting steps involved in the clinical transition of genome 

engineering. First, with the partial exception of CD34+ human hematopoietic 

stem cells, isolation, culture and successful delivery of DNA to different cell types 

is still not routine, facile and standardized. Secondly, study of the interaction of 

targeting components (including nucleases and donor constructs) in primary cells 

and within a host is only beginning in its infancy. Many studies need to be 

conducted to determine the most efficacious means for targeting in primary cell 

types. This includes evaluating the most efficacious, and least toxic means for 

creating site-specific double strand breaks, as well as evaluating the most 

effective donor plasmids for targeting efficiency, transgene expression and 

selectability. Lastly, very little has been accomplished in evaluating the safety 

and efficacy of transplantation of gene modified cells in vivo, and this will be a 

critical component to translation of genome engineering into a therapeutic reality. 

In theory, animal modeling should provide extensive means to study the 

aforementioned issues, and this is why we have developed the mouse model for 

genome engineering described in Chapters II and III.  

Gene Correction in a Mouse Model of a Generic Recessive Genetic Disease 
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The ability to precisely correct endogenous genes holds tremendous 

potential for the clinical treatment of genetic disease. To aid in the advancement 

of this technology, we have generated a mouse model of a generic recessive 

genetic disease where correction of mutated GFP gene serves as a reporter that 

mimics correction of an endogenous locus. First, we demonstrated zinc finger 

nuclease mediated gene correction in the embryonic stem cells used to derive 

the mouse model and that these cells could maintain pluripotency after gene 

correction. Next, we isolated a variety of cells from the mouse including murine 

embryonic fibroblasts, primary astrocytes and primary adult fibroblasts and were 

able to demonstrate gene correction of the GFP gene in all cell types. Critically, 

the ability to achieve maximal gene correction was dependent upon optimizing 

the ratio of zinc finger nuclease to donor plasmid which fell into the range of  1:5 

to 1:10. Lastly, we demonstrated that ex vivo gene corrected fibroblasts could be 

transplanted back into a mouse where they retained the corrected phenotype.  

We initially published that gene corrected cells could be maintained in a mouse 

for 2 weeks. In later, unpublished work, we demonstrated retention for 4 months. 

In summary, potentially therapeutically relevant rates of zinc finger nuclease 

mediated gene targeting can be achieved in a variety of primary cells, and this 

work continues to support the possibility of using zinc finger nuclease technology 

for therapeutic purposes. 

The are two subsequent areas for study in the immediate future 

concerning this mouse model. The first is that the mouse should next be used to 

study gene correction events in perhaps more clinically relevant cell types, 
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especially stem cell populations including hematopoietic stem cells, 

mesenchymal stem cells, and muscle progenitor cells. A major aspect of this 

work is discovering the most optimal delivery conditions for targeting components 

into these cell types and this work is currently on going in the Porteus lab. The 

second area of study involves further investigating the use of fibroblasts as a 

clinically relevant cell type, and some of the work described in Chapter III seeks 

to address this issue. 

Gene Addition in Primary Fibroblasts Without Safe Harbor Gene Disruption 

Chapter III provides data in support of two key improvements in the field of 

targeted gene addition. The first is that we have developed a mouse model with a 

reporter that is entirely specific for gene addition events. This has not been 

described in the literature to date yet is a powerful tool for rapidly quantitating 

precise gene addition frequencies. The second is that we have demonstrated a 

strategy where site-specific gene addition can be achieved in a safe harbor locus 

without disrupting the gene product of the safe harbor. Heretofore, safe harbors 

have been limited to loci which could be disrupted without physiologic 

consequence. With this new strategy, virtually any locus in the genome could be 

used as an integration site for a transgene in a disease-specific and cell type-

specific manner. Here, we have demonstrated with these two concepts the site-

specific integration of several different transgenes including the Ubc promoter 

driving human growth hormone (hGH) cDNA, an array of multiple hGH genes 

linked by 2A peptides, human platelet derived growth factor (PDGF-B) or 

NGFR, a surface selectable marker that was targeted in-frame with GFP by a 
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2A peptide without the use of an exogenous promoter, at frequencies ranging up 

to nearly 2% depending on the donor construct. We demonstrated that these 

gene modified fibroblasts could be enriched and then transplanted into either a 

sibling recipient or an unrelated strain of mouse under immunomodulatory 

conditions and that the fibroblasts persisted for at least 30 days. We also directly 

compared the ability of two classes of site-specific nucleases to stimulate gene 

addition at this locus. We found that the TALENs dramatically outperformed the 

ZFNs in terms of targeting efficiency and also associated cellular toxicity.  

The value of the gene addition specific reporter is best demonstrated by 

the fact that it was developed out of necessity. Most safe-harbor gene addition 

events quantitated by reporters employ the use of a reporter with independent 

expression capabilities. Thus, the read-out for the reporter encompasses both 

site-specific integration events as well as random integration events. Depending 

on the ratio of these two, the ability to detect, quantitate, and select for low level 

targeting events can be difficult. In fact, the work described in Chapter III initially 

began by this same strategy. The experimental design for this project began with 

insertion of a transgene followed by a T2A peptide and a fluorescent reporter 

gene. We found that after selecting for the fluorescent reporter that we could not 

reproducibly demonstrate targeting in the bulk population by Southern blot 

analysis. Because we were able to achieve gene correction frequencies of nearly 

2% as described in Chapter II, we made the assumption that frequencies would 

be similar for our gene addition experiments. As we later discovered after the 

development of the gene-addition specific reporter, this was not the case for 
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some of the larger donor plasmids. Gene addition frequency was a log lower than 

observed for gene correction. From this data, we concluded that when enriching 

for our fluorescent reporter, we were in fact enriching predominantly for random 

integration events and not targeting events. Thus, the development of the gene 

addition-specific reporter was absolutely essential to the progression of further 

work in this model, and truly highlights the value of being able to precisely 

quantitate low level gene addition events for optimization. An important lesson 

learned. 

The initial hypothesis for this work was that we may be able to deliver 

therapeutic proteins systemically by using transplantation of gene modified 

fibroblasts as vehicles. Though we were able to demonstrate successful 

targeting, enrichment and transgene expression in these cell types, we were not 

able to demonstrate systemically detectable protein after transplantation into 

mice. We hypothesized that for these types of transgenes, fibroblasts may not be 

capable of sufficient expression or have sufficient access to the systemic 

vasculature to be able to affect a systemic change. Instead, we have turned to a 

more physiologically relevant model for clinical application of gene modified 

fibroblasts by applying fibroblasts in a setting for local protein delivery instead of 

systemic protein delivery. Fibroblasts are potent mediators in the wound healing 

process, and so we have created fibroblasts that also secrete a potent cytokine, 

PDGF-B, involved in would healing. We have demonstrated successful targeting 

and transgene expression of the PDGF-B gene and are currently investigating its 

ability to affect surrounding cells, in both an in vitro setting and also in an in vivo 



 108

setting by transplantation of fibroblasts into a mouse model for wound healing. 

The potential applications for gene modified fibroblasts in a local delivery setting 

are numerous and include not only different applications of the technology (such 

as wound healing, nerve regeneration, prevention of tissue ischemia, and tendon 

repair) but also the ability to modularly change the proteins to be delivered (in 

addition to PDGF-B, other stimulatory neoangiogenic, neurotrophic cytokines 

could be employed.) 

In conclusion, the work described in this thesis seeks to thoroughly 

investigate the potential application for a mouse model for genome engineering. 

What began as a mouse model for gene correction could later be described as a 

specific mouse model for gene addition as well. Because gene correction and 

gene addition are the two most predominate strategies employed in the field of 

genome engineering, investigation of this model provides valuable insight into 

these techniques. I would like to thank Dr. Porteus and Dr. Huang for guiding me  

in the pursuit of this effort. I am grateful for the invaluable lessons I have learned, 

which I certainly will apply on a daily basis during the remainder of my scientific 

career.  
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