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  Targeted genome engineering is a powerful method to create specific 

modifications at chromosomal loci. This technique makes it feasible to precisely 

alter DNA sequences by introducing a specific DNA double-strand break, which 

is repaired by the natural cellular machinery. These double strand breaks are 

induced by engineered chimeric nucleases – either zinc finger nucleases (ZFNs) 
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or Tal effector nucleases (TALENs) – and depending on the experimental design, 

can result in gene disruption, gene correction or targeted transgene integration. In 

this thesis, I present two applications of this approach in the context of two 

prevalent human diseases, HIV infection and sickle cell disease. 

 HIV infects CD4+ T-cells by binding to the CD4 receptor and either the 

CCR5 or CXCR4 co-receptor on the surface of those cells. Previously, ZFNs were 

described that create gene specific knockouts of CCR5, protecting cells against 

CCR5-tropic (R5) HIV, but not against CXCR4-tropic (X4) HIV. I hypothesized 

that combining ZFN-mediated CCR5 disruption with targeted integration of a 

cassette of anti-HIV genes would confer higher levels of resistance against R5-

tropic virus and also be protective against X4-tropic virus. In a T-cell reporter 

line, I showed that CCR5 disruption alone conferred 16-fold protection against 

R5-tropic virus but had no effect against X4-tropic HIV. In contrast, CCR5 

disruption, combined with targeted gene integration into that locus, of the anti-

HIV restriction factors human-rhesus hybrid TRIM5α, APOBEC3G D128K and 

Rev M10 was completely protective against both viral tropisms. 

 Sickle cell disease is caused by a point mutation in the β-globin gene, and 

I sought to correct this mutation by synthesizing TALENs specific for that site. 

The β-globin TALENs stimulated integration of therapeutic β-globin cDNA in 

approximately 20% of cells prior to selection. Using FDA-approved drugs to 

select for modified cells, I showed virtually complete enrichment of targeted cells. 
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Furthermore, I used the β-globin TALENs to target GFP to the β-globin start 

codon and designed TALENs to target tdTomato to the start codon of the γ-globin 

gene, upregulation of which is a goal of sickle cell disease pharmacotherapy. In 

this way, I developed an endogenous dual promoter reporter system and screened 

for drugs that preferentially upregulated γ-globin.  
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CHAPTER I: INTRODUCTION AND REVIEW 

 OF THE LITERATURE 

 

The role of targeted genome engineering in the  

treatment of human disease 

The ultimate goal of biomedical research is to elucidate the mechanisms of 

disease pathogenesis and develop therapies to ameliorate symptoms and provide 

cures. Often when successful, decades of basic science and translational research 

culminates in the synthesis of a small molecule with pharmaceutical efficacy that 

alters disease progression. Sometimes, as in the case of antibiotics for infections, 

an acute drug regimen can eliminate the underlying cause of the infirmity. In 

other cases, for example statins in cholesterol regulation, chronic drug therapy 

provides ongoing benefit as long as the patient continues to take his medicine. 

Because high cholesterol is most commonly a manifestation of the complex 

interplay between many environmental and genetic factors, it can be controlled 

using medicine, but the underlying pathologies are so varied and interdependent 

that a permanent “cure” is not feasible. Another set of illnesses, the monogenic 

diseases arise from a known deficiency in a single gene, and small molecule based 

therapy provides treatment for the consequences of the underlying genetic defect 

but does not directly address the root cause.  In the last several decades, however, 
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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 provides life-altering 

treatment for patients for whom it is available, but does not cure the disease as the 

underlying genetic defect remains and is limited in both cost and effectiveness. 

The high cost of protein therapy (hundreds of thousands of dollars per year per 

patient) 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. 

Bone marrow transplantation in which the patient’s bone marrow is 

replaced with the bone marrow from a person who does not have the disease is a 

highly effective therapy for patients with genetic diseases of the blood such as 

sickle cell disease, thalassemia and sever combined immunodeficiency (SCID) 

and is even effective in non-blood genetic diseases such as adrenoleukodystrophy 

and Hurler’s syndrome.  Bone marrow transplantation replaces the hematopoietic 
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system containing the disease-causing mutation with a hematopoietic system free 

of the genetic defect.  Bone marrow transplantation remains the only broadly used 

stem cell therapy to treat patients. However, the limitations of stem cell therapy 

by 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 

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.   

Gene therapy is an alternative to protein replacement therapy or allogenic 

stem cell therapy in which the genomes of a patient’s own cells are modified to 

correct the underlying pathologic mutation, and those gene-modified cells are 

used as treatment for the disease.  The modification of the patient’s cells can be 

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

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, this strategy is directed at the root cause 

of the disease, meaning that a total cure could be achieved with a single 

intervention.  Unlike allogeneic bone marrow transplantation, this approach uses 
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the patient’s own cells and so the problems of finding matched donors and graft 

versus host disease are avoided.  

There have been several gene therapy clinical trials for genetic diseases of 

the blood including for SCID-X1, ADA-SCID, Wiskot-Aldrich syndrome, 

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

al., 2009; Bank et al., 2005; Boztug et al., 2010; Cavazzana-Calvo et al., 2000; 

Cavazzana-Calvo et al., 2005; Gaspar et al., 2006; Kang et al., 2009; Malech et 

al., 1997). In each of these trials, the patient’s bone marrow cells were 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 into the genome in an uncontrolled 

fashion.  A detrimental consequence of this uncontrolled integration is that it can 

activate a latent oncogene, as was the case in a number of gene therapy patients, 

causing frank leukemia, myelodysplasia, or a clonal proliferation (Hacein-Bey-

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

there are vector and disease specific differences, the overall frequency of this 

event seems to be greater than 10% which may make this approach unsustainable 

for the treatment of genetic diseases of the blood. 

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

controlled insertion of a transgene, allows for the benefits of transgene technology 
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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 to achieve permanent gene knockouts in human cells. Precise gene 

knockout has therapeutic implications in preventing HIV infection for example, 

by eliminating a major route of entry of the virus into host cells, as will be 

discussed at length. Additionally, gene knockouts in human cells provide a 

powerful research tool that has heretofore been restricted to model organisms. The 

second use of targeted genome engineering is the direct correction of disease-

causing mutations at endogenous loci. In this way, the mutated disease-causing 

DNA sequence is replaced by a non-mutated version of that gene. Third, targeted 

genome modification can be used to insert transgenes to precise locations in the 

genome, including sites deemed safe harbors, which are distant enough from 

known oncogenes that the risk of insertional oncogenesis is minimized. 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.  
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Specific DNA double-strand breaks stimulate  

targeted genome engineering 

Central to achieving high frequencies of targeted genome engineering in 

human cells is the ability to induce DNA double-strand breaks (DSBs) in a 

precise, sequence-specific manner.  To do so, engineered chimeric nucleases have 

been developed and can be classified into one of three general classes: 1) zinc 

finger nucleases (ZFNs), 2) transcription activator-like effector nucleases 

(TALENs), and 3) homing endonucleases (Figure 1.1). ZFNs and TALENs share 

a common general structure in which an engineered DNA binding domain is fused 

to the nuclease domain derived 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 DNA double-strand break at a specific 

target site. Homing endonucleases have less well-defined domains, but 

nonetheless can be engineered to induce site-specific DSBs. These three classes of 

engineered nucleases will be detailed in the next sections, followed by a 

discussion of the cellular response to DSBs, and how that response can result in 

specific, targeted genome modifications.  
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I-SceI 

F3 F2 F1 
Fn 

F1 F2 F3 Fn 

Fn 

Fn 

a ! ! !        Zinc nger nuclease!

b ! ! !         Homing Endonuclease!

c ! ! !          Tal effector nuclease!

Figure 1.1: Induction of DNA double strand breaks by three 
classes of chimeric nucleases. (a) The DNA binding domain of zinc 
finger nucleases (ZFNs) is discrete from the nuclease domain and 
consists of arrays of three or four zinc fingers, each of which binds 
three nucleotides. When two ZFNs bind recognition sequences 
separated by 5-6 nucleotides, the nuclease domains dimerize to form 
an active enzyme and stimulate DNA cleavage. (b) Meganucleses 
such as I-SceI have long (12-40 base pair) DNA recognition 
sequences and bind and cleave DNA as monomers. (c) Tal effector 
nucleases (TALENs) bind DNA using a series of 34 amino acid 
repeats, each containing two key residues that mediate binding to one 
nucleotide. Arrays of 11-17 (or more) repeats are fused to a nuclease 
domain, which must dimerize with another TALEN separated by a 
spacer of 12-23 nucleotides.  
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Zinc Finger Nucleases 

ZFNs consist of a zinc finger DNA binding domain fused to the non-

specific nuclease domain derived from the type IIS FokI restriction enzyme 

(Bitinaite et al., 1998; Kim and Chandrasegaran, 1994). Zinc fingers have a 

conserved ββα structure and the α helix fits into the major groove of DNA, 

interacting with three nucleotides. The first six amino acids of the α helix, along 

with the immediately preceding amino acid, give the zinc finger its nucleotide 

specificity. By stringing three or four 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 a ZFN. 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, 

site-specific cleavage 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). As mentioned, each individual ZFN has a 9- 

or 12- base pair binding site, a length not sufficient to confer genomic specificity, 

but a pair of ZFNs has an 18- or 24-base pair binding site, making a ZFN binding 

site theoretically unique in the human genome.   
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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., 

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, 

which was bought by Sangamo Biosciences, and is now sold to the research 

community through Sigma-Aldrich Pharmaceuticals.  Because the method has not 

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

strategy has had significant success 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 

most highly active ZFNs from Sangamo Biosciences have been made but is also 

not an approach that is freely available to the scientific community at large.  An 

alternative approach to assembling pre-determined modules, is to use selection 
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strategies, either by phage display or using bacterial based methods (including the 

Oligomerized Pool ENgineering (OPEN) method), to select for zinc finger 

domains that bind the desired target sequence out of a randomized pool of 

proteins.  These selection approaches are difficult to use but do result in nucleases 

with properties of high activity and lower off-target effects (Pruett-Miller et al., 

2008). Finally, there are two derivatives of the OPEN approach to making ZFNs.  

In context-dependent assembly, modular assembly is used to assemble ZFNs 

using two-finger modules that have been previously identified using the OPEN 

system (Sander et al., 2010). 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  

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 strand 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 mitochondria 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 
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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., 1994). To use meganucleases in targeted genome modification, 

however, the nucleases must be re-engineered to recognize a new target site.  

Several groups in academia and industry (including 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., 2010; Grizot et al., 

2009a; Smith et al., 2006). However, the re-engineering of meganucleases to new 

target sites is a challenging endeavor and has not been widely adopted.  

 

TAL Effector Nucleases 

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 

optimally 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 
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repeats, like zinc finger proteins, can be fused to the FokI nuclease domain to 

generate TALENs which dimerize and effectively cleave cognate DNA 

sequences. 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 other chimeric 

nucleases. In fact, at least five groups have established rapid methods to design 

and synthesize novel TALENs (Cermak et al., 2011; Li et al., 2011; Reyon et al., 

2012; Sanjana et al., 2012; Zhang et al., 2011). Notably the Voytas lab has made 

their protocol readily accessible and the necessary reagents publicly available 

(Cermak et al., 2011).  In early studies, the activity of best ZFNs and the best 

TALENs seems comparable, but making highly active TALENs is much easier 

and more efficient than making highly active ZFNs. Also TALENS seem to have 

fewer off-target effects and lower toxicity than ZFNs (Mussolino et al., 2011).  

Thus, it is likely that ZFNs and TALENs will both be useful nuclease platforms 

for targeted genome modifications in the future. 

 

Targeted gene knockout by mutagenic  

non-homologous end joining 

Cells are constantly bombarded with DNA damaging agents, such that 

each nucleus is subject to between 10 and 100 DSBs per day on average (Burma 
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et al., 2006). Most natural DSBs are the result of ongoing environmental stresses 

such as ionizing radiation and metabolically derived reactive oxygen species. 

Unrepaired DSBs lead to cell death, and thus multiple, redundant cellular DNA 

repair pathways have evolved to repair these important genetic lesions. The two 

most important DSB repair mechanisms are non-homologous end joining (NHEJ) 

and homologous recombination (HR) (Figure 1.2). In NHEJ, the DNA ends 

created by a DSB are recognized and bound by the Ku70/Ku80 heterodimer, 

which along with the catalytic subunit of DNA-dependent protein kinase (DNA-

PKcs), recruits the DNA ligase IV-XRCC4 complex to the site of the DSB. The 

DNA ligase IV-XRCC4 complex catalyzes the rejoining of the two DNA ends 

(Burma et al., 2006). When the DNA ends are compatible, as is the case with 

nuclease induced DSBs, repair by NHEJ most often proceeds without altering the 

DNA sequence near the break site. However, occasionally through the 5’ to 3’ 

exonuclease activity of the accessory factor Artemis and the gap-filling activity of 

DNA polymerases λ and µ, small insertions or deletions are introduced at the site 

of the nuclease-induced break (Ogiwara and Kohno, 2011), resulting in repair by 

mutagenic NHEJ.  

When a DSB created by an engineered nuclease is repaired by mutagenic 

NHEJ, the resulting frameshift mutations often lead to truncated or non-functional 

protein products. In this method of targeted genome modification, the site of the 

mutation is controlled by the specificity of the nucleases but the specific genomic  
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a) Non-mutagenic repair

b) Small deletion

c) Large chromosomal rearrangement

Distal chromosome segments joined 

with two simultaneous double strand 

breaks

Gene disruption

sister chromatid

*

exogenous donor 

with regions of 

homology surround-

ing a sequence  that 

corrects point 

mutation

d) Non-mutagenic repair

exogenous donor 

with regions of 

homology surround-

ing a transgene

e) Repair from an exogenous template I

f) Repair from an exogenous template II

Gene correction

Gene addition

Repair by non-homologous end joining Repair by homologous recombination 

Ionizing radiation

DNA damaging agents

Zinc-finger nucleases

Tal-effector nucleases

Homing or meganucleases

Induction of a DNA 

double stranded break

Pathway mediators Pathway mediators

Ku70/Ku80: end binding

DNA-PKcs: end juxtaposition

DNA Ligase IV/XRCC4/XLF: ligation of ends

Artemis: nucleolytic end processing

TdT/pol mu/pol lambda: polymerase end process-

ing

Mre11/Rad50/Nbs1 (MRN complex): end binding, nuclease 

processing, associated with end resection

BRCA2:  ssDNA binding, facilitates Rad51assembly

Rad54: translocase, mediates D-loop formation

Rad51B,C,DXRCC2: mediates recombination

Rad51C/XRCC3:  junction resolving

Figure 1.2: NHEJ and HR repair pathways in mammalian cells. 
Repair by NHEJ can result in (a) no sequence modifications, (b) 
small insertions or deletions, or (c) large chromosomal 
rearrangements. Repair by HR can result in (d) no sequence 
modifications, (e) gene correction using an exogenous donor, or (f) 
gene addition using an exogenous donor.  
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modification at that site is uncontrolled. Thus, by combining the engineering of 

gene specific nucleases with the intrinsic mutagenic property of NHEJ, 

researchers can create targeted gene knockouts. Depending on the activity and 

expression level of the nucleases, targeted gene mutation frequencies of greater 

than 50% can be generated (Perez et al., 2008). 

 

Targeted gene insertion by homologous recombination 

Homologous recombination is a high-fidelity repair pathway in which 

regions of homologous DNA serve as a template to accurately repair DNA 

damage. In a normal setting in dividing cells, repair of a DSB proceeds using the 

sister chromatid as the homologous template, in a process that fixes the break 

without altering the genomic sequence. This process is initiated when the MRN 

complex, consisting of meiotic recombination 11 (Mre11), Rad50 and Nijimegen 

breakage syndrome 1 (Nbs1), senses DNA ends. The MRN complex activates 

ataxia telangiectasia mutated (ATM) protein, which in turn phosphorylates 

histone protein H2AX to serve as a scaffold for other repair proteins. ATM also 

initiates cell cycle arrest by phosphorylation of p53, and the accumulation of p53-

binding parter 1 (53BP1) is an important marker of DSBs. In a series of steps, the 

MRN complex creates 3’-overhanging ssDNA by 5’ to 3’ end resection, in 

conjunction with CtBP-interacting protein (CtIP). The creation of this 3’ ssDNA 

overhang of 50-100 bases prevents the binding of the Ku70/Ku80 complex and 
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therefore is the critical step in repair pathway choice between NHEJ and HR 

(Stracker and Petrini, 2011). Replication protein A (RPA) binds to and stabilizes 

the ssDNA overhang, but RPA binding also blocks access of the critical HR 

protein Rad51. In a breast cancer 2 (BRCA2)-dependent process, Rad51 replaces 

RPA on the ssDNA, catalyzing strand invasion of a homologous DNA template, 

which in the normal setting is often the sister chromatid (Holloman, 2011).  

In the experimental setting, if an extra-chromosomal piece of donor DNA 

with homology to the break site is supplied, the same HR machinery can use the 

exogenous DNA to repair the DSB. Through careful design of the exogenous 

template, a disease-causing point mutation can be changed to the wild type base, 

leading to reversion of the mutation when the donor template is used in HR 

(“gene correction”). Using an alternative donor template design in which a single 

gene or even cassette of genes is flanked by homology arms on each side of the 

DSB, gene targeting by HR can occur in which the entire cassette between the 

arms is inserted precisely into the genome at the site of the nuclease induced DSB 

(“targeted gene addition”). Including either drug resistance markers or genes 

encoding fluorescent proteins in between the homology arms, allows for the 

selection or enrichment of targeted cells. In gene targeting by HR, not only is the 

site of the genome modification determined, but by harnessing HR to repair the 

induced DSB using a provided donor template, the exact sequence of the genome 

modification is also determined. Depending on the activity of the engineered 
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nuclease, gene correction rates and targeted gene addition rates of greater than 

20% can be achieved (Benabdallah et al., 2010; Hockemeyer et al., 2009; Urnov 

et al., 2005), and these frequencies approach 100% following drug selection or 

fluorescence enrichment. 

 

Specific 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 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 (2010) have described another site-specific viral targeting 

approach in induced pluripotent stem (iPS) cells. 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 known cancer-related gene, 300kb from any microRNA and one 

that is located outside transcription units or “ultraconserved” regions. The iPS 

cells for this experiment were derived from patients with β-thalassemia and 
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consequently did not express functional β-globin when differentiated into the 

erythroid lineage. The iPS cells were infected at a low multiplicity of infection 

with a β-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 β-globin efficiently 

from a locus that met the “safe harbor” criteria. Although this retrospective 

strategy differs from many of the prospective targeting approaches, the result is 

similar and perhaps provides a plausible alternative for targeted genome 

engineering. 

 

Applications of targeted gene disruption in human disease 

The following sections will describe ZFN and TALEN pairs that have 

been shown to stimulate targeted genome modifications in human cells. These 

modifications can be classified into three major categories: 1) endogenous gene 

disruption, 2) endogenous gene correction, and 3) safe harbor gene addition 

(Table 1.1).  

The simplest method of targeted genome modification is gene disruption 

by mutagenic NHEJ after the induction of a DSB by the engineered nucleases. 

ZFN-induced mutagenic NHEJ repair has used for a wide variety of experimental 

purposes including the creation of knockout human cell lines as well as primary  

 



      

 

19 

Human genes modified by targeted genome engineering 

Cell type Gene Frequency of modification References 

Gene disruption 

CD4+/HSC CCR5 54%/17% Perez et al/Holt et al 

HT1080 CAG repeats >0.006% Mittleman et al 

293 HOXB13 9.60% Maeder et al 

293 CFTR 1.20% Maeder et al 

Gene correction 

K562/CD4+ IL2Ry 20%/5% Urnov et al/Lombardo et al 

K562 VEGF 7.7% Maeder et al 

CHO XPC 0.20% Arnould et al 

293 RAG1 6% Grizot et al 

iPSC β-globin 10%/0.3% (selected) Sebastiano et al/Zou et al 

iPSC α1-antitrypsin 54% (selected) Yusa et al 

Gene addition 

K562 IL2Ry 15% Moehle et al/Lombardo et al 

hESC/iPSC AAVS1 56%/75% (selected) Hockemeyer et al/Zou et al 

MSC/hESC CCR5 40%/5.3% Benabdallah et al/Lombardo et al 

hESC/iPSC PIGA 0.24% Zou et al 

hESC OCT4 94% (selected) Hockemeyer et al 

hESC PITX3 11% (selected) Hockemeyer et al 

Table 1.1 Human genes modified by targeted genome engineering. HSC, 
hematopoietic stem cell; HT1080, human fibrosarcoma cell line; 293, human embryonic 
kidney cell line; K562, human erythroleukemia cell line; CHO, chinese hamster ovary cell 
line; hESC, human embryonic stem cell; iPS, induced pluripotent stem cell; MSC, 
mesenchymal stem cell 
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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., 2010; Meyer et al., 2010), rats (Geurts et al., 2009; Mashimo et 

al., 2010), 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), 

nematodes (Morton et al., 2006) and silkworms (Takasu et al., 2010).  

More recently, TALENs have been reported to achieve efficient gene 

disruption in yeast (Christian et al., 2010; Li et al., 2010), plants (Cermak et al., 

2011), nematodes (Wood et al., 2011), zebrafish (Huang et al., 2011; Sander et 

al., 2011), rats (Tesson et al., 2011) and human cells (Hockemeyer et al., 2011; 

Miller et al., 2010; Reyon et al., 2012). To create gene specific knockouts, the 

ZFNs or TALENs 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.  
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HIV resistance generated by CCR5 knockout 

From a clinical gene therapy perspective the most important use of this 

gene disruption 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 Δ32 mutations in 

CCR5, which results in non-functional CCR5 protein, are resistant to HIV 

infection but are otherwise phenotypically normal. The hypothesis based on these 

findings is that by creating an immune system that has 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 for the CCR5 Δ32 allele.  Remarkably, after the transplant the 

patient’s HIV viral load became undetectable and his donor CD4 count, derived 

from the CCR5 Δ32 donor, rose (Allers et al., 2010; Hutter et al., 2009). The 

results of this patient’s treatment demonstrated that it might be possible to 

engineer the immune system to become HIV resistant with a beneficial clinical 

outcome.  Unfortunately, bone marrow transplantation using homozygous Δ32 

donors is not a broadly feasible strategy for the treatment of HIV because most 

patients will not have an HLA matched homozygous Δ32 donor and because of 

the general toxicity from allogeneic bone marrow transplantation.   
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An alternative strategy would be to engineer the patient’s own immune 

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

CCR5 gene in autologous cells, either CD4+ T-cells or hematopoietic stem cells 

(HSCs). Both ZFNs (Holt et al., 2010; Perez et al., 2008) and TALENs (Miller et 

al., 2010) have been designed to efficiently disrupt CCR5, but the ZFNs have 

been the most well-studied and characterized. 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 CCR5-tropic strain of HIV (Perez 

et al., 2008).  Paula Cannon and her co-workers have demonstrated that the same 

CCR5 ZFNs can cause inactivation of the CCR5 gene in human CD34+ HSCs 

and that T-cells derived from these gene modified cells are resistant to HIV (Holt 

et al., 2010).   

Based on these pre-clinical findings, clinical trials have begun using on 

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

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

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

and transplanted back into the patient.  These trials have enrolled a number of 

patients and the early results look very promising. First, the autologous transplant 

of ex vivo modified CD4+ T-cells is safe and well-tolerated and leads to the 

persistent increase in total CD4 count. Also during a controlled drug interruption 
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after an initial spike in HIV RNA levels, 3 of 6 patients displayed a reduction in 

viral titer. Most notably, one patient was naturally heterozygous for the CCR5 

Δ32 allele and then received the ZFN treatment to knock out the wild type CCR5 

allele. In this patient, HIV RNA levels became undetectable during the drug 

interruption. More broadly, the clinicians observed that a higher percentage of bi-

allelically CCR5-modified CD4+ T-cells was a significant predictor of HIV RNA 

suppression during drug interruption. This is not surprising because one 

functional CCR5 allele produces sufficient CCR5 protein to mediate viral entry 

into T-cells. This is one significant limitation to the long-term effectiveness of 

this approach. The authors of this study report fewer than 10% of all of the re-

infused CD4+ T-cells had been biallelically modified (Ando et al., 2011). 

A second major limitation to generating HIV resistance by CCR5 

knockout is that instead of using the CCR5 co-receptor to infect T-cells, HIV is 

also capable of using the CXCR4 co-receptor (See HIV pathogenesis, below). To 

address this, two groups have recently reported the synthesis of ZFNs that 

efficiently disrupt CXCR4 (Wilen et al., 2011; Yuan et al., 2012), generating 

resistance to CXCR4-tropic HIV. To achieve resistance to both CCR5- and 

CXCR4-tropic HIV, Wilen et al stimulated CXCR4 knockout in cells derived 

from a CCR5 Δ32 patient. For a continued discussion of this work and my 

alternative approach to generating dual-tropic resistance, see Chapter 2. 
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Other nuclease-induced knockouts relevant to human diseases 

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 is fewer than 30, however expansion of repeat number leads to debilitating 

diseases such as myotonic dystrophy, Huntington’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).  

A third pair of ZFNs used to disrupt an endogenous human gene has been 

developed against the PIG-A gene, located on the X-chromosome Xp22.1. 

Mutations in this gene cause paroxysmal nocturnal hemoglobinuria (PNH). The 

PIG-A gene encodes a phosphatidylinositol glycan class A protein that functions 

in a complex required for production of many glycosyl-phosphatidyl-inositol 

anchored proteins (GPI-APs). Among these anchor proteins are a few involved in 

complement regulation, without which cells are inappropriately recognized and 

lysed by the complement system. For patients with PNH, a somatic mutation 

within the hematopoietic progenitor population results in pools of abnormal red 

blood cells. Their lysis by the complement system results in a hemolytic anemia 
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and hemoglobinuria. Zou et al (2009) demonstrated that the PIG-A ZFNs could 

target and knock out the PIG-A gene in both human embryonic stem (hES) cells 

and iPS cells by either mutagenic NHEJ-mediated repair of the DSB or by 

targeting a hygromycin resistance cassette flanked by homology arms to the locus. 

PIG-A knock out was phenotypically characterized by resistance to aerolysin-

mediated cell killing and by cell surface absence of GPI-APs. The authors 

confirmed that restoration of a PIG-A transgene could rescue these phenotypes. 

Though this work did not yet demonstrate targeting of the PIG-A gene in a 

therapeutically relevant manner for PNH patients, the PIG-A ZFNs could hold 

potential for a ZFN-mediated gene correction strategy in HSCs.  

Because TALENs were only first described at the end of 2010, studies 

describing their potential in human disease applications are not as complete as 

those using ZFNs. Nonetheless, the rapid, streamlined method of synthesizing 

TALENs has resulted in the report of many pairs with the potential to affect 

human disease. The best example is the recent report (Reyon et al., 2012) that 

describes the facile synthesis of 96 pairs of TALENs against genes implicated in 

cancer or epigenetic regulation using a novel method called FLASH assembly. Of 

the 96 tested TALEN pairs, 84 of them induced significant gene modification by 

mutagenic NHEJ.   

Though endogenous gene disruption is clinically relevant in perhaps only 

a few scenarios, it could have vast impact on the way diseases are modeled and 
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studied. As demonstrated, highly efficient targeting strategies now allow for 

robust and precise genetic manipulation in previously inaccessible cells types 

such as hES and iPS cells. Moreover, ZFNs and TALENs 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 has the potential to result in improved models of human 

disease, improved species for agricultural purposes, and in the long-term general 

improvements in human health.  

 

Examples of therapeutically relevant gene correction 

By harnessing the capability of nucleases to stimulate gene targeting 

through homologous recombination, small, precise changes can be introduced into 

the genome to correct disease causing mutations. Along with an active pair of 

nucleases, 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.  The nucleases and the donor DNA template must then 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 this end, and work is currently underway 

to demonstrate the feasibility of the strategy in animal models. 
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Proof of principle GFP correction  

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 a create reporter line.  The frequency of gene 

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 10-6.  However, when ZFNs that 

target the integrated reporter gene were co-transfected with the donor DNA 

template into HEK293T cells, the frequency of gene correction increases to 0.5-

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

increase to ~10% if the cells are transiently arrested in G2/M by vinblastine 

(Urnov et al., 2005).  A similar stimulation in gene correction using the GFP 

reporter system was also found in hES cells and iPS cells (Zou et al., 2009). 

Importantly, the gene corrected hESCs and hIPSCs 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).  
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Gene correction in SCID 

Urnov et al (2005) published the first example of gene correction of an 

endogenous human gene. Mutations in the interleukin 2 receptor γ (IL2Rγ) gene 

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

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 (2007) built on this work and demonstrated that using integration 

defective lentivirus (IDLV) rather than standard transfection techniques, similar 

rates of gene targeting could be obtained in HEK293T cells, K562 cells, and a 

transformed lymphoblastoid cell line. 

 

Other endogenous human genes targeted by gene correction 

Other endogenous human genes that have been successfully targeted 

through gene correction by ZFNs include VEGF (Maeder et al., 2008) and α1 

antitrypsin (Yusa et al., 2011). Also, two concurrent works described the gene 

correction of β-globin by ZFNs constructed using the Sangamo method (Zou et 

al., 2011a) and the OPEN method (Sebastiano et al., 2011). Both groups showed 

gene correction in a sickle cell iPS line, but at relatively low frequencies after 

drug selection (0.33% Zou, and 9.7% Sebastiano). These works provide the basis 

for the improved β-globin gene correction strategy detailed in Chapter 3.  
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In addition to ZFNs, TALENs and homing endonucleases have also been 

designed to stimulate HR at chromosomal loci in the human genome. TALENs 

directed against OCT4 and PITX3 stimulated integration of GFP and a drug 

resistance marker in human ES and iPS cells (Hockemeyer et al., 2011). Also, an 

I-CreI derived homing endonuclease was designed to target 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 

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., 2009b; Munoz et al., 2010). 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.  
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Advantages of targeted gene correction 

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 

minimizes the risk of insertional oncogenesis 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.  

In sickle cell disease for example, the point mutation in β-globin causes the 

pathological polymerization of hemoglobin molecules. Simply inserting a β-

globin transgene in a random or a safe-harbor locus, would not address the 

problems caused by the mutant protein. In contrast, after gene correction, one (or 

both) of the mutated alleles is converted to the wild type sequence, leading to 

reversion of the sickle cell phenotype. 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.  
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Transgene integration by 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. One significant 

benefit of safe harbor gene addition is that only one pair of ZFNs or TALENs 

needs to 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).  

 

Gene targeting at the IL2Rγ  locus 

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 a few hundred basepairs in length and flank the site 
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of the nuclease-induced break.  Targeted gene addition occurs when the 

homologous recombination machinery uses the donor DNA template to repair the 

nuclease induced DSB. Moehle et al (2007) first described this technology using 

the previously described IL2Rγ ZFNs. While IL2Rγ is not a true safe harbor 

locus, important proof-of-principle targeting experiments were conducted using 

these ZFNs. The authors began by inserting a very small, in-frame tag of only 4 

amino acids (RAKR, furin cleavage site) into the IL2R-γ gene, and they achieved 

targeting frequencies of 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 IL2Rγ alleles had been targeted. 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 (2007) described gene addition using the IL2Rγ ZFNs in a 

panel of human cell types using delivery of targeting components. First, the 

authors attempted targeting with a donor construct where GFP was flanked by 
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IL2Rγ homology arms. They reported targeting efficiencies of up to 6.6% and up 

to 2.4% in K562s and in an Epstein Barr virus transformed lymphoblastoid cell 

line, respectively. Because SCID can be caused by many mutations in the IL2R-γ 

gene, the authors reasoned that a potential treatment for the disease could be to 

target normal IL2R-γ 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). They showed targeting of IL2Rγ cDNA to the 

endogenous IL2Rγ locus at a frequency of up to 6% in their lymphoblastoid cell 

line and that functional IL2Rγ  expression was restored. 

 

Genome modification at the AAVS1 locus 

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 adeno-associated virus 

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 recognized the AAVS1 locus and targeted 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 three 
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methods of transgene expression within this locus. First, they targeted a 

puromycin resistance cassette driven by the endogenous PPP1R12C promoter 

through a splice acceptor. Second, they achieved constitutively expressed eGFP 

by targeting an eGFP cassette with cytomegalovirus (CMV) promoter with a 

chicken β-actin enhancer. Finally, the 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).  

Recently, Zou et al (2011b) 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 showed reduced ROS production compared to wild type iPS 

cells. The authors targeted a p91-phox minigene (gp91phox) to the AAVS1 locus in 

the iPS cells using mRNA delivery of the AAVS1 ZFNs and achieved targeted 

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

when the targeted iPS cells were differentiated into neutrophils, oxidase activity 

was restored, correcting the original disease phenotype. The authors then 

compared the AAVS1- gp91phox cells with gp91phox expressing cells generated by 
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random lentiviral insertion. In the untargeted cells, gp91phox was initially 

expressed at very high levels, but 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., 2011b). These data highlight one of the 

advantages of using precise, site-specific genome engineering and instead of 

relying on random integration of virally-introduced transgenes. Notably, TALENs 

to the same AAVS1 target site have recently been described (Hockemeyer et al., 

2011) that stimulate the integration of a drug resistance cassette specifically into 

the AAVS1 locus in 50% of drug-resistant ES and iPS cells.  

 

Use of CCR5 as a safe harbor locus 

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

factors to a safe harbor locus may be a viable therapeutic option. 

 

Non-clinical applications of targeted genome engineering 

Generation of isogenic cell lines and endogenously-tagged proteins 

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

therapeutic in monogenic diseases. However, precise, genetic modification of 

human cells can also be developed as a tool to better understand more basic 

biological questions. One example (DeKelver et al., 2010) utilized ZFNs directed 

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

authors postulated that targeting trangenes to a safe harbor locus would 

circumvent the confounding factors associated with random integration and clonal 

selection in classic stable cell line protocols, and would allow for the generation 

of more predictable and “isogenic” stable cell lines. To this end, the authors 

demonstrated targeting of 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 evident, and the ability to 

target a variety of constructs to many cell types was thoroughly demonstrated, a 
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comparison between 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 endogenous protein tagging. Classically, cellular trafficking 

studies have 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 clathrin-mediated endocytosis could 

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

the endogenous loci of two proteins required for this process (Doyon et al., 2011). 

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

for lineage tracing. One example tagged 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 these 

data were not reported (Hockemeyer et al., 2009). Similar results were obtained at 

OCT4 and PITX3 using TALEN-mediated genome editing strategies 

(Hockemeyer et al., 2011).  
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Induction of gross chromosomal changes using two pairs of nucleases 

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

distinct pairs of nucleases can stimulate chromosomal translocations when 

simultaneously administered to cells. The combination of the IL2Rγ and AAVS1 

ZFNs induced reciprocal translocations between the X-chromosome (site of 

IL2Rγ) and chromosome 19 (AAVS1 site) at a frequency of 10-4 in HEK-293 

cells and 2x10-6 in hES 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 

ZFNs 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.  

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 

(2009) used a simple PCR approach to detect deletions of up to 15 kbp 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. Similarly, Sollu et al (2010) described chromosomal deletions at a 

frequency of 10% using two pairs of nucleases designed to different sites within 
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the HOXB13 locus. 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 ZFNs has 

important research applications, it also has critical implications for the translation 

of ZFNs and TALENs into clinical tools since the induction of unintended gross 

chromosomal rearrangements would be a serious adverse event. 

 

Safety concerns for targeted genome engineering in human cells 

ZFN expression in mammalian cells results in reduced cell viability 

(Porteus and Baltimore, 2003), which is directly correlated with the expression 

level of the ZFN as transfecting more DNA 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. 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 (Mussolino et al., 2011). 

The identification of the sites of the ZFN and TALEN off-target double-

strand breaks has been a challenging problem.  Gabriel et al (2011) used the 



      

 

40 

integration of known adaptors into sites of double-strand breaks in a non-

homologous fashion to identify such sites, and uncovered a number of genomic 

off-target sites that had not been previously known for the CCR5 ZFNs.  The 

nature of their approach, however, was biased against identifying rare off-target 

sites and underestimated the number of off-target sites. A second group used an 

entirely different strategy to identify off-target sites for the same CCR5 ZFNs 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 from the two different 

approaches were completely non-overlapping.  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.  

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). 

Use of obligate heterodimer nucleases results in a marked improvement in cell 

viability (Doyon et al., 2010; 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 
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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 (2009) 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.  Similarly, delivery of 

nucleases as mRNA prevents sustained expression of the proteins and yet was 

more effective in stimulating targeted genome modifications (Chen et al., 2011). 

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

confirmed in the off-target studies of the CCR5 ZFNs (Pattanayak et al., 2011). 

 

Epidemiology, pathogenesis and treatment of HIV 

Epidemiology 

The human immunodeficiency virus (HIV) is an enveloped, single-

stranded RNA lentivirus in the class retroviridae that probably first infected 

humans by zoonotic transmission from SIV-infected (simian immunodeficiency 

virus) chimpanzees in the 1950s (Gao et al., 1999). Infection by HIV leads to the 

progressive destruction of the immune system and the development of acquired 

immunodeficiency syndrome (AIDS). According to the World Health 

Organization statistics, HIV has claimed the lives of more than 25 million people 

worldwide and currently infects 34 million more people, including almost 4 
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million children (www.who.int). Two-thirds of all HIV infected individuals live 

in sub-Saharan Africa, as do three-fourths of all newly infected people. Overall, 

the prevalence of HIV in the region is greater than 5%. In Dallas County, 1 in 200 

individuals is infected with HIV, including 1 in 90 African-Americans 

(www.dallascounty.org).  

 

Pathogenesis 

The entry of HIV into its primary target cells, CD4+ T-cells and 

macrophages, is mediated by the binding of the viral envelope gp120 protein to 

the CD4 receptor and either the CCR5 or CXCR4 co-receptor. Mutations in the 

third variable (V3) region of gp120 dictate co-receptor specificity (Saracino et al., 

2009), and viral tropisms exist that utilize one or both co-receptors (CCR5- or R5-

tropic, CXCR4- or X4-tropic, and R5/X4 dual tropic). Initial HIV infection is 

virtually always mediated by R5-tropic virus but during the course of infection 

viral clones can undergo co-receptor switching to a T-cell specific X4-tropic or 

R5/X4 dual tropic virus (Schuitemaker et al., 1992). After HIV entry, uncoating 

of the viral capsid occurs followed by reverse transcription of the RNA genome 

into double stranded DNA by the error-prone reverse transcriptase enzyme. In 

fact, on average one base is mutated during every cycle of replication (Abram et 

al., 2010), allowing the virus to rapidly evolve and develop drug resistance. The 

double strand DNA genome is then integrated into the host cell genome from 
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which viral transcripts and genomes are produced. Organized packaging of viral 

RNA and protein precedes budding of viral particles from the host cell surface.  

Untreated, the disease can progress rapidly, destroying CD4 cells and 

limiting the ability of the immune system to control opportunistic infections and 

malignancies. Accumulation of multiple or severe co-morbid conditions is the 

clinical hallmark of AIDS. Most common among these conditions are oral thrush, 

pneumocystis pneumonia, tuberculosis, esophagitis, chronic diarrhea, 

toxoplasmosis, various forms of encephalopathy, Kaposi’s sarcoma, Hodgkin’s 

lymphoma and rectal and anal carcinomas (Holmes et al., 2003). 

 

Treatment 

The standard of care for patients infected with HIV is treatment with a 

combination of drugs that inhibit HIV replication by different mechanisms or at 

different stages of the viral lifecycle. This drug regimen is broadly known as 

highly active anti-retroviral therapy (HAART). The National Institutes of Health 

publishes and frequently updates guidelines for the appropriate treatment of HIV 

patients and the following data are culled from those recommendations 

(www.aidsinfo.nih.gov). The two primary measurements of the severity of 

infection in a patient are the level of HIV RNA in the plasma, called viral load, 

and the concentration of CD4+ T-cells in the blood, called the CD4 count. 

Initiation of treatment is strongly recommended in patients with CD4 counts of 
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<500 cells/mm3, based on data from randomized, controlled trials and 

observational cohort studies.  

There are six mechanistic classes of anti-HIV drugs: nucleoside/nucleotide 

reverse transcriptase inhibitors (NRTIs), non-nucleoside reverse transcriptase 

inhibitors (NNRTIs), protease inhibitors (PIs), fusion inhibitors (FIs), CCR5 

antagonists, and integrase strand transfer inhibitors (INSTIs). The standard initial 

HAART regimen for treatment-naïve patients consists of two NRTIs in 

combination with an NNRTI, PI, INSTI or CCR5 antagonist. Most commonly, 

two NRTIs (emtracitabine and tenofovir) are prescribed along with the NNRTI 

efavirenz. In some patients drug resistance develops, due in large part to 

suboptimal adherence to drug and dosing regimens or drug intolerance, which has 

led to the formulation of a one-pill, once-a-day combination of emtracitabine, 

tenofovir and efavirenz called ATRIPLA. Despite this simplification, there is 

significant interest in developing a one-shot, effective therapy to inhibit initial 

infection or prevent immunological collapse by protecting a subset of CD4+ T-

cells from becoming infected. The former refers to the continuing development of 

an HIV vaccine, which will be discussed in the following paragraph, and the latter 

refers to gene therapy approaches, which were previously mentioned and provide 

the rationale for the work presented in Chapter 2.  

Despite decades of research and vaccine development, no HIV vaccine 

showed any clinical significance until the RV144 Thailand trial results were 
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released in December of 2009. Prior trials, including the VAX003 and VAX004 

studies, used HIV gp120 proteins as an antigen in an attempt to elicit an antibody-

based response to provide immunological protection, but they failed because the 

antibodies were ineffective against all the varied strains of HIV (Girard and 

Plotkin, 2011). The RV144 trial used a prime-boost vaccine regimen in which 

participants were given four priming injections of a canarypox vector carrying 

HIV env followed by two boosts with gp120 (the same that was used as a single 

agent in the VAX004 trial). The results of this trial showed a modest 31% 

decrease in HIV infection in low-risk individuals who received the vaccine 

compared to placebo controls, but the overall numbers were low (29 new HIV 

cases in the placebo group, compared to 17 in the vaccine group). In the high-risk 

cohort (individuals who reported high risk behavior such as multiple sexual 

partners, commercial sex work, previous sexually transmitted infection, or needle 

sharing), there was no difference between the vaccine and placebo groups (Rerks-

Ngarm et al., 2009). These data show the first evidence of statistical clinical 

success of any kind for HIV vaccines, but also demonstrate that there are 

considerable improvements that must be made for this to become a viable solution 

to curbing the global HIV pandemic.  
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Epidemiology, pathogenesis and treatment of sickle cell disease 

Epidemiology 

Sickle cell disease (SCD) is an autosomal recessive disease caused by a 

point mutation in the β-globin gene. It is the most common monogenic disease 

worldwide, and in the United States it occurs in 1 of 500 African-American births. 

One in twelve African-Americans has the sickle cell trait, or one mutated allele. 

SCD is even more prevalent in Sub-Saharan Africa and other endemic malaria 

locations because sickle cell trait is protective against developing severe 

complications including death from malaria. 

 

Pathogenesis 

Hemoglobin is the oxygen-carrying protein of red-blood cells and it is a 

heterotetramer, consisting in adults of two α-globin chains and two β-globin 

chains (HbA). In the fetus and newborn, instead of β-globin, structurally similar 

γ-globin chains associate with α-globin to form fetal hemoglobin (HbF). Sickle 

cell disease is caused by the substitution of the hydrophobic valine for the 

hydrophilic glutamine in the sixth position of β-globin, and the mutated β-globin 

molecules associate with wild type α-chains to form sickle hemoglobin (HbS). 

Deoxygenated HbS molecules can polymerize in the microvasculature, causing 

red blood cells to assume a sickle shape, blocking normal blood flow and leading 
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to painful vaso-occlusive crises (Odievre et al., 2011). Aplastic crises, in which 

many red blood cell precursor reticulocytes are destroyed, and hemolytic crises, in 

which the destruction of mature red blood cells is accelerated, both lead to 

dramatic and often life-threatening reductions in hemoglobin levels. Other severe 

complications of SCD include anemia, stroke, acute chest syndrome and increased 

susceptibility to infection (www.mayoclinic.com/health/sickle-cell-anemia).   

 

Treatment 

The only current cure for sickle cell disease is an allogenic hematopoietic 

stem cell transplant (HSCT) from a non-diseased, matched donor, most often a 

matched sibling. However, the immunosuppression required for the transplant and 

the risk of developing graft versus host disease, combined with the fact that fewer 

than 15% of sickle cell disease patients have matched siblings, prevent HSCT 

from being a widespread therapeutic option. In fact, although there are more than 

70,000 individuals in the United States with SCD, fewer than 500 HSCTs have 

been performed (Shenoy, 2011). Ex vivo correction of the mutated β-globin gene 

in HSCs from sickle cell patients, followed by autologous HSCT would achieve 

the same phenotypic cure without the limitations of an allogenic transplant. This 

gene correction strategy is described in Chapter 3 of this work.  

Symptomatic treatment of SCD involves pain management, careful 

monitoring and treatment of infections and red blood cell transfusions. The first 
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drug approved to alter the regulation of globins in sickle cell disease is 

hydroxyurea, which reactivates the expression of γ-globin. In this way, HbF is 

produced and protects red blood cells from assuming a sickle shape (Steinberg 

and Rodgers, 2001). A multicenter, clinical study of 299 adults with severe SCD 

found that hydroxyurea reduced by half the number of hospitalizations and the 

frequency of pain, acute chest syndrome and blood transfusions (Charache et al., 

1995) however there was no significant difference in 28-month mortality 

(Steinberg and Rodgers, 2001). Understanding the molecular mechanism of γ-

globin reactivation and discovering other small molecule compounds that can 

upregulate γ-globin expression are avenues of study with direct clinical relevance. 

In Chapter 3, I present a novel high-throughput method to screen compounds for 

their relative effects on the endogenous expression of β-globin and γ-globin by 

using precise genome editing at those loci.  
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CHAPTER II: HIV RESISTANT T-CELLS 

GENERATED BY TARGETED “STACKING” OF 

RESTRICTION FACTORS 

 

Abstract 

Zinc finger nucleases are site-specific genome editing proteins that have 

been developed, among other things, to combat HIV infection. Using ZFN-

meditated homologous recombination, we targeted a cocktail of anti-HIV 

restriction factors to the CCR5 locus in a T-cell reporter line, and identified 

combinations of factors that provide robust resistance to infection by CCR5-tropic 

(R5-tropic) and CXCR4-tropic (X4-tropic) HIV. CCR5 disruption alone, which 

mimics the strategy being used in clinical trials, confers 16-fold protection against 

R5-tropic HIV, but it has no effect against an X4-tropic virus. Rhesus TRIM5α, 

chimeric human-rhesus TRIM5α, APOBEC3G D128K or Rev M10 alone 

targeted to CCR5 confers significantly improved resistance to infection by both 

variants compared to CCR5 disruption alone. The combination of three factors 

targeted to CCR5 blocks infection at multiple stages, providing complete 

protection against infection by R5-tropic and X4-tropic HIV. This is the first 
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demonstration of a targeted gene stacking strategy effective in protecting against 

both R5-tropic and X4- tropic HIV infection. 

 

Introduction 

One of the major challenges to eradicating HIV infection is the virus’s 

ability to mutate and evade therapy (Boutwell et al., 2010; Cohen, 2003; Richman 

et al., 2004). This has led to a broad interest in developing alternative treatment 

strategies including cell-based gene therapy approaches to restrict infection 

(Malim et al., 1989; Podsakoff et al., 2005; Ranga et al., 1998; Rossi et al., 2007; 

Sawyer et al., 2005; Xu et al., 2004). For example, a recent report describes the 

lifelong immunity conferred to humanized mice by the delivery of a gene 

encoding a broadly neutralizing antibody against HIV (Balazs et al., 2011). HIV 

infection is mediated through binding to the CD4 receptor and either the CCR5 

(CCR5-tropic virus) or CXCR4 (CXCR4-tropic virus) co-receptor on the surface 

of CD4+ T cells, the primary target cells in vivo. In patients, early infection is 

typically established by CCR5-tropic (R5-tropic) virus, while CXCR4-tropic (X4-

tropic) or dual-tropic variants predominate in late stage disease (Schuitemaker et 

al.). Interestingly, individuals who are homozygous for the Δ32 variant of the 

CCR5 gene are resistant to HIV infection but are otherwise healthy (Liu et al., 

1996), making CCR5 an intriguing target for HIV therapy.  This has been done 



      

 

51 

both by small molecule approaches to inhibit binding of HIV to the CCR5 

receptor (Chen et al., 2012) and by genetic manipulation to create HIV resistant 

cells that don’t express CCR5 on the cell surface (Holt et al., 2010; Perez et al., 

2008). Moreover, the demonstration of an apparent cure of an HIV infected 

patient by allogenic bone marrow transplantation from a matched CCR5 Δ32 

donor was recently reported (Allers et al., 2010; Hutter et al., 2009).  Although it 

is not known whether it was the donor cells alone or a combination of ablative 

therapy and transplantation with HIV resistant cells that led to the apparent cure, 

it strongly supports the idea that using genetically modified cells is a promising 

approach for altering the course of HIV infection.  

Specific genome modification can be achieved with engineered proteins 

called zinc finger nucleases (Bitinaite et al., 1998; Kim and Chandrasegaran, 

1994; Porteus and Baltimore, 2003). ZFNs are composed of a zinc finger DNA 

binding domain fused to a FokI endonuclease domain. Each zinc finger 

recognizes and binds to a 3-nucleotide sequence, such that a 4-fingered protein 

recognizes 12 base pairs. Anti-parallel binding of two ZFNs to contiguous sites 

separated by a short DNA spacer leads to dimerization of the endonuclease 

domain and creation of a site-specific DNA double-strand break which can be 

repaired either by potentially mutagenic NHEJ or high-fidelity homologous 

recombination with a homologous DNA donor template. ZFNs have recently been 

developed that target the CCR5 gene, and upon induction of a site-specific double 
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strand break and mutagenic repair by NHEJ, populations of HIV resistant T-cells 

(Perez et al., 2008) and HSCs (Holt et al., 2010) have been created which 

phenotypically mimic the CCR5 Δ32 allele. The potential limitation of this 

approach is that in a patient infected with both X4- and R5-tropic virus, simply 

mutating CCR5 in a fraction of T-cells or HSCs may not be sufficient to alter the 

course of the disease. Instead, cells that are genetically resistant to both HIV 

tropisms need to be created. 

One way to generate cells that are resistant to both R5-tropic and X4-

tropic HIV is to simultaneously knock out expression of CCR5 and CXCR4. In 

fact, recent reports (Wilen et al., 2011; Yuan et al., 2012) have described a ZFN-

mediated CXCR4 disruption strategy effective in protecting human CD4+ T-cells 

against X4-tropic but not R5-tropic infection. To achieve dual tropic resistance, 

Wilen et al (2011) disrupted CXCR4 in T-cells from CCR5 Δ32 patients, 

suggesting a potential double knockout strategy using two pairs of ZFNs against 

CXCR4 and CCR5.  

Besides being used for targeted gene disruption, ZFNs can also be used to 

stimulate precise targeting of a gene therapy payload to a specific genomic locus 

by homologous recombination, while minimizing the risk of uncontrolled 

genomic insertion, which has caused serious adverse events including leukemia in 

several clinical gene therapy trials (Cavazzana-Calvo et al.; Hacein-Bey-Abina et 

al., 2003; Ott et al., 2006; Pike-Overzet et al., 2007). Taking advantage of the 
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benefits of this system, we have developed a novel method for creating multiple 

genetic resistances to HIV infection with a single gene targeting event. Our 

approach mimics the current treatment strategy of highly active anti-retroviral 

therapy. A HAART regimen typically consists of three or more drugs that inhibit 

HIV infection at multiple stages of the virus lifecycle.   It has been shown that 

treatment with two antiviral drugs is better than one and that a three-drug regimen 

is superior (Schmit and Weber, 1997). By analogy, we hypothesize that by 

creating multiple layers of genetic resistance to HIV (“stacking” genetic traits), 

we can generate broader and more robust inhibition of both R5- and X4-tropic 

HIV.  The ultimate goal would be to develop an approach that, when translated 

into humans, would create a reservoir of protected T-cells that would stave off 

immune collapse and the onset of AIDS, either alone or in combination with anti-

retroviral drugs. 

Genetic studies have recently revealed several cellular proteins that confer 

effective resistance to HIV. TRIM5α and APOBEC3G are restriction factors that 

constitute a newly appreciated arm of the mammalian innate immune system 

(Baumann, 2006). Interestingly, rhesus macaque TRIM5α (Stremlau et al., 2004) 

and an engineered human-rhesus hybrid TRIM5α (Sawyer et al., 2005) inhibit 

effective HIV capsid disassembly in the cytoplasm of infected human cells, while 

the human version of TRIM5α is significantly less effective. In fact, a variant of 

rhesus TRIM5α was recently used to generate a transgenic cat that was protected 
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from infection by feline immunodeficiency virus (Wongsrikeao et al., 2011). 

APOBEC3G is a cytidine deaminase that is packaged with newly formed viral 

particles and causes hypermutation of the viral genome (Santa-Marta et al., 2005). 

The APOBEC3G D128K mutant escapes depletion by the viral protein vif (Xu et 

Figure 2.1: Disruption of the HIV lifecycle by targeted gene therapy. 
Current pharmacological therapies simultaneously attack multiple stages of 
the HIV lifecycle. Similarly, we have designed a ZFN-based targeting 
strategy to insert into the CCR5 locus the genes APOBEC3G D128K, Rev 
M10, and human-rhesus TRIM5α. In doing so, we stack genetic resistance 
to R5-tropic and X4-tropic HIV. 
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al., 2004) and thus successfully interferes with HIV replication. Rev M10 is a 

dominant negative form of a viral protein that prevents the export of early viral 

RNAs from the nucleus (Malim et al., 1989; Malim et al., 1991) (Figure 2.1). Rev 

M10 differs from the other two proteins in that it is not a naturally occurring 

molecule, although it effectively behaves as a restriction factor when expressed in 

cells. 

Here, the strengths of previous transgenic approaches have been combined 

with recent knowledge of HIV cellular restriction to generate the first example of 

T-cells that are broadly resistant to HIV infection. Our strategy involves creating  

multi-layered genetic resistance to HIV (schematized in Figure 2.2) by disrupting 

CCR5 while simultaneously integrating a cassette of anti-HIV restriction factors. 

We demonstrate that this approach conveys complete suppression of viral 

replication as well as full-spectrum resistance to both R5-tropic and X4-tropic 

HIV forms. 

  

Results 

ZFN-mediated gene targeting at the CCR5 locus 

To determine the efficiency of targeting to the CCR5 locus by homologous 

recombination (Figure 2.3a), we constructed a GFP expression cassette with one 

kilobase arms of homology from the CCR5 gene centered at the CCR5 ZFN cut 

site (Perez et al., 2008), and included a negative selectable herpes simplex virus 
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Figure 2.2: Rationale for targeting anti-HIV genes to the CCR5 locus. 
(a) Wild type JLTRG-R5 cells are susceptible to infection by R5- (red) or 
X4-tropic (blue) HIV because they express both CCR5 (red receptor) and 
CXCR4 (blue receptor). Since JLTRG-R5 cells express GFP upon 
infection, we hypothesize that wild type cells will express high levels of 
GFP after infection by R5- and X4-tropic HIV (level of infection: “+++++”). 
(b) Treatment with CCR5 ZFNs alone will confer protection against R5-
tropic HIV in the cells that have biallelic disruption of CCR5, leading to 
fewer GFP positive cells (“+++”), but ZFN treatment alone will not protect 
cells from infection by X4 HIV. (c) Cells targeted with TRIM5α or other 
anti-HIV genes at one or both CCR5 alleles will have multiple genetic 
layers of protection against R5 infection (“+”) and will also be protective 
against X4 infection (“++”) because the anti-HIV factors are post-entry 
inhibitors of the HIV lifecycle, resulting in very few GFP positive cells. 
Targeting multiple anti-HIV genes simultaneously serves to stack genetic 
resistance against both viral tropisms.  
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thymidine kinase (HSV-TK) domain outside the homology (“CCR5-GFP” 

targeting vector, Figure 2.3b). Delivery of the CCR5-GFP targeting vector along 

with CCR5 ZFN DNA or mRNA into human erythroleukemic K562 cells by 

nucleofection resulted in stable GFP expression in up to 30% of the transfected 

cells (20% overall) compared to 2% (1.4% overall) in the absence of ZFNs 

(Figure 2.3c). Negative selection with ganciclovir led to a 2.5 fold enrichment of 

targeted cells compared to random integrants, consistent with targeting at the  

Figure 2.3: Targeting GFP to the endogenous CCR5 locus using ZFN-
mediated homologous recombination.  (a) Schematic of ZFN-mediated 
gene targeting by homologous recombination. (b) CCR5-GFP targeting 
vector. For complete list and abbreviations see Figure 2.4. (c) Targeting of 
Ubc-GFP to CCR5 (d) Negative selection with ganciclovir enriched for 
targeted cells. (e) Diagram of genomic PCR and Southern blot strategies 
used to show targeting at CCR5. Probe – DNA probe used for Southern 
blot, arrows – PCR primers. (f) Genomic PCR demonstrating ZFN-
mediated targeting at CCR5. (g) Southern blot analysis of GFP positive 
clones following targeting. “-” untargeted, B – biallelically targeted. 
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same genomic locus (Figure 2.3d). 

To confirm that targeting occurred at the CCR5 locus, we designed a PCR 

strategy with a forward primer that binds a sequence in the CCR5-GFP targeting 

vector and a reverse primer recognizing a site in the CCR5 locus (Figure 2.3e). A 

band indicative of targeting was detected in ZFN-treated samples but not in 

control samples (Figure 2.3f). Clonal molecular analysis demonstrated that 89% 

of the GFP positive cells (25/28 clones) were the result of targeting the GFP 

expression cassette to the CCR5 locus (Figures 2.3g), thus showing an overall 

targeting rate of 27% in the unsorted population.  

 

Generation of HIV-resistant cells by targeting restriction factors to CCR5 

We next investigated whether targeting an anti-HIV restriction factor to 

the CCR5 locus by homologous recombination would confer greater restriction to 

HIV infection compared to CCR5 disruption alone (Figure 2.2). To do so, we 

modified the CCR5-GFP targeting vector to replace the GFP expression cassette 

with a TRIM5α-IRES-puro cassette (“CCR5-TRIM5α targeting vector”, Figure 

2.4 and 2.5a). Three versions of this targeting vector were constructed in which 

the TRIM5α gene is either human (h), which does not restrict HIV infection; 

rhesus (rh), which confers robust resistance (Stremlau et al., 2004); or a human-

rhesus hybrid (hrh), which has been shown to confer intermediate resistance to 

HIV (Sawyer et al., 2005). A fourth version of the targeting vector was created to 
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include only the puromycin resistance gene, allowing for the selection of CCR5 

disrupted cells (“CCR5-hTRIM5α,” “CCR5-rhTRIM5α,” “CCR5-hrhTRIM5α,” 

“CCR5-IRES-puro” targeting vectors, Figure 2.4). ZFN-mediated integration of 

the CCR5-rhTRIM5α targeting vector at the CCR5 locus was detected at greater 

than 50% of the alleles in K562 cells following selection with puromycin (Figure 

2.5b).  

For use in HIV challenge experiments, we used JLTRG-R5, a human 

Jurkat T-cell reporter line (Ochsenbauer-Jambor et al., 2006). JLTRG-R5 cells 

express CD4 and CXCR4 at levels similar to primary CD4+ T-cells and express 

CCR5-hTRIM5α

 HSV-TK CCR5 5’arm Ubc hTRIM5α CCR5 3’armIRES-puro

CCR5-rh-triple

 HSV-TK CCR5 5’arm Ubc rhTRIM5α CCR5 3’armAPORev 2A 2A IRES-puro

 HSV-TK CCR5 5’arm Ubc GFP CCR5 3’arm

CCR5-GFP

CCR5-rhTRIM5α

 HSV-TK CCR5 5’arm Ubc rhTRIM5α CCR5 3’armIRES-puro

CCR5-hrhTRIM5α

 HSV-TK CCR5 5’arm Ubc hrhTRIM5α CCR5 3’armIRES-puro

CCR5-IRES-puro

 HSV-TK CCR5 5’arm Ubc CCR5 3’armIRES-puro

CCR5-APO

 HSV-TK CCR5 5’arm Ubc APO CCR5 3’armIRES-puro

CCR5-Rev

 HSV-TK CCR5 5’arm Ubc Rev CCR5 3’armIRES-puro

CCR5-APO-hrh

 HSV-TK CCR5 5’arm Ubc hrhTRIM5α CCR5 3’armAPO 2A IRES-puro

CCR5-APO-rh

 HSV-TK CCR5 5’arm Ubc rhTRIM5α CCR5 3’armAPO 2A IRES-puro

CCR5-Rev-hrh

 HSV-TK CCR5 5’arm Ubc hrhTRIM5α CCR5 3’armRev 2A IRES-puro

CCR5-Rev-rh

 HSV-TK CCR5 5’arm Ubc rhTRIM5α CCR5 3’armRev 2A IRES-puro

CCR5-Rev-APO

 HSV-TK CCR5 5’arm Ubc APO CCR5 3’armRev 2A IRES-puro

CCR5-hrh-triple

 HSV-TK CCR5 5’arm Ubc hrhTRIM5α CCR5 3’armAPORev 2A 2A IRES-puro

Figure 2.4: CCR5 targeting vectors. Schematic representations of 
CCR5 targeting vectors used in this study. (HSV-TK – herpes simplex 
virus thymidine kinase, Ubc – ubiquitin C promoter, hTRIM5α – 
human TRIM5α, rhTRIM5α – rhesus TRIM5α, hrhTRIM5α – human-
rhesus hybrid TRIM5α, Rev – Rev M10, APO – APOBEC3G D128K, 
IRES-puro – internal ribosome entry site – puromycin N-
acetyltransferase). 
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CCR5 at levels similar to peripheral blood mononuclear cells (Ochsenbauer-

Jambor et al., 2006). Additionally, they have an integrated LTR-GFP reporter that 

expresses GFP upon HIV infection (Figure 2.5c). We used the CCR5 ZFNs to 

integrate the CCR5-hrhTRIM5α and CCR5-rhTRIM5α targeting vectors into the 

CCR5 locus in JLTRG-R5 cells. Again, we showed targeting of up to 50% of the 

alleles in the puromycin-selected population (Figure 2.5e). Similarly, we targeted 

CCR5-hTRIM5α and CCR5-IRES-puro to CCR5 in JLTRG-R5 (data not shown). 

Protein levels of each of the targeted TRIM5α variants were detected (Figure 

2.5e, lanes 2,3,4), although the expression of the rhTRIM5α was approximately 

two-fold lower than hrhTRIM5α or hTRIM5α as quantified by band intensities 

using ImageJ software (Figure 2.5f). To check the status of the untargeted CCR5 

allele, we stained the targeted cells for CCR5 and analyzed by FACS. Notably, in 

the puromycin-selected population, greater than 99% of the untargeted alleles 

were cut by the ZFNs and mutagenically repaired by NHEJ, eliminating virtually 

all expression of functional CCR5 (Figure 2.5g). In this way, we have efficiently 

created a population of cells that are disrupted at both CCR5 alleles, one by gene 

targeting and the second by mutagenic NHEJ.  

 

Targeted single-factor cell lines are significantly protected against R5-tropic 

and X4-tropic HIV 
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To quantitate the level of resistance conferred by targeting these TRIM5α 

variants to CCR5, we challenged the targeted cells with R5-tropic HIV-1BaL-1. 

Samples were analyzed by flow cytometry for GFP expression from the integrated 

LTR-GFP reporter, and ratio to cell negative (RTCN) values were calculated as 

previously described (Vodros and Fenyo, 2005). Briefly, RTCN is the cross 
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Figure 2.5: Establishment of JLTRG-R5 T-cell line derived cells 
expressing anti-HIV genes. (a) CCR5-hrhTRIM5α targeting vector. (b) 
Southern blot showing targeting of hrhTRIM5α in K562s and enrichment 
with puromycin. (c) JLTRG-R5 cells express GFP upon infection by HIV. 
(d) Southern blot showing targeting of anti-HIV genes in JLTRG-R5 cells. 
(e) Protein expression from targeted cassettes. (f) Quantification of 
bands from Western blots in (e), normalized to hrhTRIM, APO and rev 
lanes, respectively. (g) FACS plots showing ZFN-mediated disruption of 
the untargeted CCR5 allele in CCR5-IRES-puro cells. (r – Rev M10, a – 
APOBEC3G D128K-myc, hrh – human-rhesus hybrid TRIM5α-HA, rh – 
rhesus TRIM5α-HA, h – human TRIM5α HA).  
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product of percent GFP positive cells times mean fluorescence intensity, 

normalized to uninfected samples and was used to quantify level of infection (the 

higher the RTCN value, the greater the level of infection). Infection was followed 

over the course of 14 days, and as expected, wild type JLTRG-R5 cells were 

susceptible to infection by R5-tropic virus with a maximum RTCN value of 660 

(Figure 2.6a, blue line, Day 11). CCR5-IRES-puro cells, which mimic previously 

reported CCR5 disruption, reached a maximum infection of 42 with R5-tropic 
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Figure 2.6: Targeting a single anti-HIV restriction factor to CCR5 
confers significant resistance to R5-tropic and X4-tropic HIV. 
Infection timecourse of CCR5-TRIM5α cells and CCR5-IRES-puro cells 
with R5-tropic (a) and X4-tropic (b) HIV. Infection timecourse of CCR5-
APO and CCR5-rev cells with R5-tropic (c) and X4-tropic (d) HIV. (*p < 
.05 compared to wild type at maximum infection., Error bars represent 
standard deviation, small error bars are obscured by markers.) 
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HIV, a protection of 16-fold (Figure 2.6a and Table 2.1). Similarly, CCR5-

hTRIM5α cells showed modest but not statistically significant (p < .07) 

restriction of R5-tropic HIV infection, consistent with simply knocking-out 

CCR5. In contrast, CCR5-hrhTRIM5α cells and CCR5-rhTRIM5α cells 

demonstrated 426-fold (RTCN = 1.6) and 494-fold (RTCN = 1.3) resistance to 

R5-tropic HIV, respectively as measured through day 14 (Figure 2.6a and Table 

2.1). Thus compared to the level of protection achieved by CCR5 disruption alone 

through the targeting of IRES-puro, combining CCR5 disruption with the targeted 
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Table 2.1: Fold protection of CCR5 targeted cells after 14 days of 
infection. Fold protection was calculated as the maximum RTCN value of 
wild type cells divided by the maximum RTCN value of each cell line through 
the first 14 days of infection by R5-tropic or X4-tropic HIV. “-- -- --” has no 
additional anti-HIV genes besides CCR5 disruption achieved by CCR5-
IRES-puro targeting. 
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integration of an anti-HIV factor increases the resistance of these cells an 

additional 30-fold, providing virtually complete inhibition of R5-tropic infection 

by day 14.  

Since TRIM5α acts as a post-entry restriction factor, we hypothesized that 

the CCR5-hrhTRIM5α and CCR5-rhTRIM5α cells would also be resistant to 

infection by X4-tropic HIV, while the CCR5-IRES-puro cells would not. Each of 

the targeted cell lines was challenged with X4-tropic HIV-1NL4-3. Wild type 

JLTRG-R5 cells were infected to a maximum RTCN value of 187, and the CCR5-

IRES-puro cells and the CCR5-hTRIM5α cells were not significantly protected 

from X4-tropic infection (Figure 2.6b and Table 2.1), supporting the hypothesis 

that the resistance these cells displayed against the R5-tropic virus was due solely 

to disruption of CCR5. Importantly, the CCR5-hrhTRIM5α cells and the CCR5-

rhTRIM5α cells displayed 17-fold (RTCN = 11) and 142-fold (RTCN = 1.3) 

resistance to X4-tropic HIV, respectively (Figure 2.6b and Table 2.1). In this way, 

we showed that compared to CCR5 disruption alone, targeting rhesus- or human-

rhesus hybrid TRIM5α to CCR5 both increases the protection of a T-cell line 

against R5-tropic infection and confers significant resistance to X4-tropic 

infection.  

To investigate whether other post-entry restriction factors would also 

serve to protect against both viral tropisms, we modified the targeting vectors to 
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include the vif-resistant D128K mutant of APOBEC3G or dominant negative Rev 

M10 (“CCR5-APO” and “CCR5-Rev” targeting vectors, Figure 2.4). Following 

targeting, we detected expression of the myc-tagged APOBEC3G D128K and 

Rev M10 (Figure 2.5e, lanes 5 and 8, and Figure 2.5f). We showed that the 

CCR5-APO cells and the CCR5-Rev cells were protected 134-fold (RTCN =4.9) 

and 80-fold (RTCN = 8.2) against R5-tropic HIV, respectively (Figure 2.6c and 

Table 2.1). Similarly, against X4-tropic HIV, these restriction factors provided 

104-fold (RTCN = 1.8) and 14-fold (RTCN = 13.4) protection through day 14, 

respectively (Figure 2.6d and Table 2.1).  

 

Targeted stacking of restriction factors confers complete resistance to R5-tropic 

and X4-tropic infection 

Since the combination of CCR5 disruption with TRIM5α expression was 

more protective than CCR5 disruption alone against R5-tropic HIV, we sought to 

determine if stacking resistance factors together in combination as a cassette of 

anti-HIV genes would confer greater resistance to both X4-tropic and R5-tropic 

variants. To do this we again modified the targeting vectors to include all 

combinations of Rev M10, APOBEC3G D128K and either hrh-TRIM5α or rh-

TRIM5α (“CCR5-Rev-hrh,” “CCR5-Rev-rh,” “CCR5-APO-hrh,” “CCR5-APO-

rh,” “CCR5-Rev-APO,” “CCR5-hrh-triple,” and “CCR5-rh-triple,” Figure 2.4) 

and targeted them to CCR5 in JLTRG-R5 cells. Protein expression of the anti-
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HIV genes was markedly lower from many of the two- and three-factor 

combination cassettes compared to the single-factor cell lines (Figures 2.5e and 

2.5f). Because of the robust protection provided by each of the factors alone 

(RTCN values between 1.3 and 13.4), there was no significant benefit of adding 

additional factors through day 14 of infection (Table 2.1). However by day 23 of 
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Figure 2.7: Stacking genetic resistance provides complete protection 
from infection by R5-tropic and X4-tropic HIV. Maximum infection level 
of cell lines targeted at CCR5 with zero (red bars), one (yellow), two (blue) 
or three (green) restriction factors by day 23 of infection with X4-tropic HIV 
(a) or by day 35 of infection with R5-tropic HIV (b). (Error bars represent 
standard deviation, *p < .05 compared to wt, in (b) # p < .05 compared to 
CCR5-hrh-triple). 
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continuous infection, the resistance to X4-tropic infection was either completely 

or partially abrogated in the CCR5-hrhTRIM5α cells and the CCR5-rhTRIM5α 

cells, with RTCN values of 123 and 32, respectively (Figure 2.7a and Table 2.2) 

similar to a previous report of decreased TRIM5α restriction upon prolonged 

infection (Pacheco et al., 2010). Similarly, the CCR5-Rev cells showed a 

maximum RTCN value of 137 by day 23. By day 23, many of the two-factor 

targeted cell lines had also become infected by X4-tropic virus (Figure 2.7a and 

Table 2.2).  

Of the one- and two-factor targeted lines (Figure 2.7a, yellow and blue 

bars, respectively and Table 2.2), the CCR5-rhTRIM5α, CCR5-APO, CCR5-Rev-

rh, and CCR5-rev-APO cells were significantly less infected than wild type cells. 

Interestingly, the CCR5-APO and CCR5-Rev-APO cells remained virtually 

uninfected at day 23 (Table 2.2). One explanation for this observation is that since 

the protein level of APOBEC3G D128K in these two lines was at least 20-fold 

higher than in any of the other lines (Figure 2.5f, blue bars), it provided enough 

restriction that additional factors were not necessary to further inhibit infection. 

However, such overexpression of a cytidine deaminase could have detrimental 

cellular genomic consequences (see Discussion). For example, we were able to 

generate HEK 293T cell lines with targeted integration into the CCR5 locus of all 

of the anti-HIV restriction factors and combination of factors except with the 

CCR5-APO and CCR5-Rev-APO targeting vectors which express the highest 
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levels of APOBEC3G D128K (data not shown).  We believe this inability to 

create 293T cell lines with targeted integration of a highly expressed APOBEC3G 

D128K gene is a reflection of the potential toxicity of its overexpression. 

Importantly, the modest expression of all three anti-HIV factors in the CCR5-hrh-

triple and CCR5-rh-triple cell lines (Figures 2.5e and 2.5f) conferred significant 

protection to these cells through 23 days of infection (Figure 2.7a, green bars and 

Table 2.2).  
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Table 2.2: Fold protection of CCR5 targeted cells after extended 
infection. Some previously resistant cell lines (Table 2.1) became infected 
after extended infection times of 35 days (R5) or 23 days (X4).  
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Because of the additional layer of protection that CCR5 disruption confers 

against R5-tropic HIV (compared to X4-tropic HIV), the single- and double- 

factor targeted cells remained protected from infection by R5-tropic virus through 

day 23, but some became moderately infected by day 35 (Figure 2.7b, yellow and 

blue bars, respectively and Table 2.2). With the exception of the CCR5-hTRIM5α 

and CCR5-hrhTRIM5α cells, all other lines still have a significantly lower 

maximum infection level than wild type cells by day 35 (Figure 2.7b, *). However 

the CCR5-hrh-triple and CCR5-rh-triple cells are significantly less infected than 

most of the single- and double-factor cell lines  (Figure 2.7b, #), demonstrating 

that the combination of all three factors targeted to CCR5 is most protective 

against R5-tropic infection.  

 

Expression of rhTRIM5α  and hrhTRIM5α  inhibits the initial round of 

infection 

Finally, to further investigate the mechanism of HIV resistance in each of 

these cell lines, we used a single round infectivity assay (McMahon et al., 2007; 

McMahon et al., 2011). First, we sought to determine whether this assay was 

sensitive enough to detect differences in the susceptibility of our targeted cell 

lines. To do this, we generated replication incompetent CCR5-tropic 

pseudovirions containing red fluorescent protein in place of the viral envelope 

protein by co-transfection of HEK 293T cells with the NL4-3-ΔE-RFP plasmid 
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and the CCR5 envelope SF162 plasmid.  Culture supernatants were collected and 

used to infect wild type JLTRG-R5 cells. Infection was assessed by quantifying 

RFP positive cells two days post-infection.  Importantly, wild type cells had 

measurable infection at day 2, while cell lines targeted at CCR5 were significantly 

protected against infection likely due to the disruption of CCR5 (Figure 2.8a).  

To quantify the contribution the targeted anti-HIV restriction factors have 

independent of the effects from CCR5 disruption, we made VSV-G pseudotyped 

single-round RFP virus (HIV-1NL4-3-ΔE-RFP-VSVG) and infected cells as above. 

Because TRIM5α is a post-entry, pre-integration restriction factor, CCR5-

hrhTRIM5α cells and CCR5-rhTRIM5α cells should still be protected against 

single round VSV-G pseudotyped HIV infection. In fact, when challenged in the 
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Figure 2.8: TRIM5α blocks the initial round of infection by HIV. Infection 
of CCR5-targeted cell lines with single round HIV pseudotyped with (a) R5 
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< .05, ** p < .005, *** p < .0005). 
 



      

 

71 

single round assay, CCR5-hrhTRIM5α cells became significantly less infected, 

reaching only 59% the level of infection compared to wild type cells. Similarly, 

CCR5-rhTRIM5α cells were infected at 32% of wild type (Figure 2.8b). 

Furthermore, because Rev M10 and APOBEC3G D128K are post-integration 

restriction factors, they should not inhibit the initial cycle of infection, but only 

subsequent rounds. As predicted, the cells targeted with CCR5-hTRIM5α, CCR5-

APO, and CCR5-Rev showed no protection in the single round infectivity assay 

(Figure 2.8b).  

 

Discussion 

Using ZFN-mediated homologous recombination to target a cassette of 

anti-HIV restriction factors (rh or hrh-TRIM5α, APOBEC3G D128K and Rev 

M10) to the CCR5 locus, we have created robust resistance to infection by both 

X4- and R5-tropic HIV and have established a framework to test the relative fold 

protection genetic restriction factors provide against HIV infection (Table 2.1 and 

Table 2.2). This is the first demonstration of targeted trait stacking against HIV 

infection using homologous recombination to precisely integrate the restriction 

factors into the genome. A recent report (Lei et al., 2011) describes ZFN-

mediated insertion of GFP into CCR5 at targeting rates of up to 10% using a 

baculoviral delivery method in Ghost-CCR5 cells. A second study (Lombardo et 
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al., 2007) used integration-defective lentivirus to deliver CCR5 ZFNs and 

targeting vector and achieved targeting rates of 0.1% in human CD34+ 

hematopoietic stem/progenitor cells and 5% in human embryonic stem cells, but 

neither group infected the targeted cells with HIV. Here, we achieve targeting 

rates of 27% with GFP, and further demonstrate targeting of anti-HIV factors that 

confer effective resistance to infection by HIV.  

Since targeting a puromycin resistance gene alone to CCR5 is functionally 

equivalent to CCR5 disruption by ZFN-induced NHEJ, we were able to directly 

compare the efficiency of our ZFN-mediated homologous recombination trait-

stacking strategy with the published ZFN-mediated CCR5 disruption approach 

currently in clinical trials (Ando et al., 2011; Mitsuyasu et al., 2011). In fact, our 

strategy overestimates the effectiveness of CCR5 disruption alone because we 

selected for targeted cells, most of which have undergone mutagenic NHEJ at the 

untargeted CCR5 allele (Figure 2.8d), in effect resulting in a population of cells 

with bi-allelic CCR5 disruption. Even in this context, against R5-tropic HIV, 

targeted integration of an anti-HIV gene to CCR5 provides up to 30-fold increased 

protection compared to CCR5 disruption alone.  

In an effort to restrict infection by X4-tropic virus, CXCR4 ZFNs have 

been recently described (Wilen et al., 2011; Yuan et al., 2012), and when used in 

combination with CCR5 ZFNs could confer resistance to both viral tropisms. 

However, the possible implementation of this approach is limited to the mature 
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post-thymic CD4+ T-cell compartment and would not be feasible in HSCs 

because of the requirement of functional CXCR4 in B-cell development (Dar et 

al., 2006; Nagasawa et al., 1996) and HSC homing. The use of ZFNs against 

CXCR4 and CCR5 to confer dual-tropic HIV resistance would also require bi-

allelic gene disruption at two distinct sites in the same cell, a relatively rare 

occurrence even with highly active ZFN pairs.  Finally, the simultaneous creation 

of two double-strand breaks would likely lead to increased genomic instabilities 

as simultaneous double-strand breaks can lead to chromosomal translocations 

(Brunet et al., 2009; Chiarle et al., 2011) or deletions (Lee et al., 2009). 

Our results suggest an alternative strategy to generate cells with dual-

tropic resistance. In addition to robust protection against R5-tropic HIV, our 

single factor cell lines showed significant protection through the first two weeks 

of infection by X4-tropic HIV. By the third week, the cells targeted with CCR5-

hrhTRIM5α, CCR5-rhTRIM5α and CCR5-Rev became infected, but the CCR5-

hrh-triple and CCR5-rh-triple lines remained uninfected. Interestingly, the CCR5-

APO cell line also maintained resistance to both R5-tropic and X4-tropic infection 

through 3 weeks. Because of this, one explanation of the complete resistance of 

the CCR5-triple cell lines is that the protection was due to APOBEC3G D128K 

alone with no additional benefit from Rev M10 or TRIM5α. We have evidence to 

suggest, however, that the complete protection was due to the effects of all three 

factors. The expression of the myc-tagged APOBEC3G D128K was at least 20-
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fold higher in the CCR5-APO cells than in the CCR5-hrh-triple and CCR5-rh-

triple lines. Furthermore, in the cell lines expressing two out of the three anti-HIV 

factors (ie, CCR5-APO-rh), expression of APOBEC3G D128K was similar to the 

CCR5-rh-triple cells, but the CCR5-APO-rh cells became infected by X4-tropic 

HIV (RTCN = 92) by the third week (Figure 2.7a). Therefore, when APOBEC3G 

D128K was expressed at low levels, it was only in combination with Rev M10 

and rh- or hrh-TRIM5α that it provided complete protection against R5- and X4-

tropic HIV. Because APOBEC3G is a cytidine deaminase, limiting its 

overexpression is preferred to avoid unintended host cell genomic DNA 

modifications (Albin and Harris, 2010; Harris et al., 2002; Yamanaka et al., 1995) 

or other cellular events that have been linked to hepatic metastases in colorectal 

cancer (Ding et al.). Similarly, the seemingly contradictory observation that the 

double-factor CCR5-rev-hrh cells were less resistant to infection than the single-

factor CCR5-rev and CCR5-hrhTRIM5α cells can be explained by the lower level 

of protein expression in the CCR5-rev-hrh cells. Also, higher expression of 

TRIM5α in the CCR5-hrh-triple cells compared to the CCR5-rh-triple cells also 

explains the slightly higher resistance in the triple line expressing the human-

rhesus hybrid protein (Figures 2.5e and 2.5f).   

In summary, targeted trait stacking is an improvement over previous 

studies that solely relied on CCR5 (Holt et al., 2010; Kim et al., 2009; Perez et al., 

2008) or CXCR4 (Wilen et al., 2011; Yuan et al., 2012) disruption to prevent HIV 
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infection for three reasons. First, unique to our system, mono-allelically modified 

cells confer effective resistance to infection (Figure 2.2). Second, just as 

pharmacological therapies against HIV infection inhibit multiple stages of the 

HIV lifecycle, our system provides multiple genetic blockades against infection 

(Figure 2.1). In the first 14 days following infection, all combinations of anti-HIV 

factors provided resistance and there were only slight differences in the 

effectiveness of some of the single-, double- and triple-factor cassettes. However, 

by day 35 of infection with R5-tropic HIV, many of the cell lines targeted with 

single factor cassettes had become infected. Notably the CCR5-hrh-triple cells 

remained uninfected throughout the course of the experiment. The third major 

improvement of this strategy is that targeted trait stacking at the CCR5 locus is 

effective in preventing infection by both R5- and X4-tropic HIV. RTCN values 

for CCR5-hrh-triple cells were less than 2 for both viral tropisms. The large 

difference in the “fold protection” against X4-tropic (135-fold) and R5-tropic 

(522-fold) can be attributed primarily to the variable susceptibility of wild type 

cells to X4- and R5-tropic infection. Combining the targeted trait stacking 

strategy described here with recent advances in ZFN modification of human 

hematopoietic stem and progenitor cells is the next pre-clinical hurdle in 

developing robust, long-term genetic protection against infection by HIV.  
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Materials and Methods 

Cell lines and cell culture 

K562s (ATCC) and JLTRG-R5 (AIDS Research and Reference Reagent 

Program, Division of AIDS, NIAID, NIH from Dr. Olaf Kutsch) were maintained 

in RPMI 1640 (Hyclone) supplemented with 10% bovine growth serum, 

100units/ml penicillin, 100µg/ml streptomycin and 2mM L-glutamine.  

 

Plasmid construction 

Flag-tagged CCR5 ZFNs (Perez et al., 2008) were synthesized and cloned 

into pcDNA6 (Invitrogen). Targeting vectors were constructed by PCR 

amplifying CCR5 arms of homology centered on the ZFN cut site using the 

following primers: 5’fwd, 5’-TTCCTGCCTCATAAGGTTGC-3’, 5’ rev 5’-

AGGATGAGGATGACCAGCAT-3’, 3’fwd 5’-

GATAAACTGCAAAAGGCTGAAGAG-3’, 3’ rev 5’-

AGACCCTCTATAACAGTAACTTCCT-3’.  pcRev (AIDS Research and 

Reference Reagent Program from Dr. Bryan R. Cullen) and pcDNA-APO3G 

(AIDS Research and Reference Reagent Program from Drs. Klaus Strebel and 

Sandra Kao) were subjected to site-directed mutagenesis to create the rev M10 

(Malim et al., 1991) and APOBEC3G D128K (Xu et al., 2004) mutants. HA-

tagged TRIM5α constructs were used as previously described (Sawyer et al., 
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2005). The three anti-HIV genes were cloned in all combinations and followed by 

IRES-puromycin acetyltransferase between the CCR5 arms of homology. 

Included outside the homology arms was HSV-TK domain for negative selection.  

 

Virus preparation and titer 

Plasmid pNL4-3 (generous gift of Dr. Beth Levine) was transfected into 

HEK293T cells to make replication competent CXCR4-tropic HIV. Supernatant 

was collected on day 2 and viral titer was measured by p24 ELISA (Cell Biolabs) 

following the manufacturer’s protocol. Cell-free viral supernatant of CCR5-tropic 

HIV-1Ba-L (AIDS Research and Reference Reagent Program from Dr. Suzanne 

Gartner, Dr. Mikulas Popovic and Dr. Robert Gallo) was propagated in wild type 

JLTRG-R5 cells and viral supernatant was collected, titered, and used in 

subsequent experiments. Single round HIV was produced as previously described 

(McMahon et al., 2007). Briefly pNL4-3ΔE-RFP was co-transfected into HEK293T 

cells with either pVSVG (VSVG envelope) or pSF162 (R5 envelope) and viral 

supernatant was collected on day 2 after transfection.  

 

Cell transfection and selection 

K562 cells were nucleofected (Lonza) with 10µg targeting vector and 1µg of each 

ZFN plasmid or mRNA using program T-016 and nuclefection buffer containing 

100mM KH2PO4, 15mM NaHCO3, 12mM MgCl2 • 6H20, 8mM ATP, 2mM 
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glucose, pH 7.4. JLTRG-R5 cells were nucleofected with the same conditions 

except with program I-010. Targeted cells were selected with 0.5µg/ml 

puromycin. Negative selection was performed with 5uM ganciclovir.   

 

Gene targeting 

Genomic PCR was performed to show targeting to CCR5 using a forward primer 

within GFP (5’-TTCAAGATCCGCCACAACATCG-3’) and a reverse primer 

outside the 3’ arm of homology (5’-ACAGATGCCAAATAAATGGATG-3’). A 

Southern blot probe was generated upstream of the 5’ arm of homology by PCR 

amplification of genomic DNA using the following primers: fwd 5’-

GGCCAGAAGAGCTGAGACATCCG-3’, rev 5’-

CGTCTGCCACCACAGATGAATGTC-3’. Radioactive Southern blotting was 

performed using standard techniques.  

 

Western blot 

Expression of targeted anti-HIV genes was detected by Western blot using the 

following primary antibodies: 1:500 mouse α-rev (Thermo), 1:5,000 mouse α-

myc (Roche), 1:300 rabbit α-HA (Santa Cruz); and secondary antibodies: 

1:10,000 goat α-mouse-HRP (Santa Cruz) and 1:10,000 goat α-rabbit-HRP 

(Santa Cruz).  
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Immunostaining for CCR5 

Surface expression of CCR5 was measured by staining 0.5 million JLTRG-R5 

cells with 10µl APC-conjugated α-CCR5 antibody (BD Biosciences). Incubation 

was performed in 100µl PBS/2% serum for 30 minutes at 4oC and flow cytometry 

was performed using an Accuri C6 cytometer (Accuri).  

 

Quantitation of infection  

In multi-round infection experiments, 105 wild type or targeted JLTRG-R5 cells 

were incubated with either 1ng p24 X4-tropic or 10ng p24 R5-tropic HIV. 

Because JLTRG-R5 cells contain an integrated LTR-GFP (Ochsenbauer-Jambor 

et al., 2006), the level of infection was determined using GFP fluorescence and 

was calculated as the ratio to cell negative (RTCN = (%GFP)sample * (MFI)sample/ 

(%GFP)wt * (MFI)wt) (Vodros and Fenyo, 2005). Fluorescence was measured by 

flow cytometry using an Accuri C6 every 2-3 days. At every time point an aliquot 

of each sample was pelleted and fixed by resuspension in either 4% 

paraformaldehyde or 2% formaldehyde, and incubated 30 minutes at 4oC prior to 

FACS. In single-round infection experiments, 105 wild type or targeted cells were 

spin infected with 100µl viral supernatant at 1200xg for 2 hours. On day 2, cells 

were prepared for FACS analysis as above.  
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CHAPTER III: THERAPEUTIC GENE EDITING AND 

THE GENERATION OF ENDOGENOUS FLUORESCENT 

REPORTERS AT THE HUMAN GLOBIN LOCI 

 

Abstract 

Tal-effector nucleases are engineered proteins that induce DNA double-

strand breaks in a sequence specific manner and can stimulate precise genome 

editing. Sickle cell disease and β-thalassemia are common genetic disorders 

caused by mutations in β-globin so we engineered a pair of highly active 

TALENs that induce modification of 54% of human β-globin alleles near the site 

of the sickle mutation. These TALENS stimulate targeted integration of 

therapeutic, full-length β-globin cDNA to the endogenous β-globin locus in 19% 

of cells prior to selection as quantified by single molecule real time sequencing. 

We also developed highly active TALENs to human γ-globin, a pharmacologic 

target in sickle cell disease therapy. Using the β-globin and γ-globin TALENs, we 

generated cell lines that express GFP under the control of the endogenous β-

globin promoter and tdTomato under the control of the endogenous γ-globin 

promoter.  With these fluorescent reporter cell lines, we screened a library of 

small molecule compounds for their differential effect on the transcriptional 



      

 

81 

activity of the endogenous β- and γ-globin loci and identified several that 

preferentially upregulate the γ-globin gene in comparison to the β-globin gene. 

 

Introduction 

Sickle cell disease is the most common monogenic disease worldwide and 

is caused by a single point mutation in the β-globin gene. Painful clinical 

symptoms begin shortly after birth as mutated β-globin subunits replace non-

defective γ-globin chains in the predominant form of hemoglobin. Current 

pharmacological treatment with hydroxyurea partially reverses this globin 

switching by increasing the production of γ-globin (Lavelle, 2004; Steinberg and 

Rodgers, 2001). This has led to broad interest in developing other compounds and 

discovering new mechanisms that preferentially upregulate γ-globin (Bauer and 

Orkin, 2010; Liu et al., 2010; Steinberg and Rodgers, 2001; Xu et al., 2011), and 

also in developing methods to study globin regulation (Chan et al., 2012; Howden 

et al., 2008).  Analyses of differential expression of β- and γ-globin generally 

have been limited to hemoglobin electrophoresis or qRT-PCR, but recent reports 

have described a method of using the expression of fluorescent molecules driven 

by the β- and γ-globin promoters as a readout of differential globin regulation. In 

those studies, the authors integrated into the genome a bacterial artificial 

chromosome containing the entire 200kb β-globin locus (which includes both β-
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globin and γ-globin among other genes), modified such that the β- and γ-globin 

promoters drive expression of fluorescent proteins (Chan et al., 2012; Howden et 

al., 2008). The integration of the complete genomic locus presumably maintains 

much of the physiologically relevant regulation of expression, but it does not 

allow for the direct analysis of the endogenous locus. Instead, direct modification 

of the endogenous β- and γ-globin loci is required.  

Endogenous genomic loci can be precisely altered using engineered zinc 

finger nucleases (Hockemeyer et al., 2009; Perez et al., 2008; Urnov et al., 2005; 

Yusa et al., 2011) and Tal effector nucleases (Hockemeyer et al., 2011; Miller et 

al., 2010; Reyon et al., 2012). ZFNs and TALENs are comprised of a specifically 

engineered DNA binding domain, which is fused to the FokI endonuclease 

domain. Anti-parallel binding of a pair of ZFNs or TALENs to contiguous sites 

leads to the dimerization of the FokI domain, resulting in a targeted DNA double-

strand break. Repair of the break can proceed by mutagenic non-homologous end 

joining or by high-fidelity homologous recombination with a homologous DNA 

donor template. Compared to TALENs, ZFNs have shorter DNA recognition 

domains and induce more off-target breaks, leading to higher levels of 

cytotoxicity (Mussolino et al., 2011).  The DNA recognition domain of TALENs 

is characterized by repeated arrays of 34 identical amino acids, except in positions 

12 and 13. These two amino acids comprise the repeat variable domain (RVD), 

which contacts the DNA and provides the nucleotide recognition specificity of 
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each repeat array (Boch et al., 2009; Moscou and Bogdanove, 2009). Unlike the 

other DNA bases which each show strong preference for a single RVD, guanine 

can be recognized by one of two RVDs with different binding characteristics. The 

asparagine-asparagine (NN) RVD can form a high-affinity hydrogen bond with 

guanine, but is not specific because it can also hydrogen bond with adenine (Deng 

et al., 2012; Mak et al., 2012). Conversely, the asparagine-lysine (NK) RVD 

seems to be more specific for guanine (Miller et al., 2010) but is less commonly 

found in naturally occurring TAL effector proteins (Moscou and Bogdanove, 

2009).  

Recent reports have described the development and use of β-globin ZFNs 

to correct the sickle mutation in human iPS cells. The low rates of confirmed 

targeting described in these studies (1 out of 300 (Zou et al., 2011a) and 28 out of 

286 (Sebastiano et al., 2011) drug resistant clones were targeted) could be 

increased by improving the efficiency and toxicity profile of the engineered 

nucleases. Here, we used highly active and minimally toxic β-globin TALENs to 

stimulate homologous recombination of therapeutic β-globin cDNA to the 

endogenous β-globin locus in 19% of cells prior to selection. To analyze the 

efficiency of both the cutting by the TALENs and the rate of targeted integration, 

we employed a rapid, accurate and economical deep sequencing method known as 

single molecule, real time (SMRT) sequencing (Eid et al., 2009).  Then, we used 

TALENs to target GFP to the endogenous β-globin locus and tdTomato to the 
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endogenous γ-globin locus to generate cell lines that report on the activity of each 

of these genes. We used these fluorescent reporter cell lines to rapidly and 

robustly screen a panel of small molecule compounds for differential regulation of 

the of the endogenous β- and γ-globin genes.  

 

Results 

Design and characterization of β- and γ-globin TALENs 

To develop a system that robustly and rapidly reports on the activity of 

both the β-globin and γ-globin loci, we designed a gene targeting strategy using 

engineered nucleases. Recent reports have described low but significant levels of 

genome modification at the endogenous β-globin locus using ZFNs (Sebastiano et 

al., 2011; Zou et al., 2011a), and we first sought to improve the rate of gene 

targeting at the β-globin locus by designing custom TALENs to that site. First, we 

identified four putative left (βL1-βL4) and four right (βR1-βR4) TALEN binding 

sites near the sickle mutation in β-globin (Fig. 3.1a), and synthesized the eight 

individual TALENs using the NK RVD to bind each guanine. Notably, we made 

slight modifications of the final TALEN expression vector to include the N- and 

C-terminal TALEN truncations that have been shown to be sufficient for optimal 

TALEN activity (Miller et al., 2010). In an extrachromosomal single strand 

annealing (SSA) assay, we identified six TALEN pairs that stimulated SSA at 
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least 10-fold above background (Figure 3.1b). We then re-constructed the most 

active TALEN pair (βL4-NK/βR4-NK) to contain the NN RVD (βL4-NN/βR4-

NN) (Figure 3.2a) using the Golden Gate cloning strategy previously described 

(Cermak et al., 2011). To investigate their activities at the endogenous 

Figure 3.1: Design and activity of β-globin TALENs and ZFNs. (a) 
DNA binding sites of the β-globin TALENs and ZFNs. Blue – ATG start 
codon, red – sickle mutation, yellow - different between β-globin and δ-
globin. (b) Fold increase in single strand annealing compared to control 
(yellow). Red bars – nucleases used in subsequent experiments. (c) 
Comparison of the DNA-binding a-helices of the ZFNs used in this 
study compared to previously published ZFNs (Perez et al., 2008). 

 

βL1______ _________ caaacagacaccatg_ 
βL2_____________ ___caaacagacaccatggt__ 
βL3___________ ____----- agacaccatggtgcac___________ 
βL4____________ ___________________  gcacctgactcctgt 
βZFN R                      ggggcaagg 

___________ 

caacctcaaacagacaccatggtgcacctgactcctgaggagaagtctgccgttactgccctgtggggcaagg 

gttggagtttgtctgtggtaccacgtggactgaggactcctcttcagacggcaatgacgggacaccccgttcc 

 

βR1______ _________________________________________acctcttcagacggcaa_________ 
βR2_____________ _____________________________________tcttcagacggcaa___________ 
βR3_____________ __         _____________________________tcagacggcaatgacg___________ 
βR4_____________ ______________________________________________ ___atgacgggacaccccgt 
βZFN L            gcaatgacg         

     

 

a

b

ZFN-L        ACG      GTA      GCA 
Voit       RSDHLTN  QSTTLKR  RGDKLGP 

Sebastiano RNITLVR  QRSSLVR  QPNTLTR  

ZFN-R     AGG      GCA      GGG  
Voit       RQQTLAQ  QRSSLVR  QTNTLGR 

Sebastiano RGEHLRQ  QSGTLKR  RNDKLVP    

c
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chromosomal β-globin locus, we used the Surveyor nuclease assay in HEK293T 

cells. The NK versions modified up to 18% of alleles and the NN TALENs 

modified 48% of alleles (Figure 3.2b). As a comparison, we also used a 

modification of the OPEN method to generate ZFNs to the β-globin locus 

(Maeder et al., 2008; Pruett-Miller et al., 2008).   These ZFNs were made 

-- βL4-NK/βR4-NK βL4-NN/βR4-NN βL4-NN/βR4-NN
mRNA

βL4-NN/βR4-NN
ψ-UTP mRNAβZFNs

% modifications    <1       <1      5        15      18      37      33       48      43           14      11      <1       <1       5       24      23         <1      11      38      35                  

--      DNA   mRNA

βZFNs

% modifications      <1      12       35

b

c

  --    βL4/  βZFNs
         βR4

d δ-globin

<1      <1      <1

accatggtgcacctgactcctgaggagaagtctgccgttactgccctgtggggcaaggtgaa
tggtaccacgtggactgaggactcctcttcagacggcaatgacgggacaccccgttccactt

a

FokI

FokI

β-globin

% modified alleles:
7,722/14,215 = 54.3%

 
 

e WT x6,493  GCACCTGACTCCTGAGGAGAAGTCTGCCGTTACTGCCCTGTGGGGCA

Δ1   x410  GCACCTGACTCCTGAGGAGAAGTCTGC-GTTACTGCCCTGTGGGGCA
Δ12  x170  GCACCTGACTCCTG------------CCGTTACTGCCCTGTGGGGCA
Δ6   x157  GCACCTGACTCCTGAG------TCTGCCGTTACTGCCCTGTGGGGCA
Δ5   x150  GCACCTGACTCCTGA-----AGTCTGCCGTTACTGCCCTGTGGGGCA
Δ4   x131  GCACCTGACTCCTGAG----AGTCTGCCGTTACTGCCCTGTGGGGCA
Δ3   x127  GCACCTGACTCCTGAGGAG---TCTGCCGTTACTGCCCTGTGGGGCA
Δ1   x102  GCACCTGACTCCTGAGGAGA-GTCTGCCGTTACTGCCCTGTGGGGCA
Δ7    x89  GCACCTGACTCCTGA-------TCTGCCGTTACTGCCCTGTGGGGCA
+1    x66  GCACCTGACTCCTGAGGAGAAGtTCTGCCGTTACTGCCCTGTGGGCA
Δ15   x57  GCACCTGACT---------------GCCGTTACTGCCCTGTGGGGCA
Δ26   x54  GCACCTGACTCCTG--------------------------TGGGGCA

Figure 3.2. TALEN and ZFN activity at the endogenous β-globin 
locus. (a) Schematic of βL4/βR4 TALEN. (b) Titration of each β-globin 
nuclease pair in the Surveyor nuclease assay. (c) Comparison of the 
activity of β-globin ZFNs delivered as DNA or pseudo-UTP modified 
mRNA. (d) Activity of the β-globin nucleases at the δ-globin locus. (e) 
SMRT sequencing of β-globin alleles mutated by treatment with βL4-
NN/βR4-NN TALENs. The 11 most abundant mutated alleles are 
shown, and the frequency of each is indicated. TALEN binding sites are 
underlined. (Δ represents deletions, + represents insertions). 
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independently from the ones reported by Sebastiano et al (Sebastiano et al., 2011) 

but are designed to the same target sequence and are very similar in the amino 

acid sequence of the alpha-helices that mediate DNA binding (Figure 3.1c).  

Although the ZFNs were much more cytotoxic than were the TALENs (Figure 

3.3), the ZFNs were also very active, modifying up to 35% of β-globin alleles in 

the Survyeor nuclease assay (Figure 3.2b). Interestingly, delivery of TALENs as 

mRNA did not increase the already high frequency of cutting, but delivery of the 

ZFNs as mRNA increased the signal from 12% to 35% (Figure 3.2c). Importantly, 

neither the TALENs nor the ZFNs showed any modification at the δ-globin locus 

(Figure 3.2d), which has high sequence homology with β-globin (Figure 3.1a). 
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Figure 3.3: Toxicity assay of β-globin nucleases. The ratio of GFP 
positive cells on day 6 to day 2 for each sample was normalized to 
samples transfected with the non-toxic nuclease I-SceI. CCR5 ZFNs 
(Perez et al., 2008) were used as an example of toxic nucleases. 
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To confirm the frequency of genome modification by βL4-NN/βR4-NN, 

we used single molecule real time (SMRT) sequencing, a rapid, high-throughput 

method for sequencing of the β-globin locus following TALEN treatment(Eid et 

al., 2009). SMRT sequencing allows for simultaneous analysis of up to 30,000 

sequences, as well as multiplexing various samples at once. Analysis of 14,215 β-

globin sequences revealed TALEN modification of 54% (Figure 3.2e).  

Next, to modify the endogenous γ-globin locus, we designed and 

constructed three left (γL1- γL3) and two right (γR2- γR3) NN TALENs that bind 

sequences near the ATG start codon of γ-globin (Figure 3.4). Because of the 

sequence identity between Aγ-globin and Gγ-globin these TALEN pairs do not 

distinguish the two loci. To measure the activity of the γ-globin TALENs, we 

again used the Surveyor nuclease assay, which resulted in modification of up to 

44% of γ-globin alleles with the γL3/ γR2 pair (Figure 3.5a and 3.5b). Two other 

TALEN pairs modified greater than 30% of γ-globin alleles (Figure 3.5b). 

L1     5-gaggttatcaataagct-3     
L2      5-atcaataagctcct-3  
L3      5-atcaataagctcctagt-3  
 
       ctgaggttatcaataagctcctagtccagacgccatgggtcatttcacagaggaggacaaggctactatcacaag 
       gactccaatagttattcgaggatcaggtctgcgctacccagtaaagtgtctcctcctgttccgatgatagtgttc 
 
R2                3-taaagtgtctcctcc-5  
R3               3-tgtctcctcctgt-5  

Figure 3.4: DNA binding sites of the γ-globin TALENs. The 
ATG start site is highlighted in blue. 
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Analysis of 14,790 γ-globin SMRT sequences revealed a modification rate of 

53% with γL3/γR2  (Figure 3.5c).  

 

TALEN-mediated β-globin targeting by homologous recombination 

We then sought to determine at what frequency these highly active 

TALENs stimulated gene targeting by homologous recombination (Figure 3.6a). 

First to target the β-globin locus, we designed a targeting vector with 

approximately 1 kilobase arms of homology 5’ and 3’ of the TALEN cut site. In 

between the homology arms, we included a Ubc-GFP expression cassette that, 

upon successful homologous recombination, would be stably integrated into the 
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Figure 3.5: TALEN activity at the endogenous γ-globin locus. (a) 
Schematic of the γL3/γR2 TALEN binding site in the human γ-globin gene. 
Blue - ATG start codon. (b) γ-globin gene disruption in K562 cells. Arrows 
– specific cleavage products, * non-specific cleavage product. (c) SMRT 
sequencing of γ-globin alleles mutated by treatment with γL3/γR2 
TALENs. The 11 most abundant mutated alleles are shown, and the 
frequency of each is indicated. TALEN binding sites are underlined. 
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β-globin locus (Figure 3.6b “β-Ubc-GFP” targeting vector). Gene targeting by 

nucleofection of β-Ubc-GFP with βL4-NN and βR4-NN TALEN expression 

plasmids into erthyroleukemic K562 cells, resulted in stable integration of Ubc-

GFP in 19% of transfected cells (13% overall) compared to less than 1% in the 

absence of TALENs (Figure 3.6c). We then compared the activities of the NK and 

NN β-globin TALENs in the gene targeting assay. In confirmation of the 

Figure 3.6 High-frequency gene targeting using β-globin TALENs. 
(a) Schematic of nuclease-mediated gene targeting to the endogenous 
β-globin locus. (b) β-Ubc-GFP targeting vector. Ubc- ubiquitin C 
promoter, pA- BGH polyadenylation signal sequence. (c) Gene 
targeting of β-Ubc-GFP to the endogenous β-globin locus in K562 cells 
using βL4/βR4 TALENs and ZFNs (* p < .005 compared to targeting 
vector alone). (d) Comparison of NN and NK versions of βL4/βR4 
TALENs in the gene targeting assay. 
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Surveyor assay data, the NN versions stimulated a significantly higher rate of 

targeted integration compared to the NK TALENs. Interestingly, when paired 

with βR4-NN, both βL4-NK and βL4-NN stimulate high rates of targeting 

(~20%). However, when paired with βR4-NK, βL4-NK resulted in 1.8% stable 

GFP expression, while βL4-NN led to 4.5% stable GFP expression (Figure 3.6d). 

Despite high rates of modification in the Surveyor assay (Figure 3.2b), the ZFNs 

did not stimulate targeting of the β-Ubc-GFP at levels that could be discriminated 

from background random integrants (Figure 3.6c).  In this direct comparison of 

ZFNs and TALENs designed to target nearly the same sequence (Figure 3.1), we 

found that the TALENs were significantly better because of their greater cutting 

activity, significantly greater stimulation of targeting, and their lower toxicity.  

These data also demonstrate better activity with TALENs using NN as the RVD 

to recognize guanine compared to NK but that NK TALENs can have excellent 

activity in the correct context. 

 

Targeting β-globin cDNA to the endogenous β-globin locus 

We next sought to target full-length β-globin cDNA to the endogenous β-

globin ATG start site. In this way, endogenous β-globin regulatory elements 

would express β-globin from the cDNA instead of from the wild type genomic 

sequence, a strategy that would be clinically relevant for both sickle cell disease 
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and β-thalassemia. We modified the β-Ubc-GFP targeting vector, replacing the 

Ubc-GFP cassette with β-globin cDNA fused in-frame to the natural β-globin 

ATG start codon, already present in the 5’ arm of homology (Figure 3.7a, “β-in-

frame-cDNA” targeting vector). Also included in the β-in-frame-cDNA targeting 

vector was a drug selection cassette encoding a mutant form of methylguanine 

methyltransferase (MGMT P140K), which allowed for enrichment of targeted 

cells by treatment with the combination of O6-benzylguanine (O6BG) and 

carmustine, (BCNU). 

To determine the frequency of targeting and the efficiency of drug 

selection, we again employed SMRT sequencing. First, we targeted K562s with 

the β-in-frame-cDNA targeting vector using βL4/βR4 TALENs. Then we pulsed 

the samples three times with O6BG and BCNU and harvested gDNA after each 
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Figure 3.7: Targeting therapeutic β-globin cDNA to the 
endogenous β-globin locus. (a.) β–in-frame-cDNA targeting vector. 
When targeted, the cDNA is expressed from the endogenous ATG start 
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pulse.  To amplify the β-globin locus, we used a forward primer that is 5’ and 

outside the start of the 5’ homology arm and a reverse primer in exon 2 of β-

globin (Figure 3.7b). In this way, random integrants were not amplified.  The 

presence of intron 1 in the wild type genomic DNA sequence of this locus, and its 

absence in the targeted β-globin cDNA, allowed us to determine the ratio of 

targeted alleles to wild type alleles after each pulse based on the length of the 

sequence, which could then be confirmed by the sequence content (Figure 3.7b). 

In the absence of drug selection, 8% of the alleles were targeted as determined by 

analyzing the sequence of 1,100 alleles. The targeting frequency of 8% of alleles 

is consistent with the observed rate of β-Ubc-GFP targeting in 19% of cells 

(Figure 3.6c). Pulsing the targeted cells with O6BG/BCNU up to three times 

resulted in the enrichment of targeted alleles such that they accounted for greater 

than 60% of all sequenced alleles (Figure 3.7c).  

 

Generation of fluorescent β- and γ-globin reporters by endogenous locus 

tagging 

Next, we redesigned the β-Ubc-GFP targeting vector such that a 

promoterless GFP was fused in frame to the β-globin ATG start codon (Figure 

3.8a, “β-in-frame-GFP” targeting vector). In this way, upon targeting to the 

endogenous β-globin locus, GFP would be driven by the endogenous β-globin 
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promoter and would be subject to the regulatory elements controlling β-globin 

expression. We targeted the β-in-frame-GFP targeting vector to the β-globin 

locus, using either βL4/βR4 TALENs or ZFNs. Because of the naturally low level 

of β-globin expression in K562s (Fordis et al., 1984; Zein et al., 2010), the overall 

percentage of GFP positive cells underestimated the targeting frequency 

compared to that seen with the β-Ubc-GFP targeting vector. Nonetheless, in the 

presence of βL4 and βR4 TALENs, there was a significantly higher percentage of 
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Figure 3.8: Generation of β-globin reporter cells by in-frame GFP 
targeting to the endogenous β-globin locus. (a) β–in-frame-GFP 
targeting vector. When targeted, GFP is expressed from the endogenous 
ATG start site. Arrows indicate PCR primers used in (d) to confirm 
targeting. pA- BGH polyadenylation signal sequence, Ubc- Ubiquitin C 
promoter, MGMT – Methylguanine methyltransferase. (b) Targeting of β-
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and ZFNs (* p < .05 compared to targeting vector alone). (c) FACS plots 
of targeted clones, classified by level of GFP expression. (d) Genomic 
PCR using primers in (a) to detect presence of a targeted β-globin locus 
in 11 of 12 GFP positive clones. n.t.- no template control, wt- genomic 
DNA from wild type cells, pop- genomic PCR from targeted population, -- 
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GFP positive cells than in control samples (Figure 3.8b, blue bars). Selection with 

two pulses of O6BG and BCNU resulted in significant enrichment of GFP 

positive cells in the TALEN and ZFN samples compared to the targeting vector 

alone (Figure 3.8b). Notably, with up to four pulses with O6BG and BCNU, the 

overall percentage of GFP positive cells never increased above 20% (data not 

shown). We believe this is due to the low activity of the β-globin promoter in 

K562s. When we sorted for GFP positive cells from the TALEN sample, over the 

course of two weeks in culture, the population went from being greater than 95% 

GFP positive to approximately 15% (data not shown), reflecting the dynamic 

nature of β-globin expression in K562s. When we analyzed individual clones 

from the drug selected TALEN sample, we observed three distinct patterns of 

GFP expression that we designated “high,” “medium” and “low” (Figure 3.8c).  

To determine whether these clonal populations expressed GFP because of 

targeting to the β-globin locus, we used a genomic PCR assay spanning the 

junction of integration (Figure 3.8a, arrows). Indeed, 11 of 12 clones showed 

targeted integration (Figure 3.8d). Interestingly, the one clone that was not 

targeted (clone #1) was a “high” GFP expressing clone that had undergone 

random integration into a genomic site near strong promoter elements. These data 

confirm previous results that targeted cells show low levels of GFP expression 

because of the low activity of the β-globin promoter in these cells.    
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To develop a fluorescence-based reporter of the endogenous γ-globin 

locus, we targeted tdTomato in-frame to the ATG start codon of γ-globin, using a 

homologous targeting vector containing in-frame tdTomato followed by a 

neomycin drug resistance cassette (Figure 3.9a, “γ-in-frame-tdTomato”). Unlike 

β-globin, γ-globin is highly expressed in K562 cells so the fluorescent readout 

from the targeted γ-in-frame-tdTomato accurately reflected the overall integration 

rate despite the lack of an exogenous promoter. Co-transfection of γ-in-frame-

tdTomato with γL3/γR2 TALENs resulted in stable tdTomato expression in 34% 

of transfected cells (23% overall), compared to less than 1% in samples without 

TALENs (Figure 3.9b and 3.9c). Genomic PCR spanning the integration junction 

(Figure 3.9a, arrows) revealed the presence of a targeted band in samples treated 

with any of the three most active pairs of γ-globin TALENs (Figure 3.9e, left).  

To create a dual-fluorescent reporter that expresses GFP from the 

endogenous β-globin locus and tdTomato from the endogenous γ-globin locus 

(Figure 3.9d), we used the γ-globin TALENs to target the γ-in-frame-tdTomato 

vector to the γ-globin locus in a previously targeted β-globin-GFP clone (Figure 

3.9e, right). In this way, we generated three cell lines that report on the activity of 

endogenous globin promoters, the β-globin-GFP reporter, γ-globin-tdTomato 

reporter and the β-globin-GFP/ γ-globin-tdTomato dual reporter (Figure 3.9f).  
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Figure 3.9: Generation of fluorescent γ-globin and dual globin 
reporter cell lines. (a) γ–in-frame-tdTomato targeting vector. When 
targeted, tdTomato is expressed from the endogenous ATG start site. 
Arrows indicate PCR primers used in (e) to confirm targeting. pA- BGH 
polyadenylation signal sequence, PGK- Phosphoglycerate kinase 
promoter, neoR – Neomycin phosphotransferase. (b) Targeting of γ-in-
frame-tdTomato to the endogenous γ-globin locus using γL3/γR2 TALENs 
(* p < .005 compared to targeting vector alone). (c) FACS plots showing 
stable integration of tdTomato on day 20 in the presence of TALENs. (d) 
Schematic of the targeted globin loci showing tdTomato being expressed 
from the endogenous g-globin ATG start site and GFP from the 
endogenous b-globin ATG start site. The wild type γ- and β-globin gene 
sequences are still present after targeting but are not expressed because 
of the stop codons that follow the targeted tdTomato and GFP 
sequences. LCR – locus control region. (e) Genomic PCR using primers 
in (a) to detect presence of a targeted γ-globin locus in samples treated 
with γ-globin TALENs (Pair 1: γL3/γR2, pair 2: γL3/γR3, pair 3: γL2/γR2). 
Wild type cells (left) were targeted to generate the γ-globin tdTomato 
reporter line, and β-globin-GFP cells (right) were targeted to generate the 
dual reporter cell line. (f) FACS plots showing the fluorescent profile of 
the β-globin-GFP reporter (left) the γ-globin-tdTomato reporter (center), 
and β-globin-GFP/γ-globin-tdTomato dual reporter (right). 
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Using endogenous fluorescent reporter cells to screen globin-modulating 

compounds 

Next, we sought to establish these fluorescent reporter lines as tools that 

can be used to compare the globin-modulating activities of small molecule 

compounds. Hydroxyurea, is used clinically to increase the production of γ-globin 

and it has been shown to upregulate γ-globin in K562s (Banan et al., 2012; Erard 

et al., 1981). Indeed, K562s treated for four days with 400 µM hydroxyurea 

***

***

**

**

Figure 3.10: Validation of fluorescent globin reporter cells. Effect of 
400µM hydroxyurea on β- and γ-globin transcript levels (blue bars) and 
on GFP and tdTomato expression in targeted cell lines (orange bars). 
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showed a significant 62-fold increase in β-globin expression. γ-globin mRNA 

levels were even more elevated than β-globin transcripts after treatment with 

hydroxyurea, increasing 932 fold (Figure 3.10). We treated the β-globin-GFP 

reporter cells and the γ-globin-tdTomato reporter cells with hydroxyurea and 

measured mean fluorescence intensity on day four. GFP and tdTomato intensities 

were significantly higher compared to untreated cells, and the increase in 

tdTomato was significantly greater than the increase in GFP, mirroring the 

changes in β- and γ-globin expression levels. These results show that the reporter 

cell lines can be used to rapidly, accurately and robustly measure the activity of 

the endogenous globin loci.  

To expand our analysis, we treated cells from the β-globin GFP, γ-globin-

tdTomato, and β-globin-GFP/ γ-globin-tdTomato cell lines with 5 concentrations 

of 17 different compounds shown previously to modulate globin expression 

(Figure 3.11). Of these, ten significantly increased the expression of the 

endogenous γ-globin locus, the most striking of which were guanine, guanosine, 

apicidin and hydroxyurea (Figure 3.12a). Similarly ten compounds increased the 

expression of endogenous β-globin, with the best inducers being guanosine, 

guanine and GMP (Figure 3.12b). The ideal pharmacological therapy for sickle 

cell disease is a drug that preferentially induces the production of γ-globin 

compared to β-globin. Therefore the most relevant analysis was of the ratio of 
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Figure 3.11: Titration of globin-modulating compounds. Increase in 
GFP (green bars) and tdTomato (red bars) expression from the dual 
reporter cell line after treatment for four days with the indicated 
compound. The five drug concentrations used were 1x, 2x, 5x, 10x, and 
20x and the 1x concentration for each is as follows: GTP, GDP, GMP, 
guanosine, guanine, cGMP, hydroxyurea, zileuton- 20μM; decitabine, 
cytarabine- 1μM; sodium butyrate- 60μM; hemin- 5μM; cisplatin- 400nM; 
pomalidomide- 2μM; mithramycin- 10μM; apicidin- 200nM; 
phenylacetate- 400μM. 
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Figure 3.12: Using fluorescent reporter cell lines to screen globin-
modulating compounds. Effect of drug treatment on (a) tdTomato 
expression in g-globin tdTomato cells, (b) GFP expression in β-globin-GFP 
cells, and (c) the ratio of tdTomato/GFP expression in γ-globin-tdTomato and 
β-globin-GFP cells. FACS plots showing the effect on the expression of 
tdTomato and GFP from the γ-globin and β-globin loci of (d) guanosine, top; 
and apicidin, bottom. Drug concentrations: DMSO- 0.2%, pomalidomide- 
10µM, GDP- 400µM, hemin- 5µM, cGMP- 400µM, GTP- 200µM, mithramycin 
200nM, zileuton- 200µM, phenylacetate- 4mM, GMP- 400µM, decitabine-
10µM, sodium butyrate- 1200µM, cytarabine- 5µM, cisplatin- 4µM, 
hydroxyurea- 400µM, apicidin- 400nM, guanosine- 400µM, guanine- 400µM. 
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induction of γ- to β- globin (Figure 3.12c). Compounds such as guanosine 

increased the expression of both γ- and β-globin (Figure 3.12d, top). However, 

apicidin was a strong inducer of γ-globin but had no activity at the β-globin 

promoter (Figure 3.12d, bottom). Importantly hydroxyurea, the clinical standard 

of care for induction of γ-globin had one of the highest γ/β induction ratios of all 

the screened compounds. In this way, we have established a system to robustly, 

rapidly and simultaneously report on the activity of the endogenous β- and γ-

globin promoters.  

 

Discussion 

The emergence of the TALEN platform for engineering nucleases has 

made possible the rapid, open-source generation of highly active genome editing 

proteins. TALENs have been used to cause site-specific gene disruption and gene 

targeting in yeast (Christian et al., 2010), plants (Cermak et al., 2011), nematodes 

(Wood et al., 2011), zebrafish (Huang et al., 2011; Sander et al., 2011), rats 

(Tesson et al., 2011) and human cells (Hockemeyer et al., 2011; Miller et al., 

2010; Reyon et al., 2012). A recent report described TALENs designed to human 

β-globin and showed gene correction of a mutated GFP gene, which had been 

disrupted by the insertion of the β-globin sequence recognized by the TALENs. 

The authors report 5% gene correction of GFP by homologous recombination but 
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do not report on the activity of the TALENs on the endogenous β-globin locus 

(Sun et al., 2012).  

Here, we synthesized and compared the activities of NN-TALENs, NK-

TALENs and ZFNs designed to the same genomic region. Using the most active 

TALENs, we targeted β-globin cDNA to the ATG start codon of the endogenous 

β-globin locus in human cells and introduced a deep sequencing method to 

precisely detect rates of targeting. Similarly, we used TALENs to generate β- and 

γ-globin reporter cell lines by targeting the start codons of the endogenous loci 

with GFP and tdTomato. Finally, we showed that our endogenously tagged 

reporter cells provide a rapid and facile method to analyze the globin modulating 

activities of small molecule compounds.  

Our strategy of using SMRT sequencing to validate the activity of 

engineered nucleases as determined by the Surveyor nuclease assay allows for the 

analysis of many more sequences as compared to standard Sanger sequencing 

methods at a fraction of the cost of other deep sequencing platforms such as 

Illumina. We believe that using deep sequencing to determine cutting and 

targeting frequencies will be especially beneficial in primary cells such as CD34+ 

hematopoietic stem cells in which these rates are considerably lower compared to 

cell lines.  
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Using TALENs to target full-length β-globin cDNA to the endogenous β-

globin locus provides an alternate method to gene conversion of the sickle 

mutation using ZFNs as recently described (Sebastiano et al., 2011; Zou et al., 

2011a). First, we showed considerably higher nuclease activity, using a TALEN 

platform that is less toxic than ZFNs (Figure 3.3 and (Mussolino et al., 2011)). In 

the β-in-frame-GFP targeting experiments, which have low background signal 

because of the lack of exogenous promoter, we achieved targeted integration with 

the ZFNs after drug selection, showing that the ZFNs are capable of stimulating 

gene targeting at the β-globin locus. However, we were unable to detect targeting 

of the β-Ubc-GFP cassette with ZFNs at levels above background random 

integration, presumably due to the toxicity of the ZFNs.  

Another improvement in our strategy is that cDNA targeting would be 

therapeutic in both sickle cell disease, in which the causative mutation is at codon 

6 of the β-globin gene, and β-thalassemia, in which causative mutations can occur 

throughout the length of the β-globin gene. The co-conversion of the sickle 

mutation with the downstream integration of a drug resistance cassette in the first 

intron as described (Sebastiano et al., 2011; Zou et al., 2011a) has been 

demonstrated to be less efficient in cases when there is homologous sequence in 

between the site of the conversion and the insertion of the selectable marker 

(Porteus, 2006) such as the first exon of β-globin. Therefore, when we designed 
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the β-in-frame-cDNA targeting vector we introduced silent mutations in every 

sixth nucleotide of the cDNA sequence between the nuclease cut site and the end 

of the first exon. By reducing the homology between the genomic locus and the 

cDNA, we shunted the repair to proceed via homologous recombination with the 

3’ arm of homology (instead of with the short stretch of homology in exon 1 of 

the cDNA), ensuring that the drug selection cassette is also targeted to the locus. 

We chose to use the MGMT P140K-based drug selection strategy because it is 

effective in vitro (Davis et al., 1999) and relies on the FDA-approved compounds 

O6BG and BCNU, which can enrich for targeted cells in vivo (Neff et al., 2003).  

Dozens of reports have analyzed the effect of drugs on globin expression, 

primarily by analyzing transcript levels by qRT-PCR, hemoglobin electrophoresis 

or benzidine staining (Bianchi et al., 2001; Chan et al., 2012; Cortesi et al., 1999; 

Fibach et al., 1995; Haynes et al., 2004; Howden et al., 2008; Keefer et al., 2006; 

Liu et al., 2010; Meiler et al., 2011; Mischiati et al., 2004; Moutouh-de Parseval 

et al., 2008; Osti et al., 1997; Witt et al., 2003) .We established fluorescent cell 

lines as accurate reporters of differential globin expression by comparing the 

induction of β- and γ-globin mRNA transcripts with the increase in GFP and 

tdTomato signal following treatment with hydroxyurea. Then we used the 

fluorescent globin reporters in a mini drug screen to demonstrate their utility as 

tools to rapidly and accurately measure modulations in globin expression. This is 

the first proof-of-principle example of using precise genome engineering to 
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generate cell lines with endogenous promoter reporters, validating the output by 

direct comparison to mRNA transcript levels, and then using the dual reporter cell 

line to screen for small molecules that differentially regulate two genes. In this 

way, we introduce a novel method to analyze endogenous promoter activity in the 

context of the most prevalent monogenic disease. These reporter cells could be 

used in an unbiased high-throughput drug screen to identify novel γ-globin 

specific inducers to be the next generation of pharmacologic therapy for patients 

with sickle cell disease. More generally, this strategy could be broadly applied to 

generate multi-color reporter cell lines to allow rapid screening for conditions and 

compounds that promote the activity of a particular pathway or determine cellular 

fate. 

 

Materials and Methods 

Cell lines and transfections 

K562 cells (ATCC) were maintained in RPMI 1640 (Hyclone) 

supplemented with 10% bovine growth serum, 100 units/ml penicillin, 100µg/ml 

streptomycin and 2mM L-glutamine. K562s were transfected by nucleofection 

(Lonza) using program T-016 and a nucleofection buffer containing 100mM 

KH2PO4, 15mM NaHCO3, 12mM MgCl2 • 6H20, 8mM ATP, 2mM glucose, pH 

7.4. HEK293T cells were maintained in DMEM (Cellgro) supplemented with 

10% bovine growth serum, 100 units/ml penicillin, 100µg/ml streptomycin and 
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2mM L-glutamine. HEK293T cells were transfected either by calcium phosphate 

or Lipofectamine 2000 (Invitrogen). 

 

Nuclease and targeting vector construction 

β-globin NK TALENs were synthesized (Genscript) using the Δ152 N-

terminal domain and the +63 C terminal domain previously described(Miller et 

al., 2010) and fused to the FokI nuclease domain and cloned into pcDNA3.1 

(Invitrogen). β-globin NN TALENs and γ-globin NN TALENs were synthesized 

using a Golden Gate cloning strategy(Cermak et al., 2011) and cloned with the 

same N- and C- termini and nuclease domain into pcDNA3.1. The β-globin ZFNs 

were synthesized using the B2H selection strategy previously described(Pruett-

Miller et al., 2008). The β-Ubc-GFP targeting vector was synthesized by PCR 

amplifying arms of homology from genomic DNA isolated from K562 cells using 

the primers in Figure 3.13 and cloning a Ubc-GFP expression cassette in between 

the arms. The β-in-frame-cDNA and β-in-frame-GFP targeting vectors were 

synthesized by overlap PCR to insert β-globin cDNA (OriGene) or GFP directly 

in frame to the β-globin ATG start codon using the primers in Figure 3.13. Silent 

mutations were introduced into the β-globin cDNA sequence at every sixth base 

pair between the nuclease cut site and the end of exon 1. The MGMT P140K drug 

selection cassette (generous gift from Dr. Stan Gerson) was cloned into the 
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targeting vector inside the arms of homology. The γ-in-frame-tdTomato targeting 

vector was generated by genomic PCR of the 5’ and 3’ arms of homology using 

primers in Figure 3.13. TdTomato was fused in frame to the γ-globin ATG start 

codon by overlap PCR. A neomycin phosphotransferase cassette was cloned in 

between the arms of homology.  

 

In vitro transcription of nucleases 

TALEN and ZFN mRNA was synthesized in vitro with the MEGAscript 

T7 kit (Ambion), polyadenylated in vitro with the poly(A) tailing kit (Ambion) 

and purified with the MEGAclear kit (Ambion) following the manufacturer’s 

protocols. Two versions of mRNA were synthesized, using unmodified 

nucleotides or using pseudouridine-5’-triphosphate (Trilink) in place of UTP 

(Warren et al., 2010). 

 

Single strand annealing (SSA) and toxicity assays 

An SSA reporter was generated by disrupting a GFP gene by duplicating 

an internal 42 base pair region and separating the duplicated region with a 72 base 

pair fragment from the β-globin region containing the nuclease recognition sites. 

The SSA reporter and each nuclease were transfected by calcium phosphate into 

HEK293T cells and analyzed on an Accuri C6 flow cytometer (Accuri) after two 

days. The toxicity assay was performed as previously described (Pruett-Miller et 
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al., 2008). Briefly, HEK293T cells were co-transfected by calcium phosphate with 

a pair of nucleases and a GFP expression plasmid. The cells were analyzed by 

FACS for percent GFP positive on day 2 and day 6. The day2/day6 ratio was 

normalized to a non-toxic nuclease sample.  

 

Surveyor nuclease assay 

The Surveyor nuclease assay was performed as previously 

described(Guschin et al., 2010). Briefly, 6 x 105 HEK293T cells were lipofected 

with 1.5µg of each nuclease or 106 K562s were nucleofected with 2.5µg of each 

nuclease unless otherwise indicated. After 3 days genomic DNA was isolated 

using the DNeasy kit (Qiagen) and the locus of interest was PCR amplified using 

the primers in Figure 3.13 using Accuprime polymerase (Invitrogen). 200ng of 

the PCR product was treated with the Surveyor nuclease (Transgenomic) 

following the manufacturer’s protocol. 

 

SMRT sequencing and cDNA targeting 

PCR products prior to cutting by the Surveyor nuclease were prepared for 

SMRT sequencing following the manufacturer’s protocol (Pacific Biosciences). 

For the SMRT sequencing of the β-globin cDNA targeting events, 106 K562s 

were nucleofected with 10µg b-in-frame-cDNA and 1µg each of βL4 and βR4 

TALENs. Aliquots were removed after three days when the first round of 
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selection was begun by adding 50µM O6BG (Sigma) for one hour and then 

adding 40µM BCNU (Sigma) for one hour before changing the media. Cells were 

allowed to recover for 7-10 days at which time another aliquot was harvested and 

another round of selection started. Genomic DNA was isolated (Qiagen) and the 

β-globin region was PCR amplified using primers in Figure 3.13, which did not 

amplify random integrants. Primers with unique three base pair tags were used in 

the PCR reactions from each time point, such that the samples could be combined 

and analyzed in one SMRT sequencing reaction. Data were analyzed using CLC 

Genomics Workbench software.  

 

Generation of fluorescent reporter cell lines 

106 K562 cells were nucleofected with 10µg of the targeting vector and 

1µg of each TALEN. β-globin-GFP cells were enriched by 4 rounds of selection 

with O6BG and BCNU and clones were established by limiting dilution. γ-globin-

tdTomato cells were enriched by treatment with 500µg/ml G418 and clones were 

established by limiting dilution. Targeting was confirmed by genomic PCR 

spanning the integration junctions using primers in Figure 3.13. 
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Quantitative real-time PCR 

Wild type K562 cells were treated for 4 days with 400µM hydroxyurea and total 

mRNA was harvested by Trizol/chloroform extraction and purified on RNeasy 

columns (Qiagen). 1µg total RNA was used to synthesize cDNA with the iScript 

cDNA kit (Bio-Rad) following the manufacturer’s protocol. Biological triplicates 

were each assayed in triplicate by qRT-PCR using SYBR green  (Applied 

Biosystems) on a CFX384 real-time thermocycler (Bio-Rad) using the primers in 

Figure 3.13 using the following conditions: initial denaturation (3 minutes at 

95oC), 3-step PCR cycle (10 seconds at 95oC, 30 seconds at 55oC, 5 seconds at 

65oC, 40 cycles). PCR efficiency (between 91-119%) was calculated using serial 

dilutions of template for each primer set.  mRNA expression was quantified using 

the 2-ΔΔCt method (Livak Methods 2001) as compared to the housekeeping gene 

GAPDH.  

 

Screening globin-modulating compounds 

β-globin-GFP cells and γ-globin-tdTomato cells were treated for four days with 

the indicated concentrations of GTP (Sigma), GDP (Sigma), GMP (Sigma), 

guanosine (Sigma), guanine (Sigma), cGMP (Sigma), Decitabine (Sigma), 

Sodium butyrate (Sigma), hydroxyurea (Sigma), zileuton (Sigma), hemin 

(Sigma), cisplatin (Santa Cruz Biotech), pomalidomide (Sigma), mithramycin 

(Fisher), apicidin (Sigma), cytarabine (Sigma), or phenylacetate (Sigma). 
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Fluorescence was measured using an Accuri C6 cytometer (Accuri), and was 

reported as the fold change in fluorescence intensity after 4 days.  

 

Statistical analysis 

Data from at least three samples were used to determine significance by statistical 

analysis. Mean ± s.d. is reported. Statistical significance was determined by 

Student’s t-test and p-values < 0.05 were considered significant.  
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!-globin targeting vector 

5’ arm 

F: AGGCAGAAACAGTTAGATGTCC 

R: TAGCAACCTCAAACAGACACCATG 

3’ arm 

F: GGGGCAAGGTGAACGTGG 

R: CTCTTTGCACCATTCTAAAGAAT 

Site directed mutagenesis to introduce silent mutations (lower case) in !-globin cDNA 

F: GCCCTcTGGGGaAAGGTcAACGTcGATGAgGTTGGcGGTGAaGCCCTcGGCAGGCTGCTGGTGGTCTACCC 

R: CCATAGAGCCCACCGCATCC (sequence in BGH polyadenylation signal) 

cDNA overlap PCR with ATG in 5’ arm 

F1: AGGCAGAAACAGTTAGATGTCC 

R1: TTgACCTTtCCCCAgAGGGCgGTAACaGCAGAtTTCTCCTCAGGAGTCAGATGCACCAT 

F2: GCCCTcTGGGGaAAGGTcAACGTcGATGAgGTTGGcGGTGAaGCCCTcGGCAGGCTGCTGGTGGTCTACCC 

R2: CCATAGAGCCCACCGCATCC (sequence in BGH polyadenylation signal) 

GFP overlap PCR with ATG in 5’ arm 

F1: AGGCAGAAACAGTTAGATGTCC 

R1: TCCTCGCCCTTGCTCACCATGGTGTCTGTTTGAGGTTGCTA 

F2: ATGGTGAGCAAGGGCGAGGA 

R2: CCATAGAGCCCACCGCATCC (sequence in BGH polyadenylation signal) 

 

"-globin targeting vector 

5’arm overlap with tdTomato 

F1: TGTACACGCACATCTTATGTCT 

R1: CCTCGCCCTTGCTCACCATGGCGTCTGGACTAGGAG 

F2: ATGGTGAGCAAGGGCGAGG   

R2: CCATAGAGCCCACCGCATCC (sequence in BGH polyadenylation signal) 

3’arm 

F: ATGGGTCATTTCACAGAGGA 

R: GACTTTCAAAATCTACTCCAGC 

 

Surveyor nuclease assay 

!-globin 

F: CCAACTCCTAAGCCAGTGCCAGAAGAG 

R: CTCTTGGGTTTCTGATAGGCACTGACT 

"-globin 

F: AAACGGTCCCTGGCTAAACT 

R: TGAGAAGCGACCTGGACTTT 

#-globin 

F: TCGACTGTTGCTTACACTTT 

R: TAATCTGAGGGTAGGAAAAC 

 

Unique tags for SMRT sequencing of cDNA targeting 

F: CCAGACACTCTTGCAGATTAGTC 

R: nnnTAGACCACCAGCAGCCT 

nnn represents the following unique tags: AAA, TTT, ACT, TGA, AGC, TCG, ATC, TAG 

 

Genomic PCR to confirm targeting 

!-globin 

F: CCTGCTGGCCGAAACTGA 

R: ATGCAGAGATATTGCTATTGCCTTAAC 

"-globin 

F: AGTGTGTGGACTATTAGTCAATAA 

R: ATGAACTCTTTGATGACCTCC 

 

qRT-PCR 

!-globin 

F: AACTGTGTTCACTAGCAACCTCAA 

R: GAGTGGACAGATCCCCAAAGGA 

"-globin 

F: ACTCGCTTCTGGAACGTCTGA 

R: GTATCTGGAGGACAGGGCACT 

GAPDH 

F: GAAGGCTGGGGCTCATTT 

R: CAGGAGGCATTGCTGATGAT 

 

 

Figure 3.13: List of primers used in this study 
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CHAPTER IV: CONCLUSIONS AND FUTURE 

DIRECTIONS 

 

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

potential to shift the paradigm of how monogenic and other human diseases are 

treated. Instead of repeated infusions of deficient proteins like Factor VIII to 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. As the specificity of these 

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

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

promise of a cure for monogenic diseases.  
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From bench to bedside: curing patients of AIDS and sickle cell 

disease 

Development of lifelong cell-based therapy for HIV 

In this work, I present the contributions I have made to this field, using 

targeted genome engineering in pre-clinical studies to generate HIV-resistant cells 

and correct the causative mutation of the most prevalent monogenic disorder, 

sickle cell disease. To confer HIV resistance, I used CCR5 ZFNs that are 

currently in clinical trials to target a cassette of anti-HIV genes to the CCR5 locus. 

Unlike the CCR5 disruption strategy used in those trials, my novel approach 

generated cells that were highly resistant to both R5-tropic and X4-tropic HIV. 

This is a significant advance because it confers protection to both mono-allelically 

and bi-allelically modified cells against infection by both viral tropisms. 

Furthermore, by combining the disruption of CCR5 with the addition of up to 

three anti-HIV genes, I stacked genetic resistance much in the same way that 

HAART regimens stack pharmacological interventions simultaneously at multiple 

stages of the HIV lifecycle.  

 The next step in translating this effective approach into a viable therapy is 

to achieve targeting in primary human CD4+ T-cells or CD34+ hematopoietic 

stem cells. While seemingly not a significantly different experimental approach, 

getting targeting in T-cells proved to be a considerable hurdle. Unlike the JLTRG-

R5 T-cell line I used in this report, primary T-cells do not expand indefinitely in 
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culture and therefore I had to often collect, isolate and activate new batches of T-

cells. Nucleofection of T-cells is reported in the literature (Urnov et al., 2005), 

and I was able to get between 30-50% transfection of a GFP expressing plasmid. 

Similarly, I was able to transfect CCR5 ZFNs into the primary T-cells as detected 

by Western blot, but I was only able to detect very low levels of gene disruption 

and no evidence of gene targeting in primary CD4+ T-cells (Figure 4.1). Urnov et 

al (2005) demonstrated overall gene targeting frequencies of 5% in primary 

human T-cells by nucleofection of the IL2Rγ ZFNs and homologous donor 

template. In the toxicity assay described in Chapter 3, the IL2Rγ ZFNs and more 

so the CCR5 ZFNs are considerably cytotoxic in cell lines. One possibility for my 

inability to show targeting in T-cells could be related to the toxicity of the 

nucleases. It has been shown that, not surprisingly, in a population the most 

Figure 4.1: Expression and activity of CCR5 ZFNs in primary 
human T-cells. (a) Expression of left (L) and right (R) ZFNs in CD4+ T-
cells. (b) Activity of CCR5 ZFNs in T-cells.  
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highly transfected cells undergo the highest rates of genome modification because 

they express higher levels of the nucleases (Kim et al., 2011). Higher levels of 

prolonged nuclease exposure also leads to higher toxicity (Pruett-Miller et al., 

2008). In my experiments, perhaps I did achieve some low levels of targeting, but 

the targeted cells did not survive.  

 The work that first described the CCR5 ZFNs showed efficient cutting and 

survival of primary human T-cells using nuclease delivery by a non-integrating 

adenoviral vector (Perez et al., 2008). Similarly, the CD4+ T-cells that are CCR5 

disrupted and reinfused into patients in the ZFN clinical trials used the same 

adenovirus to deliver the ZFNs (Ando et al., 2011; Mitsuyasu et al., 2011). In the 

current study, I attempted to stimulate ZFN cutting and gene addition by 

homologous recombination by nucleofection into T-cells. Through optimizations 

in the literature (Urnov et al., 2005) and in our lab, we found that the optimal ratio 

of ZFN 1 to ZFN 2 to targeting vector is 1:1:10, so trying to achieve targeting 

requires the transfection of 6-fold more DNA. There is a positive correlation 

between the amount of DNA transfected and the toxicity of the procedure. Also, 

the process of nucleofection itself that I used in this work can cause significant 

cell death, especially in primary cells (data not shown). Perhaps the combination 

of the higher amount of transfected DNA, the toxic CCR5 nucleases and the 

process of nucleofection prevented successfully targeted cells from surviving.  
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Improving cell viability after targeting CCR5 in primary cells 

 I have begun a series of preliminary experiments to address some of these 

concerns. First to reduce the amount of DNA required for transfection and to 

eliminate prolonged expression of the ZFNs, I began a set of experiments using 

ZFN delivery as mRNA. Because the half-life of mRNA in cells is significantly 

shorter compared to DNA plasmids, I hypothesized that transfection of ZFN 

mRNA would result in high initial expression, followed by a rapid decrease in 

protein levels. Transfection of mRNA has recently been used to generate iPS cells 

at efficiencies two orders of magnitude higher than standard protocols. 

Additionally, in vitro synthesis of the mRNA using the modified nucleotides 5’-

methyl-cytosine (5mC) and pseudouridine (Psi) was determined to improve the 

survival of transfected cells compared to unmodified mRNA by avoiding innate 

intracellular anti-viral immune responses (Warren et al., 2010). In initial 

experiments, I synthesized GFP mRNA using either unmodified nucleotides, 

5mC, Psi, or 5mC + Psi and nucleofected them into primary human CD4+ T-cells. 

Within 4 hours following transfection, I detected high levels of GFP expression 

from the unmodified and the Psi mRNA samples compared to cells transfected 

with a GFP-expressing plasmid. Interestingly, the 5mC and 5mC + Psi mRNAs 

showed much lower expression of GFP (Figure 4.2). As hypothesized, GFP 

positivity of mRNA transfected cells peaked not long after transfection (at 24 

hours) and declined relatively rapidly after that, such that by 96 hours, there was 
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almost no detectable GFP signal. The GFP profile of the DNA-transfected cells 

showed less of an increase and a slower decline of signal (Figure 4.2). These data 

suggest that delivery of ZFNs by mRNA would lead to an expression profile of 

the ZFNs that would be highly conducive to generate on-target cutting, without 

the prolonged expression that has been implicated as a source of toxicity (Pruett-

Miller et al., 2009).  

 Next, I synthesized the CCR5 ZFNs as Psi mRNA and transfected them 

into K562 cells. The expression of the ZFNs peaked at 8 hours and by 72 hours 

was undetectable by Western blot (Figure 4.3). Compared to DNA, the mRNA 

Figure 4.2: Transfection of primary human T-cells with GFP mRNA. 
Unmodified and Psi-modified mRNA are highly expressed at 24 hours after 
nucleofection.  
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ZFNs stimulated significantly higher rates of cutting and repair by mutagenic 

NHEJ in the Surveyor nuclease assay (data not shown) and stimulated 25% more 

gene targeting in K562s (Figure 2.3c). Despite these improvements, I was still 

unable to target CCR5 in primary T-cells.  

 Besides synthesizing the ZFNs as mRNA, a second approach to reduce the 

nuclease-related toxicity is modifying the nuclease domain such that it can only 

heterodimerize. Since much of the toxicity is caused by off-target breaks, and 

since statistically two-thirds of off-target breaks result from the homodimerization 

of either two left ZFNs or two right ZFNs, obligate heterodimers have fewer 

potential off-target sites. Indeed, substituting charged amino acids at the interface 

of dimerization has been shown to reduce toxicity and maintain up to 70% of the 

activity of ZFNs with the wild type nuclease domain (Doyon et al., 2010; Miller 

8 hours! 24 hours! 72 hours!

DNA     mRNA      DNA        mRNA             DNA        mRNA!

Figure 4.3 Expression of CCR5 ZFNs in K562s after delivery as 
DNA or mRNA. Increasing amount of FLAG-tagged CCR5 ZFN 
DNA (blue) or mRNA (red) were transfected into K562 cells and 
probed for expression by anti-FLAG antibody.   



      

 

121 

et al., 2007). I did not synthesize the obligate heterodimer CCR5 ZFNs, but in 

future applications of this targeting approach, using those versions may help 

further with the issue of nuclease-mediated toxicity.  

 The other option to address nuclease toxicity, either separate from or in 

combination with the obligate heterodimer nuclease domain is to use CCR5 

TALENs instead of ZFNs. One of the first prominent papers describing TALEN 

architecture used as an example TALENs directed to CCR5 and showed gene 

disruption of greater than 20% and targeted integration of 16% in K562 cells 

(Miller et al., 2010). Combining the highly active, minimally toxic CCR5 

TALENs with the gene targeting strategy outlined in this thesis is perhaps the best 

way to stack genetic resistance to both tropisms of HIV in primary human cells.  

 

Therapeutic gene correction and endogenous locus tagging 

In Chapter 3, I described the development of TALENs that target the 

human β- and γ−globin genes and the application of those TALENs in the context 

of sickle cell disease and β-thalassemia. This work described a significant 

advance in the field for five primary reasons. First, I made β-globin TALENs that 

were significantly more active and less toxic than published ZFNs that modify β-

globin (Sebastiano et al., 2011; Zou et al., 2011a). For many of the same reasons 

discussed above concerning the toxicity of the CCR5 ZFNs, minimizing toxicity 

of nucleases in cell lines proves vital when attempting genome modification in 
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primary human cells. The β-globin TALENs induced modifications of greater 

than 50% of alleles, a frequency that is on par with the best nucleases that have 

been published (Reyon et al., 2012).  

 The second significant advance described in this work is the cDNA 

targeting strategy that would be curative for both sickle cell disease and β-

thalassemia and would allow for direct selection of targeted cells in vivo. The two 

recently published β-globin ZFN papers (Sebastiano et al., 2011; Zou et al., 

2011a) employed a gene targeting strategy that corrected the sickle mutation and 

integrated a drug resistance cassette 100 base pairs downstream in the first intron. 

Work from our lab has shown that integration of a gene 400 base pairs away from 

the site of a nuclease-induced break occurs approximately 7% as often as 

integration directly at the break site in HEK293T cells (Porteus, 2006). It is 

unknown what that frequency is when the break site and integration site are 100 

base pairs apart as between the sickle mutation and the end of the first exon in β-

globin. Nonetheless, integration of full-length cDNA directly at the site of the 

break is presumably much more efficient. Moreover, targeting full-length β-

globin cDNA would also cure β-thalassemia, in which disease-causing mutations 

can occur throughout the length of the β-globin gene. Enrichment of targeted cells 

was performed using selection with O6BG and BCNU, FDA-approved drugs that 

can be administered in vivo.  
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 Third, I introduce a new deep sequencing method to accurately quantify 

the frequencies of gene disruption and gene targeting. Single molecule, real time 

(SMRT) sequencing was first described in 2009 (Eid et al., 2009), and has since 

been used primarily to analyze DNA methylation patterns or damaged DNA bases 

(Clark et al., 2011a; Clark et al., 2011b; Flusberg et al., 2010; Song et al., 2011). 

In the genome engineering field, the standard way of confirming nuclease-

induced modifications is by cloning PCR products and then picking and analyzing 

dozens of clones by Sanger sequencing. Not only is this process time and labor 

intensive, but it also requires screening of hundreds of clones individually to 

detect modifications at frequencies of 1%. Using SMRT sequencing, I was able to 

analyze almost 30,000 alleles for a fraction of the cost of runs on Illumina or 454 

sequencing platforms. Although in K562s and HEK293T cells I showed very high 

rates of modification (>50%) and targeting (~20% of cells) using SMRT 

sequencing, the real strength of this method will come when analyzing targeting 

in cell types like HSCs in which modification events are much rarer.  

 Fourth, I successfully engineered a cell line that reports on the activity of 

endogenous promoters by tagging the chromosomal β- and γ-globin loci. A 

survey of peer-reviewed literature returns more than 30,000 papers using some 

sort of promoter reporter assay. In these studies, the authors primarily transfected 

cells with plasmids with a promoter of interest driving a reporter gene such as 

GFP. In this way, promoter activity is measured by extrachromosomal GFP 
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expression, but to my knowledge there have been no reports on the activity of 

endogenous promoters by nuclease-mediated locus tagging.  

 Finally, I used endogenous locus tagging of β-globin with GFP and γ-

globin with tdTomato and screened for compounds that had differential effects on 

the two promoters. This is the first example of the combination of nuclease-

mediated genomic engineering with a small molecule screen.  

  

Autologous hematopoietic stem cell transplants to cure sickle cell disease 

 The ultimate goal of the β-globin cDNA targeting procedure developed in 

this thesis is to correct HSCs from sickle cell disease patients and retransfuse 

them to generate a functional cure for sickle cell disease. ZFN-mediated 

disruption has been reported in HSCs with the CCR5 ZFNs (Holt et al., 2010), but 

gene targeting with nucleases has not been shown in HSCs. In collaboration with 

Eric Kildebeck, I have demonstrated disruption of 9% of b-globin alleles in 

human HSCs (Figure 4.4). Targeting experiments are currently underway and can 

be analyzed with the SMRT sequencing method developed in this work to detect 

even low rates of targeting. After we show targeting in HSCs, our enrichment 

strategy will allow us to transplant the HSCs into an immunodeficient mouse and 

select for targeted cells in vivo as a proof-of-principle demonstration of the 

feasibility of this approach.  
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Overall conclusions 

 Targeted genome engineering holds great promise for treatment and cure 

of monogenic and other devastating human diseases. ZFNs in the treatment of 

HIV are showing early success in clinical trials, and the ease of synthesis and the 

significant success rate of TALENs make this genome-editing platform a 

powerful tool for research and for therapeutic gene editing. In this thesis, I have 

shown pre-clinical cures for HIV infection and the most common 

hemoglobinopathies, sickle cell disease and β-thalassemia, using targeted genome 

engineering strategies. This work provides the foundation for the eventual 

translation of nuclease-mediated gene editing into human HSCs to generate stem 

cells that are resistant to all HIV infection, and those that give rise to non-mutated 

 (-)    (+)!

% modifications     <1       9!

Figure 4.4 Gene disruption of β-globin in CD34+ HSCs. 
Nucleofection of TALENs into human HSCs resulted in modification of 
9% of the β-globin alleles.  
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red blood cells in sickle cell disease patients. For all of the dissimilarities in the 

cause, pathogenesis and progression of HIV infection and sickle cell disease, they 

will soon have one very important aspect in common: a cure by targeted genome 

engineering.  
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