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ABSTRACT 

Sickle cell disease is one of the most common monogenic diseases in the world and, since its 

observation over 100 years ago, has become one of the most well-studied genetic diseases. 

The causal single point mutation in the beta-globin gene leads to the formation of hemoglobin 

polymers in the effected red blood cells under low oxygen conditions. While oral therapies are 

available to relieve some of the underlying symptoms, the only currently available cure is a 

hematopoietic stem cell transplant from a matched donor. However, most patients do not have 

an available donor and transplants carry the risk of rejection and immune complications. 

Therefore, gene therapy for sickle cell disease using a patient’s own hematopoietic stem cells 

offers the potential for a more viable treatment. The use of lentiviral vectors for gene therapy for 

the hemoglobinopathies has an established clinical course and several groups are currently in 

the midst of early trials. However, integrating vectors carry with them the risk for insertional 

oncogenesis as well as silencing or irregular expression of the transgene. Thus, targeted 

correction of the causal mutation would be an ideal approach for the treatment of sickle cell 

disease. Here we present data using targeted endonucleases in combination with a corrective 
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donor template to induce targeted double-strand breaks in exon 1 of beta-globin and the 

subsequent repair of the break by homology directed repair in both cell lines as well as 

hematopoietic stem and progenitor cells. We describe the development of the reagents 

necessary to achieve this targeted correction, the optimization of delivery platforms for the 

nucleases as well as the donor template, and the refinement of the protocol for the treatment of 

CD34+ hematopoietic stem and progenitor cells. In addition, we demonstrate the ability of these 

nuclease and donor-modified cells to engraft an immunocompromised murine model and 

differentiate into multiple hematopoietic lineages. Finally, we show the correction of bone 

marrow hematopoietic stem and progenitor cells from sickle cell disease patients, resulting in 

the production of wild-type, adult hemoglobin tetramers. These data represent the foundational 

evidence for the site-specific gene correction of hematopoietic stem cells for sickle cell disease. 

We include a thorough description of the achievements made toward this aim as well as the 

remaining objectives and hurdles that face the genome editing field.  
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Introduction 
 
Sickle cell disease: history, genetic cause, symptoms, and treatment  
 

Sickle cell disease is a hereditary blood disorder that effects the red blood cell protein 

hemoglobin which is responsible for carrying oxygen throughout the body. It is a member of a 

class of diseases referred to collectively as the hemoglobinopathies. The disease was first 

described in 1910 by Dr. James B Herrick who observed “thin, elongated, sickle-shaped and 

crescent-shaped forms” among the red cells of a patient1 (Figure 1). It was another 13 years 

until the disease was identified as an inherited 

condition of “Mendelian character.”2 In the 1950s the 

causal protein variation, the change from a glutamic 

acid residue to a valine residue was identified.3 In 

1973 thorough descriptions of the structure of the 

sickled erythrocytes and causal sickle cell hemoglobin 

fibers were published4. Despite this, the exact 

mechanism of how this amino acid substitution led to 

the polymer formation was still not completely 

understood. Some hypothesized then that because 

the changed residue lies on the surface of the 

tetramer, and valine is nonpolar, it allowed for 

adherence to other tetramers5. Thus, it was over 60 years before scientists were able to assert 

that sickle cell disease is an autosomal recessive inherited anemia which is due to a single 

amino acid substitution in the beta-globin chain of hemoglobin leading to the polymerization of 

sickle hemoglobin (HbS) tetramers under low oxygen conditions which caused the sickle shape 

of the red blood cell initially observed in 1910.    

Today, sickle cell disease (SCD) is one of the most common monogenic disorders in the 

world and effects more than 250,000 new patients each year6. It is now well-known that SCD is 

Figure 1: James B. Herrick’s original images 

of sickle red blood cells. Herrick, 1910. 
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caused by a single point mutation in the seventh codon of beta-globin. This adenine to thymine 

nucleotide transversion results in the described glutamic acid to valine amino acid change. 

Thus, upon deoxygenation, sickle red blood cells (RBCs) lose deformability and lead to vascular 

obstruction and ischemia7. The rigid structure of the sickle RBCs leads to membrane damage, 

shortening their life span and leading to both intravascular as well as extravascular hemolysis. 

These damaged RBCs also have abnormal surfaces which leads to increased adherence to the 

vascular endothelium and the resulting inflammation and damage contribute significantly to the 

symptoms of sickle cell disease8. 

For patients with sickle cell disease, the symptoms are diverse and can be incredibly 

severe. Each patient presents with a slightly different panel of symptoms due to environmental 

and genetic factors, but many suffer from intermittent, painful vaso-occlusive episodes, acute 

chest syndrome (due to intra-pulmonary hemolysis), splenic infarction, bone necrosis, stroke, 

hypercoagulation, neurological complications, kidney failure, and cumulative multiorgan damage 

leading to a shortened lifespan. The pathophysiology of SCD is complex and includes 

inflammation, RBC membrane abnormalities, hypercoagulation, altered ion transport, hemolysis, 

endothelial damage, low plasma NO levels, and RBC dehydration9,10.  

Treatments for sickle cell disease are limited, with the most common oral medication 

available being hydroxyurea (HU). Hydroxyurea (HU) is the only currently FDA-approved drug 

for the treatment of SCD and improves clinical course in patients by reducing the number of 

painful crises; however, the underlying mechanism of action remains unknown11,12. HU was 

originally approved by the FDA as a therapy for myeloproliferative disorders in which it functions 

by binding the iron molecules in the enzyme ribonucleotide reductase, thereby resulting in 

inactivation of the enzyme. Inactivation of ribonucleotide reductase decreases cellular 

proliferation and as such the drug is classified as a cytostatic agent (specifically an S-phase 

inhibitor)7. HU was initially investigated for its effectiveness in treating sickle cell disease 

following the realization that other S-phase inhibitors, such as 5-azacytidine, are able to 
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upregulate the fetal hemoglobin (HbF) protein levels in erythroid cells7,8,12. It is the ability of HU 

to upregulate HbF that is in part the reason for its capacity to ameliorate the underlying clinical 

symptoms of SCD. Increased levels of HbF in RBCs can improve clinical outcome by lowering 

the concentration of sickle hemoglobin (HbS) along with directly inhibiting the polymerization of 

HbS tetramers under low oxygen conditions. This inhibition results in relieving the 

pathophysiologic consequences of sickle polymer accumulation13. Despite this knowledge, the 

mechanism by which HU is able to induce HbF expression remains unknown.  

While hydroxyurea can offer clinical relief for some patients, not all patients taking HU 

experience a clinically significant or sustained response to the treatment despite following the 

direction of their physicians7. In addition, poor adherence by patients to the treatment regimen is 

noted as a common problem, though the reasons for this noncompliance are not entirely 

understood. The noncompliance issues and seem to be related to concerns in the community 

about adverse effects of the drug due to its myelosuppresive capacities. Other reasons that HU 

may not have a clinically significant impact is due to decreased cells in the bone marrow, 

genetic factors, and inaccurate dosing7.  

Blood transfusions from healthy donors can ameliorate the symptoms of sickle cell 

disease temporarily, but chronic transfusions lead to iron overload. In addition to HU, several 

therapies are being developed to target issues with sickle cell disease beyond the red blood cell 

morphology itself. These include drugs to decrease the blood viscosity, reduce inflammation in 

the endothelium, combat red blood cell dehydration through K-Cl and Gardos channel inhibitors, 

increasing blood nitric oxide levels, and even dietary approaches to reduce symptoms9. 

However, none of these approaches remove or combat the underlying cause of the disease. 

The only currently available cure for sickle cell disease is an allogeneic hematopoietic 

stem cell transplant from a matched sibling donor. As of 2013, both bone marrow (BM) and cord 

blood (CB) transplants from a human leukocyte antigen (HLA)-matched sibling donor resulted in 

a 6 year disease free survival of 92% in a cohort of 160 patients. These patients experienced 
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complete remission from their sickle cell disease and had no reports of acute chest syndrome, 

vaso-occlusive episodes, transfusion, or stroke14. Despite these high success rates, the majority 

of SCD patients do not have a matched sibling donor. Transplants from unrelated or haplo-

identical donors have been met with a high mortality rate and suffer from further complications 

such as intensive conditioning regimens leading to the risk of endocrine dysfunction, graft-

versus-host disease (GVHD), and, in some cases, sterility. Thus, an allogeneic hematopoietic 

stem cell transplant for patients with sickle cell disease stands as a realistic course of treatment 

only for a limited few9. Complications from current treatments and restrictions for stem cell 

transplant leaves sickle cell disease a prime candidate for autologous stem cell gene therapies.  

 

Gene Therapy: history, approaches, and gene therapy for the hemoglobinopathies 

It was Waclaw Szybalski and his wife Elizabeth that first published the heritable transfer 

of a gene in mammalian cells in 196215,16. Nearly two decades before the Szybalskis’ study, 

McCarty, Macleod, and Avery discovered that DNA was responsible for the ability of cell free 

extract to transform the bacteria with which it was cultured17. It was another 8 years after 

McCarty and Avery’s work that Joshua Lederberg, while working on bacterial genetics along 

with Norton Zinder, discovered the ability of bacteriophage to transfer genetic material between 

two bacteria, a phenomenon they coined “transduction.”18 Each of these landmark discoveries 

was paramount in the development of the modern day concept of gene therapy.  

 The first direct human gene therapy trial took place in the 1970s when wild-type Shope 

papilloma virus was given to two girls suffering from a urea cycle disorder. The goal was to 

deliver the gene for arginase as the researchers believed the Shope papilloma virus encoded it. 

When neither girl showed a change in their clinical symptoms nor their arginine levels, the trial 

was deemed negative. It was not until much later, after the sequencing of the virus, that it was 

discovered that the viral genome does not in fact encode an arginase19,20. This initial failure by 

others did not prevent Martin Cline from attempting the first gene therapy with recombinant DNA 
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in 1980 for the treatment of beta-thalassemia. Unfortunately, the therapy was neither effective 

nor within the standard protocols of the University of California Los Angeles Institutional Review 

Board or those of the NIH21–23.  

 It was 1990 before the FDA approved the first gene therapy trial for therapeutic attempt 

in humans. This trial, led by French Anderson’s group at the NIH involved the ex vivo delivery of 

the adenosine deaminase gene to the white blood cells of two children diagnosed with 

adenosine deaminase severe combined immunodeficiency (ADA-SCID). While one patient saw 

a temporary response, she still remained on enzyme therapy, leading many to question whether 

there was any true efficacy21,23. Notably, this was the first time gene therapy had been shown to 

be safe and potentially effective in humans. 

 Following French Anderson’s landmark study, gene therapy experienced a boom both 

financially and scientifically. Unfortunately however, that increased interest did not come without 

setbacks. In 1999 a young patient, Jesse Gelsinger, participated in a trial at the University of 

Pennsylvania for ornithine transcarbamylase deficiency. Here, Gelsinger was given a high dose 

of adenovirus to attempt to treat his enzyme deficiency. Unfortunately, Gelsinger had a severe 

immune reaction immediately following administration of the vector and died just 4 days later 

due to multiorgan failure21,24,25. This was the first patient in which the viral vector used for the 

therapy could be directly linked to the patient’s death.  

 Despite this setback, gene therapy stands as a promising potential treatment for several 

diseases. To date, cancer is by far the most commonly treated disease by gene therapy 

encompassing over half of the clinical trials worldwide. Monogenic diseases compromise the 

second largest number of clinical trials worldwide, followed by cardiovascular and infectious 

diseases21. As of January 2015, more than 2100 approved gene therapy clinical trials had been 

conducted or are still ongoing. Of these, adenoviral vectors dominate as the most commonly 

used gene transfer vectors in clinical trials, followed by retroviral vectors and naked DNA 

plasmids21,26.  
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As the first trials highlighted, in order for gene therapy to be effective, researchers will 

need to overcome several hurdles as the realities of gene therapy are much more complex than 

initially realized27. In regards to gene therapy for blood disorders, such as French Anderson’s 

ADA-SCID, it became clear that the need for long-term expression of the exogenous gene 

would be essential for treating these diseases. With the knowledge that bone marrow 

transplants allowed for cures for several disorders, the concept of autologous hematopoietic 

stem cell gene therapy followed naturally27. The goal was clear: replace the diseased bone 

marrow cells with gene-modified patient cells such that they would stably express the missing 

protein and restore function28.  

As some of the most common monogenic diseases in the world, the beta-

hemoglobinopathies lend themselves logically toward a treatment by hematopoietic stem cell 

(HSC) gene therapy. In fact, sickle cell disease and beta-thalassemia were the first to be 

considered for gene therapy as beta-globin was in fact the first human gene to be isolated and 

cloned27. The beta-thalassemias are caused by different mutations throughout the beta-globin 

gene cluster and lead to reduced levels of or absent adult hemoglobin (HbA)29.  Thus, the 

addition of a functional copy of the gene in hematopoietic stem cells could result in restored 

erythropoiesis and avoid the need for an unmatched bone marrow transplant. Gene therapy for 

beta-thalassemia (and ultimately for sickle cell disease as well) requires efficient gene transfer 

to a large number of long-term repopulating HSCs, consistent and therapeutically-relevant 

levels of beta-globin gene expression exclusively in the erythroid lineage, and safe levels of 

expression devoid of significant positional effects29,30.  

 Early studies for gene therapy for beta-thalassemia focused on the use of retroviral 

vectors as well as adeno-associated vectors (AAV) for transgene deliver. AAV unfortunately 

proved to be too small to contain the necessary regulatory elements such as the locus control 

region (LCR) and the expression levels were transient as opposed to the desired permanent 

expression31–34. Gamma-retroviral vectors offer the advantage of integrating into the host cell’s 
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genome and, if silencing does not take place, permanently expressing the transgene. These 

vectors were essential for understanding which elements of the beta-globin gene cluster were 

necessary for high-level and regulated expression29,35,36 though did not see therapeutic 

relevance29.  

 The development of HIV-derived lentiviral vectors led quickly to the development of 

globin lentiviral vectors29. The ability of lentiviral vectors to carry larger cargo (including the 

necessary LCR elements for regulated beta-globin expression), to transduce non-diving HSCs, 

and to contain self-inactiviating long terminal repeats (SIN LTR) with no viral transcriptional 

elements, makes them ideal candidates for HSC gene therapy37. Thus, in 2010 a SIN-LTR 

lentiviral vector containing a modified beta-globin cassette was used for gene therapy for beta-

thalassemia in France. Remarkably, in this study, a patient with a variant of beta-thalassemia 

became transfusion independent following a dominant clonal event upon integration near the 

HMG2A gene38. While this vector contained a beta-globin gene, several other lentiviral vectors 

for both beta-thalassemia and sickle cell disease have been developed including those with 

anti-sickling capacity as well as ones expressing gamma-globin39–41. Several of these vectors 

have moved into ongoing clinical trials with promising initial results. 

 Despite the encouraging status of viral-mediated gene therapy for the 

hemoglobinopathies, this delivery method is not without issue. Several gene therapy trials using 

retroviral vectors for hematopoietic diseases have led to insertional oncogenic events and 

subsequent leukemic transformations. This was the case in several trials, including those for X-

linked SCID and Wiskott-Aldrich syndrome42–44. While lentiviral vectors are presumed to have a 

lower risk of insertional oncogenesis due to their tendency to integrate into active transcription 

units as opposed to the 5’ end of genes as retroviral vectors do, the clonal expansion in the 

beta-thalassemia trial still highlights the potential for the inherent risk of oncogenesis42. Thus, 

the development of a targeted gene therapy, one in which the added transgene could be 
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directed to an intended site in the genome in a site-specific manner would stand as a better, and 

potentially safer method of HSC gene therapy. 

 

Site-specific genome editing: technologies, approaches, correction of the sickle mutation 

 Targeted nuclease technologies offer the unique ability to specifically target a genomic 

sequence and cause a site-specific DNA break, the repair of which can lead to the insertion or 

correction of a specific gene via homologous recombination. Before the discovery of these 

nucleases, scientists attempted site-specific homologous recombination by the simple addition 

of homologous donor templates, such as small oligonucleotides45–47. While these methods 

provided detectable rates of targeted gene modification and gene correction, they unfortunately 

were not able to lead to therapeutically-relevant rates of correction48. The introduction of a 

double-strand break in the DNA can increase rates of homologous recombination by upwards of 

3 logs49. With this, the interest in enzymes able to introduce these breaks increased 

substantially and now, several such enzymes, or targeted nucleases, are capable of just that. 

 The first group of customizable targeted nucleases to be described and well-

characterized were the homing endonucleases50. Homing endonucleases, also referred to as 

meganucleases, are naturally occurring enzymes which recognize specific sequences of 

between 14 and 44 bases in length. There are four major recognized families of homing 

endonucleases, named based on their conserved amino acid sequences. The large number of 

naturally occurring homing endonucleases initially made them attractive site-specific genome 

editing reagents. In addition, several groups worked to optimize the synthetic versions of these 

nucleases to target specific disease-causing genomic regions51,52. Unfortunately, despite these 

advances, homing endonucleases still have the disadvantages of a non-modular design and a 

decreased capacity for the engineering of target specificity. They also tolerate some sequence 

mismatches which decreases their usefulness for gene therapy as specificity is a crucial 
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characteristic53. Thus, these nucleases have not been pursued for clinical application as much 

as some of the more recently developed ones. 

Zinc-finger nucleases (ZFNs) came onto the scene in a dramatic way not long after the 

advent of homing endonucleases54. These chimeric endonucleases consist of individual zinc 

finger protein (ZFP) motifs which are each capable of specifically recognizing 3-4 bases of DNA. 

By linking several ZFPs together, these proteins can be targeted to several bases (9-18) of DNA 

and, with the addition of a FokI endonuclease, are capable, upon dimerization, to introduce a 

staggered, site-specific double-strand break55. ZFN target sites are composed of two zinc finger 

binding sites straddling a spacer region of 5 to 7 base pairs where the dimerized FokI cleavage 

domains introduce the double-stranded break56.  

While ZFNs are the most well-characterized nucleases to date, two other main players 

have come into the spotlight in recent years: TALENs and CRISPRs. Transcription-Activator 

Like Effectors (TALEs) in TALENs are characterized by 34 amino acid repeats in which DNA 

binding specificity is determined by amino acids in position 12 and 13, called repeat-variable 

diresidues (RVD)55. Similar to the ZFNs, TALENs are composed of multiple RVD domains that 

define DNA binding sequences and acts as two TALE binding sites separated by a spacer 

region of 12 to 20 base pairs that is cleaved by the FokI endonuclease56. Typically, the use of 

these FokI nuclease fusions is designed to require correct DNA binding by the ZFN or TALEN 

pair as a heterodimer (e.g the right “R” and left “L” halves of the pair). However, off-target 

cleavage due to homodimerization of the FokI nuclease (RR or LL) has been shown to occur. 

Recently developed FokI domains, containing amino acid changes in the dimerization interface, 

for example the ELD/KKR FokI backbone, function as obligate heterodimers and have been 

shown to increase specificity57. 

Both ZFNs and TALENs can be engineered with relative simplicity and several open-

source online programs exist for the design of the reagents to target nearly any genomic region. 

However, in some instances, some ZFP motifs are not optimally functional when linked 
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together, potentially limiting targeting capacity. In addition, many of the optimal strategies for 

ZFN engineering are proprietary, making them an expensive reagent for use as a research 

tool54. TALENs allow for more easy design and development as each RVD targets a single base 

and these can be stitched together in nearly any order. However, this can still be rather labor 

intensive and TALENs are very sensitive to target site methylation state58. In addition, each of 

these nucleases has some capacity for off-target cleavage in the genome and much debate still 

exists as to which technology is superior55. Thus, when the most recent nuclease system arose, 

the difficulty in engineering ZFNs and TALENs quickly seemed an issue of the past. 

The CRISPR/Cas9 nuclease system (clustered regularly interspaced palindromic 

repeats) was first described as a component of bacterial innate immune systems, and it was not 

long before its potential for genome editing was fully realized and demonstrated59.The 

CRISPR/Cas9 nuclease system is composed of the DNA-binding CRISPR RNA (crRNA) array 

that encodes for the guide RNA, the auxiliary trans-activating crRNA (tracrRNA), and the Cas9 

nuclease. The crRNA contains a 20-nucleotide guide sequence which binds to the specific 20 

base pair DNA target in the genome through Watson-Crick base pairing60. Target recognition by 

the Cas9 nuclease depends on the protospacer adjacent motif (PAM) sequence associated with 

the DNA binding site56. The Cas9 nuclease induces a double-stranded break three base pairs 

upstream of the PAM sequence. Though the CRISPR/Cas9 nuclease system is the most 

recently developed genome-editing tool, it has become a breakthrough technology due to the 

ease and efficiency of custom CRISPR design60. 

 Each of these technologies affords the ability to easily target a region of DNA and 

introduce a targeted double-strand break. Once this event takes place, the affected cell puts 

one of several DNA repair mechanisms in action. Of these, two pathways dominate in the repair 

of double-strand breaks: non-homologous end joining (NHEJ) and homology directed repair 

(HDR). Non-homologous end joining tends to be a more error-prone repair pathway and would 

be desirable in a gene therapy setting for the disruption of targets61–63. Homology directed repair 
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on the other hand is an accurate repair and relies on the presence of a donor template (typically 

the sister chromatid) at the time of correction. This would be the ideal pathway for gene therapy 

strategies attempting to correct a single mutation or introduce a new expression cassette at a 

specific site64,65.  

The choice of cellular pathway depends on several factors including the phase of the cell 

cycle, the type of cell, and the presence of a homologous donor template. Thus, the pathway 

choice is effected by the presence of the necessary proteins in the nucleus at the time of the 

break. As HDR is dependent upon a donor template for repair, it takes place exclusively in the 

S/G2 phases of the cell cycle due to the presence of the sister chromatid66–68. This is crucial to 

the use of these strategies in hematopoietic stem cells as these cells are typically quiescent and 

not cycling, thus they are more prone to undergo NHEJ than the more complex HDR69. 

 Moving targeted nucleases into the clinical setting has been the objective of many 

scientists since their potential was first realized. To this end, ZFNs have taken the most rapid 

path to the clinic and trials are currently ongoing with these reagents. This includes the targeted 

knock-out of the HIV co-receptor CCR5 in CD4+ T cells to generate CCR5-/- cells which are 

resistant to infection by HIV63. Other groups are working to develop gene correction strategies 

for the correction of metabolic disorders, immune deficiencies, liposomal storage disorders, and, 

not surprisingly, the hemoglobinopathies65,70–72. 

 Sickle cell disease is a clear candidate for site-specific gene correction by targeted 

nucleases. The approach of cleaving near the sickle mutation with targeted nucleases, 

introducing a corrective donor template and allowing homology directed repair to repair the 

break, thereby introducing the wild-type base in place of the sickle mutation, is an elegant one. 

If this can be achieved in true, pluripotent, self-renewing hematopoietic stem cells, it can afford 

the patient wild-type HSCs producing normal red blood cells for the remainder of life (Figure 2). 

As the strategy is straight forward and appeared as a breakthrough idea for the disease, several 

groups have investigated the use of targeted nucleases for gene correction or targeted insertion 
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at the beta-globin locus in cell lines as 

well as induced multipotent stem 

cells48,72–74. However, to date, none of 

these targeted nuclease-based 

approaches for SCD have been 

successful in a clinically-relevant cell 

source of HSPCs.  

In the following chapters, we 

present data on the development of 

ZFNs, TALENs, and CRISPRs to target 

beta-globin and correct the sickle cell 

disease mutation in HSPCs. Initial 

studies were completed using ZFNs and 

a full analysis of reagent delivery 

method, nuclease specificity, HSC 

maintenance, donor template choice, modified cell engraftment, and correction of sickle cell 

patient bone marrow CD34+ cells was completed. In addition, we present the initial 

development of TALENs and CRISPRs for this approach and provide a comparison of these 

reagents in cell lines. In this manuscript we refer to errant repair via NHEJ as "indels" or “allelic 

disruption” and DNA repair via HDR as "gene correction" (when the result is the correction of 

the sickle mutation) or "gene modification" (when the result is a change to the gene other than 

correction of the sickle mutation to the wild-type base). In summary, we present here the 

foundational evidence demonstrating that targeted correction of HSCs is a viable approach for 

gene therapy of sickle cell disease.  

  

Figure 2: Schematic for the correction of the sickle cell 
disease mutation in hematopoietic stem cells using targeted 
nucleases. Top: Sickle red blood cells, derived from sickle 
cell disease hematopoietic stem cells can be corrected with 
the addition of targeted nucleases and a donor template 
(Middle). (Bottom) This correction event results in the 
permanent correction of the hematopoietic stem cells and the 
subsequent production of normal erythrocytes. 
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Chapter 1: Optimized delivery of ZFNs and a homologous donor template for the site-

specific correction of HSPCs 

 

Abstract 

The use of zinc-finger nucleases for the correction of the sickle cell disease mutation in 

hematopoietic stem cells is a promising approach for gene therapy for sickle cell disease. The 

combination of these targeted nucleases with a homologous donor template containing the wild-

type base offer the unique ability to correct the causal mutation and allow for permanent 

expression of beta-globin under its native regulatory elements. To begin testing the feasibility of 

this approach, ZFNs were designed which target exon 1 of the beta-globin locus and tested in 

cell lines. In the work presented here, these ZFNs drive high rates of cleavage and gene 

modification at the beta-globin locus in cell lines when delivered as plasmids. Delivery methods 

for gene modification in more fragile CD34+ hematopoietic stem/progenitor cells (HSPCs) were 

investigated and led to the identification of several other delivery methods for the ZFN and 

donor template: integrase-defective lentiviral vectors (IDLV), chimeric adenovirus 5/35 (Ad5/35), 

and in vitro transcribed messenger RNA (mRNA). Of these, the combination of ZFN mRNA 

electroporation and donor IDLV transduction resulted in high rates of gene modification with low 

cellular cytotoxicity. Further optimization of the gene modification protocol was pursued 

including length of pre-stimulation, timing of reagent delivery, and investigation of novel ZFN 

pairs. These data provide the foundational evidence for pursuing the use of ZFNs to drive gene 

correction in HSCs as a treatment for sickle cell disease.   
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Introduction 

Site-specific zinc finger nucleases (ZFNs) to drive correction of the sickle cell mutation in 

human hematopoietic stem cells offer a unique strategy for the treatment of sickle cell disease. 

These ZFNs bind within the cellular beta-globin locus and dimerize to introduce a staggered 

double-stranded break (DSB). The DSB invokes inherent cellular DNA repair pathways, 

including homology directed repair (HDR) and non-homologous end joining (NHEJ). If a 

homologous repair template (containing the non-mutated wild-type beta-globin sequence) is 

present in the proximity of the DSB, the break can be repaired by HDR and result in highly 

accurate editing of the beta-globin locus and correction of the sickle mutation. Correction of the 

beta-globin gene in hematopoietic stem cells would thus allow for permanent production of wild-

type red blood cells. 

A key determinant for the success of nuclease-mediated gene correction is ensuring that 

the delivery method of the reagents allows not only for high rates of correction, but is also 

transient, does not result in high rates of cytotoxicity, and is able to be scaled for clinical 

application. Thus, the investigation of several possible delivery methods is essential for moving 

this work forward. Commonly used methods for ZFN delivery to cell lines include 

electroporation61 and lipid-based transfection reagents75. However, translation of these methods 

to primary cells can be potentially limiting with respect to cytotoxicity and efficiency71.  

In addition to transfection-based delivery methods, viral vectors have also been explored 

for the delivery of transgenes and even targeted nucleases to primary cells. Adeno-associated 

viruses (AAVs) have been used as vectors for gene therapy for several years and offer the 

advantages of being capable of transducing both dividing and non-dividing cells, having little to 

no immunogenicity, and providing long-term expression76,77. AAVs have also been pursued for 

in vivo ZFN and donor template delivery to the murine liver70,78. Initially, AAV vectors for delivery 

to hematopoietic stem cells was limited by host cell tropism, but recently publications have 

shown that capsid-modified AAV serotype 6 is capable of transduction of HSCs79. Despite this, 
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the long-term expression along with the need for the complementary strand of the viral genome 

to be synthesized before expression of the transgene takes place, which can take several days, 

might not make them ideal candidates for ZFN delivery to hematopoietic stem cells in some 

instances, especially when a transient burst of gene expression is needed80,81.   

 Integrase-defective lentiviral vectors (IDLVs) offer the advantages of transient delivery, 

high rates of transduction of CD34+ HSPCs, and low cytotoxicity82,83. These vectors are 

packaged by transient transfection but with a gag/pol containing a D64V mutated integrase, 

resulting in a catalytically inactive form of the enzyme84. Like the integrating form of the vector, 

IDLVs enter the cell, undergo reverse transcription and are trafficked to the nucleus in a double-

stranded form. As the pre-integration complex contains a mutated integrase with deficient 

enzymatic activity, the IDLV genome remains as an episome in the cell. Thus, as the cell 

divides, the proviruses are diluted out, thus providing the transient nature of the vector82. IDLVs 

have previously been used for both meganuclease as well as ZFN delivery to several cell types, 

including CD34+ HSPCs65,71,85. Despite the lower expression levels from IDLVs compared to 

their integrating counterparts, the vectors represent a promising delivery method for both the 

nucleases and donor templates84.  

Adenoviral vectors also offer the unique ability to act as efficient vectors for gene 

therapy80. These double-strand DNA viruses are capable of transducing non-dividing cells as 

well as carrying a large amount of transgene DNA due to their large viral genomes. Chimeric 

adenoviral vectors capable of transducing hematopoietic cells have been developed which 

contain an adenovirus type 5 backbone with a modified fiber from adenovirus type 35 

(Ad5/35)86. ZFN delivery by Ad5/35 has been previously investigated for knockout of the HIV co-

receptor CCR5 and has moved forward into clinical use62,63,87.  

Here we investigate several delivery platforms for both the ZFN and donor template. 

Plasmid electroporation of cell lines resulted in the efficient cleavage and gene modification of 

the beta-globin locus, but when used in CD34+ HPSCs resulted in high rates of cell death under 
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the conditions used here. IDLV vectors were explored for delivery of both the ZFNs as well as 

the donor template. Delivery of the ZFNs by IDLV, either in a single vector or as monomers in 

two separate vectors led to cleavage in cell lines, but was not able to induce cleavage in CD34+ 

HSPCs under the conditions used here. Delivery of the donor template by IDLV was able to 

drive high gene modification rates both in combination with ZFN delivery by plasmid as well as 

ZFN delivery by Ad5/35. Electroporation of in vitro transcribed messenger RNA in combination 

with the donor template delivered as an IDLV resulted in the highest rates of gene modification 

with limited cytotoxicity in the conditions used here. This method was pursued and the delivery 

protocol optimized based on pre-stimulation length, reagent delivery timing, and nuclease pair 

used. These results provide the foundational evidence that gene modification of the beta-globin 

locus at the sickle mutation is possible in hematopoietic stem cells and thus set the stage for 

moving forward with the development of these reagents as a gene therapy treatment for sickle 

cell disease.  

 
 

  



 17

Materials and Methods 

 

ZFN and Donor template construction 

ZFNs targeting exon 1 of the human beta-globin gene were developed at Sangamo 

BioSciences (Richmond, CA).   

The human beta-globin gene donor template for the IDLV consists of a 1094bp region of 

the beta-globin gene. The template was amplified from genomic DNA using primers 5’-

atgcttagaaccgaggtagagttttcatcc-3’ and 5’-gcaatcattcgtctgtttcccattctaaa-3’. The nearly 1.1kb 

region of beta-globin was cloned into a previously established lentiviral backbone88 in reverse 

orientation to avoid splicing during packaging of the virus. Lentiviral vectors were packaged as 

IDLVs using the p8.2(Int-) packaging plasmid and concentrated and titered as described89. Two 

donors were created: one for use in cells from healthy donors (lacking the sickle mutation) 

containing the SCD mutation, and the second containing the wild-type base for use in sickle-cell 

disease patient samples. The HhaI RFLP, 22 bases downstream from the sickle mutation, was 

introduced into both donor templates using site-directed mutagenesis. Each donor also contains 

the sickle-associated single nucleotide polymorphism located 11bp upstream of the sickle 

mutation site.  

 

Cell Culture  

The K562 3.21 subclone was generated by Sangamo BioSciences from K562 cells 

(ATCC) to remove the single nucleotide polymorphism at the beta-globin locus and to contain 

the sickle mutation. K562 3.21 cells were cultured in R10 medium: RPMI1640 (Cellgro) 

supplemented with 10% fetal bovine serum (FBS) (Gemini Bio-products) and 

penicillin/streptomycin/L-glutamine (Gemini Bio-products).  

 

 



 18

ZFN IDLV Construction and Ad5/35 Transductions 

The 55.58 ZFN pair was cloned into the single and double lentiviral vector backbone as 

described71 with primers specific to the ZFN pairs. mCherry expression levels in IDLV-

transduced cells was determined using the BD-LSRFortessa or BD-LSRII flow cytometers 

(Becton-Dickinson) and analyzed using BD FACSDiva Software (BD Biosciences). Vector copy 

number for IDLV-transduced cells was determined as described89. K562 3.21 cells were 

transduced with ZFN IDLV vectors by spinning 1.0E+04 cells per sample at 90g for 10min, 

resuspending cells in 100ul of R10 medium per sample, adding appropriate viral dilutions to 

bring the cell/virus mixture to a final volume of 1.0ml before transferring to a 12 well tissue 

culture treated plate.  

The E1-E3 deleted Ad5/35 containing the ZFN 55.58 pair was developed, packaged, 

and titered at Sangamo BioSciences. K562 3.21 transductions with Ad5/35 were completed by 

spinning 2.0E+05 cells per sample at 90g for 10min, resuspending cells in 200ul of R10 medium 

per sample, adding appropriate viral dilutions to bring the cell/virus mixture to a final volume of 

500ul before being plated in a 24 well tissue culture treated plate. 

 

Primary human CD34+ Cell Processing 

All cord blood specimens were obtained according to guidelines approved by the 

University of California, and deemed anonymous medical waste exempt from IRB review. Cells 

were processed within 48hrs of collection. Mononuclear cells (MNC) were isolated from CB 

using Ficoll Hypaque (Stem Cell Technologies) density centrifugation. Immunomagnetic column 

separation was then used to enrich for CD34+ cells by incubating the MNCs with anti-CD34 

microbeads (Miltenyi Biotec Inc.) at 4°C for 30 min.  Cells were then sent through the magnetic 

column and CD34+ cells collected and placed in cryovials with freezing medium (10% dimethyl 

sulfoxide (Sigma Aldrich), 90% FBS) and cryopreserved in liquid nitrogen.  
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Electroporation 

Electroporation of K562 3.21 cells was completed using the Amaxa 4D Nucleofector as 

per manufacturer’s instructions (Lonza). Briefly, 1.0E+06 or 2.0E+05 cells were spun at 90g for 

10 minutes and then resuspended in 100ul or 20ul SF buffer solution (Lonza), respectively. 

Described amounts of ZFN and donor plasmid were added to each sample and placed in the 

appropriately-sized cuvette. Cells were nucleofected using the Amaxa 4D Nucleofector X Unit 

(Lonza) and the FF-120 program as optimized by the manufacturer. Cells were rested at room 

temperature for 10 minutes before 400ul or 80ul of pre-warmed RPMI+10%FBS was added to 

the cells and they were transferred to a 24 well tissue culture treated plate. For experiments with 

the donor IDLV transduction, cells were transduced 24 hours later after cells were harvested, 

counted, plated at a density of 2.0E+05 cells/mL in 500ul of R10 medium and appropriate viral 

dilutions. 

Electroporation of CD34+ HSPCs was completed with the Harvard Apparatus BTX ECM 

830 Square Wave Electroporator. Briefly, CD34+ cells were thawed at 37°C, washed in Iscove’s 

Modified Dulbecco’s Medium (IMDM; Life Technologies) supplemented with 20% Fetal Bovine 

Serum (Gemini Bio-products) and 1X glutamine, penicillin, and streptomycin (Gemini Bio-

products) and pre-stimulated for the indicated length of time in X-VIVO15 media (Lonza) 

containing glutamine, penicillin, streptomycin, 50 ng/ml stem cell factor (SCF), 50 ng/ml fms-like 

tyrosine kinase 3 (Flt-3) ligand and 50 ng/ml thrombopoietin (TPO) (Peprotech). For 

electroporation, 2.0E+05 cells per reaction were spun at 90g for 15min, resuspended in 100ul of 

BTXpress buffer (Harvard Apparatus), mixed with indicated amounts of ZFN mRNA as 

applicable, and pulsed once at 250V for 5msec in the BTX ECM 830 Square Wave 

Electroporator (Harvard Apparatus). Following electroporation, cells rested for 10 minutes at 

room temperature before the addition of the XVIVO-based culture medium described above and 

transferred to plates in a total of 500ul. The donor IDLV was present in the final culture medium 

following electroporation at the concentrations described for appropriate samples and washed 
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out the following day. For extended culture, cells were harvested from wells, spun down at 500g 

for 5min and resuspended in Iscove’s modified Dulbecco’s medium (Cellgro) supplemented with 

20% fetal bovine serum (Gemini Bio-products), 0.5% bovine serum albumin (Sigma), 25ng/ml 

stem cell factor, 10ng/ml Interleukin-6, and 5ng/ml Interleukin-3 (Peprotech). 

 

Electrophoresis for Gene Modification to Detect the HhaI RFLP 

Site-specific gene modification was detected by Restriction Fragment Length 

Polymorphism (RFLP). A 1.1kb region outside of the homologous donor template region was 

PCR amplified using primers BgloOuterFwd (5’- atgcttagaaccgaggtagagttt-3’) and BgloOuterRev 

(5’- cctgagacttccacactgatg-3’) and Accuprime Taq Hi-Fi (Life Technologies). For electrophoretic 

analysis, the PCR product was purified using PCR cleanup kit (Life Technologies) and digested 

using 10 units of HhaI (New England Biolabs) for 3.5 hours at 37°C. The digestion products 

were separated on 1.0% TBE-Agarose gel pre-stained with GelGreen (Biotium) and imaged and 

analyzed on a Kodak Molecular Imaging Station (Kodak).   

To further quantify gene modification at HhaI, a quantitative PCR based assay was 

used. A set of two PCR reactions were performed using the 1.1kb PCR product described 

above as a template. The unpurified PCR template was diluted 1:5,000 of which 1ul was used in 

each of the following 25ul reactions. The first PCR was performed to amplify modified genomes, 

using primers HhaIFwd (5’- gaagtctgccgttactgcg-3’) and HhaIRev (5’- cccagtttctattggtctcc-3’). 

The second PCR was performed to normalize the input template using primers ExonIIFwd (5’- 

ctcggtgcctttagtgatgg-3’) and ExonIIRev (5’- gactcaccctgaagttctc-3’). Both of these PCRs were 

made quantitative using Power SYBR Green PCR Master Mix (Life Technologies) and acquired 

on ViiA7 (Life Technologies). Frequency of gene modification was determined using the Ct 

(cycles to threshold) difference between the two reactions and a plasmid standard curve. 
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Surveyor Nuclease Assay 

Surveyor Nuclease Assay (Cel-1) was used to determine ZFN-induced site-specific 

allelic disruption. A 410bp region surrounding the ZFN binding site was PCR amplified from 

200ng of genomic DNA using Cel1Fwd (5’-gacaggtacggctgtcatca-3’) and Cel1Rev (5’-

cagcctaagggtgggaaaat-3’) using Accuprime Taq Hi-Fi (Life Technologies). Denaturation, 

reannealing, digestion, and electrophoretic and densitometry analysis were completed as 

described71. 

 

mRNA production 

Plasmids encoding the ZFNs were linearized with SpeI (New England Biolabs) and 

purified by phenol:chloroform before use as a template for in vitro transcription. The mMessage 

mMachine T7 ULTRA Transcription kit (Life Technologies) was used according to the 

manufacturer’s protocol to produce in vitro transcribed mRNA, with polyA tailing steps as 

needed, and cleaned up with the RNeasy MinElute Cleanup Kit (Qiagen).  

 

CFU progenitor assay in methylcellulose 

One day post electroporation, 250 viable cells were plated per 35mm cell culture dish in 

duplicate in MethoCult Optimum methylcellulose-based media (Stem Cell Technologies). 

Following two weeks in culture at 5% CO2, 37°C and humidified atmosphere, the different types 

of colonies were characterized and enumerated manually based on their morphology. 
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Results 

Plasmid delivery of ZFNs and donor result in targeted gene modification in cell lines  

A pair of ZFNs was designed and created by scientists at Sangamo Biosciences which 

binds in Exon 1 of the human beta-globin gene, about 20 bases downstream of the sickle 

mutation (ZFN pair 55.58). Initially, K562 3.21 cells (a subclone of the erythroleukemia cell line 

K562 engineered to remove the polymorphism which interferes with the Surveyor Nuclease 

[Cel-1] assay) were electroporated with plasmids encoding the left and right ZFN monomers. 

Following 3 days in culture, cells were harvested, genomic DNA extracted, the beta-globin locus 

PCR amplified around the cut site, and then subjected to the Surveyor Nuclease assay. Titration 

of the plasmids resulted in cleavage rates up to nearly 30% (Figure 1-1A,B) and demonstrated 

that these beta-globin specific ZFNs are capable of creating targeted double-strand breaks.  

To determine whether these beta-goblin specific ZFNs were capable of triggering 

homology directed repair at the beta-globin locus, a donor template plasmid was constructed. 

This donor template contains 1094bp of genomic DNA with the sickle mutation (as a reverse 

model for modifying wild-type cells) or the wild-type base (for true gene correction in sickle cells) 

as well as a silent polymorphism 22bp downstream to introduce a HhaI restriction site for easy 

analysis of modified alleles. Initially, the donor template was cloned into a TOPO vector 

backbone and delivered to cells as double-stranded plasmid DNA. Electroporation of K562 3.21 

cells with either the ZFNs or the donor template alone did not result in detectable levels of gene 

modification, while the ZFNs and donor in combination resulted in gene modification (Figure 1-

2). Titration of both the ZFN plasmids as well as the donor plasmids resulted in gene 

modification rates upwards of 50% as determined by qPCR for the HhaI RFLP. Thus, high rates 

of targeted gene modification at the beta-globin locus were demonstrated with ZFNs and a 

corrective donor template. 

 



 23

Donor delivery by IDLV leads to gene modification in cell lines 

While plasmid delivery of both the ZFNs and donor template proved efficacious in cell 

lines, unfortunately when delivered to CD34+ cells, either immediately after thawing, after 16 

hours or 3 days of pre-stimulation in medium containing cytokines, no gene modification was 

seen when the cells were analyzed by qPCR for the HhaI RFLP and significant cell death 

resulted under the conditions used here (data not shown). Therefore, several different viral and 

non-viral delivery methods were tested to determine which method would allow for the greatest 

rates of gene modification while also maintaining cell numbers and viability. To this end, the 

donor template was cloned into a previously established lentiviral backbone88 in reverse 

orientation relative to the viral long terminal repeats (LTRs) in order to prevent issues with 

splicing during reverse transcription as the template contains introns. The vector was packaged 

as an integrase-defective lentiviral vector (IDLV) using a gag/pol containing the D64V mutant 

integrase88 and tested initially in K562 3.21 cells. Here, the ZFNs were delivered as plasmids via 

electroporation and then transduced with the IDLV donor template 24 hours later. Control 

samples were electroporated with plasmid encoding GFP and also transduced with IDLV donor. 

Gene modification rates ranged from 12-27% by HhaI RFLP digest with increasing amounts of 

IDLV donor (Figure 1-3A,B). The GFP electroporated samples showed no evidence of gene 

modification. This provides evidence that viral delivery by IDLV of the donor template can lead 

to gene modification. 

 

ZFN delivery by IDLV leads to cleavage in cell lines 

In addition to investigating the efficacy of donor delivery by IDLV, the delivery of ZFNs by 

IDLV was also investigated. First, the individual ZFN monomers were each cloned into separate 

lentiviral vector backbones driven by a modified myeloproliferative sarcoma virus long terminal 

repeat with a deletion in the negative regulatory region (MND) which has been established as a 

strong promoter in hematopoietic cells90. Each ZFN was linked via a self-cleaving 2A peptide 
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from the porcine teschovirus-1 (P2A)91 to a mCherry transgene to easily assess transduction 

efficiency and a woodchuck hepatitis virus post-transcriptional regulatory element (WPRE) to 

increase internal and genomic transcripts (Figure 1-4A). For preliminary tests, the vector was 

packaged as both an integrating and integrase-defective lentivirus, with the integrating form 

providing a higher titer as expected based on the transient nature of the IDLV83,89 (Figure 1-4B). 

K562 3.21 cells were transduced with the vectors and assayed 7 days later for allelic disruption, 

mCherry expression, and vector copy number (VCN). Here, when the left and right monomer 

were co-delivered, both the integrating and IDLV forms resulted in allelic disruption, with higher 

rates coming from the integrating form of the vector (20% for the integrating vector compared to 

10% for the IDLV) (Figure 1-4C). These results correspond to the mCherry expression and 

VCN as the integrating vectors have a higher percentage and mean fluorescence intensity (MFI) 

of mCherry positive cells as well as a higher VCN than the IDLV vectors (Figure 1-4D, E, F). 

Thus, the ZFNs when delivered separately as IDLVs are able to lead to site-specific double-

strand breaks in K562 3.21 cells. 

Since a ZFN-induced double-strand break requires the action of a dimer, we sought to 

increase the rate of allelic disruption in transduced cells by placing both the left and right ZFN 

monomer into a single lentiviral vector. Based on previous work in the lab, it was known that 

lentiviral vectors containing two ZFN monomers can be prone to vector rearrangements71. Here, 

as was done in Joglekar et al, several vectors were constructed to avoid the repetitive regions 

between the two ZFNs. Two of the vectors contained no changes to the ZFN cassettes with one 

containing the human elongation factor 1 alpha short (EFS) promoter (EFS-Double-ZFN) and 

the other the MND promoter (MND-Double-ZFN). The third vector consisted of a human codon-

optimized left ZFN monomer to increase the sequence diversity from the right ZFN (MND-

coDouble-ZFN). The fourth and final vector was modified to remove the FLAG-tag from the N-

terminus of the left ZFN monomer, again to increase sequence diversity between the two 

vectors (MND-delFLAG) (Figure 1-5A). The four vectors were titered head-to head (Figure 1-
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5B) and then tested head-to-head in K562 3.21 cells as integrating vectors on a small scale. 

The MND-Double-ZFN and MND-delFLAG vectors provided the highest titers in these 

experiments (Figure 1-5B). The MND-Double-ZFN and MND-coDouble-ZFN vectors lead to the 

highest rates of allelic disruption with the MND-Double-ZFN vector showing more consistent 

cleavage rates between biological replicates (Figure 1-5C, D). With respect to expression, the 

MND-Double-ZFN revealed slightly higher percentage of mCherry positive cells than the other 

vectors (Figure 1-5E). While the EFS-Double-ZFN had relatively similar percentage of mCherry 

positive cells, these cells had a much lower MFI (Figure 1-5F). In addition, the EFS-Double-

ZFN vector has a lower VCN than the MND-Double-ZFN or MND-delFLAG vectors (Figure 1-

5G). This would suggest that the EFS promoter here does not drive expression from this vector 

as effectively as the MND promoter does. In summary, these data show that integrating lentiviral 

vectors containing both ZFN monomers are able to introduce site-specific double-strand breaks 

at the beta-globin locus in cell lines. However, despite these promising cleavage results, when 

either the ZFN monomer IDLVs or the MND-Double-ZFN IDLV was co-delivered alongside the 

donor template IDLV in K562 3.21 cells, no detectable gene modification was seen despite high 

concentration virus being used (data not shown) under the conditions described here.  

 

ZFN delivery by Ad5/35 results in cleavage in CD34+ HSPCs but is associated with 

cytotoxicity     

To attempt an all-viral delivery approach of the ZFN and donor components, 

investigators at Sangamo Biosciences produced a chimeric, non-replicating adenoviral (Ad) 

5/35 vector carrying the ZFN transgenes. These Ad vectors utilize the fiber protein from the 

adenovirus serotype 35 virus which allows them to efficiently transduce CD34+ cells92. As with 

IDLV vectors, these Ad vectors are also non-integrating and provide transient expression of the 

ZFNs. Initially the Ad5/35 vector was titrated in K562 3.21 cells to determine the ability of the 

vector to enter the cells, express the ZFNs, and effect allelic disruption. Here, up to 10% allelic 
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disruption was observed when cells were transduced at a multiplicity of infection (MOI) of 

1.0E+08 (Figure 1-6A, B). With the ability of the Ad5/35 ZFN vector to cleave at the beta-globin 

locus established, the ability of this vector alongside the donor IDLV to effect gene modification 

in K562 3.21 cells was assessed. Here, cells were transduced with donor IDLV at a 

concentration of 6.0E+06 transducing units per milliliter (TU/mL) and increasing amounts of 

Ad5/35 ZFN vector. Following 3 days in culture, cells were harvested and subjected to the HhaI 

RFLP gel electrophoresis and qPCR assays. Gene modification rates of up to 18% were 

achieved with an Ad5/35 MOI of 3.0E+08 (Figure 1-6C, D). Titration of the Ad5/35 vector in 

CD34+ cells resulted in cleavage rates up to 9% but were associated with significant cell death 

under the conditions used here (data not shown).  

While plasmid electroporation, IDLV transduction, and Ad5/35 transduction proved 

efficacious to some extent in K562 3.21 cells (Figure 1-6E), cytotoxicity was seen in these 

experiments when attempting to translate these approaches to CD34+ hematopoietic stem and 

progenitor cells (HSPCs) using each vector encoding GFP and differentiating the cells down the 

erythroid lineage93. Here, growth curves revealed that IDLV-treated cells expanded at equivalent 

rates to that of mock treated cells whereas electroporated and A5/35 cells expanded about 10-

fold less. Despite the toxicity of the electroporation and Ad5/35 methodologies, the expression 

levels were high in the remaining cells with over 60% and 75% of cells being GFP+, 

respectively. With IDLV treatment, the expression levels were also lower as only about 20% of 

the cells were GFP+ (data not shown). Thus, electroporation and IDLV delivery seem to be the 

most promising options to pursue.  

 

ZFN mRNA electroporation and donor IDLV transduction results in high gene 

modification rates. 

With electroporation and IDLV delivery seemed the most promising, another non-viral 

delivery method for the ZFNs was attempted: in vitro transcribed messenger RNA (IVT mRNA). 
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First, the ZFN monomers were co-electroporated as IVT mRNA into cord-blood derived (CB) 

CD34+ cells and subjected the Surveyor Nuclease assay. Here, the ZFNs led to upwards of 

30% allelic disruption at the beta-globin locus (Figure 1-7A). When the ZFN mRNAs were co-

delivered alongside the IDLV donor template, they lead to high rates of gene modification as 

seen both by gel electrophoresis as well as qPCR for the RFLP (Figure 1-7B, C). Thus, the 

combination of ZFNs delivered via electroporation as mRNA and donor template as IDLV 

resulted in targeted gene modification and introduction of the intended RFLP at the beta-globin 

locus in CD34+ HSPCs.  

 

Pre-stimulation length effects gene modification rates  

The promising initial gene modification results in HSPCs led to investigations into how to 

optimize the timing of the delivery of these components. First, the length of pre-stimulation was 

investigated. As the cells must be cycling in order for homology-directed repair to take place, a 

longer pre-stimulation length may allow for higher rates of gene modification. However, it is 

crucial to balance the increased gene modification rates with stem cell maintenance. To test this 

in vitro, cells were thawed in bulk and pre-stimulated for either 1, 2, or 3 days before being 

electroporated with ZFN mRNA and transduced with donor IDLV. One day following 

electroporation, cells were counted for viability and fold expansion as a measure of cytotoxicity 

and a subset were plated in methylcellulose medium containing cytokines as a measure of their 

ability to maintain their colony forming potential. Cells that were pre-stimulated for 1 day showed 

the lowest rates of gene modification while 2 and 3 days of pre-stimulation showed relatively 

equivalent rates (Figure 1-8A). Pre-stimulation length did not appear to effect the viability or fold 

expansion of the cells following treatment (Figure 1-8B, C). However, the percentage of 

colonies that formed did differ with pre-stimulation length as the 1 day pre-stimulation provided 

the highest percentage of CFUs (Figure1-8D). Based on these data, a 2 day pre-stimulation 

was determined as optimal to allow for high gene modification rates without increased 
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cytotoxicity. Thus, all of the following experiments discussed used this 2 day pre-stimulation 

protocol.  

In addition to adjusting the length of pre-stimulation, the timing of the delivery of each 

gene modification reagent was assayed. As the ZFNs are being delivered as IVT mRNA, the 

molecules need to enter the cell, be translated, traffic to the nucleus, and find the target site in 

order to create the desired double-strand break94. In order for homology directed repair to take 

place at the optimal rate, ideally the donor template would be present at exactly the moment 

that the double-strand break is created. With the donor template being delivered as an IDLV, the 

vector needs to enter the cell, uncoat, be reverse transcribed, and then traffic to the nucleus82. 

As the process of the donor template trafficking to the nucleus may be a lengthier one than that 

of the nuclease, the delivery of the IDLV before the ZFNs was investigated. Here, CB CD34+ 

HSPCs were either electroporated with the ZFNs at the same time they were transduced with 

the IDLV (Same Time) or were transduced (TD) with the IDLV 24 hours before being 

electroporated (EP) with the ZFN mRNA (TD then EP). Following 3 days in culture, cells were 

counted and harvested. Here, there was no apparent difference between the Same Time and 

TD then EP conditions in rates of gene modification, viability, or fold expansion (Figure 1-9A, B, 

C). Thus, for ease of experimentation as well as cell maintenance, all following experiments 

were completed with the ZFN mRNAs being electroporated at the same time that the donor 

IDLV is delivered.  

 

New, highly-active ZFNs allow for higher rates of gene modification with less nuclease  

As nuclease technology is constantly developing75, collaborators at Sangamo 

Biosciences provided several more pairs of ZFNs targeting the beta-globin locus to test for their 

gene modification rates. Of these, a pair which binds in exon 1 with the ZFN spacer region 

encompassing the sickle mutation (88.01) induced high rates of site-specific cleavage. 

Therefore, we sought to thoroughly compare the 55.58 pair used in the experiments described 
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above to the newly-developed 88.01 pair. First, the cleavage efficiency of the two pairs was 

assessed following electroporation of CB CD34+ HSPCs and the 88.01 pair provided higher 

cleavage rates at the 1.0ug amount while the 55.58 pair provided higher rates at the 2ug and 

3ug amounts (Figure 1-10A, B). Additionally in this experiment, cell survival was assessed 4 

days after treatment and the 55.58 pair consistently provided higher viability and fold expansion 

rates, especially at the higher nuclease concentrations (Figure 1-10C, D). Importantly, the gene 

modification rates induced by each pair as well as cell survival were also assessed in CD34+ 

cells. Here, at the lowest concentration of nuclease tested, the 88.01 pair shows much higher 

rates of gene modification while maintaining equivalent viability and fold expansion rates 

compared to the 55.58 pair (Figure 1-10E, F, G). Due to the ability of the 88.01 pair to lead to 

higher rates of gene modification rates when a lower amount of the nuclease is used, this ZFN 

pair was pursued for further in vitro and in vivo studies as described in Chapter 2.  
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Discussion 

Site-specific gene correction for sickle-cell disease stands as an ideal strategy for gene 

therapy for the disease as it allows for the correction of the cells to the wild-type state. These 

corrected cells would then be able to permanently express normal, wild-type beta-globin under 

the control of the appropriate endogenous regulatory elements. To begin exploring this method, 

studies into the optimal delivery strategy for the correction reagents to hematopoietic stem cells 

is paramount. It is necessary to strike a balance between the efficiency of gene modification and 

the cytotoxicity of the delivery method. To find this balance, several different delivery methods 

for both the ZFNs as well as the homologous donor template were investigated in this chapter. 

While plasmid delivery of both components resulted in high gene modification rates in cell lines, 

unfortunately the delivery method was cytotoxic in primary CD34+ HSPCs under the conditions 

used and led to a loss of cell viability without detectable gene modification.  

 The observed cytotoxicity of plasmid delivery led to the investigation of ZFN and donor 

delivery by integrase-defective lentiviral vectors. These vectors offer several advantages as they 

allow for transient delivery, are able to efficiently transduce hematopoietic stem cells at high 

copy number when pseudotyped with the vesicular stomatitis virus glycoprotein (VSV-G), and 

are able to traffic to the nucleus in non-dividing cells82. In addition, the use of self-inactivating 

lentiviral vectors has a long history of clinical translation and their use would allow for a 

relatively well-established path to the clinic42,95. Initially the delivery of the donor template by 

IDLV was investigated. When plasmids expressing the ZFNs were delivered to cell lines along 

with the 1.1kb donor fragment as an IDLV, gene modification was achieved. While these results 

were promising, they do not eliminate the potential issue of plasmid delivery. Thus, the use of 

IDLVs to deliver the ZFNs as well was investigated. While both Double-ZFN as well as single 

ZFN vectors lead to detectable cleavage rates in cell lines under the conditions used here, the 

combination of ZFN IDLVs with the donor IDLV did not lead to detectable cleavage even in cell 

lines, despite relatively high concentration of viruses being used. This is likely due to the low 
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gene expression levels of IDLV vectors, which is magnified further in CD34+ HSPCs. As a one-

time burst in ZFN expression at high levels to introduce the double-strand break was desired 

here, the use of a low-expressing vector would not be ideal. Others have tried to discern the 

cause for this low expression as well as ways to subvert the issue, but with little success in 

primary cells96,97. 

As co-delivery of the ZFNs and donor template by IDLV was unsuccessful in these 

experiments, the use of another clinically well-established vector for ZFN deliver was pursued. 

Adenoviral vectors have been used clinically for gene therapy for many years and, like IDLVs, 

offer a transient delivery of the payload. While standard adenovirus type 5 (Ad5) cannot 

transduce CD34+ HSPCs well due to the lack of the coxsackievirus and adenovirus receptor on 

the cell surface, a chimeric adenoviral vector containing a modified capsid with the modified 

fiber from the group B adenovirus 35 which is capable of transducing cells via the cell surface 

marker CD46 was investigated98–100. Here, the chimeric Ad5/35 vector containing both ZFN 

monomers with deletions in the early region 1 and early region 3 was developed by 

collaborators at Sangamo BioSciences. While the vector resulted in cleavage in both K562 cells 

and CD34+ HSPCs, the MOI required to achieve cleavage in CD34+ cells resulted in 

cytotoxicity in these experiments.  

The requirement for a brief burst of high expression levels of the ZFNs to achieve high 

cleavage rates led to the investigation of in vitro transcribed messenger RNA (IVT mRNA) for 

expression of the ZFNs. The use of mRNA provides the advantages of ease of use and 

transient delivery, while avoiding any potential cellular immune responses to viral components94. 

Electroporation of both K562 cells (data not shown) and CD34+ HSPCs with capped and polyA 

tailed mRNA of each ZFN resulted in high rates of beta-globin cleavage. Additionally, when the 

ZFNs were delivered as mRNA and the donor template as an IDLV, gene modification rates 

were achieved in CD34+ cells. Thus, the dual delivery method of electroporation and IDLV 
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transduction allows for targeted gene modification in HSPCs, as observed by other groups as 

well64,65. 

While the delivery method is a key step in moving this technology forward in HSCs, there 

are several other aspects that require investigation and optimization to achieve the highest rates 

of gene modification with the lowest cytotoxicity and the greatest stem cell maintenance 

possible. Therefore the length of pre-stimulation, the timing of ZFN and donor delivery, as well 

as the optimal ZFN pair was further explored. Each of these aspects plays an important role in 

moving this technology forward in an efficient manner. 

The studies presented in this chapter have provided the foundational evidence for gene 

correction for sickle cell disease. The ZFNs developed by collaborators at Sangamo 

BioSciences to target exon 1 of the beta-globin locus lead to high rates of cleavage in cell lines 

and primary cells and, upon co-delivery of a donor template, these reagents lead to site-specific 

modification of the beta-globin gene. This proof-of-principle work and delivery optimization 

serves as the basis for moving this work forward in HSCs and to in vivo studies in the upcoming 

chapters.   

 

  



 33

Figures 

 

  

Figure 1-1: ZFNs efficiently cleave the beta-globin locus: K562 3.21 cells were 
electroporated with increasing amounts of each ZFN plasmid and harvested 3 days later. (A) 
Surveyor nuclease assay of treated cells. The presence of two lower bands indicates 
nuclease activity. (B) Quantification of the allelic disruption (cleavage) rates from samples in 
(A) by densitometry analysis. n=2 biological replicates. Error bars mean±sd. 
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Figure 1-2: Plasmid delivery leads to gene modification: K562 3.21 cells were 
electroporated with the indicated amounts of ZFN and donor plasmid. Gene modification 
rates were determined 3 days following electroporation by qPCR for the HhaI RFLP.   
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Figure 1-3: Donor IDLV leads to gene modification: 1.0E+06 K562 3.21 cells were 
electroporated with 2.5ug of each ZFN plasmid or 2.5ug of GFP control plasmid. 24 hours 
later cells were counted and 1.0E+04 cells were transduced at the indicated concentrations 
with donor template IDLV. Cells were harvested 7 days later and PCR amplified outside the 
donor region before purification and digestion with HhaI enzyme. (A) HhaI RFLP digestion 
products run on a 1% agarose gel. Percentages indicated under lower band represent gene 
modification rates. ZFN and GFP parallel lane sets represent biological replicates. The first 
lane in each set is electroporated but not transduced. (+) lane left indicates genomic DNA 
with a known percentage of modification. (+) lane right indicates genomic DNA known to 
have no gene modification. (-) lane indicates no template control. (B) Summary of samples in 
(A). n=2 biological replicates. Error bars mean±sd. 
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Figure 1-4: ZFN Single IDLVs: (A) Vector schematic of the left and right ZFN monomers. 
(B) Vector titers of ZFN vectors in (A) packaged as either an integrating (light gray bar) or 
integrase-defective (dark gray bar) vector. (C) K562 3.21 cells were transduced with either 
the left or right ZFN vector or both vectors at equal concentrations (1.7E+05 TU/mL for 
integrating vectors and 4.9E+04 TU/mL for IDLV vectors). Cells were harvested 7 days later 
and cleavage rates were determined by Surveyor Nuclease assay. (D) Percentage of 
mCherry positive cells 7 days after transduction as analyzed by flow cytometry. (E) 
Geometric mean fluorescence intensity (geoMFI) of mCherry expression of samples in (D). 
(F) Vector copy number (VCN) of transduced cells 7 days post transduction as determined 
by qPCR for the PSI signal.  SIN-LTR, Self-Inactivating Long Terminal Repeat; L and R, 
ZFNs recognizing left and right half binding sites respectively; P2A, self-cleaving 2A peptide; 
WPRE, Woodchuck Hepatitis Virus Post transcriptional regulatory element. n=2 biological 
replicates. Error bars mean±sd. 
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Figure 1-5: Double ZFN Vectors: (A) Schematic of double ZFN vectors used in these 
studies. (B) Titers of integrating forms of each vector in (A). (C) K562 3.21 cells were 
transduced with equal concentrations of each vector (1.7E+05 TU/mL) and analyzed by 
Surveyor Nuclease assay 7 days later. (D) Summary of quantification of samples in (C). (E) 
Percentage of mCherry positive cells by flow cytometry 7 days after transduction. (F) 
Geometric mean fluorescence intensity (geoMFI) of mCherry expression from samples in 
(E). (G) Vector copy number (VCN) of transduced cells 7 days post transduction as 
determined by qPCR for the PSI signal. SIN-LTR, Self-Inactivating Long Terminal Repeat; 
EFS, human elongation factor 1a promoter, short; MND, modified myeloproliferative 
sarcoma virus long terminal repeat with a deletion in the negative regulatory region; co, 
codon optimized; ΔF, delta FLAG-tag; L and R, ZFNs recognizing left and right half binding 
sites respectively; P2A and T2A, self-cleaving 2A peptides; WPRE, Woodchuck Hepatitis 
Virus Post transcriptional regulatory element. n=2 biological replicates. Error bars mean±sd. 



 38

  

Mock 3e7 1e8 3e8 1e9
0

5

10

15

20

ZFN Ad 5/35 Amount (MOI)

%
 A

ll
e
li
c
 D

is
ru

p
ti

o
n

Mock IDLV 3e7 1e8 3e8 1e9
0

5

10

15

20

25

ZFN Ad 5/35 Amount (MOI)

ZFN Ad 5/35 + Donor IDLV

%
 G

e
n

e
 M

o
d

if
ic

a
ti

o
n

ZFN Donor ZFN & Donor
0

10

20

30

40

50
ZFN EP, Donor EP

ZFN Ad, Donor IDLV

ZFN EP, Donor IDLV

%
 G

e
n

e
 M

o
d

if
ic

a
ti

o
n

A B 

E 

C D 

Figure 1-6: Ad5/35 ZFN cleavage and gene modification: (A) K562 3.21 cells were 
transduced with increasing amounts of E1 and E3 deleted Ad5/35 vector containing the left 
and right ZFN monomers. Surveyor Nuclease assay of cells 3 days after transduction. (B) 
Quantification by densitometry of samples in (A). (C) K562 3.21 cells were co-transduced 
with ZFN-expressing Ad5/35 and donor template IDLV at the indicated multiplicity of 
infection (MOIs) and concentration, respectively. Cells were harvested 3 days later and PCR 
amplified outside the donor region before purification and digestion with HhaI enzyme. HhaI 
RFLP digestion products run on a 1% agarose gel. IDLV Only lane not transduced with 
Ad5/35, Mock lane not transduced with either vector. (D) Gene modification rates as 
determined by qPCR for the HhaI RFLP from samples in (C). (E) Summary of gene 
modification rates in K562 3.21 based on several different ZFN and donor template delivery 
methods. n=2 biological replicates. Error bars mean±sd. 
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Figure 1-7: ZFN mRNA and Donor IDLV: Cord-blood derived CD34+ cells were pre-
stimulated in XVIVO with cytokines for three days and then electroporated with 30 ug/mL of 
each ZFN mRNA and transduced with 2.0E+07 TU/mL of Donor IDLV. Controls 
electroporated with 60 ug/mL GFP mRNA. (A) Surveyor nuclease assay reveals cleavage 
rates of over 30% at the beta-globin locus. (B) Cells were harvested 2 days after treatment 
and genomic DNA was extracted. The beta-globin locus was PCR amplified outside the 
donor region, purified, and digested with HhaI enzyme. Products were run on an agarose 
gel. Lower band demonstrates the introduction of the HhaI RFLP at the target site (arrow). 
Representative samples from Same Time in (C). (C) qPCR for the HhaI RFLP with samples 
treated with ZFN and IDLV either at the same time (Same Time – white bars) or transduced 
with Donor IDLV and then electroporated with ZFN mRNA (TD then EP – gray bars). n=2 
biological replicates. Error bars mean±sd. 
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Figure 1-8: Pre-stimulation length: Cord-blood derived CD34+ cells were treated with 
30ug/mL each ZFN mRNA and 2.0E+07 TU/mL Donor IDLV following 1 (white bars), 2 (gray 
bars), or 3 (black bars) days of pre-stimulation in XVIVO with cytokines. (A) Gene 
modification rates by qPCR for the HhaI RFLP at day 3 post electroporation. (B) Cells were 
counted at day 3 post electroporation using trypan blue exclusion dye to assess viability and 
(C) fold expansion. (D) Cells were plated in methylcellulose medium containing cytokines 
and colonies were enumerated 14 days later. Percent of colonies detected relative to 250 
viable plated cells shown. Mock, IDLV, ZFN, and ZFN+IDLV d1 n=1; ZFN+IDLV and GFP d2 
and d3 n=2 biological replicates. Error bars mean±sd. 
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Figure 1-9: ZFN and IDLV Delivery Timing: Cord-blood derived CD34+ cells were treated 
with 30ug/mL each ZFN mRNA and 2.0E+07 TU/mL Donor IDLV. Cells were pre-stimulated 
for 3 days and then either treated at the same time (Same Time – white bars), or transduced 
with IDLV and then electroporated with ZFN mRNA 24h later (TD then EP – gray bars). (A) 
Gene modification rates by qPCR for the HhaI RFLP d3 post electroporation. (B) Cells were 
counted at day 3 post electroporation using trypan blue exclusion dye to assess viability and 
(C) fold expansion. 2 independent experiments, n=4 biological replicates. Error bars 
mean±sd. 
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Figure 1-10: Comparison of ZFN 55.58 and 88.01 pairs: (A) Cord-blood (CB) derived 
CD34+ cells were electroporated with the indicated amounts of each ZFN mRNA for each 
pair of ZFNs. 2 days after electroporation, cells were harvested and cleavage rates analyzed 
by the Surveyor Nuclease assay. Empty lane in 88.01 3ug indicates a replicate which did not 
amplify due to low DNA yields. (B) Quantification by densitometry of the samples in (A). (C) 
Percentage of viable cells and (D) fold expansion as determined by trypan blue exclusion 
dye 2 days after electroporation. 1.0ug n=1, 1.5ug n=2, 3.0ug n=2. Error bars mean±sd. (E) 
CB CD34+ cells were electroporated with increasing amounts of ZFN mRNA for each pair of 
ZFNs and transduced at the same time with 2.0E+07 TU/mL of donor IDLV. Gene 
modification rates 3 days following treatment as determined by qPCR for the HhaI RFLP. (F) 
Percentage of viable cells and (G) fold expansion of treated cells as determined by trypan 
blue exclusion dye 1 day post treatment for samples in (E). n=2 biological replicates. Error 
bars mean±sd. 
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Chapter 2: Correction of the sickle-cell disease mutation in human hematopoietic 
stem/progenitor cells  
 

Abstract 

Sickle-cell disease (SCD) is characterized by a single point mutation in the seventh 

codon of the beta-globin gene. Site-specific correction of the sickle mutation in hematopoietic 

stem cells (HSCs) would allow for permanent production of normal red blood cells. Using zinc-

finger nucleases (ZFNs) designed to flank the sickle mutation, we demonstrated efficient 

targeted cleavage at the beta-globin locus with minimal off-target modification. By co-delivering 

a homologous donor template (either an integrase-defective lentiviral vector [IDLV] or a DNA 

oligonucleotide), high levels of gene modification were achieved in CD34+ hematopoietic stem 

and progenitor cells (HSPCs). Modified cells maintained their ability to engraft 

NOD/SCID/IL2rγnull (NSG) mice and to produce cells from multiple lineages, though with a 

reduction in the correction levels relative to the in vitro samples. Importantly, ZFN-driven gene 

correction in CD34+ cells from the bone marrow of sickle patients resulted in the production of 

wild-type hemoglobin tetramers.  
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Introduction 

Our group has previously demonstrated that site-specific gene modification of the beta-

globin locus using ZFNs and a homologous donor template can be achieved at high levels in 

CD34+ HSPCs (Chapter 1). While this foundational evidence provides the necessary basis 

upon which to further pursue this strategy, several questions remain to be investigated to move 

this work toward preclinical studies.  

While ZFNs are designed to specifically target one genomic location, the potential exists 

for the proteins to cause unintended, off-target cleavage101. As the clinical strategy of gene 

correction of hematopoietic stem cells relies upon short-term culture of cells before transplant to 

prevent differentiation of the treated cells, and hematopoietic stem cells cannot be cloned out 

like induced pluripotent stem cells (iPSCs)102, it is important to be aware of any off-target 

cleavage events and prevent them as possible. Therefore, a comprehensive analysis and 

characterization of the off-target cleavage of the specific pair of nucleases used is imperative. 

Here, we discuss two different methods for detecting off-target sites and characterize the rates 

of off-target cleavage for this specific pair of ZFNs in the clinical cell type of interest (sickle cell 

disease patient bone marrow CD34+ HPSCs). 

While off-target cleavage stands as a potential pitfall to the use of any targeted nuclease 

technique, there is another factor that is specifically relevant to the strategy presented here for 

sickle cell disease. As correction of the sickle mutation only requires the change of a single 

nucleotide in the DNA, even in the event of the desired correction event, the ZFN target sites 

remain intact. Therefore, if the ZFN proteins are still present in the nucleus following the initial 

correction event, they have the potential to re-cleave the target site and, if corrected by NHEJ 

rather than HDR following this second cleavage event, could lead to a previously corrected 

allele becoming a disrupted allele. While transient delivery of the ZFNs can help to reduce the 

potential incidence of a re-cleavage event, modifications can also be made to the donor 

template to introduce silent polymorphisms into the genomic DNA which will not modify the 



 45

beta-globin protein production but will lead to a reduction in ZFN re-cleavage. These silent 

mutation sites (SMS) in the donor template provide a unique opportunity to maintain higher 

levels of corrected alleles and the approach is investigated here.  

 The use of an integrase-defective lentiviral vector as a donor template has been 

previously established as an effective method for the targeted gene modification of CD34+ 

HSPCs (Chapter 1). While a lentiviral vector offers the advantages of transient delivery and high 

rates of CD34+ HSPC transduction, it does suffer from the potential to be end-captured into 

double-strand breaks 103,104. Therefore, the use of a single-stranded DNA oligonucleotide (oligo) 

was investigated for its potential to act as an effective donor template. Here, the IDLV and oligo 

were compared head-to-head in CD34+ HSPCs to evaluate each donor’s capacity to affect 

gene modification along with each reagent’s impact on cell maintenance.  

In addition to investigating ways to enhance in vitro gene modification rates, it is also 

essential to evaluate whether the ZFN and donor-modified HSCs remain capable of homing and 

engrafting in the bone marrow and subsequently differentiating into cells from each of the 

hematopoietic lineages in vivo. As a model, human cells can be transplanted into immune-

deficient mice and tissues analyzed to determine the ability of modified cells to engraft and 

produce multi-lineage cell types105. This analysis will not only reveal that the stem cell capacity 

of the modified cells has not been altered, but also serve as an initial evaluation of whether the 

optimized protocol and reagents are capable of effecting gene correction in true, self-renewing, 

pluripotent hematopoietic stem cells.  

Here, we show that engineered ZFNs can specifically target the beta-globin gene and 

induce high levels of DNA cleavage in CD34+ HSPCs. When the ZFNs were delivered along 

with either an integrase-defective lentiviral vector (IDLV) or an oligonucleotide (oligo) donor, 

they efficiently effected gene correction at the beta-globin locus in HSPCs. Genome-wide 

evaluation of ZFN specificity revealed off-target cleavage only in the highly homologous and 

functionally dispensable delta-globin gene under the conditions used here. We demonstrate that 
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ZFN and donor-modified CD34+ cells are able to differentiate into erythroid, myeloid, and 

lymphoid cell types, both in vitro and in vivo when engrafted into immune-deficient NOD.Cg-

PrkdSCIDIl2rgtm1Wjil/SzJ (NSG) mice. Finally, we achieved targeted gene correction of the sickle 

mutation in bone marrow (BM) CD34+ cells from SCD patients, and with that production of wild-

type hemoglobin (HbA). This work demonstrates site-specific gene correction using ZFNs in 

HSPCs and provides the groundwork for a potential therapy to treat SCD.   
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Materials and Methods 

Primary human CD34+ Cell Processing 

All cord blood specimens were obtained according to guidelines approved by the 

University of California, and deemed anonymous medical waste exempt from IRB review. Cells 

were processed within 48hrs of collection. Bone marrow aspirates from volunteer donors with 

SCD were obtained with informed consent under UCLA IRB protocol #10-001399.  Mononuclear 

cells (MNC) were isolated from BM and CB using Ficoll Hypaque (Stem Cell Technologies) 

density centrifugation. Immunomagnetic column separation was then used to enrich for CD34+ 

cells by incubating the MNCs with anti-CD34 microbeads (Miltenyi Biotec Inc.) at 4°C for 30 min.  

Cells were then sent through the magnetic column and CD34+ cells collected and placed in 

cryovials with freezing medium (10% Dimethyl sulfoxide (Sigma Aldrich), 90% FBS) and 

cryopreserved in liquid nitrogen.  

 

Donor template construction 

The human beta-globin gene donor template for the IDLV consists of a 1094bp region of 

the beta-globin gene. The template was amplified from genomic DNA using primers 5’-

atgcttagaaccgaggtagagttttcatcc-3’ and 5’-gcaatcattcgtctgtttcccattctaaa-3’. The nearly 1.1kb 

region of beta-globin was cloned into a previously established lentiviral backbone88 in reverse 

orientation to avoid splicing during packaging of the virus. Lentiviral vectors were packaged as 

IDLVs using the p8.2(Int-) packaging plasmid and concentrated and titered as described89. Two 

donors were created: one for use in cells from healthy donors (lacking the sickle mutation) 

containing the SCD mutation, and the second containing the wild-type base for use in sickle-cell 

disease patient samples. The HhaI RFLP, 22 bases downstream from the sickle mutation, was 

introduced into both donor templates using site-directed mutagenesis. Oligonucleotide donor 

templates of the reverse strand, 101 bases in length centered on the sickle mutation were 

purchased from Eurofins Operon MWG and were twice HPLC purified. Otherwise, where 
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indicated, oligos of the same strand and sequences were purchased from Integrated DNA 

Technologies (Coralville, IA), Sigma (St. Louis, MO), and ValueGene (San Diego, CA) and 

HPLC purified. (Table 2-1). 

 

mRNA production 

Plasmids encoding the ZFNs were linearized with SpeI (New England Biolabs) and 

purified by phenol:cholorform before use as a template for in vitro transcription. The mMessage 

mMachine T7 ULTRA Transcription kit (Life Technologies) was used according to the 

manufacturer’s protocol to produce in vitro transcribed mRNA and cleaned up with the RNeasy 

MinElute Cleanup Kit (Qiagen).  

 

Electroporation and Transduction 

CD34+ cells were thawed at 37°C, washed in Iscove’s Modified Dulbecco’s Medium 

(IMDM; Life Technologies) supplemented with 20% Fetal Bovine Serum (Gemini Bio-products) 

and 1X glutamine, penicillin, and streptomycin (Gemini Bio-products) and pre-stimulated for 48 

hours in X-VIVO15 media (Lonza) containing L-glutamine, penicillin, streptomycin, 50 ng/ml 

SCF, 50 ng/ml Flt-3 and 50 ng/ml TPO (Peprotech). For electroporation, 2.0E+05 cells per 

reaction were spun at 90g for 15min, resuspended in 100ul of BTXpress buffer (Harvard 

Apparatus), mixed with indicated amounts of ZFN mRNA and/or oligonucleotide as applicable, 

and pulsed once at 250V for 5msec in the BTX ECM 830 Square Wave Electroporator (Harvard 

Apparatus). Following electroporation, cells rested for 10 minutes at room temperature before 

the addition of culture media and transfer to plates in a total of 500ul. The donor IDLV was 

present in the final culture medium following electroporation at the concentrations described for 

appropriate samples and washed out the following day. 
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Gene Modification and Surveyor Nuclease Assay 

Surveyor Nuclease Assay (Cel-1) was used to determine ZFN-induced site-specific 

allelic disruption. A 410bp region surrounding the ZFN binding site was PCR amplified from 200 

ng of genomic DNA using Cel1Fwd (5’-gacaggtacggctgtcatca-3’) and Cel1Rev (5’-

cagcctaagggtgggaaaat-3’) using Accuprime Taq Hi-Fi (Life Technologies). Denaturation, 

reannealing, digestion, and electrophoretic and densitometry analysis were completed as 

described71.  

Site-specific gene modification was detected by Restriction Fragment Length 

Polymorphism (RFLP). A 1.1kb region outside of the homologous donor template region was 

PCR amplified using primers BgloOuterFwd (5’- atgcttagaaccgaggtagagttt-3’) and BgloOuterRev 

(5’- cctgagacttccacactgatg-3’) and Accuprime Taq Hi-Fi (Life Technologies). To quantify gene 

modification at HhaI, a quantitative PCR based assay was used. A set of two PCR reactions 

were performed using the 1.1kb PCR product described above as a template. The unpurified 

PCR template was diluted 1:5,000 of which 1ul was used in each of the following 25ul reactions. 

The first PCR was performed to amplify modified genomes, using primers HhaIFwd (5’- 

gaagtctgccgttactgcg-3’) and HhaIRev (5’- cccagtttctattggtctcc-3’). The second PCR was 

performed to normalize the input template using primers ExonIIFwd (5’- ctcggtgcctttagtgatgg-3’) 

and ExonIIRev (5’- gactcaccctgaagttctc-3’). Both of these PCRs were made quantitative using 

Power SYBR Green PCR Master Mix (Life Technologies) and acquired on ViiA7 (Life 

Technologies). Frequency of gene modification was determined using the Ct (cycles to 

threshold) difference between the two reactions and a plasmid standard curve. 

 

Transplantation of CB and mPB CD34+ Cells into NSG mice 

To evaluate the IDLV donor approach, fresh CB CD34+ cells from multiple healthy 

individuals were pre-stimulated for 2 days before being electroporated with ZFN mRNA and 

transduced with donor IDLV (2E+07TU/mL; MOI=50). The pre-stimulation medium consisted of 
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X-VIVO15 media (Lonza) containing L-glutamine, penicillin, streptomycin, 50 ng/ml SCF, 50 

ng/ml Flt-3 and 50 ng/ml TPO (Peprotech). Following one day of recovery, 1.0E+06 viable cells 

in PBS (Corning)  with 0.1% BSA (Sigma) were transplanted by tail-vein injection into 6- to 8-

week-old, NSG mice (The Jackson Laboratory) after 250 cGy total body irradiation. Control 

samples consisted of CD34+ cells that were cultured in parallel but not exposed to mRNA, 

electroporation, or IDLV (mock-treated). Small aliquots were cultured in vitro for multiple 

analyses. The number of mice transplanted for each experiment was determined based on 

available source material (cells in each arm) at time of injection. Final tissue analysis for gene 

modification rates (high-throughput sequencing) was completed in a blinded manner. 

 

Off-Target Analyses 

Beta-globin gene cluster sites were PCR-amplified with the following primers: HBD: 5’–

ggttcatttttcattctcaca-3’ and 5’- gtaatctgagggtaggaaaac-3’; HBBP1: 5’-cacccttgaccaatagattc-3’ 

and 5’- gagactgtgggatagtcata-3’; HBE1: 5’-cattatcacaaacttagtgtcc-3’ and 5’-

agtctatgaaatgacaccatat-3’; HBG1: 5’- gcaaaggctataaaaaaaattagc-3’ and 5’-

gagatcatccaggtgctttg-3’; HBG2: 5’-ggcaaaggctataaaaaaaattaagca-3’ and 5’-

gagatcatccaggtgcttta-3’ and analyzed by Surveyor Nuclease. 

Globin paralogs were PCR-amplified and deep-sequenced on an Illumina MiSeq 

machine. The primers used for PCR are as follows: HBB: 5'-

acacgacgctcttccgatctnnnngggctgggcataaaagtcag-3' and 5'- 

gacgtgtgctcttccgatcttccacatgcccagtttctatt-3'; HBD: 5'-acacgacgctcttccgatctnnnntaaaag 

gcagggcagagtcga-3' and 5'- gacgtgtgctcttccgatctacatgcccagtttccatttgc-3'; HBE1: 5'-acacgacgctc 

ttccgatctnnnnctgcttccgacacagctgcaa-3' and 5'-gacgtgtgctcttccgatcttcacccttcattcccatgcat-3'; 

HBG1 and HBG2: 5'- acacgacgctcttccgatctnnnnggaacgtctgaggttatcaat-3' and 5'-gacgtgtgctcttcc 

gatcttccttccctcccttgt cc-3'. HBG1 and HBG2 were co-amplified and sequence reads were 
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assigned to either HBG1 or HBG2 using locus-specific SNPs within the amplicon. Mixed bases 

within the forward primers allow for cluster deconvolution during sequencing.   

K562 3.21 cells were electroporated with 15 ug/mL of ZFN mRNA and transduced with 

2E+08 TU/mL (MOI=250) of an IDLV containing a GFP transgene driven by the MND promoter3 

and lacking any homology to the beta-globin locus to ensure that integration at double-stranded 

breaks was due to NHEJ-mediated capture. Four individual biological replicates of ZFN+IDLV 

were completed to maintain high sensitivity to potential genome-wide off-target sites while two 

controls were completed to determine the level of background integration. Control cells were 

electroporated and received the GFP IDLV, but no ZFN mRNA to detect sites of naturally 

occurring DSBs that capture the IDLV without the action of ZFNs. The K562 cells were cultured 

in RPMI1640 (Cellgro) with 10% fetal bovine serum (Gemini Bio-products) and Penicillin/ 

Streptomycin/ L-glutamine (Gemini Bio-products) for 60 days. During this period, flow cytometric 

analyses for GFP positivity were regularly performed to ensure any non-integrated IDLV was 

diluted out of the samples. On day 60, the samples were sorted by fluorescence-activated cell 

sorting (FACS) to isolate the GFP+ cells, expanded for 5 days, genomic DNA was extracted, 

and samples were prepared for sequencing of vector integration sites by nonrestrictive Linear 

Amplification Mediated-PCR.4 Clustered integration site (CLIS) analysis was performed as 

outlined previously5 with a CLIS window of 500bp to reveal sites of ZFN cleavage. All CLIS were 

analyzed to determine the level of homology of each site to the ZFN pair sequences. 

Percentage of homology was defined as the number of matching base pairs at the site to all 

iterations of ZFN binding (homodimers and heterodimers) with spacer lengths of up to 20nt. The 

highest percentage homology for each CLIS is reported in Figure 2-3F.  

 

In vitro erythroid differentiation culture 

The in vitro erythroid differentiation technique for SCD BM samples was adapted from 

Giarratana et al. and described in Romero and Urbinati et al 41,93,106. One day after 
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electroporation, cells were placed in erythroid culture as described93. In order to obtain high 

numbers of cells for downstream analyses, cells were placed in co-culture on day 12 of the 

protocol as opposed to day 8 to allow for increased erythroid expansion. Cells were harvested 

on day 22 of the experiment, pelleted, and subjected to HPLC analysis.  

 

CFU progenitor assay in methylcellulose 

One day post electroporation, 100 and 300 viable cells were plated per 35mm cell 

culture dish in duplicate in MethoCult Optimum methylcellulose-based media (Stem Cell 

Technologies). Following two weeks in culture at 5% CO2, 37°C and humidified atmosphere, 

the different types of colonies were characterized and enumerated manually based on their 

morphology. 

 

Engraftment analysis 

Engraftment of human cells was evaluated by flow cytometry at weeks 5 post-transplant 

using V450-conjugated anti-human CD45 vs APC-conjugated anti-murine CD45. After 

incubation with the antibodies, red blood cells were lysed with BD FACS-Lysing Solution (BD 

Biosciences). The percentage of engraftment was defined as %huCD45+/(%huCD45+ + 

%muCD45+). Engraftment and lineage distribution in the peripheral blood and BM were 

evaluated by flow cytometry at 8 weeks and 16 weeks post-transplant using V450-conjugated 

anti-human CD45 (Clone HI30), V500-conjugated anti-murine CD45 (Clone 30-FII), FITC-

conjugated anti-human CD33 (Clone HIM3-4), PerCP-conjugated anti-human CD3 (Clone SK7), 

PE-conjugated anti-human CD56 (Clone NCAM 16.2), PE-Cy7-conjugated anti-human CD19 

(SJ25CI), and APC-conjugated anti-human CD34 (Clone 581) (all antibodies BD Biosciences). 
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High performance liquid chromatography (HPLC) analysis  

For experiments with the IDLV donor, HPLC of hemoglobin (Hb) species produced by 

terminal stage erythroid cells was performed as described107 with slight modification. Erythroid 

cells (1.0-2.0E+07) were harvested at the conclusion of the erythroid culture (day 22), pelleted, 

and stored frozen at -80oC until lysis. Upon thawing, cells were resuspended in 25uL of 

hemolysate reagent (Helena Laboratories) and refrigerated overnight before centrifuging at 

20,800g for 10 minutes at 4°C to remove cellular debris. The cleared supernatant was used for 

characterization of Hb production by HPLC using a cation-exchange column (Ultra2 Variant 

Resolution Analyzer; Primus Diagnostics) and calibrated samples for human hemoglobins. 

Peaks corresponding to Hb species were identified based on retention time with software 

accompanying the HPLC instrument. The relative percentage of HbA produced for each sample 

was calculated based on the sum total of areas under the curve for each of the primary 

hemoglobin peaks which included acetylated fetal hemoglobin, HbFAc; fetal hemoglobin, HbF; 

wild-type hemoglobin, HbA; and sickle hemoglobin, HbS. 

For experiments comparing the oligo and IDLV donors, erythroid cells were harvested at 

day 18 of the erythroid culture. Cells were pelleted and lysed in water for 10 min at RT. After 

centrifugation at 20,000g for 5 minutes to remove cellular debris, cell lysates were stored frozen 

at -80°C. Upon thawing, cell lysates were diluted 1:10 in mobile phase A and characterized by 

HPLC (Infinity 1260, Agilent) using a weak cation-exchange column (PolyCAT ATM, PolyLCINC.). 

FASC Reference Material (Trinity Biotech) was used to define the elution time of common 

hemoglobins (HbF, HbA, HbS, HbC). Analysis and peak integration was performed using 

OpenLAB CDS Chemstation software. The relative percentage of HbA produced for each 

sample was calculated based on the area under the curve calculated by the software. 
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Statistical analyses 

Descriptive statistics including mean and standard deviation for outcome variables were 

both reported and presented graphically. For quantitative outcomes related to gene modification 

levels, engraftments and lineages, pairwise comparison was performed by either unpaired t-test 

or within the framework of one-way ANOVA108 if there were more than two groups. Dose-

response analysis was performed to evaluate ZFN and donor ratio optimization. Specifically, we 

used a linear mixed model109 approach but treated dose as continuous and fixed effect and 

experiment as random effect. Fold expansion of SCD patient BM cells over time was assessed 

by repeated measure ANOVA110. In our statistical investigation, hypothesis testing was two-

sided, and a significance threshold 0.05 for p-value was used. All statistical analyses were 

carried out using SAS version 9.3 (SAS Institute Inc. 2012).   
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Results 

Titration of ZFN and Donor Amounts 

ZFNs designed to target the sickle mutation of the human beta-globin locus were 

previously shown to lead to high rates of targeted cleavage when delivered by electroporation of 

in vitro transcribed mRNA encoding the ZFNs into CD34+ HSPCs isolated from human umbilical 

cord blood (Chapter 1). Following successful cleavage at the targeted beta-globin locus, a 

nearly 1.1kb homologous donor template was co-delivered by IDLV and gene modification 

levels were determined by qPCR for the HhaI restriction fragment length polymorphism in the 

donor template (Figure 2-1). This delivery strategy provided high rates of gene modification with 

little cell toxicity, leading to further experiments to investigate the efficacy of using these 

reagents in hematopoietic stem cells as a gene therapy approach for sickle cell disease.  

To determine the optimal ratio of ZFN mRNA to donor IDLV necessary to achieve the 

highest level of gene modification while maintaining cell number and viability, titration 

experiments were completed for each component. CB CD34+ cells were electroporated with 

varying amounts of ZFN mRNA from 1ug up to 3ug each, and transduced with the IDLV donor 

following two days of pre-stimulation. Following electroporation, cell counts and viability were 

assessed and cells were harvested for genomic evaluation of gene modification rates by qPCR 

for the RFLP. ZFN titration revealed that gene modification rates increased as more ZFN mRNA 

was added to the reaction (Figure 2-2A). However, this increase in ZFN mRNA amount also 

corresponded to a decrease in cell numbers and viability relative to mock, non-electroporated 

samples (Figure 2-2B, C). To maintain cell numbers while still achieving high rates of gene 

modification, ZFN mRNA amounts of 1ug of each the left and right ZFN were chosen as the 

optimal amount. In addition, the amount of Donor IDLV was titrated in CB CD34+ cells. Here, a 

range of concentration of two full logs was evaluated and a slight decrease in gene modification 

rates was seen below 2.0E+07 TU/mL. Thus, a concentration of 2.0E+07 TU/mL, corresponding 

to an MOI of 50, was pursued (Figure 2-2D, E, F). These results demonstrate the importance of 
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titrating the ZFN reagents in the cell type of interest to achieve high levels of modification while 

maintaining cell numbers and viability.  

These data demonstrate that ZFNs are able to induce both high levels of targeted 

double-strand breaks as well as high levels of site-specific gene modification in primary HSPCs 

when delivered alongside a homologous donor template.   

 

Comprehensive ZFN specificity assessment 

Since beta-globin has high homology to other family globin genes (delta-, epsilon-, A 

gamma-, G gamma-, and pseudo-beta-globin), the ZFNs were designed to avoid cleavage in 

these regions (Figure 2-3A). Cleavage rates at homologous globin genes were assayed using 

the Surveyor nuclease assay and by high-throughput DNA sequencing. Analysis of each of 

these regions revealed off-target modification at only the highly-homologous delta-globin gene 

in CB and SCD BM CD34+ cells (Figure 2-3B, C, D).  

We complemented these direct tests of off-target ZFN cleavage with a more 

comprehensive, unbiased genome-wide approach to identify off-target sites. While genomic 

regions of high homology were initially considered to be the most likely locations of off-target 

cleavage, several groups have demonstrated that in silico methods may not be the most 

accurate predictors of all off-target sites57,103. Thus, a more comprehensive, genome-wide 

approach is necessary to identify off-target sites with less bias. To determine these sites for the 

specific pair of ZFNs used for this work, a method similar to that published by Gabriel et al. was 

used. K562 cells were electroporated with ZFN mRNA and transduced with an IDLV containing 

a GFP transgene, with no homology to the beta-globin locus, driven by the MND promoter. 

Control cells received the GFP IDLV, but no ZFN mRNA to detect background chromosomal 

sites that capture the IDLV without the action of ZFNs. The cells were cultured for 60 days while 

analysis by flow cytometry for GFP positivity was completed regularly to dilute out any IDLV that 

was not captured into the genome. On day 60, the samples were sorted by fluorescence-
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activated cell sorting (FACS) for the GFP+ cells, genomic DNA was extracted, and samples 

were prepared for sequencing of vector-cellular junctions by nrLAM-PCR111. Cluster integration 

site (CLIS) analysis was performed as outlined by Gabriel et al. to reveal common sites of ZFN 

cleavage. As predicted, the majority of the reads in the CLIS analysis revealed trapping of the 

IDLV into the cut site at beta-globin. In addition, cleavage and trapping at delta-globin, which 

was predicted based on target sequence homology and the Surveyor Nuclease results, was 

seen as well (Figure 2-3E). No other putative off-target sites in the CLIS analysis that had 

significant homology to the ZFN binding sites were found (Figure 2-3F, G). These results 

demonstrate the high level of specificity of this pair of ZFNs to their intended target site on a 

genome-wide scale. 

 

Engraftment in NSG Mice 

To determine whether the ZFN-modified cells maintain their hematopoietic repopulating 

capacity, ZFN- and IDLV donor-treated or mock-treated HSPCs were xenografted into immuno-

deficient NSG mice. As with the in vitro studies described so far, here wild-type cells are 

modified using donor templates containing the sickle mutation as a reverse model to allow for 

tracking of modified cells. Parallel culture of the cells in vitro showed that gene modification 

rates ranged from 5% - 20% by qPCR RFLP analysis, with a mean value of 14.5±6.4% (Figure 

2-4A). High-throughput sequencing revealed 10.5±4.0% of alleles contained the exchanged 

base at the sickle location with insertions or deletions (indels) seen in 32.0±9.9% (Figure 2-4B). 

In addition, the hematopoietic potential of these cells was evaluated in an in vitro colony-forming 

assay; the cells maintained their broad-spectrum colony-forming ability relative to untreated 

mock samples in all lineages analyzed except GEMM, where only a few colonies from each 

sample were identified (Figure 2-4C).  

At 5 and 8 weeks post injection, the transplanted mice were evaluated for engraftment of 

human HSPCs measured as the percentage of human CD45+ cells out of total CD45+ cells, 
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both human and murine. Engraftment levels of ZFN and IDLV-treated HSPCs were comparable 

to those of untreated controls with an average of 14.8±11.4% at week 5 and increased to 45% 

at week 8 (Figure 2-5A). Lineage analysis (CD3 for T cells, CD33 for myeloid cells, CD34 for 

HSPCs, CD19 for B cells, and CD56 for NK cells) of the peripheral blood of the mice was as 

expected in this model105 (Figure 2-5B). Mice were euthanized at 16 weeks post-transplant to 

allow for evaluation of human cell engraftment and gene modification levels. For the mice 

receiving ZFN and IDLV-treated cells, evaluation of the peripheral blood revealed high levels of 

engraftment and expected lineage distribution (Figure 2-5C, D). Analysis of the bone marrow 

(BM) compartment was similar (Figure 2-5E, F).  

To determine whether the human cells present in the mice were modified by the ZFN 

reagents, genomic DNA was isolated from BM and spleen tissues of each mouse and the 

human beta-globin gene was interrogated. Sequence analysis of the tissues of mice receiving 

ZFN and IDLV-treated cells revealed the presence of gene modification in these mice, though at 

a lower frequency (0.21±0.39% and 0.27±0.31% for BM and spleen, respectively) than the 

10.5% gene modification levels observed for input cells (Figure 2-5G). Analysis of the indels 

caused by NHEJ revealed higher levels of modification than by HDR, with 4.8±7.8% of all 

sequence reads from the BM containing indels and 3.8±3.7% from the spleens (Figure 2-5H). 

These results demonstrate that CD34+ cells that have undergone site-specific DNA cleavage by 

ZFNs and homology-directed gene modification are capable of engrafting and undergoing multi-

lineage differentiation. 

 

Gene Correction in Sickle Bone Marrow with IDLV Donor 

Since sickle-cell disease patients are not candidates for stem cell mobilization with G-

CSF112, we obtained CD34+ HSPCs from BM aspirates of these patients. Site-specific gene 

correction was performed using ZFN mRNA and the IDLV donor. Cells were placed in an 

erythroid expansion medium and subsequently differentiated using an established method41,93 
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(Figure 2-6A). In addition, a portion of the cells were evaluated for their colony-forming 

potential. The cells treated with ZFN+IDLV showed modestly lower (35%) colony-forming ability 

compared to mock, non-electroporated control samples (Figure 2-6B).  

Following the initial erythroid expansion (but before enucleation) cells were harvested for 

genomic analysis. Deep sequencing showed correction of the SCD mutation in 18.4±6.7% of 

the reads (Figure 2-6C). Additionally, sequencing confirmed that most alleles containing the 

correction of the SCD mutation also contained a base change at the HhaI location, indicating 

that the majority of HDR-driven events encompass at least the 22bp distance between those 

two bases. Following the conclusion of the erythroid culture, samples were collected for analysis 

of the globin tetramers by high pressure liquid chromatography (HPLC) (Figure 2-6D). The 

presence of an HbA peak in erythroid cells derived from the ZFN and IDLV-treated samples 

demonstrates that the gene correction led to functional conversion of the betaS allele to a betaA 

allele. No such peak was seen in erythrocytes derived from mock-treated cells. The HbF peak 

showed a relative increase due to the decrease in the HbS peak (as a result of ZFN-mediated 

allelic disruption) in ZFN-treated samples. The relative induction of HbA in ZFN and IDLV-

treated samples averaged 5.3±0.02%, with protein correction levels up to 10.0% (Figure 2-6E). 

These results demonstrate the ability of the ZFNs in combination with an IDLV donor to 

functionally correct CD34+ cells from the bone marrow of sickle-cell disease patients. 

 

Direct comparison of oligo and IDLV donors 

While the use of an IDLV donor led to high rates of gene modification in vitro as well as 

the production of HbA following correction of CD34+ cells from sickle patients, the rates of 

protein production were lower than those of gene correction at the DNA level. In addition, recent 

reports104 have indicated that IDLV donor templates have the potential for semi-inaccurate 

repair following homology-directed repair. Therefore, the use of a single-stranded DNA 

oligonucleotide was also explored as a donor template. Use of an oligonucleotide as a gene 
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modification/correction template would have advantages of speed, cost, reproducibility, and 

ease of experimentation113. 

 Experiments to compare the oligonucleotide (oligo) donor to the IDLV were thus 

undertaken in CB and BM CD34+ cells. The oligo donor is delivered in the electroporation mix 

alongside the ZFNs at the time of electroporation while the IDLV is added to the recovery 

medium following the pulse with ZFNs. In order to test for targeted gene modification, each 

donor template contains the silent polymorphism 22 bases away from the sickle mutation which 

introduces a HhaI restriction site. Additionally, work from collaborators at Sangamo BioSciences 

has shown that by introducing silent polymorphisms into the donor template which disrupt the 

ZFN binding site, recleavage of the template following gene modification can be prevented. 

Thus, we initially compared three donor templates: an IDLV with only the HhaI change (IDLV-H), 

an oligo with only the HhaI change (OH), and an oligo with the HhaI change and the silent 

mutation sites (SMS) (OHS). Cord-blood derived CD34+ cells were treated with ZFN mRNA and 

increasing amounts of each donor. As seen in (Figure 2-7A, B, C), the OH and OHS donors 

with ZFNs at the highest concentrations resulted in the highest levels of gene modification, but 

also in the highest levels of cytotoxicity in these experiments as the viability and fold expansion 

levels are lower than the IDLV-H donor. Notably, the OHS donor has higher levels of gene 

modification than just the OH donor at equal concentrations. While this observation is 

encouraging, it may suggest that the silent mutation sites are preventing recleavage here, the 

samples were also sequenced in a high-throughput manner to determine if this was indeed the 

case. As seen in Figure 2-7D, the SMS donor results in a lower incidence of insertions and 

deletions (indels) at the target site. 

Testing the IDLV and oligo head-to-head is necessary to assess which donor delivery 

method will provide the greatest efficacy with the least cytotoxicity. Since it was observed that 

the SMS resulted in a lower incidence of indels at the target site, an IDLV containing the SMS 

(IHS) was created and compared to the original, non-SMS IDLV (IH). As with the oligo donor, 
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the IHS led to higher rates of gene modification without apparent increased cytotoxicity at each 

of the 3 doses tested, though to a less dramatic extent than with the oligo (Figure 2-8A, B, C).  

Due to the increased cell death seen with the 3uM and 5uM amounts of the oligo donor, 

a titration experiment was carried out using the IHS and the OHS donors (Figure 2-8D, E). Both 

vectors were used at their previous concentrations as well as lower concentrations to determine 

an optimal balance between gene correction rates and cell survival. The IHS donor shows 

similar gene correction rates for both 2.0E+06TU/mL and 2.0E+07TU/mL while the OHS donor 

shows a dose-response in the amount of donor relative to the level of gene correction (Figure 

2-8D). In terms of cell expansion, all concentrations of the IHS donor are similar while the OHS 

donor causes increased cytotoxicity at higher concentrations as observed previously (Figure 2-

8E). In addition, a concentration of 1uM of OHS results in comparable levels of gene correction 

and viability when compared to the IHS at 2.0E+07TU/mL, though lower levels of total cell 

numbers. Of note, the cytotoxicity due to the oligo in these experiments is a result of the 

electroporation event as oligo added to cells and not electroporated (Figure 2-8D, E; O NP 

Samples) does not lead to a loss in viability and cell number as compared to mock. 

The apparent toxicity caused by the oligonucleotide donor stands in contrast to the IDLV 

donor. Therefore, the reasons for the toxicity observed using the oligo donor were explored 

further. First, the hypothesis that the oligo provided by the manufacturer may have contaminants 

in the purified template which lead to toxicity in the CD34+ cells during electroporation was 

explored. Originally, the oligo was purchased from Eurofins MWG Operon (Luxembourg) and 

was twice HPLC purified. Subsequently oligos of the same sequence were purchased from 

several suppliers that would produce oligos of the same length and with HPLC purification: 

Integrated DNA Technologies (Coralville, IA), Sigma (St. Louis, MO), and ValueGene (San 

Diego, CA). Here, the oligo used contained the HhaI RFLP for analysis of gene modification by 

qPCR as well as the silent mutation sites to prevent ZFN re-cleavage (oligo with HhaI and SMS 

– OHS). In addition, each oligo was delivered to cells without electroporation (no pulse – NP) to 
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evaluate whether the purification process from each vendor may result in toxic impurities. In two 

independent experiments with 4 biological replicates, no discernable difference was seen 

among vendors for any of the analyzed parameters (Figure 2-9A, B, C). In the non-

electroporated samples, the viability and fold expansion remained similar to mock levels, 

confirming that it is the electroporation methodology of the oligo that is responsible for the 

observed cytotoxicity, and not toxicities from the oligos per se.  

 As the oligo continues to provide higher rates of gene modification despite the higher 

cytotoxicity compared to the IDLV donor, the two reagents were further compared using the 

CFU and erythroid differentiation assays. First, a CFU assay using CB was performed (Figure 

2-10). As anticipated from previous experiments, here the oligo (OHS) again provided higher 

rates of gene modification (10% vs 5% by both qPCR analysis for the HhaI RFLP as well as 

high-throughput sequencing of the beta-globin locus) with greater cytotoxicity (65% vs 85% 

viability and 0.5 fold expansion vs 0.75 fold) than the IDLV donor (IHS) (Figure 2-10 A, B, C, 

D). Evaluation of colony numbers and types (plated one day following electroporation and 

enumerated 14 days later) revealed no difference between the ZFN+IHS samples and the 

ZFN+OHS samples in two independent experiments (Figure 2-10 E, F). Thus, the OHS donor 

seems to have a greater acute cytotoxicity immediately following electroporation, but this 

cytotoxicity does not continue to affect the cells once they have been plated in methycellulose. 

 

Correction of sickle bone marrow HSPCs by both the IDLV and oligo donor 

In order to evaluate the capacity of the ZFN and IHS or OHS-treated cells to differentiate 

down the erythroid lineage in vitro, we performed multiple experiments in sickle cell disease 

patient bone marrow CD34+ cells. Delivery of the ZFNs and donors (both IDLV with the SMS as 

well as oligo with the SMS) to BM CD34+ cells isolated from SCD patients. Two separate 

patient donors were used to account for any differences due to patient sample variability. Gene 

correction rates averaged 16.9% and 21.7% for the ZIHS and ZOHS samples, respectively as 
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determined by high-throughput sequencing for the fully corrected alleles (Figure 2-11A). In 

addition, the correction rates were more consistent for the ZOHS samples. Notably, when the 

rates of insertions and deletions were determined by high-throughput sequencing, the ZOHS 

samples showed lower overall indel rates than the ZIHS samples (Figure 2-11B). Again, the 

OHS resulted in higher cytotoxicity evaluated at 1 day post electroporation as measured by 

viability and fold expansion, though this loss of viability and cell number did not affect the long-

term cell expansion (Figure 2-11C, D, E). To assess the colony forming potential of the cells, 

cells were plated in methylcellulose medium containing cytokines and enumerated 14 days 

later. As seen in previous experiments, the ZOHS and ZIHS treatments result in similar 

percentages of colonies and of similar morphology (Figure 2-11F, G).  

Throughout the erythroid culture, cells were analyzed by flow cytometry to assess their 

ability to differentiate appropriately down the erythroid lineage. At day 12 (Figure 2-11H) and 

day 18 (Figure 2-11I), the percentage of cells expressing the HSPC marker CD34, the pan 

hematopoietic marker CD45, the transferrin receptor cell surface marker CD71, and the 

erythroid marker GlycophorinA (GpA) was determined. No differences were observed among 

any of the conditions for any of the analyzed markers, indicating that the ZFN and donor 

treatments do not disrupt the ability of the cells to differentiate appropriately into enucleated 

erythroid cells, at least in vitro (Figure 2-11H, I, J). Finally, HPLC analysis at the termination of 

culture was performed to assess the ability of the gene corrected cells to produce wild-type 

hemoglobin. Here, the ZFN and donor-treated cells produce high levels of HbA (Figure 2-11K, 

L). Notably, the ZOHS samples produce much higher total rates of HbA (on average 35.6% 

HbA) than the ZIHS samples do (on average 7.7% HbA), despite more similar gene correction 

rates. This would suggest that the IDLV donor might not allow for the appropriate production of 

the hemoglobin tetratmers despite the presence of the corrected base at the sickle location, 

which needs to be investigated further. These results demonstrate the ability of both the OHS 
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and IHS donors to lead to high rates of gene correction in SCD BM HPSCs and produce wild-

type hemoglobin.  

  



 65

Discussion 

The results shown here demonstrate high levels of gene correction of the sickle-cell 

disease mutation in human hematopoietic stem/progenitor cells using zinc-finger nucleases in 

vitro. In the present study, we show that a pair of ZFNs are able to cleave the beta-globin locus 

and, in combination with a homologous donor template (delivered as either an oligonucleotide or 

via an integrase-defective lentiviral vector), these ZFNs are able to induce homology-directed 

repair at high levels in progenitor cells.  

Analysis of the ZFN cleavage sites revealed that the large majority of nuclease activity 

took place at the beta-globin locus target site, with a smaller fraction of cleavage at the highly 

homologous delta-globin gene. The impact of the cleavage of delta-globin in a therapeutic 

setting has yet to be determined. Due to the low level of delta-globin expression in adult 

erythroid cells (<3.5% of all globin5), its loss in a subset of cells is unlikely to be detrimental. An 

unbiased, genome-wide evaluation of ZFN off-target cleavage sites in K562 cells using IDLV 

end-capture demonstrated the high specificity of this ZFN pair, with only background integration 

seen. While no unbiased, comprehensive genome-wide technique to capture the complete 

repertoire of DSBs induced by targeted nucleases exists, these end-capture experiments 

provide one of the most thorough analyses available. 

 When the ZFN and donor-treated cells were transplanted into mice, engraftment and the 

lineage distribution of the cells were equivalent between mock-treated and ZFN and donor-

treated samples. However, despite average levels of gene modification of 10-20% in the in vitro 

samples before transplantation, the gene correction levels in the human cells in the spleens and 

BM of the mice after 16 weeks of engraftment were markedly lower in these experiments. These 

findings are consistent with recently published work in the field64 and imply that more mature 

progenitor cells are corrected more efficiently than the earlier, more primitive hematopoietic 

stem cells, which are the ultimate target required to achieve sustained clinical benefit.   



 66

The reduction in the efficiency of homology-directed gene correction in more primitive 

HSCs stands in contrast to genome editing strategies based on site-specific gene disruption 

(CCR5)61,63. The process of gene correction is fundamentally different from and more complex 

than gene disruption, as a donor template containing the corrective bases must be co-delivered 

and cellular DNA damage repair pathways must resolve the DSB using HDR rather than NHEJ. 

As NHEJ is favored in quiescent, primitive HSC69, a bias in repair pathway choice might limit 

gene correction in primitive HSCs. Thus, it is possible that the ZFNs are acting with similar 

efficiency in the mature and primitive cell populations, but the active repair pathway in each cell 

type differs such that HDR is more active in more mature cells and less so in the primitive 

HSCs.  This hypothesis is supported by the fact that the cells transplanted into mice maintained 

their input levels of indels to a greater extent than they did for gene modification (7.4 fold 

change in indels compared to 43.9 fold change in gene modification).  

Determining the optimal donor template to move forward with is essential for these 

studies. While the oligo donor offers the ease of clinical scalability, the IDLV approach 

demonstrates higher rates of cell survival. However, GMP grade oligo donor product is already 

available from commercial manufacturers, unlike the IDLV that involves a more complicated 

manufacturing process for GMP comparable material. Ultimately, it will be essential to strike a 

balance between cell survival and gene correction as both are necessary to move this approach 

towards the clinic.  

Experiments in the BM CD34+ cells from sickle-cell disease patients provide promise for 

clinical translation. Levels of correction of the canonical sickle mutation (at least in erythroid 

progenitor cells) averaged 16.9% and 21.7% for the IDLV and oligo donors, respectively, in 

these experiments and, upon differentiation, these cells produced corrected, wild-type 

hemoglobin (HbA). Based on data from allogeneic hematopoietic stem cell transplants for SCD, 

donor chimerism of 10-30% can result in significant clinical improvement as a result of the 

selective advantage the normal, donor-derived red blood cells114,115. In addition, heterozygotes 
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for the SCD mutation normally do not experience symptoms of the disease116. Thus, correcting 

only one allele in each HSC may prove sufficient to alleviate a large portion of the symptoms 

associated with SCD.  

Despite recent advances in lentiviral based gene therapy for hemoglobinopathies, and 

specifically SCD28,38,41, potential complications remain due to the need for long-lasting and 

appropriately-regulated expression of the therapeutic transgene. Site-specific correction using 

targeted nucleases of the canonical A to T disease-causing sickle transversion in HSCs offers 

the unique ability to maintain expression of beta-globin under its endogenous promoter and 

locus control region. Further, the genome correction reagents only require a one-time, transient, 

ex vivo treatment of the cells to result in a permanent correction. Together these data support 

the continued development of genome correction in HSPCs as a potential treatment for SCD. 
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Figures 

 

  

Figure 2-1: Gene Correction Schematic: Overview of site-specific gene correction at the 
sickle mutation. Details of the donor integrase-defective lentiviral vector construct and 
resulting genomic DNA upon cleavage by ZFNs and repair by homology directed repair. 
Location of sickle mutation and HhaI RFLP (asterisk) indicated. Translated regions of exons 
to scale, introns and 5’UTR not to scale.  
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Figure 2-2: ZFN mRNA and Donor IDLV Titrations: CB CD34+ cells were electroporated 
with increasing amounts of ZFN mRNA and transduced with a constant amount of donor 
IDLV (A-C) or electroporated with a constant amount of ZFN mRNA and transduced with 
increasing amounts of donor IDLV (D-F). ZFN Titration: ZFN only sample electroporated 
with 30ug/mL of each ZFN, IDLV only sample pulsed and transduced with 2E+07 TU/ml of 
donor IDLV. (A) Gene modification rates at 3d post electroporation as determined by qPCR 
for the RFLP. (B) Fold expansion at 1d post electroporation. (C) Cell viability at 1d post 
electroporation as determined by trypan exclusion dye. IDLV Titration: ZFN only sample 
electroporated with 10ug/mL of each ZFN, IDLV only sample pulsed and transduced with 
6E+07 TU/ml of donor IDLV. (D) Gene modification rates as in (A). (E) Fold expansion as in 
(B). (F) Cell viability as in (C). Mock indicates untreated cells. Error bars, mean±sd. 
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Figure 2-3: Analysis of ZFN specificity: (A) Alignment of genes in the beta-globin cluster at 
the ZFN cut site. ZFN sites underlined, sickle mutation location bold, italicized. HBB: wt beta-
globin; HBD: delta-globin; HBE1: epsilon-globin; HBBP1: beta pseudogene 1; HBG1: gamma-
globin A; HBG2: gamma-globin G. (B) Surveyor Nuclease assay of wild-type CD34+ cells or 
(C) SCD patient CD34+ cells treated with ZFN or untreated (Mock). Heterozygosity for a single 
nucleotide polymorphism in the gamma-globin gene produced background cleavage, even in 
samples not exposed to ZFN (thin arrows). (D) High-throughput sequencing of beta-globin 
cluster genes to quantify cleavage rates (indels) from samples in (B,C). (E) Genome-wide 
analysis of ZFN specificity. K562 cells electroporated with ZFN mRNA and transduced with an 
IDLV vector expressing GFP were cultured for 60 days to dilute out all non-trapped GFP after 
which GFP positive cells were sorted. nrLAM-PCR and vector integration site analysis were 
completed. Overview of the integration sites at beta- and delta-globin as determined using 
cluster analysis. (F) Details of the clusters found in samples from (E). (G) 20,000 random sites 
in the human genome were evaluated for their percentage of homology to the ZFN target site. 
Homology was determined relative to all iterations of ZFN binding with a spacer length of up to 
20nt. Arrows: percent homology of beta-globin (HBB) (100%) and delta-globin (HBD) (91%). 
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Figure 2-4: Transplantation of ZFN and donor-treated cells into NSG mice: (A) Gene 
modification rates of bulk transplanted cells treated with ZFN+IDLV and cultured in vitro 
evaluated by qPCR for the HhaI RFLP. (B) High-throughput sequencing analysis of the 
samples in (A) showing percentage of total aligned reads containing the changed wild-type 
to sickle base (T) as well as insertions and deletions (indels) at the cut site. (C) Distribution 
of hematopoietic colony types formed by cells taken from bulk population before 
transplantation. The total number of different types of hematopoietic colonies identified per 
200 cells plated are represented. CFU: colony-forming unit; BFU: blast-forming unit; GEMM: 
granulocyte, erythrocyte, monocyte, and macrophage; E: erythroid, GM: granulocyte and 
macrophage; G: granulocyte; M: monocyte; n.s.: not significant; asterisk indicates 
significance, *p<0.05.  
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Figure 2-5: Tissue Analysis at 16 weeks post-transplant: (A) Engraftment in the peripheral 
blood at 16 weeks. Human engraftment determined as a percentage of hCD45+ cells out of 
the total hCD45+ and mCD45+ cells by flow cytometry of cells from mice receiving either 
mock- or ZFN+IDLV-treated cells. (B) Immunophenotypic analysis of the peripheral blood. The 
percentage of the hCD45+ cells that were positive for the markers of B-cells (CD19), T-cells 
(CD3), hematopoietic progenitors (CD34), myeloid progenitors (CD33), and natural killer cells 
(CD56). (C) Engraftment in the bone marrow at as in (A). (D) Immunophenotypic analysis of 
the bone marrow as in (B). (E) Gene modification rates in the bone marrow and spleen of 
transplanted mice at 16 weeks in cells from mice receiving either mock- or ZFN+IDLV-treated 
cells. High-throughput sequencing of the beta-globin locus showing percentage of total aligned 
reads containing the modified base at the sickle mutation. (F) Sequencing of the beta-globin 
locus showing insertions and deletions (indels) at the cut site as a percentage of total aligned 
reads. Mock, open diamonds; ZFN+IDLV, closed diamonds. (n=3 independent experiments; 
mock n=5, ZFN+IDLV n=12), unpaired t-test. Error bars, mean±sd.  
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Figure 2-6: Differentiation of sickle bone marrow CD34+ cells: SCD patient bone marrow 
CD34+ cells were electroporated with in vitro transcribed ZFN mRNA (10ug/mL) and 
transduced with donor IDLV (2E+07 TU/mL) carrying the WT base at the sickle location and 
grown under erythroid conditions. (A) Fold expansion of SCD BM cells over time. (B) Total 
colony forming units for each type of hematopoietic colony identified per 200 cells plated are 
represented. CFU: colony-forming unit; BFU: blast-forming unit; GEMM: granulocyte, 
erythrocyte, monocyte, and macrophage; E: erythroid, GM: granulocyte and macrophage; G: 
granulocyte; M: monocyte. (C) Correction at the sickle mutation evaluated by high-throughput 
sequencing. Results of sequencing of the beta-globin locus showing percentage of total 
aligned reads containing the corrected WT base (A) at the sickle mutation as well as insertions 
and deletions (indels) at the cut site. Corrected base, white; indels, gray. (D) HPLC of 
differentiated erythroid cells at the termination of culture. Cells were pelleted, lysed, and 
supernatant was analyzed by high performance liquid chromatography (HPLC). Left panel 
shows a SCD mock sample, right panel shows a SCD ZFN+IDLV sample. Shading indicates 
HbA: WT adult hemoglobin peak. (E) Quantification of the percent of HbA out of the total area 
under the curve represented by the main peaks. HbA: WT adult hemoglobin, HbF: Fetal 
hemoglobin, HbS: sickle hemoglobin. Error bars, mean±sd. n.s.: not significant. 
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Sequence of oligonucleotide donors used in Figures 2-7, 2-8, 2-9, 2-10 
OH-

Sickle 
cttcatccacgttcaccttgccccacagCgcagtaacggcagacttctccAcaggagtcagGtgcacc

atggtgtctgtttgaggttgctagtgaacacag 
OHS-

Sickle 
cttcatccacgttcaccttgccccacagCgcagtaacggcagaTttTtccAcaggagtcagGtgcacc

atggtgtctgtttgaggttgctagtgaacacag  
Sequence of the oligonucleotide donor used in Figure 2-11 
OHS-

WT 
cttcatccacgttcaccttgccccacagCgcagtaacggcagaTttTtccTcaggagtcagGtgcacc

atggtgtctgtttgaggttgctagtgaacacag  

Table 2-1: Oligonucleotide sequences: Sequences shown in 5’ to 3’ orientation. Base 
changes of note capitalized: Sickle-associated SNP in bold, italics. Location of sickle 
mutation in bold, italics, underlined. Silent mutation sites (SMS) in bold. HhaI RFLP 
underlined.  
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Figure 2-7: Comparison of the OH and OHS donors. Cord-blood derived CD34+ cells 
were pre-stimulated in XVIVO with cytokines for two days before being electroporated with 
10ug/mL in vitro transcribed mRNA encoding each ZFN and either co-electroporated with 
3uM or 5uM of the donor oligo (either HhaI only or HhaI with SMS) or transduced with 
2E+07TU/mL of the IDLV donor (HhaI only). Both donors contain the sickle mutation as a 
reverse model for gene correction. (A) Samples were harvested at day 4 post 
electroporation, genomic DNA extracted, and a qPCR-based assay for the HhaI base 
change completed. (B) Samples were counted 1 day post electroporation to evaluate viability 
and (C) fold expansion. I: IDLV with HhaI; OH: oligo with HhaI; OHS: oligo with HhaI and 
SMS; Z: ZFNs; SMS: silent mutation sites. (n=4 biological replicates). (D) CB CD34+ cells 
subjected to electroporation with 10ug/mL in vitro transcribed mRNA encoding each ZFN 
and co-electroporated with 3uM of the donor oligo (either HhaI only or HhaI with SMS) were 
sequenced in a high-throughput manner across the beta-globin locus. Rates of gene 
modification at the sickle base as well as insertions and deletions (indels) are shown. (n=2). 
Error bars, mean±sd 
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Figure 2-8 Donor Titrations: Cord-blood derived CD34+ cells were pre-stimulated in 
XVIVO with cytokines for two days before being electroporated with 10ug/mL in vitro 
transcribed mRNA encoding each ZFN and either co-electroporated with varying amounts of 
the the donor oligo (HhaI with SMS) or transduced with various concentrations of the IDLV 
donor (HhaI only). Both donors contain the sickle mutation as a reverse model for gene 
correction. (A) Comparison and titration of the IH vs IHS donors. Samples were harvested at 
day 4 post electroporation, genomic DNA was extracted, and a qPCR-based assay for the 
HhaI base change completed. (B) Samples were counted 1 day post electroporation to 
evaluate viability and (C) fold expansion. (D) Titration of the SMS donors. Samples were 
harvested at day 4 post electroporation and a qPCR-based assay for the HhaI base change 
completed. (E) Samples were counted one day post electroporation to evaluate fold 
expansion. IH: IDLV with HhaI; OHS: oligo with HhaI and SMS; Z: ZFN; SMS: silent mutation 
sites; O NP: oligo no pulse. (n=2 biological replicates). Error bars, mean±sd. 
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Figure 2-9: Oligo Sources Comparison. CB CD34+ cells were pre-stimulated in XVIVO 
with cytokines for two days before being electroporated with 10ug/mL ZFN mRNA and 3uM 
of the the donor oligo from various sources (HhaI with SMS, HPLC purified, reconstituted at 
100uM). Donor contains the sickle mutation as a reverse model for gene correction. (A) 
Samples were harvested at 4d post electroporation, genomic DNA extracted, and a qPCR-
based assay for the HhaI base change completed. (B) Samples counted 1 day post 
electroporation to evaluate viability and (C) fold expansion. OHS: oligo with HhaI and SMS; 
E: Eurofins; IDT: Integrated DNA Technologies; V: Value Gene; Sig: Sigma; NP: No Pulse; 
SMS: silent mutation sites. (n=4 biological replicates.) Error bars, mean±sd 
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Figure 2-10: Figure 3: Colony Forming Potential. CB CD34+ cells were electroporated 
with 10ug/mL of ZFNs and either 2.0E+07 TU/mL of IDLV with HhaI and SMS (IHS) or 2uM 
oligo with HhaI and SMS (OHS). (A) Samples were harvested at 4 days post electroporation, 
genomic DNA extracted, and a qPCR-based assay for the HhaI base change completed. (B) 
High-throughput sequencing of the beta-globin locus from samples in (A). (C) Samples 
counted 1 day post electroporation to evaluate viability and (D) fold expansion. (E) 1 day 
post electroporation, cells were plated in methylcellulose at a density of 100 or 300 cells per 
plate. Colonies were enumerated 14d later. Total colonies identified for each lineage. (F) 
Percentage of total CFUs per number of cells plated. IHS: IDLV with HhaI and SMS; OHS: 
oligo with HhaI and SMS; CFU: colony-forming unit; BFU: blast-forming unit; GEMM: 
granulocyte, erythrocyte, monocyte, and macrophage; E: erythroid, GM: granulocyte and 
macrophage; G: granulocyte; M: monocyte. 2 independent experiments, n=4 biological 
replicates. Error bars, mean±sd 
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Figure 2-11: Erythroid Differentiation of SCD BM CD34+ HSPCs. SCD BM CD34+ cells 
were treated with 10ug/mL of ZFNs and either 2.0E+07 TU/mL of IDLV with HhaI and SMS 
(IHS) or 3uM oligo with HhaI and SMS (OHS) and differentiated down the erythroid lineage. 
(A) Gene correction rates at the day of co-culture (day 12) as measured by high-throughput 
sequencing for the sickle base change. (B) Rates of insertions and deletions (indels) at the 
cut site by high-throughput sequencing from samples in (A). (C) Growth curve of cells 
throughout erythroid differentiation. (D) Viability 1 day post electroporation determined by 
trypan blue exclusion dye. (E) Fold expansion at 1 day post electroporation. (F) Total 
colonies enumerated for each lineage after 14 days in methylcellulose, plated 1d post 
electroporation. (G) Percentage of colonies present relative to the number of viable cells 
plated. (H) Percentage of positive cells for the indicated cellular markers at day 12 of culture. 
(I) Analysis as in (H) at day 18 of culture. (J) Percentage of enucleated erythroid cells at the 
termination of culture determined by flow cytometry for GpA+DRAQ5- cells. Samples as in 
(H). (K) HPLC results with the percent of the area for each of the major hemoglobin peaks. 
(L) Percent of the total area under the curve for HbA tetramers by HPLC as seen in (K).  
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Indels: insertions and deletions; HbF: fetal hemoglobin; HbA: wild-type hemoglobin; HbS: 
sickle hemoglobin; GpA: glycophorin A; IHS: IDLV with HhaI and SMS; OHS: oligo with HhaI 
and SMS; CFU: colony-forming unit; BFU: blast-forming unit; GEMM: granulocyte, 
erythrocyte, monocyte, and macrophage; E: erythroid, GM: granulocyte and macrophage; G: 
granulocyte; M: monocyte. 2 independent experiments, n=3(Mock and IHS), n=4(ZFN, IHS, 
OHS), n=6(ZIHS, ZOHS). Error bars, mean±sd 
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Chapter 3: Evaluation of TALENs and CRISPR/Cas9 for correction of the sickle cell 

disease mutation in human hematopoietic stem/progenitor cells 

Abstract 

Targeted genome editing technology can correct the sickle cell disease mutation of the 

beta-globin gene in hematopoietic stem cells. The correction induces production of red blood 

cells that synthesize normal hemoglobin proteins. Zinc finger nucleases (ZFNs), Transcription 

Activator-Like Effector Nucleases (TALENs), and Clustered Regularly Interspaced Short 

Palindromic Repeats (CRISPR)/Cas9 nuclease system can target the sickle mutation in the 

beta-globin gene for site-specific cleavage and facilitate precise correction of the sickle mutation 

by a co-delivered homologous donor template. K562 cells were electroporated with TALEN and 

CRISPR/Cas9 plasmids and nuclease cleavage rates were quantified and compared between 

the TALENs and CRISPR/Cas9. Nuclease off-target cleavage at other beta-globin family genes 

was also evaluated for each technology. Gene modification rates at beta-globin were quantified 

using a quantitative PCR assay to detect a silent polymorphism introduced by the donor 

template after cells were electroporated with plasmids expressing the targeted nucleases 

alongside a corrective donor template. Preliminary results suggest that the CRISPR/Cas9 

nuclease system had greater on-target cleavage and gene modification activity at the beta-

globin gene, as well as lower off-target globin cleavage in comparison to the TALEN pairs 

tested, at least in cell lines. Further research to confirm these results in human hematopoietic 

stem cells will help determine the most suitable targeted nuclease for sickle cell disease gene 

therapy.  
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Introduction 

Zinc finger nucleases (ZFNs), Transcription Activator-Like Effector Nucleases (TALENs) 

and Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/Cas9 are genome 

editing systems that can be used for effective genome modification. ZFNs and TALENs consist 

of a DNA-binding protein component fused to the FokI endonuclease. DNA binding specificity in 

ZFNs is determined by the zinc finger proteins which recognize 3 or 4 nucleotides55. Multiple 

zinc finger proteins are linked together to specifically bind 9 to 18 contiguous nucleotides. ZFN 

target sites are composed of two zinc finger binding sites on opposite strands of the DNA 

straddling a spacer region of 5 to 7 base pairs where the dimerized FokI cleavage domains 

introduce a double-stranded DNA break56. Transcription-Activator Like Effectors (TALEs) in 

TALENs are characterized by 34 amino acid repeats in which DNA binding specificity is 

determined by amino acids in position 12 and 13, called repeat-variable diresidues (RVDs)55. 

Similar to the ZFNs, TALENs are composed of multiple RVD domains that define DNA binding 

sequences and acts as two TALE binding sites separated by a spacer region of 12 to 20 base 

pairs that is cleaved by the FokI cleavage endonuclease56. Typically, activation of the FokI 

nuclease requires correct DNA binding by the ZFN or TALEN pair as a heterodimer. However, 

off-target cleavage due to homodimerization of the FokI nuclease has been shown to occur. 

Recently developed FokI domains, known as the ELD/KKR FokI backbone, function as obligate 

heterodimers and have been shown to increase specificity, but possibly decrease enzymatic 

activity57. 

The CRISPR/Cas9 nuclease system is composed of the DNA-binding CRISPR RNA 

(crRNA) array that encodes for the guide RNA, the auxiliary trans-activating crRNA (tracrRNA), 

and the Cas9 nuclease. The crRNA contains a 20-nucleotide guide sequence which binds to the 

specific 20 base pair DNA target in the genome through Watson-Crick base pairing60. Target 

recognition by the Cas9 nuclease depends on the protospacer adjacent motif (PAM) sequence 

associated with the DNA binding site56. The Cas9 nuclease induces a blunt, double-stranded 
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break three base pairs into the guide region from the PAM sequence. Though the 

CRISPR/Cas9 nuclease system is the most recently developed genome-editing tool, it has 

become a breakthrough technology due to the ease and efficiency of custom CRISPR design60. 

Although each of the three technologies have been tested to target beta-globin72,117,118, 

there has not been a study that directly compares the on-target and off-target activity, ability to 

mediate gene modification, and cytotoxicity of the three nuclease systems. Due to the extensive 

work done in our group using ZFNs, we sought to thoroughly explore the potential for TALENs 

and CRISPR/Cas9 to lead to gene correction at the sickle mutation in human hematopoietic 

stem cells. To this end, several pairs of TALENs and several CRISPR guide RNAs (gRNAs) 

have been designed to target in or around exon 1 of the beta-globin gene. The work presented 

here evaluates the ability of these reagents to efficiently cleave the beta-globin locus, to elicit 

gene modification in the presence of a homologous donor template, and their specificity for the 

target site. These initial results in cell lines provide a foundation for evaluating these reagents in 

human hematopoietic stem cells for their potential use as a gene therapy treatment for sickle 

cell disease.  
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Methods 

Zinc Finger Nucleases 

    Zinc finger nucleases (ZFN) pairs targeting exon 1 the human beta-globin gene near the 

sickle cell mutation were provided by Sangamo Biosciences Inc. (Richmond CA) and their 

activity for site-specific correction of the sickle mutation has been described (Chapter 1 – ZFN 

pair 55.58). 

 

TALEN Design 

TALENs were constructed using the Golden Gate Assembly method, and two different 

RVDs were used to target the nucleotide guanine: NK and NN118. The TALEN 2 pair using the 

NN RVD was designed according to the TAL Effector Nucleotide Targeter 2.0118. The TALEN 3 

and 4 pair was designed according to the SAPTA-based TALEN design57 with TALEN 3 

containing the NN RVD and TALEN 4 containing the NK RVD to target guanine. The TALEN 5 

was adopted from the beta-globin targeting TALEN appearing in Voit et al.74. TALENs were 

ligated into the pCAG-T7-TALEN-Destination (wild-type) backbone or the pCAG-T7-TALEN-

FokI-ELD-Destination and pCAG-T7-TALEN-FokI-KKR-Destination (ELD/KKR) backbones 

(Addgene).  

 

CRISPR/Cas9 Design 

The guide strands for CRISPRs 1, 2, 5, and 6 were designed using the Optimized 

CRISPR Design Tool to target beta-globin and chosen due to possessing the highest quality 

scores at the time of design60. The guide strands for CRISPRs 3 and 4 were referenced from 

guide strand R-02 and R-05, respectively as described by Cradick et al119. Truncated CRISPR 3 

and truncated CRISPR 4 were based off CRISPR 3 and 4, but bases from the 5’ end of the 

guide strands were removed as according to Fu et al120. Oligonucleotides for the CRISPR guide 

strands were ordered from Integrated DNA Technologies. Beta-globin specific CRISPR guide 
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strands were ligated into the pX330 plasmid containing a U6 promoter for the guide strand and 

CHb promoter for the Cas9 expression cassette which was purchased from Addgene. Sanger 

sequencing confirmed correct insertion and ligation of guide strands into the pX330 backbone 

plasmid. 

 

Cell Culture  

The K562 3.21 subclone was generated by Sangamo BioSciences from K562 cells 

(ATCC) to remove the single nucleotide polymorphism at the beta-globin locus and to contain 

the sickle mutation. K562 3.21 cells were cultured in R10 medium: RPMI1640 (Cellgro) 

supplemented with 10% fetal bovine serum (FBS) (Gemini Bio-products) and 

penicillin/streptomycin/L-glutamine (Gemini Bio-products).  

 

Electroporation 

2.0E+05 K562 3.21 cells per sample were spun at 90g for 10 minutes and then 

resuspended in 20μl SF buffer solution (Lonza). 500 ng of each ZFN plasmid DNA (1.0ug total), 

or equimolar amounts of TALEN (2.0ug total) or CRISPR (1.0ug) plasmid DNA were added to 

each sample and placed in the cuvette. If experiments tested for gene modification, a plasmid 

DNA donor (containing a 1.1kb fragment from the wild-type human beta-globin gene 

surrounding the sickle mutation with a HhaI restriction site added as a 1 bp silent polymorphism 

and cloned into a TOPO backbone) was added to each sample (1.5ug DNA) (Invitrogen). Cells 

were electroporated using the Amaxa 4D Nucleofector X Unit (Lonza) and the FF-120 program 

as optimized by the manufacturer. Cells were rested at room temperature for 10 minutes before 

80ul of pre-warmed RPMI+10%FBS was added to the cells and they were transferred to a 24 

well tissue culture treated plate with 400ul RPMI+10%FBS for a final volume of 500ul. 
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Surveyor Nuclease Assay 

The Surveyor Nuclease Assay was used to determine the extent of ZFN, TALEN and 

CRISPR beta-globin specific gene disruption. A 410bp region surrounding the ZFN binding site 

was PCR amplified from 200 ng of genomic DNA using Cel1Fwd (5’-gacaggtacggctgtcatca-3’) 

and Cel1Rev (5’-cagcctaagggtgggaaaat-3’) using Accuprime Taq Hi-Fi (Life Technologies). 

Denaturation, reannealing, digestion, and electrophoretic and densitometry analysis were 

completed as described71. 

 

HhaI qPCR Assay 

Site-specific gene modification was detected by Restriction Fragment Length 

Polymorphism (RFLP). A 1.1kb region outside of the homologous donor template region was 

PCR amplified using primers BgloOuterFwd (5’- atgcttagaaccgaggtagagttt-3’) and BgloOuterRev 

(5’- cctgagacttccacactgatg-3’) and Accuprime Taq Hi-Fi (Life Technologies). To quantify gene 

modification at HhaI, a quantitative PCR based assay was used. A set of two PCR reactions 

were performed using the 1.1kb PCR product described above as a template. The unpurified 

PCR template was diluted 1:5,000 of which 1ul was used in each of the following 25ul reactions. 

The first PCR was performed to amplify modified genomes, using primers HhaIFwd (5’- 

gaagtctgccgttactgcg-3’) and HhaIRev (5’- cccagtttctattggtctcc-3’). The second PCR was 

performed to normalize the input template using primers ExonIIFwd (5’- ctcggtgcctttagtgatgg-3’) 

and ExonIIRev (5’- gactcaccctgaagttctc-3’). Both of these PCRs were made quantitative using 

Power SYBR Green PCR Master Mix (Life Technologies) and acquired on ViiA7 (Life 

Technologies). Frequency of gene modification was determined using the Ct (cycles to 

threshold) difference between the two reactions and a plasmid standard curve. 
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Results 

Successful Disruption of the Beta-Globin Gene by TALENs and CRISPRs  

To evaluate the efficacy of using TALENs and CRISPRs for gene correction at the beta-

globin locus, multiple pairs of TALENs and several CRISPR guides were designed to cleave in 

exon 1 of beta-globin (Figure 3-1A, B). To test their cleavage efficiency, K562 3.21 cells were 

electroporated with the plasmids expressing the ZFNs (as a positive control), TALENs 2 to 5, 

CRISPRs 1-6, truncated CRISPR 3, truncated CRISPR 4, and GFP (as a negative control). 

Following 3 days in culture, cells were harvested and the Surveyor Nuclease assay was 

performed on the beta-globin PCR amplified samples to quantify cleavage rates. Beta-globin 

cleavage ranged from 10-15% in TALEN-treated samples, though 2 TALEN pairs (TALEN 3 and 

TALEN 4) targeting the same sequence but with different RVDs targeting the nucleotide 

guanine did not show cleavage (Figure 3-2A). Beta-globin cleavage from CRISPRs 1 to 6 and 

truncated CRISPRs 3 and 4 was also detected and ranged from 17-39% (Figure 3-2B). 

Interestingly, all CRISPRs showed high cleavage rates at beta-globin. Of note, CRISPR 1 is 

specific to the wild-type base at the sickle cell disease mutation location and the K562 3.21 cells 

used here contain the sickle mutation. Testing this CRISPR in wild-type cells will more 

accurately reveal its true cleavage efficiency. Average beta-globin disruption compared among 

nucleases was 10-15% for TALENs, and 14-39% for all CRISPRs and truncated CRISPRs 

(Figure 3-2C). As TALEN 5 in the ELD/KKR backbone and CRISPR 2 demonstrated the highest 

cleavage rates at the initial concentrations tested, the plasmids were titrated in cell lines to 

determine the optimal amount of each nuclease to achieve the highest cleavage rates (Figure 

3-2D). Thus, several pairs of TALENs and multiple CRISPRs were successfully developed and 

result in high rates of cleavage at the beta-globin locus. 
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Analysis of Nuclease Specificity 

Due to the high sequence homology between beta-globin and other beta-globin cluster 

genes, samples from Figure 3-1 treated with TALENs, CRISPRs, and truncated CRISPRs were 

PCR amplified in the delta-, epsilon-, pseudobeta-, gamma 1-, and gamma 2-globin loci to 

assess levels of off-target globin cleavage. The Surveyor Nuclease assay was performed on the 

off-target PCR amplified samples to quantify cleavage rates. TALEN 2 wild-type showed 16% 

beta-globin and 5% delta-globin cleavage while TALEN 5 wild-type showed equal beta-globin 

and delta-globin cleavage which was quantified as 12% gene disruption. TALEN 5 ELD:KKR 

demonstrated 17% beta-globin and 11% delta-globin cleavage (Figure 3-3A). Analysis of the 

CRISPRs showed no detectable off-target globin cleavage by either the CRISPR or truncated 

CRISPRs (Figure 3-3B). 

 

Successful Gene Modification of Beta-Globin by TALENs, CRISPRs, and Truncated 

CRISPRs 

To determine the ability of the nucleases to lead to site-specific gene modification via 

homology directed repair, K562 3.21 cells were electroproated with equimolar amounts of the 

plasmid TALENs and CRISPRs with the co-addition of a plasmid homologous donor template. 

Following 3 days in culture, cells were harvested and gene modification at the beta-globin locus 

was quantified using the HhaI qPCR assay. TALENs showed average gene modification rates 

between 8.2-26.6%. In contrast, CRISPRs and truncated CRISPRs demonstrated a larger range 

and overall higher rate of 4.2-64.3% gene modification at the beta-globin locus (Figure 3-4).  
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Discussion 

Zinc finger nucleases, TAL Effector Nucleases and CRISPR/Cas9 nuclease system are 

powerful genome editing tools and have therapeutic potential for sickle cell disease and other 

genetic disorders55. While each of these technologies has promise for clinical translation (and, in 

fact in some cases are already being used in the clinic63, a thorough exploration of their ability to 

drive gene correction for sickle cell disease must be completed. In addition to determining which 

reagent designed for sickle cell disease is able to elicit high levels of gene modification, factors 

such as toxicity and off-target cleavage rates must be analyzed as well. In this study, the on- 

and off-target cleavage rates and gene modification rates for TALEN and CRISPR nucleases 

targeting beta-globin were compared.  

With respect to cleavage rates, most of the CRISPR guides tested consistently provided 

high rates of allelic disruption. The main exception was CRISPR 1 which was specific to the 

wild-type base but was tested in cells containing the sickle mutation. Testing in a wild-type cell 

line could provide higher cleavage rates. This guide does provide the unique opportunity to use 

a sickle-specific reagent such that, similar to the silent mutation sites discussed in Chapter 2, 

changes to the binding site of the nuclease could potentially reduce the chances for a second 

cleavage event following accurate correction. This will be explored further as these reagents are 

developed for use in hematopoietic stem cells. On the other hand, only TALEN pairs 2 and 5 

showed detectable cleavage rates in these cells and at much lower levels than their CRISPR 

counterparts. Of note, TALEN 5 was designed based on a previously described target 

sequence74 and, like CRISPR 1, is specific to the wild-type base at the sickle mutation location. 

While the cleavage rates in wild-type cells were not tested here, Voit et al states that the 

nuclease led to similar rates in both wild-type and sickle cell disease cells74. Both the CRISPR 

and TALEN reagents will require further testing in wild-type cells to understand the effects of 

this base change in the target sequence on cleavage and gene modification rates. 



 91

Analysis of the specificity of each nuclease is a crucial aspect in assessing its true 

potential as a clinical tool. TALENs typically have a longer target site as they require the binding 

of two monomers to induce a double-strand break55. CRISPRs on the other hand rely on a 20nt 

guide RNA for binding and recognition of the target site56. This short guide sequence has led to 

studies focused on the characterization of CRISPR off-target sites120–122. One group noticed that 

the 10 bases closest to the PAM sequence were crucial to the specificity of the guide121. Of the 

6 CRISPR guides tested here, none of them showed detectable levels of off-target cleavage in 

the highly-homologous delta-globin gene by the Surveyor Nuclease assay while both TALEN 2 

and TALEN 5 showed off-target cleavage in delta-globin. Interestingly, the TALEN pairs had 

little to no sequence diversity in their target sites from delta-globin while each of the CRISPR 

guides had 2 or more bases in their guide sequences in the 10 bases proximal to the PAM 

which differed from delta-globin. While this seems promising for the specificity of the CRISPRs 

tested here, further, genome-wide analyses must be completed to fully characterize the off-

target cleavage sites of the nucleases103,122,123.  

Due to the nature of the design requirements for each nuclease, it is nearly impossible to 

design nucleases targeting the exact same sequence55. As such, making broad sweeping 

claims with respect to one nuclease type being universally superior to another is without 

warrant74. For each specific genomic target and each individual application, one or another 

nuclease may prove to be optimal. Thus, each investigator must do his or her due diligence and 

thoroughly test each nuclease for their specific purposes. With respect to gene modification for 

sickle cell disease, at least in cell lines, the CRISPRs currently stand as the optimal reagent 

based on the data presented here. However, these experiments will need to be extended to 

hematopoietic stem cells and supplemented with further studies to confirm that CRISPRs 

indeed offer the ideal strategy for site-specific gene correction of the sickle mutation. 

Since these genome editing tools are being evaluated for their potential clinical 

application and there is immense variability in beta-globin cleavage in cell lines, the next steps 
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to truly assess the clinical potential of these nucleases is comparison of gene modification in 

primary human hematopoietic stem cells. Further experiments must be conducted to assess cell 

viability after TALEN and CRISPR/Cas9 treatment. Gene modification and off-target cleavage 

rates must also be carefully analyzed in HSPCs as these rates can change between cell lines. 

Each of these will be carefully explored as this work moves forward. With such exciting 

advancements of these technologies, careful analysis of gene modification rates, cell viability 

and off-target effects of will be critical to determining ZFN, TALEN, and CRISPR/Cas9 

therapeutic potential for gene therapy of sickle cell disease. 
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Figures 

 

Figure 3-1: Nuclease binding sites: ZFN binding sites compared to TALENs 2-5, CRISPR 1-
6, truncated CRISPR 3, and truncated CRISPR 4 binding sites on the beta-globin locus. Sickle 
mutation location in bold, italicized. (A) TALEN binding sites in beta-globin, underlined. (B) 
CRISPR binding in beta-globin, underlined. 
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Figure 3-2: Nuclease cleavage rates: Electroporation of K562 3.21 cells with plasmids 
expressing ZFN, TALENs 2-5, CRISPRs 1-6, truncated CRISPR 3, truncated CRISPR 4 and 
GFP. Genomic DNA was extracted from cells and percent allelic disruption at beta-globin 
was quantified using the Surveyor Nuclease Assay at 3 days post-electroporation. The (-) 
lane is a no-template PCR control and the (+) lane is genomic DNA from a ZFN-treated 
sample previously shown to successfully cleave the beta-globin gene. Numbers below each 
lane denote percent of cleavage of beta-globin based on densitometry analysis. (A) Gel 
demonstrates beta-globin cleavage by ZFN (control) and TALENs 2-5 in either the wild-type 
or ELD/KKR obligate heterodimer FokI backbones. (B) Representative gel showing beta-
globin allelic disruption by ZFN, CRISPRs 1-6, truncated CRISPR 3 and truncated CRISPR 
4. (C) Graph represents percent average beta-globin allelic disruption by all nucleases. Error 
bars, mean±sd (n = 6). (D) Titration of most active nucleases of each type in K562 3.21 cells. 
Values shown from Surveyor Nuclease Assay and quantification by densitometry. (CRISPR 
2 n=4, TALEN 5 n=2). Error bars, mean±sd.  
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A 

B 

Figure 3-3: Nuclease Specificity Analysis: Off-target cleavage of globin genes from K562 
3.21 cells electroporated with plasmids expressing TALEN 2 wild-type, TALEN 5 wild-type, 
TALEN 5 ELD/KKR, CRISPRs 1-6 and GFP. Genomic DNA was PCR amplified in the beta- 
(B), delta- (D), epsilon- (E), pseudobeta- (PB), gamma 1- (G1) and gamma 2- (G2) globin 
regions and analyzed through the Surveyor Nuclease Assay. (A) Numbers below lanes B 
and D denote percent of allelic disruption of beta-globin and delta-globin for TALEN-treated 
samples. Although additional bands appear in the gamma 2 region, the same band pattern is 
seen in the GFP treated samples which suggests that additional bands were due to a SNP in 
the gamma 2 locus in these cells. (B) CRISPR 1-6 and truncated CRISPR-treated samples 
as in (A). 
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Figure 3-4: Gene modification by TALENs and CRISPRs. K562 3.21 cells were 
electroporated with plasmids expressing TALEN 2 wild-type, TALEN 5 wild-type, TALEN 5 
ELD/KKR, or CRISPRs 1-6, along with a plasmid donor template containing the wild-type 
base. Percent of gene modification at the HhaI site analyzed by qCPR is shown for each 
nuclease. Error bars, mean±sd (n = 4).  
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Conclusions and Future Directions 

Site-specific gene correction and gene addition hold great promise as a therapy for 

several genetic disorders. With current clinical gene therapy protocols available for the 

modification of hematopoietic stem cells, the adaptation of these protocols for gene correction 

offers a unique, potentially expedited path to the clinic. With the advent of several targeted 

nuclease systems available and the fervor of research focused on the use of these reagents, 

not only for potential therapeutic applications but also as research tools, the understanding of 

their applications and improvements in their design and specificity continue to develop at an 

astounding pace.  

The landmark development in the targeted nuclease community in just the last couple of 

years remains that of the CRISPR/Cas9 system. While this technology offers ease of design 

and use, it remains the least well-described of the three technologies. Concerns about off-target 

effects of CRISPRs abound while groups work to understand and improve the specificity of the 

reagent for genome engineering121,124–132. In addition, delivery to hematopoietic stem cells for ex 

vivo gene therapy has yet to be reasonably achieved. One group has presented the use of 

CRISPRs in HSCs for gene knockout, but this group used plasmid electroporation followed by 

selection of transfected cells, an approach that may not be realistic for safe and effective clinical 

translation133. Thus, the discovery of the optimal delivery method for both the guide RNA as well 

as the Cas9 nuclease to hematopoietic stem cells which is both efficient and non-toxic will be a 

paramount discovery in the field.  

As groups work to understand the off-target cleavage locations of nucleases and to 

develop increasingly-sensitive methods to detect these events, more effort will need to be spent 

on understanding the implications of these events. ZFNs have been especially subjected to this 

analysis as researchers have worked to understand the potential chromosomal deletions, 

inversions, and rearrangements that may result from an unintended cleavage event134. In fact, 

some groups have even used the ability of targeted nucleases to lead to genomic 
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rearrangements to their advantage to model cancer-causing events135,136. The clinical translation 

of these therapies in hematopoietic stem cells will likely involve the bulk treatment of CD34+ 

cells, and as such, the possibility of thorough analysis of the chromosomal state of every cell is 

not possible before reinfusion of the final cell product. Therefore, understanding which 

rearrangements are most likely to take place, how to easily assay for these rearrangements, 

and how to avoid or decrease them is critical for advancing this work.  

While the genome engineering community develops with a flurry, moving this work 

toward the clinic is not, of course, without issue. Based on the in vivo work presented here, as 

well as results published from others64, it is clear that achieving high rates of gene correction in 

bona fide hematopoietic stem cells will be paramount for advancing these strategies. The exact 

reasons for the inhibition of gene correction in HSCs has not been completely explored. Some 

hypothesize that the low rates are due to the inherent nature of stem cells to be quiescent, thus 

favoring the faster, more error-prone non-homologous end joining over the more complex, cell 

cycle-dependent homology directed repair69. From this, two main proposals arise as to how to 

combat this issue: first, to attempt to modify the DNA repair pathway choice of the cells, and, 

second, to induce the cycling of the hematopoietic stem cells without compromising their 

multipotent, self-renewing capacity.  

The concept of directing a cell’s DNA repair pathway choice to favor homology directed 

repair could be done in multiple ways. One approach would be to add factors critical to the HDR 

pathway to cells at the appropriate time during double-strand break induction and repair such 

that the cell is primed toward HDR. Conversely, inhibitors could be added to the cells which 

specifically inhibit the NEHJ pathway and thus tip the cells toward HDR. Both of these methods 

have been attempted by several groups with respect to targeted nucleases, at least in cell lines, 

with some success137,131. This has yet to be tested thoroughly in hematopoietic stem cells. 

While these strategies to enhance HDR seem promising, even on the surface they are 

not without potential issue. First, adding in single, or even a few, factors in the HDR pathway at 
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the time of DNA repair may not be enough to drive the desired event as the process is 

complicated and multi-faceted. It requires the interaction of dozens of proteins and appropriate 

expression levels of each of the factors involved. Disturbing this balance holds the potential for 

increased genotoxicity and even for transformative events, as seen with several cancers66,67. On 

the other hand, the concept of inhibiting the NHEJ pathway in hematopoietic stem cells also 

comes with hesitation. As NHEJ is the dominant repair pathway in stem cells, inhibiting this 

important repair mechanism on a global level could lead to the accumulation of undesired 

mutations, potential mutagenic events, and, if the naturally-occurring double strand breaks are 

prohibited from proper repair, could ultimately lead to apoptosis69. Thus, each of these 

strategies would need to be carefully regulated to ensure that the risks of disturbing the natural 

cellular repair pathway does not result in further complications. 

The second proposal, that of increasing the cycling of hematopoietic stem cells while 

preventing their differentiation has also already been explored. For the targeted gene correction 

of HSCs for X-SCID, Genovese et al. used the aryl hydrocarbon receptor antagonist, SR1, to 

enhance gene modification rates in vivo. While the molecule did lead to increased rates of 

correction in the primitive stem cell groups, the effect was marginal in these early 

experiments64,138. Despite these incremental improvements, the potential for enhancement still 

remains. Recently, a group from the University of Montreal described a novel compound 

capable of increasing the numbers of primitive HSCs several fold over that of SR-1. This 

compound is currently in clinical trial for use in cord blood expansion for transplant139 and could 

be explored further for applications to genome engineering of HSCs.   

Despite these well-founded hypotheses, there remains the possibility that other factors 

are at play which effect the rates of gene correction in HSCs. The possibility that the nucleases 

have effects on primitive stem cell viability and survival (especially in comparison to more 

mature progenitors) remains. While this seems unlikely due to the initial success of nuclease-

only therapies currently in the clinic63, it still should be thoroughly investigated.   
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The field of genome engineering is advancing rapidly and the potential for new, 

improved therapies to treat cancer, metabolic disorders, and genetic diseases is continually 

expanding. The data shown here demonstrate the potential to apply the reagents and 

techniques developed in the genome engineering community to the gene therapy and 

hematology communities as well. Gene correction of hematopoietic stem cells for sickle cell 

disease, a truly elegant approach, has the potential to see clinical translation and to stand as a 

viable treatment option.  
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