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One of the primary methods to regulate gene expression is through the 

interaction of trans-factors with cis-regulatory DNA elements. Transcription factors bind 

in a DNA sequence–specific manner and recruit activities that modulate the association 

and activity of transcription complexes at specific genes. Often, transcription factors 

belong to families of related proteins that interact with similar DNA sequences. 

Furthermore, genes are regulated by multiple, sometimes redundant, cis-regulatory 

elements. Thus, the analysis of the role of a specific DNA regulatory sequence and the 

interacting proteins in the context of intact cells is challenging. In this study, we 

designed and functionally characterized several artificial DNA-binding domains that 

neutralize the function of a putative cis-regulatory DNA element associated with the 

adult β-globin locus. These artificial proteins are comprised of zinc finger DNA-binding 

domains (ZF-DBD), each composed of six ZFs tailored to interact with desired 

sequences. I designed a series of artificial DNA-binding domains (DBD) comprised of 

modular zinc finger DNA binding domains (ZF-DBD) that targeted putative cis-regulatory 

sites of interests: the -90 and +60 elements relative to the start of the β-globin promoter. 

The ZF-DBDs bound to these sites with high affinity and specificity and rendered the 
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target sites inaccessible to endogenous transcription factors. I was able to successfully 

validate each target cis-element and assessed its requirement for globin gene function. 

Based on the success of our studies, we conclude that ZF-DBDs are effective tools to 

identify and characterize putative functional cis-regulatory elements in vivo 
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CHAPTER 1 
INTRODUCTION 

Hemoglobin Function and Composition 

Hemoglobin is the major protein constituent of red blood cells and functions 

together to reversibly bind and transport oxygen around the body [1]. In humans, 

hemoglobin is comprised of a pair of protein heterodimers derived from the alpha and 

beta-globin loci on chromosome 16 and 11, respectively. The alpha and beta-globin 

chains are arranged in a tetrahedral configuration each with a prosthetic 

ferroprotoporphyrin IX heme moiety embedded in a hydrophobic pocket that is 

covalently linked to a histidine residue [1]. The structure is stabilized by non-covalent 

bonds to allow for changes in configuration depending on the oxygen binding status of 

the protein [2]. Throughout development, different types of proteins expressed from the 

alpha and beta-globin gene loci combine to give rise to different forms of hemoglobin 

each having a specific set of characteristics and function throughout development [3].  

The β-Globin Gene Locus 

The human beta globin gene locus is located on the short arm of chromosome 11 

in humans (11p15.15) that is only active in erythroid cells [4]. The entire locus spans a 

~80 KB region and is comprised of five distinct genes (5’-ε-Gγ-Aγ-δ-β-3’) that are 

arranged in a manner consistent with their expression during development (Figure 1-1). 

All five genes encode for the varying forms of the globin protein (all about 140 amino 

acids) which is a critical subunit of the hemoglobin molecule (64 kDa) [3].  

During the first 6 weeks of gestation in primitive erythroid cells, the ε-globin gene 

is the first to be activated and transcribed [5]. The ε-globin protein combines with the α-

globin proteins to form embryonic hemoglobin (HbE- ζ2ε2). This takes place in the 
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embryonic yolk sac which serves as the primary site for hematopoiesis in the embryo 

[6]. As development progresses to the fetal stage, the ε-globin gene is silenced, and the 

two γ-globin genes (Aγ and Gγ) are expressed as erythropoiesis switches from the yolk 

sac to the fetal liver [7].  The γ-globin proteins pair with α-globin proteins to form fetal 

hemoglobin (HbF- α2γ2) [8]. After birth, there is a final switch in the site of 

hematopoiesis from the fetal liver to the bone marrow concomitant with the silencing of 

the fetal γ-globin genes. The adult β-globin gene is then activated to form the functional 

adult hemoglobin (HbA- α2β2). The δ-globin gene is also activated (HbA2- δ 2β2) but is 

expressed at levels 5% of β-globin due to a mutation in the promoter region [3]. 

The murine β-globin gene locus is located on chromosome 7 and is highly 

homologous to humans [9]. It contains four globin genes loosely arranged in the order in 

which they are expressed (5’-εγ-βH1-βmaj-βmin-3’). The order of the genes reflects 

developmental expression. The fetal gene βH1 is expressed in the yolk sac followed 

closely by the expression of εγ globin until approximately day E11.5 after which there is 

a single switch to the expression of the adult β-type globin genes βmaj and βmin which 

are co-expressed in the fetal liver and subsequently the bone marrow after birth [10,11]. 

Developmental stage-specific high level activation of all β-type globin genes both 

in humans and mice requires an upstream element located 6-22 kb away from the 

embryonic genes known as the locus control region (LCR) [12,13]. The LCR is a unique 

enhancer element that has been shown to also possess chromatin opening properties. 

It can confer high level expression of linked genes in a position-independent manner in 

transgenic assays [14,15]. Insight into the importance of this element was detailed by 

examining the classic Hispanic thalassemic patient who developed a de novo deletion 
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on a maternally inherited chromosome involving approximately 30 kb of sequences 5' to 

the epsilon gene that emcompassed the majority of the LCR. This resulted in the 

heterochromatization of the globin locus and silencing of all the downstream genes [16]. 

Subsequent work showed that the LCR is a powerful DNA regulatory region 

characterized by five DNase I hypersensitive sites (HS) (in mice there are six HS) 

[13,17]. Sensitivity to the enzyme DNase I often denotes areas of strong regulatory 

potential because it indicates that the region of chromatin is open and therefore 

accessible to trans-acting factors. Each HS contains a core region spanning 200-400 bp 

that is enriched for cis-elements such as GATA and MARE motifs that serve as binding 

sites for regulatory trans-acting factors—both ubiquitous and erythroid-specific, that 

mediate the sequential activation of the globin genes [17]. HS 1-4 exhibit erythroid-

specific hypersensitivity to the enzyme DNase I [18]. The current function of HS1 is 

unknown while HS2 is the only element that functions as a classical enhancer meaning 

that it can activate heterologous genes in transient expression assays [19,20]. HS3 and 

4 also display enhancer activities; however, they require chromatin integration before 

this property can be observed [21]. HS3 has also been shown to have chromatin 

opening activities [22]. HS5 has been reported to possess insulator activity in enhancer 

blocking assays in K562 and murine erythroleukemia (MEL) cells and has been 

postulated to have the ability to prevent the spread of heterochromatic marks from the 

upstream olfactory genes that is maintained in a closed chromatin configuration in 

erythroid cells [23]. The exact mechanism of this process as well as how the activation 

of the globin genes in a sequential manner is achieved is not completely understood 

and is currently an area of study. 
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Hemoglobinopathies 

Regulation of the globin genes is very complex and disruption to the system can 

lead to hemoglobinopathies. It is estimated that about 7% of the world population are 

carriers for one of the inherited hemoglobin disorders, making them the most common 

monogenic diseases in the world [24]. Hemoglobinopathies can be divided into two 

groups, structural hemoglobin variants such as sickle cell anemia and the 

thalassaemias, which result from imbalanced and defective synthesis of the globin 

chains. 

Sickle Cell Anemia 

Sickle cell anemia (SCA) was first characterized as a molecular disorder by Linus 

Pauling and colleagues in 1949 to occur due to an abnormality in the hemoglobin 

molecule. It is currently classified as the most common inherited genetic disease based 

on the Newborn Screening Initiative [25,26]. The disorder occurs due to a genetically 

inherited A→ T mutation at residue 334 in the beta-globin gene that causes a single 

amino acid change at position 6 of the β-globin protein chain [27,28]. The result is a 

substitution the normal polar glutamic acid for a mutant non-polar valine. This is a 

significant problem because upon de-oxygenation of hemoglobin to deliver oxygen to 

the peripheral tissues, hemoglobin undergoes a conformational change which exposes 

the substituted hydrophobic valine on the molecular surface resulting in the rapid 

polymerization of the HbS molecules into long fibers. This causes the red blood cells to 

adopt a crescent or “sickle” shape resulting in both the inability to efficiently bind oxygen 

as well as microvascular occlusion leading to tissue ischemia [25]. Individuals afflicted 

with this disease face a life-long experience of chronic pain, organ failure due to iron 

overload, anemia, splenic sequestration, and an increased risk for stroke. In the 
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heterozygote state in which an individual only inherits 1 copy of the mutant allele, the 

patients are asymptomatic and are known as carriers, or to have a sickle cell trait. The 

carrier state for SCA is asymptomatic and has been shown to be protective against 

malaria and as such SCA is concentrated in those countries where malaria has exerted 

selective evolutionary pressure, such as Africa [25] [29]. According to the National Heart 

Lung and Blood Institute (NHLBI), the current national statistic estimates the probability 

to be 1 in every 500 African Americans that have the full blown disease and 1 in every 

12 African Americans that have the sickle cell trait [26]. 

Thalassemia 

The other major disorder is thalassemia which is an inherited disorder 

characterized by the absence of or reduction in levels of one or more globin chains. 

Thalassemia is the most common monogenetic disease worldwide. The disorder can be 

classified into two major groups, beta and alpha thalassemia depending on the globin 

chain that is affected [24].  

Beta-thalassemia occurs due to various point mutations or deletions within the β-

globin gene that result in complete dysfunction and/or decreased synthesis of the β-

globin protein [24,30]. The main cause of anemia in β-thalassemia is imbalanced globin 

chain synthesis and the deleterious effects of excess α-globin chains on erythroid 

maturation and survival [31]. Alpha-globin chains are unable to form a functional 

hemoglobin tetramer and precipitate as inclusion bodies in red cell precursors that 

accumulate in the bone marrow as well as all other stages of the erythroid maturation 

pathway [32]. In the most severe forms of the disease (thalassemia major), patients 

present with failure to thrive, anemia, chronic infection, and bone abnormalities due to 

the expansion of the bone marrow [33,34,35]. In milder cases (thalassemia minor), 
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patients present with few, if any clinical symptoms. In thalassemia intermedia, the 

pathogenesis of the patient is variable depending on the individual case and the extent 

of β-globin disruption [31]. 

Therapies for Hemoglobinopathies 

Hematopoietic stem cell transplantation represents the only current long term 

cure for hemoglobinopathies [36]. The process involves depleting a patient’s diseased 

bone marrow by radiation or chemotherapy and then introducing hematopoietic stem 

cells from a healthy donor by filtration into the patient’s bloodstream. Donor stem cells 

then migrate to the bone marrow and repopulate the region. Patients after 

transplantation require lengthy hospital stays where they are given immunosuppressive 

drugs to minimize rejection of the foreign cells [37]. Stem cell transplantation is 

extremely promising yet still has significant risks—including death [38]. Case study 

reports indicate that transplantation with matched donors still prove to have too high of a 

mortality rate to be acceptable. Yet despite these risks, it still remains the only current 

cure for the disease. 

Other forms of therapy are aimed at relieving symptoms, preventing 

complications, and avoiding crisis (in the case for sickle cell disease). These therapies 

such as blood transfusions, and/or the administration of oral medications to increase 

fetal globin synthesis, require lifelong application for effectiveness. 

 Blood transfusions involve obtaining healthy red blood cells from a donor and 

delivering them to the patient intravenously. However, iron is deposited along with the 

blood and with each successive blood transfusion, iron levels saturate and exhaust the 

transferrin carrying capacity and lead to chronic iron overload [39,40]. Free non-bound 

iron accumulates in the plasma and tissues of the body where it then reacts with oxygen 
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generating free radicals which causes damage particularly in heart and liver [33,41,42]. 

As there is no effective excretory pathway for iron apart from intestinal shedding and 

bleeding, iron-chelation therapy such as the oral medication deferasirox is mandatory 

for these patients [43]. The daily administration requirement of the drug however is very 

expensive and is not available to many patients worldwide.  

Oral medications, the most common of which is hydroxyurea, are targeted 

towards increasing levels of fetal hemoglobin (HbF) in the blood [44]. Although the 

natural distribution of HbF cells in an adult is approximately 1-2%, studies have shown 

that these cells are able to resist sickling in vitro and inhibit polymerization of sickled 

hemoglobin [45,46]. Furthermore, sickle cell patients that genetically have higher levels 

of HbF—a phenomenon known as hereditary persistence of fetal hemoglobin (HPFH), 

often have milder clinical pathogenesis [47].  

Hydroxyurea is a cytotoxic agent originally used for decades to reduce 

abnormally high hematocrit and platelet counts for patients with polycythemia vera—a 

disorder where the bone marrow synthesizes too many red blood cells [48]. It wasn’t 

until a clinical trial testing the effects of hydroxyurea in non-human primates that it was 

discovered that hydroxyurea increases fetal hemoglobin [49]. Although the details 

regarding the mechanism of action remain unclear, data suggest that the cytotoxic 

nature of the drug targets HbS cells because they are derived from highly proliferative 

precursors. These precursors are targeted by the drug and are subsequently destroyed 

which will boost the relative percentage of HbF cells which stem from precursors that do 

not divide as rapidly [50]. Clinical trials demonstrated that hydroxyurea could increase 

HbF levels in patients with sickle cell disease as early as 72 hours of administration 
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[51,52]. Hydroxyurea also stimulates NO production which improves vasodilation and 

minimizes crisis in sickle cell patients [53]. Although this drug has extremely promising 

outcomes, there are significant complications as well. Hydroxyurea is a 

myleosuppressive agent and white blood cell levels often drop, requiring patients to 

withdraw from treatment until levels return back to baseline. Low white blood cell counts 

pose an increased risk for infection and long-term use of the drug may lead to leukemia 

as well as other types of cancers [54]. Furthermore, hydroxyurea while effective for 

patients with sickle cell disease is not as effective for patients with thalassemia. 

Based on the limitations of these treatments, there is a strong need to either 

improve upon or to develop novel therapies.  A proposal that has received much interest 

as a potential therapeutic cure is to consider re-activating the expression of the fetal γ-

globin genes that are normally silenced in the adult. In this way the γ-globin proteins 

could replace the dysfunctional β-globin protein in hemoglobin and oxygen-carrying-

potential and red blood cell morphology can be restored [55].  

Several gene therapy trials have been attempted but delivery methods are a 

significant limiting factor and need to be improved. Retroviral vectors which integrate 

permanently into the host genome have exhibited complications such as vector 

instability, low titers over time, and variable expression [56,57]. Self-inactivating 

lentiviral vectors that can integrate into non-dividing cells have also shown some 

promise. But there remains the risk that the virus can integrate into a region of DNA that 

can activate some oncogenic potential [58]. Therefore, it is crucial to design vectors 

which are lineage- and differentiation stage-restricted. The incorporation of tissue-

specific promoters and enhancers in addition to genetic elements with enhancer-
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blocking properties will aid in reducing the toxicity and increasing the efficiency and 

stage- and tissue- specific expression of the β-globin gene and preliminary studies have 

demonstrated promise [59]. 

The need therefore to understand the intricacies of globin gene regulation is of 

the utmost importance so that new therapies can be developed. 

Chromatin 

Chromatin organization mediates the dynamic and structural compaction of 

genetic information within the nucleus of an eukaryotic cell. The fundamental units of 

packaging, commonly known as “beads on a string”, are repeating structural elements 

known as nucleosomes which consist of a nucleosomal core particle, linker DNA, and 

the histone linker protein H1 [60]. The core particle is composed of two copies of 

histone proteins H2A, H2B, H3, and H4 that are arranged in an octameric configuration 

[61,62,63]. Approximately 146 bp of DNA interacts with the superhelical ridge structure 

of the nucleosome that is stabilized by electrostatic interactions [63]. Connecting two 

nucleosomal particles is the linker DNA which varies between different the organisms, 

ranging from 10-60 bp. Bound to the linker DNA is histone protein H1 which, while not 

required for the formation of the nucleosome, is essential for higher level structures 

[64,65]. Successive compaction of the chromatin fiber initially goes through a 30 nm 

fiber intermediate, which has been proposed to consist of a two-start helix solenoid 

structure, followed by condensation into higher order looping chromatin structures 

[66,67,68,69]. 

Chromatin can be broadly categorized as heterochromatin or euchromatin. In general, 

heterochromatin is condensed and therefore not accessible for transcription factor 

interactions typically resulting in the suppression of the genes associated with that 
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region although, transcription of some genes has been reported to occur in the context 

of heterochromatin [70]. Euchromatin represents a more open structure, allowing trans-

acting factors to bind to regulate gene expression [71]. Relative compaction of the 

genome can be assessed by various methods of which the most classical is the 

endonuclease deoxyribonuclease I that makes single strand cuts along the phosphate 

backbone of DNA [72]. Regions of the genome are described based on the interaction 

with DNAseI and can be insensitive as is the case with heterochromatic regions since 

the DNA is inaccessible at those sites, or sensitive with a gradient ranging to 

hypersensitivity [73]. Hypersensitive regions are thought to be devoid of nucleosomes 

and contain many cis-regulatory elements that bind to trans-acting factors [74].  

As the accessibility of chromatin represents a critical area of control for gene 

expression, it is therefore essential that chromatin be dynamic. As such, there are 

several processes to alter the accessibility of chromatin including ATP-dependent 

chromatin remodelers, and histone modifications [75,76]. 

Gene Transcription 

Transcription is the process of transcribing DNA to generate a complementary 

strand of RNA which in general is then used as a template for translation into a 

functional protein. Transcription is mediated through the action of the RNA polymerase 

as well as a host of accessory proteins. There are three major RNA polymerases in 

higher order mammals. RNA polymerase I (Pol I) transcribes the ribosomal RNAs 

involved in ribosome synthesis and enzymatic activity. RNA polymerase II (Pol II) 

transcribes the majority of messenger RNAs which typically result in a functional protein 

while RNA polymerase III (Pol III) transcribes small RNAs and tRNAs used in translation 

or splicing machineries [77,78,79,80]. Active transcription requires the recruitment of the 



 

23 

polymerase as well as the general transcription factors TFII-A, -B, -D, -E and -F  which 

through coordinated mechanisms form what is known as the pre-initiation complex (PIC) 

[81,82]. DNA is melted by the helicase activity of TFIIH and the C-terminal tail (CTD) of 

the polymerase—a 5’-YSPTSPS-3’heptapeptide that is repeated 52 times in humans 

and can be phosphorylated at distinct serine residues [83,84,85]. Phosphorylation of the 

fifth serine by the kinase domain of TFII-H promotes transcription initiation [85]. After a 

few short abortive transcripts, DRB sensitivity inducing factor (DSIF) and negative 

elongation factor (NELF) associates with the serine 5 phosphorylated form of Pol II to 

halt the polymerase until the capping reaction, which introduces a 7 methyl guanosine 

at the 5’ end of the nascent RNA, can take place [86,87,88]. Positive transcription-

elongation factor b (P-TEFb) is then recruited to phosphorylate both DSIF, causing the 

dissociation of NELF, and the serine 2 position of the CTD of Pol II [89]. Pol II then 

becomes processive and engaged in active elongation. The RNA is then processed by 

the transcription termination factor cleavage polyA specificity factor (CSPF) upon the 

recognition of the polyadenylation sequence [90].  

Cis-Regulatory DNA-Elements within the Globin locus  

Cis-regulatory DNA elements contain binding sites which recruit trans-acting 

factors that modulate transcription. There are a large number of cis-regulatory elements 

in the beta-globin gene locus that can be characterized broadly as promoters, 

enhancers, insulators, or locus control regions. Promoters are in a position immediately 

5’ or overlapping the transcription initiation site, while enhancers, insulators and LCRs 

are distal regulatory elements [14]. An enhancer is defined as having the ability to 

augment the expression of a gene, exert its function in a position and orientation-

independent manner, and be able to interact with heterologous promoters. Locus 
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control regions are similar to enhancers in that they augment transcription, but they are 

typically tissue-specific and are able to provide copy number-dependent and position-

independent expression to linked genes [14,91]. Insulators are sequences that recruit 

proteins that either block the function of enhancers or provide a boundary between open 

and closed chromatin.  All of the above described cis-regulatory elements are present in 

the beta-globin gene locus and as an example of the breath and diversity of cis-

elements, I will highlight elements surrounding the human beta-globin gene.  

The cis-elements proximal and within the beta-globin gene include: two erythroid 

transcription factor GATA binding sites located at -200 and -120 relative to the 

transcription start site (TSS) that have been shown to increase transcription [92,93]. At 

position-90 resides a CACCC box that has been shown to interact with Krüppel Like 

Factor 1 (KLF1) [94,95]. This region has been well characterized and demonstrated to 

be essential in humans due to a patient harboring a C→T mutation at position -88 

relative to the TSS which resulted in thalassemia due to the inability to bind KLF1 

[95,96]. The site in mice however is not characterized and will be one of the objectives 

of this study. The CCAAT box at -70 also binds to GATA1 and is a positive regulator of 

globin gene expression [97]. Position -25 holds a non-canonical TATA box sequence 5’-

CATAAA-3’ that is believed to function in a coordinated fashion with the initiator—a 

pyrimidine rich sequence located at +1 of the TSS to recruit the TFIID complex of the 

PIC [98,99]. Downstream there are two conserved EBOX sequences (+20 and +60) that 

interact with helix-loop-helix proteins such as TAL1, USF1/2, and TFII-I heterodimers 

that, depending on the cell type, would decrease or increase transcription, respectively 

[100]. Mutagenesis studies in vitro and in vivo indicated that the +60 EBOX is important 
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for globin expression. A MARE cis-element is located at +24 and has been shown to 

interact with the transcription factor NF-E2 and regulates beta-globin transcription in a 

positive manner [101]. Finally, there is a tissue and developmental stage-specific 3’ 

enhancer located approximately 500 bp downstream of the polyadenylation signal of the 

β-globin gene. This enhancer contains four binding sites for GATA1 and is important for 

β-globin expression [98,102].  

The β-globin LCR as mentioned previously is an important cis-acting regulatory 

domain that is crucial for high-level expression of the β-type globin genes during all 

stages of erythroid development. It is comprised of several erythroid specific DNase I 

hypersensitive sites (HS) each spanning approximately 200-400 bp with each HS 

insulated by 2-4 kb of flanking DNA [103]. These HSs contain several putative and 

confirmed binding sites for various regulators and co-regulators. As a representative 

example, LCR HS2 contains binding sites for the hematopoietic specific proteins GATA-

1, KLF1, NF-E2, TAL1, as well as the ubiquitously expressed transcription factor USF 

(Figure 1-2) [104]. These transcription factors have been shown to be involved in LCR-

mediated activation of adult β-globin gene transcription and it is hypothesized that these 

trans-acting factors co-localize to the LCR to be subsequently transferred to the 

appropriate gene for transcription initiation. Several mechanisms for this interaction 

have been postulated, such as tracking and looping models [105,106]. 

Structural properties of DNA-Binding Proteins 

There is an abundance of trans-acting proteins that interact with the cis-elements 

within the globin locus yet they all contain similar structural motifs that allow these 

proteins to bind to DNA and dimerize with other proteins. These motifs include but are 

not limited to: the zinc finger (ZF) domains, the leucine zipper (LZ) and the basic helix-
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loop-helix (bHLH) domain which are primarily structural motifs involved in protein-

protein interactions but they also contain basic regions to allow for DNA-interactions 

[107]. These protein domains are not mutually exclusive; there are many trans-acting 

factors that contain several of these domains. For example, the transcription factors 

cMyc and USF1/2 contain both LZ and HLH domains. Listed below are the detailed 

properties of each structural domain. 

Leucine Zipper 

The leucine zipper is a common motif found in dimeric proteins. It was first 

discovered by McKnight et al. based on protein sequence alignments and secondary 

structure predictions [108]. The hallmark of the motif is the heptad a repeat of 7 amino 

acids designated (abcdefg)n that is arranged in a coiled-coiled structure spanning a 35 

amino acid stretch [109]. Positions a and d are normally occupied by a leucine residue 

which provides the major portion of the hydrophobic dimerization domain and is critical 

for the packing of the oligomerization interface [110]. The leucines of one helix 

interdigitate with those of the parallel helix in a non-covalent linkage causing the two 

regions to dimerize. Residues e and g are involved in maintaining this hydrophobic core 

interface as well, while the remaining residues: b, c and f are charged polar moieties 

that ensure the solubility of the protein [111,112]. The two most common leucine zipper 

motifs are the basic leucine zipper (bLZ) and the basic helix-loop-helix leucine zipper 

(bHLH-LZ) which are found in many eukaryotic transcription factors such as the 

upstream stimulatory factor (USF) [113]. The basic region interacts with the major 

groove of DNA through hydrogen bonding allowing leucine zipper-containing 

transcription factors to recognize and bind to specific DNA motifs. 
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Helix-Loop-Helix Domain 

The helix-loop-helix domain is common in many eukaryotic transcription factors 

that regulate a large array of cellular processes ranging from differentiation to cellular 

proliferation. The motif was first identified by Murre et al. in the E12 and E47 murine 

transcription factors and spans approximately 60 amino acids composed of a basic 

region that mediates DNA binding and two successive amphipathic alpha helices 

juxtaposed at a 90 degree angle separated by a variable loop [114,115]. Proteins that 

contain the HLH motif are generally dimeric proteins due to the hydrophobic interactions 

of the alpha helices which align the basic region to bind to palindromic CANNTG 

sequences, known as the E-box, in the major groove of DNA through hydrogen bonding 

[116,117]. 

Zinc Finger Domain 

The zinc finger domain is composed of 30 amino acids with two antiparallel β-

pleated sheets and an alpha helix fold that is structurally stabilized by both hydrophobic 

interactions and the tetrahedral coordination of a zinc ion by the conserved cysteine and 

histidine residues (Figure 1-3). In the most common ZF domain two cysteines and two 

histidines coordinate the Zn-atom (Cys2-His2 class) [118]. The Cys2-His2 ZF-domain 

was first discovered in the Xenopus laevis transcription factor TFIIIA that contained nine 

tandem repeats of the zinc finger motif [119,120]. Since then, many other proteins were 

found to have a similar configuration such as the murine early response protein ZIF268 

and human Sp1 [121]. To date, the Cys2-His2 zinc finger domain represents the most 

common binding motif found in DNA binding proteins in eukaryotes. ZF-proteins are the 

second most frequently encoded protein in the human genome [122].  Each 30 amino 

acid zinc finger domain can recognize and bind to 3 bp of B form-DNA through 
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hydrogen bonding [118,123]. This, in addition to the fact that these domains can be 

arranged as covalent tandem repeats allows for the recognition of extended 

asymmetrical DNA sequences. Crystal studies of the murine transcription factor Zif268 

detail that base-specific interactions are achieved by hydrogen bonding between the 

amino acids present on the α-helix reading head and the DNA (Figure 1-3) [118,124]. 

The α-helix reading head is inserted into the major groove of B form-DNA and contacts 

are primarily made with the amino acids located at positions -1, 3 and 6 with respect to 

the start of the α-helix [125]. These contacts are made in an anti-parallel fashion so that 

the amino acids of the α-helix reading head makes base-specific contacts with the 3’, 

middle, and 5’ nucleotides of the 3bp DNA segment (Figure 1-3). One of the β-pleated 

sheets also makes contacts with the phosphodiester oxygen of the sugar phosphate 

backbone which further stabilizes the binding through interaction with the first of the 

conserved histidines (that also coordinate the zinc ion) and a conserved arginine 

[118,126]. 

Trans-Acting Factors 

Krüppel-Like Factor 1 

Krüppel-Like Factor 1 (KLF1) is a small 3-zinc fingered-transcription factor whose 

expression is restricted to the erythroid lineage [95]. It belongs to a family of 

transcription factors called the Krüppel-like factors, which derives its name from the high 

degree of similarity to the Drosophila transcription factor, Krüppel. KLF1 was originally 

identified by a subtractive erythroid hybridization screen using J774 macrophages as a 

control with MEL cells as the test sample to determine which genes were erythroid 

specific [95].  Binding studies indicated that KLF1 occupies 5’-CCACACCCT-3’ motifs 

(CAC box) [127]. Shortly after its identification, its significance in hematopoiesis was 
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established from patients harboring mutations in a KLF1 binding site, the -87/88 CAC 

box upstream of the beta-globin promoter [128]. These patients had reduced levels of β-

globin expression and developed thalassemia. Studies in knock- out mice subsequently 

supported the critical role of KLF1. Homozygous null mice for KLF1 are normal during 

the embryonic stage (10.5 d.p.c) however, when hematopoiesis switches from the yolk 

sac to the fetal liver, embryonic lethality is observed at 14.5 days post coitum (d.p.c.) 

due to severe anemia resulting from ineffective erythropoiesis [129]. The fetal livers of 

these embryos are pale, and they fail to express high levels of adult β-major transcripts. 

This suggests that KLF1 is critical for mechanisms involved in globin switching [130].  

Functionally, KLF1 has many defined roles in hematopoiesis. It is the most 

developmentally specific gene and is crucial for human β-globin expression [131]. It 

activates β-globin transcription in a sequence-specific manner and is believed to be 

involved with globin switching because under-expression of KLF1 in heterozygous mice 

results in delayed switching (alters the γ/β ratio) and overexpression results in 

premature switching [132,133]. KLF1 is also important for the silencing of the fetal 

globin genes. In KLF1 null mice, levels of γ-globin expression are elevated 5 fold 

compared to control mice [130]. This occurs as a result of the role of KLF1 in the 

regulation and activation of the BCL11A gene, which encodes a potent silencer for the 

embryonic genes. In KLF1 null mice, KLF1 is not present to activate BCL11A and as a 

result, the fetal globin genes are not efficiently silenced. This mechanism is currently an 

attractive target for therapy for hemoglobinopathies [134]. 

ChIP studies demonstrated that KLF1 binds to LCR elements HS2 and HS3 in 

addition to the beta-globin promoter where it is postulated to assist with chromatin-
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opening activity [135,136]. This hypothesis was formed due to the association of KLF1 

with histone acetyltransferases (HATs) p300 and CBP as well as the ATpase of the 

SWI/SNF chromatin remodeler complex BRG1 [137,138,139]. The chromatin-opening 

activity of KLF1 is further supported by the observation that disruption of EKLF results in 

a reduction in DNase I hypersensitivity in the β-globin promoter and the HS2 and HS3 of 

the LCR [131]. The chromatin opening activity is likely mediated by KLF1 mediated 

recruitment of ATP-dependent chromatin remodeling complexes [138]. Furthermore, 

KLF1 has also been shown to interact with components of the basal transcription 

machinery, including the TBP associated factor 9 (TAF9) [140].  Chromatin Capture 

Conformation (3C) studies also indicates that KLF1 is required for mediating proximity 

between the LCR and the adult β-globin gene promoter [141]. In cells and mice with 

disruption of KLF1, the looping association between beta-globin and the LCR is not 

observed. All these studies illustrate that KLF1 binding to the -90 CACCC site is crucial 

for the recruitment of transcription complexes to the adult β-globin gene promoter. 

Upstream Stimulatory Factor 

USF is a ubiquitously expressed transcription factor that was first identified as a 

cellular activity that binds to an upstream element of the adenovirus major late promoter 

and stimulated transcription in vitro [142,143]. DNaseI footprinting identified the 

consensus USF DNA-binding CANNTG (E-box) motifs and its binding has been 

associated with the transcription of many cellular and viral genes [144]. USF belongs to 

a family of transcription factors characterized by the basic helix-loop-helix leucine zipper 

(bHLH-LZ) DNA binding domains. The protein was purified to homogeneity and the 

activity was shown to be contributed by two polypeptides named: USF1 (44 kDa) and 

USF2 (43 kDa) [145,146]. The predominant form of USF is a USF1/USF2 heterodimer, 
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although homodimers were also found in different cell-types [147]. Structurally, 

dimerization and DNA-binding activity of both proteins is mediated by the highly 

homologous (>75% sequence identify) C-terminal region composed of a USF specific 

region (USR), a basic region that mediates DNA-binding, followed by the HLH-LZ region 

required for dimerization. The N-terminal region is divergent between the two proteins 

and could contribute to the differences in transcription activity of the two proteins 

[146,148]. Indeed, USF1 or USF2 null mice, despite being both viable and fertile, 

display very different phenotypes. The USF1 null mouse showed slight developmental 

abnormalities and had high levels of USF2—possibly a compensatory mechanism. 

Conversely, the USF2 null mouse had extreme growth defects and had low levels of 

USF1. The double knock out of USF1 and USF2 is embryonic lethal [149]. 

Despite the fact that the USF proteins are ubiquitously expressed, they appear to 

primarily regulate genes that are expressed in a differentiation and tissue-specific 

manner [150]. Most genes activated by USF are expressed at high levels in 

differentiated cells, including the β-globin gene. A genome-wide mapping study of USF 

interaction sites in hepatocytes revealed that USF preferentially binds DNA in close 

proximity to transcription start sites, and that this interaction correlates with increased 

levels of H3 acetylation suggesting that USF may be involved in the recruitment of 

transcription complexes [151]. 

USF in β-Globin Gene Regulation.  

Previous studies have shown that USF interacts with conserved E-box elements 

located in Hypersensitive Site 2 (HS2) of the LCR, as well as in the adult β-globin 

downstream promoter region [152,153]. USF interacts with co-activators and histone 

modifiers such as the HAT CBP/p300, as well as with large co-regulator complexes 
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such as the histone methyltransferases PRMT1 and SET1in erythroid cells, suggesting 

that it functions through chromatin remodeling and RNA Pol II recruitment [154,155]. 

The general transcription factor TFII-I has also been shown to interact with USF at INR 

and E-box elements in order to coordinate gene activation or repression, and can recruit 

USF to these sites [156].  Additionally, USF also is known to function at chromatin 

barriers, such as the chicken β-globin 5’HS4 insulator element, and may serve to help 

maintain an environment of active chromatin [157]. 

T-cell Acute Lymphocytic Leukemia Protein 1 

T-cell acute lymphocytic leukemia protein 1 (TAL1) is also known as stem cell 

leukemia (SCL). Its name was derived by the observation that TAL1 is highly aberrantly 

expressed in approximately 30% of patients with T cell acute lymphoblastic leukemia (T-

ALL) [158,159]. TAL1 is a 47 kDa helix-loop-helix protein that heterodimerizes with 

ubiquitously expressed E proteins (E12/E47) and binds to E-box sequences of which 

the preferred sequence is CAGATG, though additional preferences have been observed 

as dictated by the associated E protein [160]. In erythroid cells, it is a part of a large 

multimeric protein complex comprised of TAL1/E2A/LMO2/GATA1 and LDB1 that binds 

to composite GATA-EBOX sequences [161].  

Despite its association with leukemia, the normal function of TAL1 has not been 

completely resolved. TAL1 possesses activator as well as repressor capacities 

depending on cell type and associated proteins [162]. Gene knock out studies 

established that TAL1 is critical during embryonic development. Erythropoiesis in the 

yolk sac is absent in TAL1 null mice due to the failure to produce hematopoietic 

progenitor cells. Embryonic lethality is observed at 9.5 d.p.c [163]. In the adult, TAL is 

expressed in hematopoietic stem cells (HSC) and multipotent progenitors of the 
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erythroid, myeloid and mast cell lineages [164]. Knock outs in these systems result in 

lack of burst forming units (BFU-E) and colony forming cells (CFC-Mk) [165]. TAL1 has 

been postulated to interact in vitro and in vivo with an E-box located in the LCR element 

HS2 as well as the β-globin gene promoter and the interaction with NL1/Ldb1 is 

required for conformational changes that bring the LCR and the adult β-globin gene into 

close proximity [166,167]. However, further studies are required to detail the complete 

mechanism of TAL1 mediated regulated beta-globin gene expression. 

Redundancy of cis- and trans-Regulatory Components of the β-globin Gene 
Locus 

Given that the majority of hemoglobinopathies result from DNA alterations within 

the β-globin gene locus, investigators over the years have focused on examining cis-

elements to identify DNA regions that carry strong regulatory potential and are essential 

for globin gene function. Employing traditional techniques such as DNaseI 

hypersensitivity and targeted site disruptions, many cis-regulatory DNA elements were 

identified such as the LCR and binding sites for several trans-acting factors. Although 

significant progress has been made to identify these elements, numerous studies 

detailing trans-factor binding motifs need to be refined in order to identify DNA 

sequences that truly serve as functional binding sites. This often presents a challenge 

given the redundant nature of many trans-factor binding motifs [168]. Furthermore, there 

remain many potential cis-regulatory elements that have yet to be discovered.  

Zinc Finger Artificial DNA Binding Domains 

An alternate approach to evaluate the importance of potential cis-regulatory 

elements in vivo is to engineer and employ artificial DNA-binding domains (DBD) 

composed of zinc finger motifs that will bind with high affinity and specificity to a region 
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of interest on DNA [169]. Once targeted, the DBD will occupy that region and render the 

cis-element inactive by preventing other trans-acting factors from binding. This will allow 

the regulatory potential of the cis-element to be evaluated.  

As mentioned previously, a single zinc finger domain can bind to and recognize 3 

base pairs of DNA in a sequence-specific manner [118]. What became immediately 

attractive was that zinc finger domains possess a distinct modular organization and it 

was postulated that it may be possible to mix and match domains to allow the 

recognition of extended asymmetric DNA sequences [170]. The potential of ZF proteins 

to serve as a backbone for the generation of artificial DNA binding domains has early on 

been recognized by Aaron Klug and colleagues [169]. This was taken a step further by 

the Pabo group and others who used phage display technology to express varying 

forms of the ZIF268 zinc finger protein on the filamentous phage (fd). The authors 

mutated the 4 key amino acids of finger 1 of ZIF268 at positions -1,+2,+3, and +6 

relative to the amino terminus of the alpha helix that were shown to make base-specific 

contacts based on crystal studies. The mutations replaced those sites with amino acids 

that were randomly generated. Successful alternate ZIF268 proteins were created that 

could recognize additional DNA sites with high affinity by simply re-arranging the key 

amino acids [170]. The study served as a platform that inspired several groups to 

attempt to derive a one to one amino acid-nucleic acid code. The Pabo group improved 

on the selection process slightly by creating a “Sequential Selection Strategy” that 

introduced amino acid substitutions to select fingers but in a context-dependent manner 

[171]. Studies were also performed varying the zinc finger backbone and a zinc finger 

consensus sequence. The resulting protein Sp1C showed the most promise [172]. 
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Sp1C is derived from the DNA binding domain of human Sp1, a zinc finger protein 

belonging to the Cys2His2 class that binds to GC boxes 5’-GGGCGG-3’. The Sp1 

sequence was modified with “consensus” amino acids that occurred the most frequently 

from a database of 131 zinc finger domain sequences. The rational was that amino 

acids involved in stabilizing the zinc finger would be present in relatively high frequency.  

Overall the differences between the two proteins encompass 25 point mutations and 4 

residue deletions [173]. 

Studies confirmed that Sp1C was able to adopt 3D structures that are similar to 

its natural counterpart Sp1 based on NMR and DNA binding studies. Furthermore, 

Sp1C was noted to bind more tightly to its consensus sequence (lower Kd) compared to 

Sp1 and binding to zinc was also discovered to be stronger. The authors inferred that 

increased metal ion binding is reflective of more structural stability [172,174]. 

And thus a “minimalist” zinc finger protein that could be tailored to recognize a 

desired sequence with high specificity was created.  Sp1C is composed of an N-

terminal backbone that is composed of two β-strands and associated sequence (amino 

acid sequence: YKCPECGKSFS) and a C-terminal backbone comprised of the C-

terminal portion of the α-helix (amino acid sequence: HQRTH). It also includes a single 

fixed conserved N-terminus portion (amino acid sequence: LEPGEKP) and C-terminus 

(amino acid sequence: TGKKTS) to structurally complete the protein. Finally, a linker 

sequence with amino acid sequence TGEKP fuses the individual zinc finger domains in 

an array [175,176].  

The zinc fingers designed in this work are based on the Barbas modules. The 

Barbas group successfully designed, expressed, and characterized ZF proteins with 6 
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contiguous ZF domains that will bind to 18bp of DNA. This target size is sufficient to 

generate a unique signature in the genome (3.0x109bp) [175]. The method involved 

synthesizing two 3-zinc finger proteins based on the Sp1C sequence and linking them 

together using a linker sequence TGEKP (described above) [176]. The linker, termed 

the Krüppel type linker peptide, was selected because the pentapeptide sequence 

represented the consensus sequence that was most commonly found in linking zinc 

finger domains [177]. Furthermore, extensive computer modeling demonstrated that this 

linker sequence was sufficient to maintain positioning and H-bond characteristics that 

are observed in natural zinc finger proteins. Computer modeling also determined that 

the 6-ZF proteins remain bound to the major groove of DNA and follow it for two full 

helical turns. Electrophoretic mobility shift assays (EMSA), DNA footprinting, and in vivo 

reporter studies confirmed these results and demonstrated that both the ZIF268 and 

Sp1C based 6-ZF proteins were able to bind to their target sequences with enhanced 

affinity (68-74 fold) compared to their 3-finger counterparts [174,175]. Interestingly, the 

in vivo results gave higher affinities (300 fold) than in vitro and the authors attribute this 

to the unstable nature of the proteins in vitro. Naturally occurring three-finger proteins, 

such as Zif268 and SP1, bind their preferred sequences with Kd values between 10nM 

and 10 pM [178]. Observed DNA affinities tend to improve as the number of fingers 

increases from one to three, but affinity plateaus beyond three fingers, and only modest 

improvements in affinity (~70-fold) are seen for six-finger proteins over corresponding 

three-finger proteins [125]. Zinc fingers have also been successfully fused to a wide 

array of functional domains such as transcription activation or repression domains, 

endonucleases, and integrase etc. Remarkably in each case, the DNA binding 



 

37 

properties of these designed proteins were not altered by adding extra domains on 

either the N-terminus or C-terminus of the protein [125]. 

To date, 49 ZF domains have been experimentally characterized and validated in 

the context of polydactyl proteins and are used for protein design by the Barbas 

laboratory. The zinc finger proteins recognize all 16 GNN DNA triplets, 15 ANN triplets 

(ATC not represented), 15 CNN triplets (CTC not represented), and only a few TNN 

triplets (TGA, TGG and TAG) giving rise to a large variability in target site selection 

[179,180]. 

Challenges with Artificial DNA-Binding Domains 

The artificial DNA binding domains based on zinc finger technology is not without 

limitations. Although investigators have been able to design fingers with exquisite 

specificity, the composition of the target is of extreme importance. Zinc finger proteins 

possess a stronger affinity and specificity for GNN triplets. Therefore, sequences 

enriched in GNN are desired. As the composition of the target sequence changes to be 

less GNN rich, the specificity will decrease slightly as well [181]. Some ZF domains can 

also recognize a four-base subsite—termed target site overlap (TSO) [182]. This results 

when an aspartate residue is located at position +2 of the α-helix making a contact 

outside of the targeted triplet. There are now databases that flag potential TSO so that 

alternate sites can be selected [176]. Another common critique of the system is that as 

additional zinc finger domains are introduced, especially in the case of 6-zinc fingered 

proteins, the specificity towards the target site can be altered. This is particularly 

problematic when functional domains are fused to zinc finger proteins that could 

potentially give rise to unwanted activities. The exact mechanism as to how this could 

occur is unclear, however a possible explanation could be that the increased number of 
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contacts in the 6-finger protein elevates the binding energy to a point where individual 

residue:base mismatches are insufficient to prevent binding [181].  

Due to the possible off-target effects, validation of specificity and affinity for these 

proteins becomes of extreme importance. In the current study, no functional domains 

were used to reduce the possibility of off target activity. It is important to also consider 

that the binding sites in the genome will be somewhat lower than the theoretical total 

because many of the sites will be inaccessible due to chromatin structure. Furthermore, 

given that less than 1% of the human genome is coding, most binding sites will occur in 

regions that should not affect the transcription of any gene [175]. In addition, kinetic 

studies have determined that only proteins that bind their target with an affinity of 10 nM 

or better are productive regulators [178]. Therefore, even if a protein binds a site in a 

regulatory region that is related but non-consensus, it may not have sufficient affinity to 

elicit a biological response. 

Summation 

The β-globin locus is one of the most studied eukaryotic loci due to its role in β-

thalassemia and sickle cell disease, the most common monogenetic diseases world-

wide. In order to develop effective treatments that would lead towards a cure for 

hemoglobinopathies, it is crucial to understand the regulation of the β-globin genes. 

Given that the majority of hemoglobinopathies result from DNA alterations within the β-

globin gene locus, identifying novel cis-elements that possess strong regulatory 

potential would be beneficial towards the development of novel therapies.  

The goal of the proposed project is to employ a novel technique to study the cis-

regulatory elements of the β-globin gene locus in order to identify DNA sequences that 

carry strong regulatory potential. Idesigned artificial DNA-binding domains (DBD) 
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comprised of modular zinc finger DNA binding domains (ZF-DBD) that will target a DNA 

region of interest and bind to this site with high affinity and specificity. Binding of the ZF-

DBD renders the target site inaccessible to endogenous transcription factors and allow 

for the validation of the target cis-element to assess its requirement for globin gene 

function. This technique provides an advantage over traditional approaches because it 

can be rapidly employed while maintaining the specificity and efficacy that parallels that 

of traditional methods. 
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Figure 1-1.  Schematic representation of the structural organization of the human and 

murine β-globin loci located on chromosomes 11 and 7 respectively. 
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Figure 1-2. A highlight of the cis-regulatory elements located within the human β-globin 

locus control region HS2 and β-globin promoter region. The sequence of the 

cis-elements as well as the target interacting proteins and co-regulators are 
listed below [183]. 
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Figure 1-3. Schematic of Zinc Finger binding to DNA. Base-specific contacts are made 
with amino acids located at positions -1, 3, and 6 relative to the start of the 
alpha helix. The zinc finger domain binds to DNA in an anti-parallel fashion 
such that the amino acid at position 6 makes base-specific contacts with the 
5’ nucleotide of the triplet. 
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CHAPTER 2 
MATERIAL AND METHODS 

Zinc Finger Design and Construction 

Figure 2-1 provides the overall schematic of the 6-fingered zinc finger DNA-

binding domains (ZF-DBD) derived from the Barbas modules and Zinc Finger Tools 

database [176]. Detailed recognition helices and oligos are listed in Tables 2-1 to 2-3. 

The ZF-DBD was constructed as described previously with some modifications to 

incorporate the Flag system (Sigma) and a viral approach was used for eukaryotic 

studies. Briefly, the 6-fingered ZF-DBD was split into two reactions that would each 

encode a 3-fingered ZF domain termed ZF 1-3 and ZF 4-6. A series of oligos coding for 

either the zinc finger constant backbone or the variable oligos tailored to recognize 

desired target sequences were hybridized by overlap polymerase chain reaction (PCR) 

and gaps annealed in a phase I modular PCR assembly using a high fidelity Pfu 

polymerase (Aligent). PCR conditions were performed according to the manufacturer’s 

protocol (Aligent) using the following programs. Assembly PCR: 1) 95 oC for 2 min, 2) 

95 oC for 30 s, 3) 60 oC for 30 s, 4) 72 oC for 30 s, repeating cycles (2-4) 12X followed 

by a final extension for 5 min at 72 oC. The program for the subsequent PCR termed 

amplification is as follows: 1) 95 oC for 2 min, 2) 95 oC for 30 s, 3) 60 oC for 30 s, 4) 72 

oC for 30 s, repeating cycles (2-4) 25X followed by a final extension for 5 min at 72 oC. 

The ZF fragments ZF 1-3 and ZF 4-6 were purified using a PCR purification kit (Qiagen) 

along with a canonical linker which was gel purified (Qiagen). Fragments were digested 

with the appropriate restriction enzymes (Table 2-1) and ligated with T4 ligase (NEB) in 

frame to generate the coding sequence of the complete 6-fingered ZF protein. The 

complete ZF fragment was then PCR amplified according to manufacture’s instruction 
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with Pfu polymerase. The product was then isolated by gel extraction and subcloned 

into the digested, CIP treated (NEB), pT7-Flag2 vector (Sigma) using EcoRI/KpnI (NEB) 

restriction sites. Sequence was verified by Sanger Sequencing before use in in vitro 

studies. To construct the eukaryotic viral vector, the coding region for the ZF-DBDs 

were isolated by PCR from pT7-Flag with modified oligos (Table 2-1) to incorporate a 

NLS as well as novel restriction sites and introduced into the pMSCV-neo vector 

(clontech) at the HpaI site.  

Expression and Purification of the ZF-DBD 

10 ng of the pT7-Flag2 vector containing the desired ZF-DBD of interest was 

used to transform BL21-DE3 cells (Invitrogen). Cells were cultured to log phase (OD 

0.5) in Luria broth medium supplemented with 100 µg/mL ampicillin and expression of 

the ZF-DBD was induced upon the addition of 1mM isopropyl 

β‐D‐1‐thiogalactopyranoside (IPTG) (Sigma) and 100 µM ZnCl2 (Sigma) following a 4 

hour incubation at 37 oC. Cells were then centrifuged at 1900xg at 4 oC for 20 min and 

pellets were resuspended in storage buffer as described in Cathomen et al. [184]. Cells 

were lysed twice by French press, treated with 200µg DNase I (Sigma) and centrifuged 

at 44,000xg for 30 min at 4 oC to remove cell debris. Retained supernatant was passed 

through a 0.2 µM filter (Corning) and immunopurified using anti-Flag M2 magnetic 

beads (Sigma) according to the manufacturer’s protocol. Flag-tagged ZF-DBDs were 

eluted using 3X Flag peptide (Sigma) in 10 mM Tris pH 8.0, 90 mM KCl, 100 µM ZnCl2, 

5 mM DTT (Sigma), 0.1% Triton X-100 (Sigma) and 30% glycerol (Fisher) and stored at 

-80 oC until further analysis. Protein concentrations were determined by Bradford 

method and protein purity was assessed by separating the eluted proteins on a 4-15% 

SDS PAGE (Bio-Rad) and staining with Coomassie Blue (Bio-Rad). 
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Electrophoretic Mobility Shift Assay 

Electrophoretic Mobility Shift Assay (EMSA) was performed using the Lightshift 

Chemiluminescent Kit (Thermo Scientific) according to manufacturer’s protocol. To 

prepare DNA, double stranded oligonucleotides representing either the murine -90 CAC 

box (5’-GGATCCGAATTCCTGCAGGGTAACACCCTGGCATTGGCCAA-3’) or a mutant 

sequence (5’-GGATCCGAATTCAGTACTTTGCCTGTTTCAATGCCTTAACC-3’) were 

annealed in 250 mM Tris-HCl, pH 7.7 to their complement antisense sequences by 

heating to 95 oC and cooling in 0.5 oC increments to 4 oC for several hours. 

Oligonucleotides were then digested with BamHI (NEB), passed through a G-25 column 

(GE Healthcare) to purify the probe, and blunted with Klenow polymerase I (NEB) using 

biotinlyated nucleotides: bio-dATP and bio-dCTP (Invitrogen) along with unlabeled 

nucleotides dTTP and dGTP. For binding reactions, 1 µg of purified recombinant ZF-

DBD protein was incubated with 2 ng of either biotinlyated WT or mutant oligos. Binding 

was challenged with 1 µg of excess unlabeled WT and Mut DNA and 1 µg of mouse M2 

anti-Flag antibody (Sigma). 

Immunoblot Analysis 

Protein isolation was performed as previously described by Leach et al. with 

modifications to include a mechanical lysis step with a micro-grinder (Radnoti) prior to 

centrifugation at 20,800 x g for 15 min at 4 oC [100]. Proteins were quantified by 

Bradford Assay (BioRad) and a range of 10-20 µg was loaded on a 4-15% TGX Tris-

HCl gel (Biorad) and separated by SDS-PAGE. Resolved proteins were transferred onto 

a PVDF membrane using the Trans-Blot Turbo (Bio-rad). Proteins were blocked in 5% 

nonfat dried milk in TBST prior to incubation with the following antibodies: mouse anti-

Flag (F-3165, Sigma), rabbit anti-ZF sera (gift from Dr. Carlos Barbas, Scripps, CA), 
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mouse anti-BRG1 (gift from Dr. Reissman, University of Florida), and mouse anti-

Tubulin (sc-55529, Santa-Cruz). Anti-mouse and anti-rabbit secondary antibodies were 

purchased from Santa Cruz. Proteins were detected by ECL reagent (Millipore) and 

visualized on X-ray film (Kodak). Compartmentalization immunoblot was performed 

using the NE-PER® kit (Thermo Scientific) according to the manufacturer’s instruction 

and isolated proteins were analyzed as described above. 

Cell Culture and Transfections/Transductions 

Murine erythroleukemia (MEL) and Phoenix A cells were cultured in Dulbecco’s 

modified Eagle’s medium (Cellgro) supplemented with 10% (vol/vol) fetal bovine serum 

(FBS) and 1% penicillin/streptomycin (Cellgro). Cells were grown at 37 oC with 5% CO2 

and maintained at a density of 2.0x105 cells/mL. Induction of MEL erythroid 

differentiation was achieved by the addition of 2% (vol/vol) dimethylsulfoxide (DMSO) to 

the media following a 72 hour incubation. Retroviral-mediated creation of stable MEL 

cell lines was achieved by transfecting the packaging cell line phoenix A with pMSCV-

neo containing the target ZF-DBD or empty vector via Lipofectamine 2000 (Invitrogen) 

according to manufacturer’s protocol. After 48 hours, supernatant containing live 

replication-deficient virus was harvested and centrifuged at 913 x g for 5 min to remove 

cellular debris. Retained supernatant was treated with 2 µg/mL polybrene and added to 

MEL cells. Cells were incubated for 48 hours before the addition of 800 µg/mL geneticin 

for selection for 2 weeks before the concentration was lowered to 100 µg/mL geneticin 

for maintenance. 

Immunofluorescence Microscopy 

A total of 1.0×106 induced MEL cells were plated on poly-lysine (Sigma) coated 

plates and cultured overnight at 37°C with 5% CO2 before being fixed with 4% (wt/vol) 
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paraformaldehyde (Sigma) for 10 min. Cells were rinsed thoroughly with PBS and 

permeabilized with 0.5%Triton X-100 for 20 min, followed by a blocking step with 3% 

(wt/vol) BSA (Sigma). Cells were probed with a ZF-specific antibody, washed with 4% 

(vol/vol) Tween (Sigma) and incubated with FITC-conjugated secondary antibody (sc-

2777, Santa Cruz). Cells were washed again in 4% (vol/vol) Tween before being placed 

on slides with mounting media containing DAPI (Vecta Shield). Fluorescence was 

visualized using a fluorescence microscope (Leica). 

RNA Isolation and Analysis 

RNA was isolated from MEL cells and mouse fetal liver by using the RNeasy kit 

(Quiagen) according to the manufacturer’s instructions and was reverse transcribed with 

the iScript cDNA synthesis kit (Bio-Rad). RNA analysis was performed as previously 

described in Liang et al. [185]. The following primers were used to amplify cDNA: 

mouse β-minor, 5′-TACGTTTGCTTCTGATTCT-3′ (upstream [US]) and 5′-

CAGAGGCAGAGGATAGGTC-3′ (downstream [DS]); mouse dematin (band 4.9), 5′-

CCGCATGAGGCTTGAGAGG-3′ (US) and 5′-TCTTCTTAAGTTCGTTCCGCTTCC-3′ 

(DS); mouse β-spectrin, 5′-GCTTAAGGAACGCCAGACTCCAG-3′ (US) and 5′-

ATTTCTCCTGCTCGTCTTTGT-3′; and mouse β-actin, 5′-

GTGGGCCGCTCTAGGCACCA-3′ (US) and 5′-TGGCCTTAGGGTGCAGGGGG-3′ 

(DS). All RT-qPCR data were normalized to mouse β-actin expression levels. 

Chromatin Immunoprecipitation 

ChIP assays were performed as described previously with the following 

modifications [185]. A minimum of 2.0×107 cells were isolated, crosslinked, and 

sonicated to produce 200–400 bp chromatin fragments. Lysates were pre-cleared with 

mouse IgG (sc-2025, Santa Cruz) for 2 h at 4°C with gentle rotation following a 
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subsequent pre-clearing step with protein A Sepharose beads (GE Healthcare; CL-4B). 

Lysates were centrifuged at 1,700xg for 10 min at 4°C to pellet beads and the 

supernatant was retained and incubated with specific antibodies overnight at 4°C with 

gentle rotation. Sheared chromatin was incubated with 10 μL of ZF antibody. 

Alternatively, 2-10 μg of the following antibodies were used: anti-mouse RNA-Pol II 

(CTD45H8; Upstate Biotechnology, Inc.), anti-mouse RNA Poll II serine 2 (ab5095; 

Abcam), anti-mouse USF2 (sc-862X; Santa-Cruz), anti-mouse TAL1 (gift from the 

Huang lab, University of Florida), anti-mouse NF-E2 (sc-291X; Santa Cruz), and anti-

mouse KLF1 (ab2483; Abcam, and a gift from James Bieker, Mount Sinai Hospital, New 

York, NY). DNA was purified by phenol/ chloroform/isoamyl alcohol and subsequent 

chloroform extractions and precipitated by adding 2.5X volume of 100% (vol/vol) ethanol 

in the presence 10μg glycogen (Invitrogen) overnight at −20°C. DNA precipitates were 

washed in 70% ethanol, resuspended in 10mM Tris-HCl pH 8.5, and analyzed by RT-

qPCR as previously described (24). The following primer pairs were used: mouse β-

major promoter 5’-AAGCCTGATTCCGTAGAGCCACAC-3’ (US), 5’-

CCCACAGGCCAGAGACAGCAGC-3’ (DS); mouse β-minor promoter, 5′-

GCCATAGCCACCCTGTGTAG-3′ (US), 5′GAGACAGCAGCCTTCTCAGA-3′ (DS); 

dematin (band 4.9) promoter, 5′-AATGACGGCAGGGGTCAG (US), 5′-

CTTGGTCATGCCCATAGCTT-3′ (DS); mouse HS2, 5′-TGCAGTACCACTGTCCAAGG-

3′ (US), 5′-ATCTGGCCACACACCCTAAG-3′ (DS) and mouse 3’ β-major region, 5’-

GCTCTTGCCTGTGAACAATG-3’ (US), 5’-TGCTTTTTATTTGTCAGAAGACAG-3’ (DS). 
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Benzidine Staining 

Benzidine (Sigma) stock solution was prepared as follows: 3% Benzidine (w/v) in 

90% glacial acetic acid and 10% ddH20 from which fresh working solution was then 

prepared comprised of a ratio of 1:1:5 for benzidine stock solution, H202, and ddH20 

respectively. Induced MEL (1.0x106) cells were centrifuged at 2000 rpm for 5 min and 

resuspended in 500 µl PBS and 100 µl of the benzidine working solution was added to 

the cell suspension. After a 5 min incubation period, cells were centrifuged at 2000 rpm 

for 5 min and resuspended again in 500 µl PBS. Cells were counted under a light 

microscope (Van guard, Kirkland, WA) using a hemacytometer (Bright-Line, Horsham, 

PA) and blue cells were calculated as a percentage of total cells. Cells were then 

imaged using the Scope Image 9.0 software (Life Scientz Bio-tech, China). 

Generation of Transgenic Mice 

The plasmid pMSCV-neo containing the -90 β-ZF-DBD was linearized with Acl I 

(NEB), gel purified using the Qiagen gel extraction kit, resuspended in injection buffer at 

a concentration of 2ng/µl, and injected into FvB oocytes as described previously [186]. 

After transfer to pseudopregnant recipients, embryos were taken at day 13.5 dpc and 

imaged using the Leica microscope (Leica), and Q-capture software (Q-Imaging, B.C, 

Canada). RNA and DNA was extracted and analyzed as described previously. The 

cDNA was analyzed by qPCR using primers specific for the βmin-globin gene as 

described above and primers specific for the -90 β-ZF-DBD cDNA: 5'-

CTCGAGCCCGGGGAGAAAC-3' (US), 5'-TCACTTGTCATCGTCGTCCT-3' (DS). The 

animal work was approved by the UF IACUC committee. 
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Figure 2-1. Overall design schematic of the ZF-DBD. In order to maximize the efficiency 
of the reaction, the 6-fingered ZF-DBD is separated into two domains 
representing ZF 1-3 and ZF 4-6. These domains are assembled separately 
using a series of overlapping oligonucleotides coding for either the constant 
ZF backbone (blue) or the variable α-helix reading heads (black). Domains 
are annealed and gaps sealed in a phase I PCR assembly step. The two 
domains are then ligated together incorporating a non-canonical linker in the 
process to yield the complete 6-fingered ZF-DBD which is then amplified by 
PCR (Phase II) using flanking forward and reverse primers and cloned into 
the appropriate expression vector 
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Table 2-1.  Tailored ZF-DBD recognition helices. 

Target triplets with the corresponding amino acids shown were derived from the ZF 
Tools website [176]. ZF helices are positioned in the antiparallel orientation relative to 
the DNA target sequence. Amino acids reflecting positions -1 to +6 relative to the start 
of the alpha helix reading head of the ZF protein are shown.  All sequences are 
displayed in a 5’-3’ orientation. 
 

90 β-ZF-DBD Target Sequence: CTGCAGGGTAACACCCTG 

ZF Domains ZF1 ZF2 ZF3 LINKER ZF4 ZF5 ZF6 

Target 
Recognition 
Triplet 

CTG ACC AAC  GGT CAG CTG 

ZF Helix RNDALTE DKKDLTR DSGNLRV TGEKP TSGHLVR RADNLTE RNDALTE 

-2KB NC ZF-DBD Target Sequence: CTAGAGACCCATGATTGA 
 

ZF Domains ZF1 ZF2 ZF3 LINKER ZF4 ZF5 ZF6 

Target 
Recognition 
Triplet 

TGA GAT CAT  ACC GAG CTA 

ZF Helix QAGHLAS TSGNLVR TSGNLTE TGEKP DKKDLTR RSDNLVR QNSTLTE 

+60 ZF-DBD Target Sequence: CACCTGACTGATGCTGAG 
 

ZF Domains ZF1 ZF2 ZF3 LINKER ZF4 ZF5 ZF6 

Target 
Recognition 
Triplet 

GAG GCT GAT  ACT CTG CAC 

ZF Helix RSDNLVR TSGELVR TSGNLVR TGEKP THLDLIR RNDALTE SKKALTE 
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Table 2-2.  Constant primers and oligonucleotides used in zinc finger construction 

Oligonucleotides and primers used for the construction of the ZF-DBDs. Sequences are 
listed in the 5’-3’ orientation. 

 
 

Primer Nomenclature Constant Oligos (5’-3’) 

C1 (ZF 1-3) CGGGGAGAAACCCTATAAGTGTCCGGAGTGTGGCAAGTCGTTCTC 

C1 (ZF 4-6) TATAAGTGTCCGGAGTGTGGCAAGTCGTTCTC 

C2 
GCGTACCCACACGGGCGAAAAGCCGTACAAATGCCCAGAATGCGGT
AAATCCTTCAGC 

C3 CGGGGAGAAACCCTATAAGTGTCCGGAGTGTGGCAAGTCGTTCTC 

 General Primers (5’-3’) 

Forward Primer (ZF1-3) CAGGACGAATTCACTCGAGCCCGGGGAGAAACCCTATAAG  

Forward Primer (ZF4-6) CAGGACGGATCCTATAAGTGTCCGGAGTGTGGCAA  

Reverse Primer (ZF1-3) CAGGACAAGCTTGTGAGTGCGCTGGTG  

Reverse Primer (ZF4-6) CAGGACGGTACCGCTGGTTTTTTTGCCGGTGTGAGTGCGCTGGTG  

Eukaryotic Forward Primer 
ACGGTTAACATGCCGAAAAAAAAACGCAAAGTGCTCGAGCCCGGGG
AGAAAC  

Eukaryotic Reverse Primer GCAGTTAACTCACTTGTCATCGTCGTCCT 
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Table 2-3.  Variable oligonucleotides used in zinc finger construction 

Oligonucleotides encoding the variable regions for ZF1-3 and ZF 4-6 of the ZF-DBDs 
targeted towards the -90, +60 and -2KB cis-elements are shown. All sequences are 
displayed in the 5’-3’ orientation.  

Primer Nomenclature Variable Oligos (5’-3’) 

 Oligonucleotides for -90 ZF-DBD 

V1 (CTG) (ZF1-3) GCCCGTGTGGGTACGCTGATGTTCGGTCAGCGCATCGTTGCGCGAG
AACGACTTGCCACAC 

V2 (ACC) (ZF1-3) CCTGTATGCGTCCGTTGATGGCGGGTCAGATCTTTTTTATCGCTGAAG
GATTTACCGCAT 

V3 (AAC)(ZF1-3) TTGTGAGTGCGCTGGTGCACGCGCAGGTTGCCGCTATCACTAAAACT
CTTCCCACATTCG 

V1 (GGT) (ZF4-6) GCCCGTGTGGGTACGCTGATGGCGCACCAGATGGCCGCTGGTCGAG
AACGACTTGCCACAC 

V2 (CAG) (ZF4-6) CCTGTATGCGTCCGTTGATGTTCGGTCAGGTTATCCGCGCGGCTGAA
GGATTTACCGCAT 

V3 (CTG)(ZF4-6) CGGTGTGAGTGCGCTGGTGTTCGGTCAGCGCATCGTTGCGACTAAAA
CTCTTCCCACATTCG 

 Oligonucleotides for +60 ZF-DBD 
V1 (GAG) (ZF1-3): GCCCGTGTGGGTACGCTGATGGCGCACCAGGTTATCGCTGCGCGAG

AACGACTTGCCACAC 
 

V2 (GCT) (ZF1-3): 
 

CCTGTATGCGTCCGTTGATGGCGCACCAGTTCGCCGCTGGTGCTGAA
GGATTTACCGCAT 

V3 (GAT)(ZF1-3):  TTGTGAGTGCGCTGGTGGCGCACCAGGTTGCCGCTGGTACTAAAACT
CTTCCCACATTCG 

V1 (ACT) (ZF4-6):  GCCCGTGTGGGTACGCTGATGGCGAATCAGATCCAGATGGGTCGAG
AACGACTTGCCACAC 

V2 (CTG) (ZF4-6):  CCTGTATGCGTCCGTTGATGTTCGGTCAGCGCATCGTTGCGGCTGAA
GGATTTACCGCAT 

V3 (CAC)(ZF4-6) CGGTGTGAGTGCGCTGGTGTTCGGTCAGCGCTTTTTTGCTACTAAAA
CTCTTCCCACATTCG 

 Oligonucleotides for NC ZF-DBD 
V1 (GAG) (ZF1-3):  
 

GCCCGTGTGGGTACGCTGATGGCTCGCCAGATGGCCCGCCTGCGAG
AACGACTTGCCACAC 

V2 (GCT) (ZF1-3): CCTGTATGCGTCCGTTGATGGCGCACCAGGTTGCCGCTGGTGCTGAA
GGATTTACCGCAT 
 

V3 (GAT)(ZF1-3):  
 

TTGTGAGTGCGCTGGTGTTCGGTCAGGTTGCCGCTGGTACTAAAACT
CTTCCCACATTCG 

V1 (ACT) (ZF4-6):  
 

GCCCGTGTGGGTACGCTGATGGCGGGTCAGATCTTTTTTATCCGAGA
ACGACTTGCCACAC 

V2 (CTG) (ZF4-6):  
 

CCTGTATGCGTCCGTTGATGGCGCACCAGGTTATCGCTGCGGCTGAA
GGATTTACCGCAT 

V3 (CAC)(ZF4-6):  
 

CGGTGTGAGTGCGCTGGTGTTCGGTCAGGGTGCTGTTCTGACTAAAA
CTCTTCCCACATTCG 
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CHAPTER 3 
CHARACTERIZING THE -90 β-ZF-DNA BINDING DOMAIN 

Background 

Transcription is regulated by proteins that interact in a sequence-specific manner 

with the DNA at promoters or other regulatory elements. Most transcription factors 

belong to families of proteins that share characteristic DNA binding or protein/protein 

interaction domains and often recruit co-regulator complexes that modify chomatin 

structure, recruit transcription complexes, or modulate transcription elongation rates 

[187,188]. Because multiple members of transcription factor families are usually 

expressed in any given cell-type, it is difficult to assess in the context of the cell which 

protein mediates the effect of a cis-regulatory DNA element. Furthermore, transcription 

factors that regulate expression of genes often bind to multiple sites in promoter or 

enhancer regions [168]. The analysis of the functional role of cis-regulatory elements in 

the context of intact cells or in vivo therefore is challenging. Transgenic or reporter gene 

assays are powerful but limited by potential position-effects. Genetic manipulation of 

cis-regulatory elements is technically challenging and time consuming. 

 The zinc finger domain is the most commonly found DNA binding domain in 

eukaryotic transcription factors [122]. This domain is characterized by a DNA binding 

alpha helix which is stabilized by an adjacent finger-like structure in which histidine or 

cysteine residues coordinate a zinc atom [118]. The mode of DNA binding by zinc finger 

proteins is very well understood. This knowledge led to the development of artificial 

proteins containing a defined zinc finger DNA binding domain (ZF-DBD) that interacts 

with a specific sequence of interest [170]. Each alpha-helix reading head of a ZF-DBD 

recognizes 3 to 4 specific DNA base pairs and such reading heads can be designed to 



 

55 

essentially recognize most triplets of DNA base pairs [118]. Furthermore, these 

interactions are modular in nature and therefore arranging these zinc finger domains in 

tandem provides the recognition of asymmetrical DNA sequences [175]. Previous 

studies often link these artificial ZF-DBDs to effector domains that either enhance or 

repress transcription. Furthermore, ZF-DBDs have been quite extensively utilized to 

target nucleases to specific genomic sites to induce recombination [180,189]. Most of 

the artificial zinc finger proteins studied to date appear to interact with desired target 

sequences with high-specificity, however, off-targets have been detected [190].  The 

presence of effector domains can lead to additional unwarranted effects. For example, 

activation or repression domains can interact with proteins to modulate transcription. 

Thus expression of these effector domains fused to ZF-DBDs could sequester proteins 

and change expression of multiple genes, not just those targeted by the artificial 

transcription factor [190].  

In the present study we wished to examine if ZF-DBDs without effector domains 

could be utilized to compete with endogenous transcription factors at specific cis-

regulator elements thus neutralizing this site. Our purpose is to assess applicability of 

using ZF-DBDs as a screening tool to assess the function of potential cis-regulatory 

elements in vivo. To address this question, I designed and expressed a ZF-DBD 

harboring 6 zinc finger domains that specifically interacts with a known critical cis-

regulatory element associated with adult β-globin gene expression—the -90 CAC box 

[191]. I termed this artificial binding protein −90 β-ZF-DBD. The CACCC site, located 

about 90bp upstream of the β-globin transcription start site, interacts with transcription 

factor KLF1, a zinc finger protein related to Sp1 [127]. KLF1 deficiency leads to 
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embryonic lethality in mice due to anemia [130]. Mutations of the CACCC site in the 

human population have been associated with β-thalassaemia [96].  I designed and 

expressed a ZF-DBD targeting 18bp flanking the adult β-minor globin -90 CACCC site. 

Statistically, an 18bp sequence occurs only once per mouse and human genome [175].  

Binding assays indicated that the -90 β-ZF-DBD specifically interacted with DNA 

fragments containing the β-minor globin -90 CACCC site. Expression of this ZF-DBD 

reduced expression of the β-minor globin gene but not that of other KLF1-regulated 

genes. Transient transgenic embryos expressing the -90 β-ZF-DBD are phenotypically 

normal but exhibited reduced expression of the adult β-minor globin gene.  The data 

demonstrate that ZF-DBDs without effector domains can be used to neutralize and 

thereby assess the function of specific cis-regulatory DNA elements in vivo [191]. 

Results 

To demonstrate the feasibility of using artificial DNA binding domains to 

neutralize the function of a cis-regulatory DNA element, I focused on the -90 CACCC 

box sequence located upstream of the murine adult β-minor globin gene promoter. This 

cis-element is known to interact with the transcription factor KLF1 and is critical for high-

level β-minor globin gene expression in erythroid cells [192]. I hypothesized that 

neutralization of this site by an artificial DNA binding domain would prevent KLF1 from 

interacting with its target cis-element and would therefore reduce β-minor globin gene 

expression. Thus, I designed a ZF-DBD comprised of six zinc finger domains (herein 

referred to as the -90 β-ZF-DBD) that would bind to 18bp of DNA flanking the target -90 

CACCC box (Fig. 3-1A). I designed the -90 β-ZF-DBD using the Zinc Finger Tools 

website and amino acid-nucleic acid recognition sequences were derived from the 

Barbas modules [176]. ZF-DBD proteins were then assembled and generated using a 
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modified protocol from Muller Lerch [184]. The -90 β-ZF-DBD was cloned in the pT7-

Flag2 vector and expressed in and purified from E.coli (Fig.3-1B and C). The -90 β-ZF-

DBD protein migrated at an expected size of 24 kDa. I next examined the DNA 

association activity of the purified recombinant-90 β-ZF-DBD using electrophoretic 

mobility shift assays (EMSAs) shown in Fig.3-1D. The -90 β-ZF-DBD specifically 

interacted with an oligonucleotide containing the 18 bp target WT sequence harboring 

the -90 CACCC site but not with mutant oligonucleotides. An excess of unlabeled WT 

oligonucleotides efficiently competed for the binding while mutant oligonucleotides did 

not perturb binding. The addition of a Flag-antibody to the binding reaction eliminated 

formation of the protein DNA complex indicating that this interaction was specific. These 

data demonstrate that the -90 β-ZF-DBD interacts with the target 18bp sequence 

encompassing the -90 CACCC box in a sequence-specific manner. 

For eukaryotic in vivo studies, the coding sequence for the -90 β-ZF-DBD was 

cloned into the pMSCV-neo plasmid and modified to include a NLS. After packaging, 

viruses either harboring the vector encoding the -90 β-ZF-DBD or an empty vector were 

used to transduce mouse erythroleukemia (MEL) cells. Single cell clones were 

generated from transduced MEL population pools and clonal variability was minimal 

with respect to expression of the -90 β-ZF-DBD and similar globin gene expression 

profiles were observed. MEL cells are erythroid progenitor cells that express low levels 

of the adult α- and β-globin genes. Several compounds have been shown to induce 

differentiation of MEL cells including Dimethylsulfoxide (DMSO). Incubation of MEL cells 

for 3 days in the presence of 2% DMSO results in a dramatic increase in globin gene 

expression [193].  To examine the cellular localization of the -90 β-ZF-DBD I first 
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performed immunofluorescence microscopic analysis in induced MEL cells using an 

antibody against the backbone of the ZF-DBD (Fig. 3-2A). The data demonstrate that 

the -90 β-ZF-DBD localized to the nucleus. I next fractionated the MEL cells into 

cytosolic and nuclear compartments and performed an immunoblot analysis (Fig. 3-2B). 

Brg1, a nuclear chromatin regulatory protein, and α-tubulin, a predominantly 

cytoplasmic protein were used as controls to indicate complete cellular fractionation. 

The -90 β-ZF-DBD was only present in the nuclear fraction in induced MEL cells 

confirming immunofluorescence results.  

I analyzed KLF-1-dependent gene expression in single cell clones from MEL 

cells that stably expressed either the -90 β-ZF-DBD or empty vector. Upon phenotypic 

analysis MEL cell containing the -90 β-ZF-DBD when pelleted were pale compared to 

vehicle control cells suggesting that globin synthesis was impaired. (Fig. 3-3A). This 

was confirmed by staining induced MEL cells with benzidine—a stain that reacts with 

intact hemoglobin for form a blue color indicative of adequate globin synthesis, and 

found that there was a marked reduction in benzidine positive cells that stably 

expressed the -90 β-ZF-DBD to levels of approximately 30% compared to control cells 

(Fig. 3-3B and C).  I next extracted RNA and analyzed the expression of β-minor globin. 

Vehicle-treated control cells exhibited a significant increase in β minor globin expression 

upon induction as expected. Cells expressing the -90 β-ZF-DBD however revealed a 

dramatic reduction in of β-minor globin expression in both uninduced and induced MEL 

cells (Fig. 3-3D). To ensure that this effect was specific to only β-minor globin and to 

validate our hypothesis that the -90 β-ZF-DBD was interfering with KLF1 occupancy at 

only β-minor globin thus causing the reduction in expression, I analyzed expression of 
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other KLF1-regulated genes in erythroid cells. Dematin (also known as band 4.9) and β-

spectrin (Fig. 3-3E and F) are genes both induced upon erythroid differentiation and 

positively regulated by KLF1. Importantly, the sequences of the KLF1 binding sites in 

the β-spectrin and dematin promoter regions are very similar to the -90 CACCC site in 

the β-minor globin gene promoter. There were no differences in expression levels of β-

spectrin and dematin in induced and uninduced MEL cells expressing the -90 β-ZF-DBD 

when compared to vehicle-control cells demonstrating that expression of the -90 β-ZF-

DBD did not affect expression of these genes (Fig. 3-3E and F). This demonstrates that 

the -90 β-ZF-DBD specifically reduces expression of the β-globin genes but did not 

affect expression of other KLF1-target genes in erythroid cells. 

I next wanted to map the in vivo occupancy of the -90 β-ZF-DBD to chromatin by 

chromatin immunoprecipitation (ChIP). Our original attempts using an anti-flag antibody 

did not yield conclusive results. I obtained antisera from Dr. Carlos Barbas (Scripps, La 

Jolla, CA), which recognizes the backbone of the ZF-DBD. The specificity of the ZF 

antibody was verified by immuno-blot analysis and was consistent with results seen with 

the anti-Flag antibody. I first examined the occupancy of the -90 β-ZF-DBD to the β-

minor globin gene promoter, to the promoter of the dematin gene, and to locus control 

region element HS2, which all contain KLF1 binding sites (Fig. 3-4A). The data 

demonstrate that the -90 β-ZF-DBD binds specifically to the β-minor globin promoter but 

not with LCR element HS2. Furthermore, expression of the -90 β-ZF-DBD drastically 

reduced the binding of KLF1 to the β-minor globin promoter but not with LCR HS2 (Fig. 

3-4B). I also observed transient binding of the -90 β-ZF-DBD to the dematin promoter 

but it was not as pronounced as the interaction with the β-minor globin promoter region. 
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Transient binding possibly occurred due to the target sequence similarities in the 

promoter regions of these genes (Fig. 3-4E). Yet interestingly, KLF1 binding to this 

region was not affected (Fig. 4-4A and B). 

To address the question if binding of the -90 β-ZF-DBD affects the recruitment of 

transcription complexes to the β-minor globin gene promoter, I performed ChIP using 

antibodies specific for RNA polymerase II (Pol II). Previous studies have shown that Pol 

II interacts with LCR HS2 and with the adult β-globin gene promoter and that the binding 

increases upon induction of MEL cell differentiation [194]. As shown in Fig 3-4C., Pol II 

bound efficiently to the β-minor globin promoter and to a lesser extent to LCR element 

HS2 in induced MEL cells harboring the empty vector. The interaction of Pol II was 

reduced at the β-globin promoter in MEL cells expressing the -90 β-ZF-DBD. 

Interestingly, the binding of Pol II at LCR HS2 was also somewhat reduced in these 

cells despite the fact that KLF1 binding was not perturbed at this site which could 

indicate a reduction in interaction frequencies between the LCR and the β-globin 

promoter in cells expressing the −90 β-ZF-DBD. The data demonstrate that occupancy 

of the -90 β-ZF-DBD to the β-minor promoter prevents KLF1 from binding to the -90 

CACCC site thereby inhibiting the recruitment of transcription complexes (Fig. 3-4D).  

To test the effect and applicability of introducing an artificial DNA binding domain 

in a complete in vivo system, I generated and analyzed transient transgenic embryos 

ubiquitously expressing the -90 β-ZF-DBD. There was the possibility that transgenic 

embryos expressing the -90 β-ZF-DBD would die in utero due to defects in hemoglobin 

synthesis. Thus, we decided to analyze transient transgenic and wild-type embryos at 

13.5 dpc. The switch from the embryonic to the fetal/adult globin expression program 
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occurs around day 11.5 dpc [3]. I analyzed three transgenic and 3 wild-type mice. Two 

out of the three transgenic embryos revealed reduced expression of adult β-minor 

globin gene expression (Fig. 3-5B).  Fig. 3-5A illustrates a representative transgenic -90 

β-ZF-DBD-expressing embryo and as can be seen, these embryos were paler in 

comparison to non-transgenic littermates. Importantly, transgenic embryos did not 

reveal any obvious developmental phenotype indicating that expression of the -90 β-ZF-

DBD did not affect development and differentiation. This confirms the possibility that ZF-

DBD without effector domains to minimize non-specific interactions can be expressed in 

in vivo systems. 

Discussion 

The functional role of cis-regulatory DNA elements and interacting proteins is 

difficult to assess in vivo. Transgenic studies or stable reporter gene assays are 

hampered by the fact that sequences are taken out of their natural environment and 

may be influenced by neighboring chromatin at the site of integration. Artificial DNA-

binding domains represent promising tools for studying and modulating gene regulation 

in vivo. As shown in this study, ZF-DBDs without effector domains can be used to alter 

expression of genes by preventing transcription factors from accessing DNA at specific 

sites. These synthetic proteins can be used to assess the function of a cis-regulatory 

DNA element and the identity of interacting proteins in vivo. Several different strategies 

have been developed to generate artificial binding domains; the majority are based on 

DNA-binding domains found in either ZF or transcription activator-like effector (TALE) 

proteins [178,195]. TALE proteins, identified in prokaryotic plant pathogens, are modular 

in nature and like ZF proteins can be combined to recognize extended DNA sequences 

[196]. The advantage of ZF proteins over TALE proteins is that they are relatively small, 
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minimizing effects resulting from potential protein interactions and perhaps in the long 

term allowing delivery by protein transduction [197]. Much is known about the 

configuration of amino acids in the ZF α-helix reading head that interact with specific 

DNA base pair triplets, and this led to the development of algorithms that have been 

used to design artificial ZF proteins that bind to specific DNA sequences [198]. Klug and 

colleagues first described the use of a synthetic 3-ZF protein that blocked the activating 

sequence that arose from a chromosomal translocation [169]. In this study, I used the 

Zinc Finger Tools web site to design a ZF-DBD targeting the −90 CACCC site in the 

murine adult β-minor globin gene promoter [176]. The −90 β-ZF-DBD interacted with the 

β-minor globin CACCC box and efficiently blocked association of KLF1 with this site. As 

a consequence, β-minor globin gene expression was reduced. In previous studies, 

Bieker and colleagues over-expressed the KLF1 DNA-binding domain in erythroid cells, 

which led to reduced β-major- globin expression levels [199]. However, in contrast to 

the −90 β-ZF-DBD, the KLF1-binding domain interacts with many gene regulatory 

elements in erythroid cells. The −90 β-ZF-DBD did not interact with LCR element HS2, 

which also contains a KLF1-binding site. I detected a weak interaction of the −90 β-ZF-

DBD with the dematin promoter in induced MEL cells. However, this binding event did 

not affect binding of KLF1 or dematin expression, strongly suggesting that the −90 β-

ZF-DBD failed to interfere with KLF1 function at this particular site. I also observed a 

reduction in expression of the βmaj-globin gene in cells expressing the −90 β-ZF-DBD.  

The reason for this is not known but could indicate that the adult β-globin promoters 

cooperatively regulate each other. This would be consistent with a recent study 

demonstrating extensive promoter–promoter interactions and cross-regulation in 
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mammalian cells [200]. Alternatively, the artificial zinc finger protein could bind to both 

adult globin gene promoters due to close proximity. A recent study by Lam et al. 

demonstrated that the majority of modular artificial C2H2 ZF proteins bind DNA with 

high sequence specificity and preferentially associate with sites to which they were 

targeted [201]. Although we did not perform a global analysis of the interaction of the 

−90 β-ZF-DBD in MEL cells, the analysis of selected sites that resemble the targeted 

site suggests that the −90 β-ZF-DBD preferentially associates with the β-minor globin 

gene promoter. This is further supported by our observation that transient transgenic 

embryos expressing the −90 β-ZF-DBD ubiquitously had reduced β-globin gene 

expression but did not reveal any other developmental abnormalities. The study 

presented here demonstrates that ZF-DBDs without effector domains can be used to 

alter expression patterns of genes in vivo. These artificial proteins thus provide a tool for 

modulating and analyzing cis-regulatory DNA elements and may also impact 

therapeutic approaches aimed at altering expression of specific genes. 
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Figure 3-1. In vitro characterization of the -90 β-ZF-DBD. (A) Representation of the adult 
murine β-minor globin gene with the -90 β-ZF-DBD (oval) binding to the -90 
KLF1 binding site upstream of the β-minor globin gene. The 18 bp sequence 
targeted by the -90 β-ZF-DBD is shown with the CACCC box highlighted in 
green. (B) Immunoblot using a flag-specific antibody. The -90 β-ZF-DBD 
migrated with an apparent molecular weight of 24 kDa. (C) SDS-PAGE and 
subsequent Coomassie stain of induced and uninduced E.coli (lanes 1 and 
2), respectively. The -90 β-ZF-DBD was immunopurified from crude protein 
lysates using anti-flag magnetic beads (lane 4). (D) Electrophoretic mobility 
shift analysis (EMSA) of the purified recombinant -90 β-ZF-DBD using 
oligonucleotides representing the -90 KLF1 site (WT) or a mutant 
oligonucleotide (left panel lanes 1 and 3). Binding of the -90 β-ZF-DBD to the 
labeled WT oligonucleotide was abolished in the presence of 500 molar 
excess of unlabeled WT competitor but was unaffected by excess of 
unlabeled mutant oligonucleotides (right panel). The lane labeled WT (*) 
included a Flag-specific antibody during the binding reaction (left panel). 
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Figure 3-2. The -90 β-ZF-DBD localizes to the nucleus in induced MEL cells. (A) To 
visualize the location of the ZF-DBD, MEL cells were stably transduced, fixed 
and stained. DAPI stains chromatin in the nucleus (blue) and the -90 β-ZF-
DBD was visualized using antisera against the ZF backbone (green). The 
bottom panel represents the merge of the two previous panels. (B) Induced 
stable MEL cells were fractionated into cytoplasmic [C] and nuclear fractions 
[N] which were subjected to immunoblot analyses using antibodies specific for 
Brg1, α-tubulin, and anti-Flag, as indicated. 
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Figure 3-3. Specific reduction in βmin-globin gene transcription in MEL cells expressing 
the -90 β-ZF-DBD. (A) Phenotypic analyses of induced MEL cells that were 
chemically induced for 72h with 2.5% DMSO. (B) Benzidine staining of MEL 
cells expressing the -90 β-ZF-DBD or harboring the empty vector. (C) Percent 
benzidine positive MEL cells expressing the -90 β-ZF-DBD with number of 
benzidine positive cells in vehicle control MEL cells set at 100%. D-F. 
Quantitative RT-PCR analysis of βmin-globin (D), β-spectrin (E), and dematin 
(F) transcripts in uninduced (UN) or induced (IN) MEL cells expressing either 
the -90 β-ZF-DBD or harboring the empty vector. Data presented is the 
average of 3 independent experiments ± SEM. 
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Figure 1-4.  Displacement of KLF1 and RNA polymerase II from the βmaj-globin gene 

promoter by the -90 β-ZF-DBD in MEL cells. ChIP analysis of MEL cells 
expressing the -90 β-ZF-DBD or harboring the empty vector. (A and B) ChIP 
analysis of the interaction of the -90 β-ZF-DBD (A) or KLF1 (B) with LCR 
element HS2, the β-minor globin gene promoter, and the dematin promoter, 
as indicated. (C) ChIP analysis of the interaction of RNA polymerase II (Pol II) 
with LCR element HS2 and the β-minor globin gene promoter. Data represent 
two independent ChIP experiments with PCRs run in triplicate ± SEM. (D) 
Four sequences derived from either the dematin or β-spectrin promoter 
harboring potential CAC boxes were aligned with the -90 β-ZF-DBD target 
site (18bp sequence shown above the line). Sequence homology is indicated 
by the number in parentheses.  
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Figure 3-5. Transient transgenic mouse embryos expressing the -90 β-ZF-DBD exhibit 

reduced expression of the βmin-globin gene. (A) Images of 13.5 dpc wild-type 
(WT) and -90 β-ZF-DBD transgenic embryos. (B) Quantitative RT-PCR 
analysis of βmin-globin gene expression in WT and -90 β-ZF-DBD transgenic 
embryos. Expression levels in WT were set at 1. (C) Model illustrating ZF-
DBD mediated disruption of KLF1 binding and Pol II recruitment at the adult 
βmin-globin gene promoter. 
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CHAPTER 4 
CHARACTERIZING THE +60 EBOX ZF-DNA BINDING DOMAIN 

Background 

Cis-element redundancy often presents a challenge in molecular biology 

especially when attempting to interrogate the functional potential of a cis-element in vivo 

[168]. To date, techniques such as ChIP sequencing can provide a means to address 

this problem; however, given that ChIP sequencing analyses reflect 100 bp reading 

frames that often contain numerous cis-elements, it remains difficult to identify which 

element truly harbors the function [202].  

Artificial DNA-binding proteins comprised of zinc finger domains can surmount 

this challenge. Zinc finger DNA-binding domains (ZF-DBD) bind to DNA in a sequence-

specific manner with high affinity and neutralize a target site. A single zinc finger domain 

can recognize 3 base pairs of DNA—an interaction that can be extended by adding 

additional zinc finger domains in tandem to allow the recognition of extended 

asymmetric DNA sequences [118,181]. The benefit of employing ZF-DBDs includes 

rapid delivery and more importantly, enhanced resolution for cis-element detection. The 

enhanced resolution allows targeting of sequences ranging from 6 to18 base pairs with 

18 being optimal as this sequence length confers a unique signature within the genome 

[175].  

We employ the ZF-DBD technology to evaluate the putative function of E-box 

elements, comprised of the sequence 5’-CANNTG-3’, within the murine beta-globin 

promoter region. Helix-loop-helix proteins such as the heterodimeric transcription factor 

upstream stimulatory factor (USF), which is composed of the closely related proteins 

USF1 and USF2, binds to E-box elements and has been shown through ChIP analysis 
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to occupy the beta-globin promoter region where it is involved in mediating high level 

expression of the adult beta-globin gene [147,156]. Given that there are two 

predominant E-box elements located at positions +20 and +60 relative to the murine 

beta-major transcription start site, it is difficult by conventional methods to discern which 

E-box element truly harbors the function in vivo [100]. Understanding the intricacies of 

beta-globin regulation is warranted to improve therapies for individuals with 

hemoglobinopathies and detailing which of the two E-box elements bind functional USF 

is critical and could provide insight as to a potential target site for therapy.  

Given that in vitro mutagenesis studies indicate that the +60 E-box elements 

likely carries the functional relevance, I designed a ZF-DBD to target and neutralize 

18bp encompassing the +60 E-box to determine functional relevance in vivo [194]. 

Neutralizing this element will prevent endogenous transcription factors from interacting 

with the target cis-element and beta-major expression can be evaluated. In our study, 

targeting the +60 E-box led to a reduction in β-major globin expression in a dose-

dependent manner relative to the amount of ZF-DBD protein expressed in the murine 

erythroleukemia cell line. I also observed a dose-dependent reduction in RNA 

polyermase II (Pol II) recruitment to the β-major promoter region relative to vehicle 

control cells. This suggests that the +60 E-box is critical for high level expression as well 

as recruitment of Pol II to the beta-globin gene.  

In order to ensure that the introduction of a ZF-DBD to the beta-globin locus is 

not the causative factor for altering gene expression, I stably expressed a ZF-DBD 

targeted towards a region -2KB upstream of the beta-major promoter that is predicted to 

be inert based on global ChIP data from UCSC genome tracks. Neutralizing this site did 
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not alter beta-globin expression indicating that the effects seen with the +60 ZF-DBD is 

due to specific neutralization of the cis-element.  

Results 

ZF-DBDs derived from the Barbas modules were designed to neutralize the +60 

E-box and -2KB cis-elements [176]. The designed ZF-DBD is composed of 6 zinc finger 

domains to target 18bp regions flanking the desired target sites (Figure 4-1A). The 

coding region for the ZF-DBD was modified to include a Flag and nuclear localization 

signal (NLS) tags and placed into the retroviral pMSCV vector. Murine erythroleukemia 

cells (MEL) were then transduced to generate stable populations for the -2KB ZF-DBD 

(denoted as the negative control (NC)-ZF-DBD)) through geneticin sulfate selection. 

Single cell clones stably expressing either low levels, or medium levels of the +60 E-box 

ZF-DBD protein, were selected to evaluate and titrate the concentration of ZF-DBD 

needed to provide optimal neutralization (Figure 4-1C).  

To confirm nuclear localization, MEL cells harboring the -2KB and the +60 ZF-

DBDs were fractionated into cytoplasmic and nuclear fractions (Figure 4-1B and C 

respectively). The nuclear protein BRG1 and the cytoplasmic protein β-tubulin were 

used as controls to indicate complete fractionation. The ZF-DBDs localize to the nuclear 

fractions in MEL cells while displaying no staining for vehicle treated cells.   

To determine the effect on adult β-major expression, RNA was extracted from 

uninduced and DMSO-induced MEL cells. Quantitative RT-PCR analysis in stable MEL 

cells harboring the +60-ZF-DBD indicated that β-major globin expression levels were 

significantly decreased compared to vehicle control cells. Furthermore, this decrease 

occurred in a dose-dependent manner relative to the concentration of ZF-DBD protein 
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present (Figure 4-2B). To confirm the specificity of targeting, additional E-box containing 

erythroid specific genes such as Dematin and β-Spectrin were evaluated and displayed 

no change in expression compared to control cells (Figure 4-2B). As another form of 

control, β-major globin transcripts from MEL cells harboring the NC ZF-DBD targeting a 

region a few kilobases upstream did not change compared to control MEL cells (Figure 

4-2A). This indicates that the effect observed with the +60 ZF-DBD containing cells was 

due to the specific targeting and neutralization of the +60 E-box cis element by the ZF-

DBD and not simply due to the introduction of an artificial DNA-binding protein to the β-

major globin promoter region.  

Next to confirm the specificity of the ZF-DBDs, I examined target occupancy by 

chromatin immunoprecipitation (ChIP) in induced MEL cells. Both the +60 and NC-ZF-

DBDs occupied the designated target regions at the β-major promoter and -2KB regions 

respectively (Figure 4-3A and B).To evaluate specificity of targeting, other regions within 

the beta-globin locus were examined.  MEL cells harboring low levels of the +60 ZF-

DBD did not display significant binding to other select regions within the beta-globin 

gene locus highlighting the specificity of the ZF-DBD. MEL cells harboring higher levels 

of the +60 ZF-DBD however did have significant off-target binding at the -2KB and 3’ β-

major regions. This could be due to excessive levels of protein or saturation of the 

binding to the target site causing it to bind to other regions. The NC ZF-DBD binding to 

the -2KB site though significant, was weak over non-specific controls. This was likely 

attributed to the fact that ChIP was performed on a population level with heterogeneous 

expression of the NC ZF-DBD resulting in increased variability and less evaluative 

power relative to the homogeneous expression in the single cell clones.  
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To determine the effect of neutralization the target sites, I examined candidate 

erythroid-specific transcription factors that are known to bind to E-box sequences such 

as the Upstream Stimulatory Factor heterodimer complex (USF1 and USF2) as well as 

the T-cell acute lymphocytic leukemia protein 1 (TAL1). Both USF and to a lesser extent 

TAL1, occupied both HS2 of the LCR and the β-major promoter in induced vehicle 

treated control MEL cells. Interestingly, USF2 levels displayed reduced occupancy at 

the β-major promoter while TAL1 displayed increased occupancy. Though these 

findings did not cross the threshold of significance, it suggests that the USF1/USF2 

complex may be the transcription factor that predominately interacts with the +60 E-box 

cis-element. The increased binding of TAL1 could be a compensatory mechanism 

perhaps through the interaction with the +20 E-box element. Although this hypothesis 

cannot be verified by ChIP as the two regions are too close in proximity, it is an 

attractive explanation of why I see a trending increase in TAL1 occupancy at the β-

major promoter region. Curiously, a significant and dramatic reduction in USF2 

occupancy was also observed at the LCR HS2 element. This is an intriguing finding and 

may suggest co-regulation between HS2 and β-major promoter regions. Indeed, HS2 of 

the LCR and the β-major promoter are known to come into close proximity as 

determined by 3C analysis and this interaction is critical for the high level expression of 

the adult globin genes. TAL1 occupancy at HS2 did not display significant differences 

compared to control MEL cells. Of further note, both USF2 and TAL1 displayed altered 

occupancy at the 3’ end of the β-major gene in MEL harboring the +60 ZF-DBD—a 

phenomenon that warrants further investigation. 
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Since it is hypothesized that USF is involved in the recruitment of the RNA 

polymerase II (Pol II) to the LCR for subsequent transfer to the β-major promoter, the 

reduction in USF2 occupancy due to the neutralization of the +60 E-box element 

observed may also lead to a reduction in Pol II binding at the LCR and the β-major 

promoter. To test this hypothesis, I mapped Pol II occupancy in induced MEL cells 

harboring the +60 ZF-DBD (Figure 4-5 A and B). Vehicle control cells display the 

characteristic binding pattern with accumulation of Pol II both at the LCR and the β-

major promoter with levels tailoring slightly as the 3’ end of the β-major gene is 

approached. In MEL cells harboring the +60 ZF-DBD however, total Pol II levels, as well 

as the serine 2 modified, representing the initiating form of Pol II, displayed a significant 

and surprising increase in occupancy at HS2 of the LCR rather than a decrease as 

expected. This increase occurred in a dose-dependent manner with respect to +60 ZF-

DBD expression and suggests that Pol II is being stalled and therefore accumulating at 

HS2. Indeed, upon examination of Pol II occupancy at the β-major promoter and within 

the body of the gene, levels were significantly reduced compared to vector control cells. 

The level of reduction also displayed a dose-responsive association. I also observed an 

increase in occupancy of serine 2 phosphorylated Poll II at the 3’ end of the β-major 

gene relative to vehicle control cells that warrants further investigation (Figure 4-5B).  

Poll II as well as USF2 occupancy in the NC ZF-DBD-containing induced MEL 

cells displayed no change from vector treated cells at the -2KB site as well as the β-

major promoter regions consistent with the prediction that neutralizing the -2KB element 

should not perturb β-major globin regulation.  I did however observe reduced occupancy 

of Pol II at HS2 of the LCR as well as an increase in USF2 levels which was attributed 
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to the variability typically observed when evaluating factor occupancy in a 

heterogeneous population (Figure 4-5C). 

Discussion 

To assess whether the +60 E-box cis-element located 60 bp downstream of the β-major 

globin gene carried functional relevance in vivo, I designed an artificial zinc finger DNA 

binding domain (ZF-DBD) to neutralize 18bp encompassing the target site. Successful 

stable expression and localization of the ZF-DBD into murine erythroleukemia cells 

(MEL) was confirmed by compartmentalization immunoblot analysis. β-major globin 

expression was reduced in MEL cells harboring the +60 ZF-DBD in a dose-dependent 

manner while no changes to other selected erythroid-specific genes were affected 

indicating the specificity of targeting. Specificity to the target site was confirmed by ChIP 

analysis which indicated that the +60 ZF-DBD occupied the β-major promoter region in 

a specific dose-responsive manner. Non-specific occupancy was detected at the -2KB 

site as well as the 3’ end of the β-major globin gene in a single cell clone that expressed 

higher levels of the +60 ZF-DBD. This could be due to over saturation of binding to the 

target site due to the increased levels of ZF-DBD protein causing transient occupancy at 

other regions. This indicates that it may be beneficial to select clones with a more 

moderate “physiological-like” expression pattern to prevent non-specific interactions.  

Neutralizing the +60 E-box element led to a decrease in USF2 occupancy at the 

β-major promoter and curiously also at HS2 of the LCR as well as at the 3’ end of the β-

major globin gene. This was an intriguing finding and could be explained by the complex 

3-dimensional interaction between the LCR and the β-major gene that has been 

extensively documented by 3C analysis [105]. Regardless, significant reductions in 
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USF2 recruitment were observed which suggests that this transcription factor may be 

the likely candidate that interacts with the +60 E-box element. Occupancy of TAL1 in 

comparison was largely unaffected, particularly at the LCR and the β-major promoter, 

where dramatic reductions in USF2 occupancy were seen. I did note a significant 

decrease in TAL1 occupancy compared to vehicle treated cells at the 3’ end of the β-

major gene which could indicate a potential role for TAL1 but this warrants further 

investigation. Clone 15 that harbored higher levels of the ZF-DBD protein exhibited 

increased TAL1 occupancy at the 3’ end of the β-major gene. This may be challenging 

to interpret given the over-saturation of the protein producing non-physiological effects. 

The most remarkable finding was the mapping of Pol II. Our hypothesis was that 

Poll II levels should be reduced at the β-major promoter as well as the LCR consistent 

with the reduction in USF2 occupancy since it has been shown that USF is involved in 

the recruitment of the polymerase first to the LCR for subsequent delivery to the β-major 

globin promoter. Conversely, I observed an increase in both total Poll II levels as well as 

the serine 2 phosphorylated form—a marker for active Pol II. ). A possible explanation 

for this finding is that the inhibition of USF binding to the +60 Ebox by the +60 ZFDBD 

interferes with the transfer of Pol II to the promoter. This is consistent with a previous 

study from the Bresnick laboratory [203]. The authors demonstrated that deficiency of 

transcription factor NF-E2, which can be crosslinked to the LCR and the adult β-globin 

gene promoter caused a reduction of Pol II binding at the promoter but not at the LCR. 

The data thus support a model according to which NF-E2 and USF collaborate in the 

transfer of Pol II from the LCR to the globin gene promoter [204]. The observation that 

USF binding at LCR HS2 decreased in cells expressing the +60 ZF-DBD suggests that 
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the binding of USF at the LCR is indirectly mediated through its association with the β-

globin gene promoter.  

In contrast, the NC ZF-DBD, through its specific binding at the -2KB element—a 

sequence predicted to be inert, revealed no change in β-major globin expression, and 

no difference in recruitment or occupancy of USF2 or Pol II at the β-major promoter. I 

did observe changes in Pol II and USF2 occupancy at HS2 of the LCR and the level of 

binding of NC ZF-DBD was relatively weak which is attributed to heterologous 

population variation. It will be beneficial to examine the effects of the NC ZF-DBD on a 

single cell level since the results on the population scale are promising.  

In our study, I successfully demonstrate that ZF-DBDs can be used to effectively 

target and neutralize cis-regulatory elements in vivo. Due to the specificity of binding 

however as well as the high affinity for the target site over most endogenous factors, it 

may be only feasible to examine cis-regulatory elements outside of gene bodies. The 

targeting of ZF-DBDs to the transcribed region of a gene could be problematic due to 

the possibility that they may interfere with the elongation properties of Pol II. An 

indication for this is the reduced levels of serine 2 phosphorylated Pol II at the LCR and 

the β-globin gene in cells expressing the + 60 ZF-DBD. Barring this cautionary 

statement, artificial ZF-DBDs still remain extremely effective tools for examining the 

functional potential of select cis-regulatory elements in vivo.  



 

78 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-1. Zinc Finger DNA-binding domains (ZF-DBD) stably localize to the nucleus in 

MEL cells. A) Schematic of the target sites for the -2KB and +60 ZF-DBDs are 

shown relative to the start of the β-major globin gene. B) 

Compartmentalization immunoblot where cells were fractionated into cytosolic 
(C) and nuclear (N) fractions. Brg1 and Tubulin (top and middle panel 
respectively) represent controls. The -2KB ZF-DBD protein in MEL cell 
population C4 and D2 are shown and indicates nuclear localization (bottom 
panel). C) Two single cell clones reflecting low and medium protein 
expressing levels (clones 19 and 15 respectively) both localize the ZF-DBD to 
the nuclear fraction in MEL cells. 

  



 

79 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-2. Specific reduction in β-major-globin gene transcription in MEL cells 

expressing the +60 ZF-DBD or empty vector. (A) RT-qPCR examining β-

globin transcripts in uninduced and induced MEL cells harboring the NC ZF-
DBD (B) Quantitative RT-PCR analysis of β-major globin, β-spectrin, and 
dematin transcripts in uninduced and induced MEL cells. expressing either 
the +60 ZF-DBD or harboring the empty vector. Data presented is the 
average of 2 independent RNA extractions with qPCR performed in triplicate 

± SEM. Statistical analysis were based on student T test p ≤ 0.05. 
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Figure 4-3. ZF-DBDs bind to the intended target sites. ChIP analysis of induced MEL 

cells expressing the +60 ZF-DBD, NC ZF-DBD, or harboring the empty vector 
control. (A) ChIP analysis of the occupancy of the +60 ZF-DBD to select sites 

in the β-globin locus. Two single cell clones with low (clone 19) or high (clone 

15) expressing protein levels of the +60 ZF-DBD were analyzed. (B) Mapping 

of the NC ZF-DBD to select sites in the β-globin gene locus. Data represent 

two independent ChIP experiments with PCRs run in triplicate ± SEM. 

Statistical analysis were based on student T test p ≤ 0.05.  

A B 
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Figure 4-4. USF2 occupancy is reduced at HS2 of the LCR and the β-major promoter in 

induced MEL cells harboring the +60 ZF-DBD. ChIP analysis of induced MEL 
cells expressing the +60 ZF-DBD, NC ZF-DBD, or harboring the empty vector 
control. ChIP analysis of the occupancy of the USF2 (A) and TAL1 (B) to 

select sites in the β-globin locus. Two single cell clones with low (clone 19) or 

med (clone 15) expressing protein levels of the +60 ZF-DBD were analyzed. 

(C) Mapping of the USF2 to select sites in the β-globin gene locus in induced 

MEL cells expressing the NC ZF-DBD. Data represent two independent ChIP 
experiments with PCRs run in triplicate ± SEM. Statistical analyses were 

based on student T test p ≤ 0.05. 

 
  



 

82 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-5. Pol II occupancy levels accumulate at HS2 of the LCR and dramatic 

reductions in β-major promoter occupancy is observed in induced MEL cells 

harboring the +60 ZF-DBD. ChIP analysis of induced MEL cells expressing 
the +60 ZF-DBD, NC ZF-DBD, or harboring the empty vector control. ChIP 
analysis of the occupancy of the RNA Pol II (A) and the RNA Pol II serine 2 

phosphorylated form (B) to select sites in the β-globin locus. Two single cell 

clones with low (clone 19) or high (clone 15) expressing protein levels of the 

+60 ZF-DBD were analyzed. (C) Mapping of the Pol II to select sites in the β-

globin gene locus in induced MEL cells expressing the NC ZF-DBD. Data 
represent two independent ChIP experiments with PCRs run in triplicate ± 

SEM. Statistical analyses were based on student T test p ≤ 0.05.  
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CHAPTER 5 
CONCLUSIONS AND FUTURE STUDIES 

Cis-element redundancy is a significant challenge in molecular biology [168]. The 

question of how a trans-acting factor can direct its functional activity to a subset of 5-

mer sequences while displaying no affinity for the other over-represented identical sites 

is still a mystery that remains to be elucidated. Several lines of evidence suggests that 

the cell and tissue specific expression of these trans-factors as well as the 3-

dimensional structure of chromatin introducing the interplay of eu- and heterochromatin 

play significant roles in the segregation and availability of certain sequences over others 

[187,205,206]. Yet, techniques such as ChIP-sequencing and DNAseI in vivo 

footprinting indicate that there still remains a significant degree of trans-factor binding to 

cis-elements to which only a subset truly harbors function [207]. The question then is 

simple: how can investigators assess functional relevance in vivo.  

This phenomenon holds true in the beta-globin gene locus. The locus is enriched 

for a large number of cis-regulatory elements that, through precise regulation and 

binding of trans-acting factors, coordinate the developmental and stage-specific 

expression of the β-globin genes [3]. Many cis-elements have been resolved and 

functionally defined, yet many more remain to be characterized [183]. Classical 

approaches to identify the in vivo functional potential of a cis-element such as knock out 

or gene deletion studies are labor-intensive, expensive, and often times result in 

alterations of local architecture of the surrounding chromatin which could confound 

results obtained [208].  

In our study, we employed the properties of the zinc finger motif to create artificial 

DNA-binding domains. The zinc finger DNA-binding domains (ZF-DBD) bind and 
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neutralize 3 base pairs of DNA in a sequence-specific manner [118]. I designed ZF-

DBDs each comprised of 6 zinc finger motifs to bind and neutralize 18 base pair DNA 

arrays. I successfully directed the ZF-DBDs to 3 target sites within the murine β-globin 

gene locus: the -90 CACC box predicted to interact with KLF1, the +60 E-box believed 

to interact with the USF1/USF2 heterodimer complex, and the -2KB site as a control 

region that is predicted to be inert. ChIP studies indicated that all ZF-DBDs bound to 

their target sites and successful neutralization of these sites by the ZF-DBDs allowed for 

in vivo functional characterization of the putative cis-elements. Both neutralization of the 

-90 CACC box as well as the +60 E-box resulted in dramatic and significant reductions 

in β-globin expression indicating that these sites are critical for high level expression of 

the adult β-globin gene [191]. The -2KB site was predicted to be inert and accordingly, a 

ZF-DBD targeting this site did not change β-globin expression. In order to determine the 

mechanism of action, I mapped the occupancy of trans-acting factors predicted to 

interact with the target cis-element. In the -90 CACC box study, KLF1 the transcription 

factor predicted to interact with that site revealed significantly reduced occupancy 

compared to vector-treated controls. This also led to a decrease in Pol II levels. USF2, 

the predicted transcription factor to interact the target cis-element also displayed 

reduced occupancy towards the neutralized site (the +60 E-box). The -2KB study 

confirmed that factors associated with either the -2KB site or the β-major promoter were 

unchanged.  

Based on the success of our studies, we conclude that ZF-DBDs are effective 

tools to identify and characterize putative functional cis-regulatory elements in vivo. 
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Future Studies 

In future work, we would like to continue to evaluate putative functional cis-

regulatory elements. Our primary focus will be to evaluate cis-elements that could 

increase the expression of fetal globin genes. This stems from patients with 

hemoglobinopathies of varying levels of disease severity that because of genetic 

mutations that give rise to high persistence of fetal hemoglobin, exhibit a clinically 

benign phenotype [47]. The fetal form of hemoglobin provides compensation for the 

impaired adult globin chain synthesis and/or structure. As such, identifying mechanisms 

that will increase fetal hemoglobin levels is the ideal form of therapy. Neutralizing key 

cis-regulatory elements, particular DNA sequences that contribute to the silencing of the 

fetal globin genes such as those that regulate BCL11A protein expression—a key 

silencer for fetal globin expression, would lead to potential reactivation of the fetal globin 

genes [209]. Indeed this has been observed in a recent study in which BCL11A was 

conditionally ablated by genetic knock out under the control of the erythropoetin 

receptor (EPOR)-GFP Cre in sickle cell disease mice (SCD). Conditional knockout re-

activated the fetal globin genes and increase levels to therapeutic effects [210]. Given 

that the regulation of fetal hemoglobin expression is highly complex, there are likely 

other sequences that are important for re-activation of this gene. These sequences will 

be identified by examining genome wide association studies (GWAS) and neutralized 

using ZF-DBDs.  

Following this line of study, we would like to continue to evaluate the effects of 

employing ZF-DBDs in vivo. Our in vivo results generated by globally expressing the 

ZF-DBD in a transient manner in transgenic gave promising results and indicated that 

the ZF-DBDs can be used in a live animal model. Indeed, other groups have reported 
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similar successful findings in different disease models [211]. To refine our studies, we 

are interested in generating stable mouse lines to allow the integration of ZF-DBDs into 

the germ line. We could then examine the efficacy and specificity of ZF-DBD-mediated 

neutralization of target cis-elements.  

Inducible promoters such as the tetracycline responsive promoter system will 

also be beneficial in this case to allow for the control of ZF-DBD expression. We could 

then evaluate the importance of putative cis-regulatory elements during different stages 

of development. Cell type-specific expression will also be desired to minimize any 

potential non-specific binding. In previous studies in the Bungert lab, constructs were 

designed to confer erythroid-specific expression [152]. These constructs involved the 

placement of the target gene, in our case the ZF-DBD, under the control of the human 

β-globin promoter and followed immediately by the β-globin 3’ enhancer. Only trans-

acting factors in erythroid cells will activate this promoter. Furthermore, sequences for 

HS2 to HS3 including the intervening linker region will be included to confer high level 

expression of the ZF-DBD. Finally, the construct contains chicken HS4 sequences that 

flank the target gene which are insulator elements to prevent position effects. This will 

be an ideal construct for the cell type-specific expression of ZF-DBDs.  

Therapeutic Delivery of the ZF-DBDs 

The ultimate goal for our study is to treat hemoglobinopathies. Once ZF-DBDs 

are thoroughly characterized in in vivo animal models, the next stage would be to 

administer the protein to the human population in a safe, specific, and minimally 

invasive manner. Given the reported challenges surrounding the gold standard AAV-

mediated viral delivery system which has displayed problems with host-immune 
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responses and the maintenance of robust titers; alternative therapeutic delivery systems 

have been proposed [212]. One such system is to employ protein-based delivery 

mechanisms of which there are many classes, but one that shows the most promise are 

the nano-particles-based delivery systems. These are synthetic nanocarriers in which 

the desired protein, in our case, the ZF-DBD would be adhered to the surface of the 

particle for incorporation into the target cell [213]. The nano-particles range from 20-

200nm in size which is optimal for in vivo delivery and they are typically composed of a 

combination of liposomes, polymers and inorganic materials. Mechanisms of nano-

particle incorporation vary depending on the type and composition of liposomes and 

polymers used, but it typically employs the endocytotic pathway or receptor-mediated 

incorporation [213]. The unique composition of the lipids allows for efficient entry into 

the cell and release from the lysosomes to yield maximal delivery of the target protein to 

the cell. Popular lipid compositions include the use of trifluoroacetylated lipopolyamines 

(TFA-DODAPL) in combination with dioleoyl phopsophtidylethanolamine (DOPE) [214].  

In contrast to gene delivery, intracellular protein delivery avoids permanently 

altering genomic information which could lead to mutagenesis. They display high 

internalization efficiency, long circulation and minimal internalization by the liver and 

renal system for clearance [215,216,217]. The synthetic nature of these carriers allow 

for precise design to optimize delivery as a function of desired cell type, immune 

response, and circulization time [218]. Some optimization techniques include 

introducing cell penetrating peptides (CPP) such as the TAT sequence derived from 

HIV, or the use of gold for the nano-particles since it is bioinert which will minimize 

toxicity and improve penetration [219,220]. Currently the FDA has approved over 140 
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nano-particle based delivery systems and will be a promising system to deliver ZF-

DBDs.  

Challenges and Alternative Strategies 

There are several documented challenges with the zinc finger technology. These 

include only a 49 out of 64 triplet recognition capacity and varying affinity for target 

triplets with TNN and ANN being weaker than CNN and GNN [221]. As mentioned 

previously, this preference for GNN could be because the original zinc finger proteins 

used as platforms for generating the amino acid-nucleic acid interaction algorithm were 

Sp1 and Zif268 which bind to GC rich regions. If the target region desired is a GNN rich 

sequence, zinc finger based artificial proteins are ideal [221]. Other sequence variations 

require extensive validation to ensure the affinity and specificity of the ZF is maintained. 

Furthermore, little is known about the context effects on individual fingers in an array 

which could alter the predicted specificity [222]. In our studies, we did not encounter 

most of these challenges mainly because we had a large degree of flexibility in our 

target sequence. However, if neutralization of a fixed sequence is desired, then the 

limitation associated with ZF-DBDs may be a significant concern.  

Another alternative approach that has received much interest are the 

transcription-like activator (TAL) effectors proteins [223]. TAL effector proteins are DNA 

binding proteins that were first identified from the Xanthomonas class of plant 

pathogenic bacteria. The bacteria inserted these proteins into a plant cell by the 

bacterial type III secretory system to translocate to the nucleus and bind to DNA and 

alter gene expression—presumably to create a more favorable condition to the bacteria 

[224]. The TAL effector proteins can be arranged in an array of tandem polymorphic 

amino acid repeats that recognize DNA in a modular fashion through single contiguous 
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nucleotide recognition [225]. The DNA binding domain is composed of 34 amino acids 

and can be repeated 13 to 28 times. Each DNA binding domain has select 

polymorphisms known as repeat-variable-di-residue (RVD) that can occur at position 12 

and 13 of the protein domain [195]. There are 4 different RVD to recognize each 

nucleotide and the algorithm is as follows: HD →C, NG→T, NI→A, and the finally 

polymorphism NN preferentially recognizes G but has been reported to recognize the 

adenine nucleotide as well. The number of repeats, as well as the string of RVDs is 

what determine the sequence recognition length and nucleotide composition [226]. 

To date custom TAL effector arrays are being used to target varying length of 

DNA sequences. The benefits over ZF system is the single nucleotide recognition 

instead of triplet recognition, which again, some triplets are not recognized. In addition, 

TAL effector design and customization are free from context-dependent arrays that 

could lead to changes in specificity and off-target effects that have been seen with zinc 

fingers [223,227]. The disadvantages to the technique however, is that the exact 

mechanism of DNA binding remains to be elucidated as a crystal structure is not yet 

available. Furthermore, these proteins are extremely large which could present 

problems downstream especially in terms of the feasibility of packaging for therapeutics. 

To address the extent of off-target binding for both ZFDBDs and TALE proteins genome 

wide protein/DNA interaction maps should be generated. This could be achieved by 

ChIP-sequencing experiments if appropriate antibodies are available.    

In final concluding remarks, we employed a novel technique to study the cis-

regulatory elements of the β-globin gene locus in order to identify DNA sequences that 

carry strong regulatory potential. ZF-DBDs provide an advantage over traditional 
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approaches because they can be rapidly employed while maintaining the specificity and 

efficacy that parallels that of traditional methods. We designed a series of artificial DNA-

binding domains (DBD) comprised of modular zinc finger DNA binding domains (ZF-

DBD) that targeted putative cis-regulatory sites of interests: the -2KB, -90 and +60 

elements relative to the start of the β-globin promoter. The ZF-DBDs bound to these 

sites with high affinity and specificity and rendered the target sites inaccessible to 

endogenous transcription factors. We were able to successfully validate each target cis-

element and assessed its requirement for globin gene function. Based on the success 

of our studies, we conclude that ZF-DBDs are effective tools to identify and characterize 

putative functional cis-regulatory elements in vivo. 
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