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ABSTRACT 
 

Many mammalian loci have alternate promoters in which transcripts contain distinct first 

exons that are fused to a common exon 2 in different cell types. The human ankyrin 1 

gene (ANK1) is a classic example of this type of locus. ANK1 contains three tissue 

specific alternative promoters/first exons. ANK1B is expressed exclusively in brain and 

muscle cells and is 138 kb upstream of exon 2. ANK1E is active only in erythroid cells 

and is 39 kb upstream of exon 2. ANK1A is expressed in many cell types and is 9 kb 

upstream of exon 2. We have previously shown that the ANK1E core promoter contains a 

5’ DNase I hypersensitive site (5’HS) with barrier insulator activity that prevents gene 

silencing in vitro and in vivo. Mutations in the ANK1E barrier region lead to decreased 

ANK1 mRNA levels and subsequently Hereditary Spherocytosis. Here we demonstrate a 

second ANK1E barrier insulator located within an adjacent pair of DNase I HS located 

5.6 kb 3’ of the ANK1E promoter, which defines the 3’ boundary of an erythroid specific 

active chromatin domain. We show that ANK1E 5’HS and 3’HS region prevent gene 

silencing in cultured erythroid cells and transgenic mice. In erythroid cells both the 

ANK1E 5’HS and the 3’HS regions are occupied by the barrier-associated proteins USF-1 

and -2, PRMT-1 and -4, and CTCF which is consistent with our functional observations. 

In addition both the 5’HS and 3’HS regions are occupied by the transcription factors 

GATA1 and NF-E2. Addition of the NF-E2 site in the 3’HS to the ANK1E promoter 

increases expression 4-fold, indicating a potential interaction of these two regions. We 
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show that in erythroid cells, a chromatin loop brings the 3’ enhancer and NF-E2 into 

proximity with the 5’ barrier region including ANK1E. This is the first demonstration of a 

role for barrier insulators in determining which alternative promoter is active in a specific 

cell type, which may be applicable to the ~35% of mammalian genes with alternative 

promoters with distinct expression patterns.  
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INTRODUCTION 
 

1.1 Red Blood Cell Function and Structure 
  

Mammalian red blood cells (RBCs) are responsible for delivering oxygen to 

bodily tissues and removing waste gases. RBCs contain hemoglobin, a tetrameric 

polypeptide that reversibly binds oxygen in the lungs and then releases it into tissue. The 

RBC possesses a biconcave disc shape that optimizes gas exchange by increasing the 

ratio of cell surface area to volume. This shape is conferred by the cooperative interaction 

of the RBC membrane and the cytoskeleton. The membrane skeleton permits a great deal 

of deformability, allowing an RBC to pass through small capillaries and the 

microvasculature of the spleen and to reform into their biconcave shape when they exit 

into larger vessels. These properties of the membrane and cytoskeleton are crucial for the 

RBC lifespan (120 days in humans). Impairment of the cytoskeleton renders the RBC 

unable to withstand the shear stress of blood flow in the microvasculature	  (1, 2).    

The RBC membrane consists of phospholipids, cholesterol, and over 100 

membrane proteins. The lipid bilayer serves as a matrix to hold the integral membrane 

proteins in a dynamic manner, influenced by the lipid and cholesterol content. There are 

two categories of membrane proteins: integral membrane proteins that are embedded 

within the membrane, and peripheral proteins that can be easily dissociated from the 

membrane. The most abundant membrane protein is the solute carrier family 4, also 

known as anion exchanger 1 and band 3. The name band 3 is based on its relative 

migration on acrylamide gels of RBC membrane preparations and is present at 1x106 

copies per RBC, accounting for 25% of the protein in the lipid bilayer	  (3). Band 3 is an 
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integral membrane protein that forms dimers and tetramers and functions as an anion 

exchanger for chloride and bicarbonate ions	  (4). 

The next most abundant membrane proteins are the glycophorins -A, -B, -C, and –

D, which are sialic acid-rich integral membrane glycoproteins an together account for 2% 

of all proteins in the membrane	  (3). The glycoproteins confer MN, Ss, and Gerbich blood 

group specificity	  (5). The other proteins that exist in the lipid membrane are associated 

with specific blood types or serve as transporters. 

The skeleton of the RBC is located on the cytoplasmic surface of the membrane 

and is composed of a network of flexible, rod-like α- and β- spectrin oligomers bound 

together by bundles of actin, adducin, and protein 4.1 (Figure 1). Spectrin is composed of 

two different subunits, α and β, which interact. Each RBC contains about 240,000 

spectrin heterodimers. Six spectrin tetramer tails associate with a single 35 nm actin 

filament composed of 12 actin monomers	  (3, 6). Protein 4.1 interacts with spectrin in 

actin-binding regions and is present at 200,000 copies per RBC. Adducin (30,000 copies 

per cell) stabilizes the spectrin/actin oligomers	  (3).  

There are two interactions that connect the spectrin-actin skeleton to the lipid 

bilayer. The spectrin-actin complex containing protein 4.1, and adducin is the weaker of 

the two interactions. Protein 4.1 has a dual binding affinity to the spectrin-actin complex 

and the the integral membrane protein glycophorin C. The weak spectrin-actin/protein 

4.1/glycophorin C/D complex can be altered by intracellular calcium concentrations, 

levels of 2,3-diphosphoglycerate (DPG), and shear physical stress. Their levels of 

regulation allow the RBC membrane to maintain proper flexibility, deformability, and 

surface area	  (7).  
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The strongest interaction between the spectrin-actin skeleton and the lipid bilayer 

is the spectrin-ankyrin 1-band 3 junction. Erythrocyte ankyrin 1 binds to both the integral 

membrane protein, band 3, and to β spectrin, connecting the bilayer to the cytoskeleton	  

(7). This stable interaction confers reversible deformability of the RBC, allowing the 

RBC to deform and return to its biconcave disc shape. Deficiency of, or mutations in, 

band 3, α spectrin, β spectrin, or ankyrin 1 diminish the stable and dynamic structure of 

the RBC and alter its function. There are 100,000 copies of ankyrin 1 per RBC	  (3). 

Ankyrin 1 is the most commonly mutated protein resulting in a “sphere-shaped” 

spherocytic RBC	  (8).  
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Figure 1. Cartoon Schematic of the Red Blood Cell Membrane and Skeleton. This 
cartoon represents a cross section of the RBC membrane and skeleton. The lipid bilayer 
consists of various integral membrane proteins, glycoproteins, cholesterol, and lipids. The 
interior consists of a spectrin network bound together by bundles of actin and protein 4.1. 
The skeleton and the lipid bilayer interact through a minor and major interaction. The 
minor interaction is shown on the right, and consists of integral glycoprotein C/D, protein 
4.1, adducin, tropomyosin, and spectrin. The major interaction is shown on the left, 
involving the integral membrane protein band 3, ankyrin 1, and β spectrin. Picture from 
Perotta et al (8).  
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 1.2 Hereditary Spherocytosis 

 Hereditary Spherocytosis is a hemolytic anemia characterized by the loss of the 

biconcave disc shape of RBCs (Figure 2). Hereditary Spherocytosis occurs in all racial 

and ethnic groups, and it is estimated that one in 2,000 people of Northern European 

descent have the disorder	  (8). Inheritance is dominant in about 75% of cases and 

recessive in 25% of cases	  (8). Typical symptoms of the disorder include spherocytes 

(sphere-shaped RBCs), hemolysis (rupture of the RBCs), anemia (insufficient numbers of 

RBCs), jaundice, reticulocytosis, gallstones, fatigue, and splenomegaly. The disease is 

diagnosed by the presence of spherocytes with reduced surface area on a peripheral blood 

smear, increased red cell hemoglobin concentration, increased osmotic fragility, and a 

positive family history. The severity of the disorder can be mild, moderate, moderately 

severe, or severe	  (8). The majority of patients (60%) are categorized as having moderate 

disease	  (9). Treatments for Hereditary Spherocytosis include blood transfusions for the 

majority of patients and splenectomy for moderate- to severe- patients. 

 Mutations associated with Hereditary Spherocytosis have been found in the genes 

SPTA1 (α spectrin), SPTB (β spectrin), SLC4A1 (band 3), EPB42 (protein 4.2), and ANK1 

(ankyrin 1). Loss-of-function mutations result in haploinsufficiency, while missense 

mutations that alter the amino acid sequence. Both halpoinsufficiency and missense 

mutations disrupt the interaction between the RBC membrane and the RBC skeleton, 

leaving gaps between the lipid membrane and the skeleton. These skeleton-free 

membrane lipids are released in the form of microvesicles, resulting in loss of surface 

area leading to spherocytic RBCs. When spherocytic RBCs undergo splenic conditioning, 

additional skeleton-free lipid molecules are released from the cell surface, increasing cell 



	   7	  

density and decreasing cell surface. The majority of conditioned spherocytic RBCs lyse 

in the spleen leading to splenomegaly. The spherical RBCs that escape the spleen re-enter 

the circulation and can lyse under arterial blood flow stress	  (8, 10).  

Although the blood smear is the basis for the clinical diagnosis of Hereditary 

Spherocytosis, approximately half of Hereditary Spherocytosis patients also receive a 

genetic diagnosis, although this is not required for treatment. To make a genetic 

diagnosis, the levels of RBC membrane associated proteins are analyzed by 

polyacrylamide gel electrophoresis and the genes encoding the affected proteins are 

analyzed for mutations	  (11). Standard genetic testing of patients is performed through 

single-stranded conformational polymorphism analysis (SSCP). For example, at the 

ANK1 gene locus that encodes ankyrin 1, SSCP analyzes the promoter region and all 42 

exons looking for mutations (9). Molecular diagnosis is generally done for the purpose of 

research, or if there is a question about the diagnosis based blood smears. The remaining 

Hereditary Spherocytosis patients do not receive a molecular diagnosis. 

 Of the patients with a genetic diagnosis, over half have mutations in ANK1. The 

mutations in ANK1 lead to reduced levels of ankyrin 1 protein or functional changes in 

the ankyrin 1 protein, which result in secondary spectrin defects (12). Dominantly 

inherited ANK1 mutations occur in the coding region of the gene, and result in truncated 

proteins or unstable mRNA, leading to haploinsufficiency. Recessively inherited ANK1 

mutations have been described in the non-coding promoter regions of the gene, resulting 

in decreased ANK1 expression (8). Four mutations have been identified within 200 bp 

upstream of the transcriptional start site (TSS) of ANK1. Further investigation into 
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regions farther upstream of the promoter or within intronic regions may provide more 

patients with an exact molecular diagnosis	  (11). 

 Poly acrylamide gel electrophoresis has shown that ankyrin 1 deficiencies also 

result in reductions of β spectrin and band 3. Spectrin heterodimers are only stable when 

they are bound to the membrane through ankyrin 1; when ankyrin 1 levels are decreased, 

spectrin is de-stabilized and degraded (13). Particular mutations within the ANK1 gene 

can have downstream effects, as the in the ANK1 missense mutation of 463 V(valine) to I 

(isoleucine) in the band 3 binding domain. This patient had less band 3 composition in 

the RBC compared to ankyrin 1 and spectrin due to loss of skeleton free-lipids (9). A 

nonsense mutation of 1669 E (glutamic acid) to T (threonine) of ANK1 results in a 45% 

decrease in ankyrin 1 levels and 43% reduction in spectrin (14).  
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Figure 2. Blood Smears, Normal and Hereditary Spherocytosis. (A) Image of a 
normal blood smear. The normal RBCs are more dense on the outside and have a less 
dense interior, indicative of the button like shape of the RBC. (B) Image of a blood smear 
of a Hereditary Spherocytosis patient. The RBCs are smaller and have a uniform density 
throughout the cell. Images courtesy of Dr. David Bodine of NHGRI, NIH.  
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1.3 Ankyrin 

 The ankyrin gene family produces monomeric cytoplasmic proteins that connect 

intracellular cytoskeleton networks to integral membrane proteins. Ankyrin proteins are 

expressed in numerous organisms, such as nematodes, drosophila, and mammals. Various 

tissue-specific isoforms of ankyrin exist in mammals (15). In humans, there are three 

ankyrin genes. The ankyrin 1 gene (ANK1 or ANKR) is located on chromosome 8p11 and 

is expressed in erythrocytes, brain cells, and other cells (15). The ankyrin 2 gene (ANK2 

or ANKB) is located on chromosome 4q25-q27 and is expressed in brain tissue and 

cardiac cells (16). The ankyrin 3 gene (ANK3 or ANKG) is located on chromosome 10q21 

and is expressed mainly in peripheral nervous system cells, although variants are 

expressed in other cells including brain, lung, kidney, and nodes of Ranvier (17). 

Mutations in ANK2 lead to Long QT syndrome and cardiac arrhythmia	  (16), while  

mutations in ANK3 lead to progressive ataxia (17). Mutations in ANK1 exclusively lead 

to spherocytosis in RBCs	  (15). 

The majority of ankyrin isoforms contain three domains. The first domain is a 

highly conserved amino (N)-terminal domain containing multiple ankyrin repeats that 

bind membrane proteins. The second domain is a central region with a conserved 

spectrin-binding domain. The third and final domain is a carboxyl (C)-terminal regulatory 

domain.  

ANK1 is the most extensively studied of the ankyrin genes. The most prevalent 

human ankyrin 1 protein is the erythroid-specific isoform, also referred to as band 2.1. 

Erythrocyte ankyrin contains 42 exons, coding for 1880 amino acids, and has a predicted 

mass of 210 kilodalton (kDa) (15). The N-terminal domain of erythrocyte ankyrin 1 
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contains 24 tandem ankyrin repeats consisting of 33 amino acids that fold into four 

domains with six repeats each. This ankyrin repeat region forms a spherical shape that 

binds the cytoplasmic region of band 3, connecting ankyrin 1 to the membrane. Ankyrin 

repeats are conserved through evolution from viruses to prokaryotes and eukaryotes and 

are involved in multiple protein-protein interactions. The central domain of ankyrin 1 

contains the spectrin-binding domain	  and	  the C-terminus contains the regulatory region 

(15). Both domains can be alternatively spliced to create various ankyrin 1 isoforms	  (18). 

 The most prevalent of the C-terminal regulatory domain isoforms has been 

visualized on acrylamide gels and has been termed band 2.2. Band 2.2 has 162 fewer 

amino acids than ankyrin 1 and is considered to be an activated form of ANK1 since it has 

a greater binding affinity for spectrin and band 3	  (18). There are several other smaller 

isoforms resulting from additional splicing events of the C-terminus domain, but these do 

not have a known function. 

ANK1 mutations may be either inherited or spontaneous and the inherited 

mutations can be dominant or recessive (9). The majority of dominantly inherited 

mutations are null mutations that create truncated proteins or unstable mRNA transcripts 

that are destroyed through mRNA decay	  (10). The search for promoter mutations only 

included an analysis of the sequence of 500 base pairs (bps) upstream of the most distal 

TSS (9). Recessive mutations occur predominantly around the promoter, and include a 

dinucleotide deletion at positions -72/-73, a nucleotide Thymine (T) to Cytosine (C) 

transition at position -108 and a nucleotide Guanine (G) to Adenine (A) transition at 

position  -153. These promoter mutations have been extensively studied in both in vitro 

systems and in vivo systems utilizing transgenic mice. The -72/-73 dinucleotide deletion 



	   12	  

disrupts the formation and binding of the transcription factor TFIID transcription 

complex (19). The -108 transition was identified in cohorts of German patients and the -

153 transition was found in Brazilian patients in cis with the -108 mutation. The -108 and 

the -153 mutations destroy chromatin barrier insulator function, leading to gene silencing	  

(20). The effect of the -108/-153 mutations on local chromatin structure and long-range 

three-dimensional chromatin structure has not been determined.  

 Different isoforms of ankyrin 1 exist as a result of alternative mRNA splicing, as 

well as from the use of alternative promoters. Both the human and murine ANK1 genes 

have alternative tissue-specific promoters/first exons. The 1B promoter is used in the 

brain and muscle cells, the 1E promoter is used in erythrocytes, and the 1A promoter is 

used in various other tissues (Figure 3).  All three promoters yield gene products that can 

be alternatively spliced. The University of California- Santa Cruz (UCSC) genome 

browser contains nine annotations of ANK1 isoforms in humans: one from the 1B 

promoter, four from the 1E promoter, and five smaller muscle-specific variants derived 

from a promoter 130 kilobases (kb) downstream of the 1E promoter (hg19 build). The 

UCSC genome browser contains nine Ank1 isoforms in the mouse: two from the 1B 

promoter, two from the 1E promoter, four from the 1A promoter, and three smaller 

muscle-specific variants derived from a promoter 100 kb downstream of the 1E promoter 

(mm9 build). Human and mouse ankyrin share significant homology (86.26% nucleic 

acid; 92.12% amino acid), although their gene structure differs. In humans, the 1B 

promoter is located roughly 99 kb upstream of the 1E promoter; the 1E promoter is 

located 30 kb upstream of 1A; and the 1A promoter is located 9 kb upstream of exon 2. 
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In mouse, 1B is located 60 kb upstream of 1E; 1E is located 23 kb upstream of 1A; and 

1A is 6 kb upstream of exon 2 (Figure 3). 
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Figure 3. Human ANK1 and Murine Ank1 promoter regions. (A) Cartoon schematic 
of the human ANK1 promoter region on chromosome 8. The distance from the promoter 
to exon 2 is provided in kb. (B) Cartoon schematic of the murine Ank1 promoter region 
on chromosome 8.  
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1.4 Alternative Promoters 

 Much of the protein diversity generated from the human genome results from 

alternative splicing of mRNA and the use of alternative gene promoters.  Alternative 

splicing has been more extensively studied phenomenon	  compared to alternative 

promoters, until recently (21). Human alternative promoters have been shown to be 

important in embryonic and fetal development and are predominant in genes expressed in 

the heart, liver, brain, and testis (22, 23). With the advancements in DNA sequencing, 

genome-wide transcript analyses have identified numerous alternative promoters in 

humans and mice. Over half of all human genes have alternative promoters that give rise 

to RNA transcripts in a cell lineage, tissue type, and/or developmentally-regulated 

manner (24). Alternative promoters are proposed to have evolved from gradual 

mutations, local duplications, transposable elements, or genomic rearrangements	  (21). 

They can be located at different positions, either upstream of TSS or at intronic locations; 

they may use the same first exon (overlapping), or they may use distinct first exons. 

Approximately 15% of all genes, and 35% of erythroid-specific genes (including ANK1), 

contain non-overlapping, distinct promoters/first exons (25, 26).   

 Deregulation of alternative promoters is associated with a number of diseases, 

particularly cancer. The average cancer gene has two promoters, while non-cancer genes 

average 1.5 promoters. Insertions, deletions, polymorphisms, or chromosomal 

translocations can disrupt the regulation of alternative promoters, which leads to either 

activation or silencing of specific transcript isoforms. The c-MYC gene transcribes a 

transcription factor that regulates about 11% of all genes (27). The c-MYC gene was the 

first gene identified as having a dysregulated alternative promoter, resulting in Burkitt’s 
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lymphoma (28). Promoter 2 (P2), an isoform of c-MYC, predominates in normal tissues 

and accounts for about 80% of c-MYC transcripts. The Promoter 1 (P1) isoform accounts 

for the remaining 20% of transcripts (28). In Burkitt’s lymphoma, a chromosomal 

translocation causes a switch from the P2 to P1 isoform, which results in P1 contributing 

about 70% of c-MYC mRNA (28). Predominant expression of a stable P1 isoform 

activates genes that should otherwise be silent (29, 30). 

 The switching of P1 and P2 RUNX1 (runt-related transcription factor 1) 

alternative promoters controls embryonic hematopoiesis. The 12:21 chromosomal 

translocation (TEL-AML1) forces P2 RUNX1 isoform expression, repressing RUNX1 

target genes and thus halting normal hematopoiesis. This chromosomal translocation 

causes the most common subtype of acute lymphoblastic leukemia (ALL)	  (31, 32). These 

diseases emphasize the importance of proper alternative promoter selection and 

expression.  

 Alternative promoter activity and selection is regulated by core promoter 

elements, DNA methylation, cis-regulatory elements, and chromatin structure. A recent 

study suggests that alternative promoters and multiple transcription start sites are 

associated with increased CpG-rich regions	  (33).  One example is the human 

glucocorticoid receptor (GR, NR3C1), which has nine untranslated, tissue-specific, CpG- 

rich alternative promoters. Certain single nucleotide polymorphisms (SNPs) of GR 

alternative promoters induce DNA methylation and silence a particular tissue-specific 

alternative promoter (34). Tissue-specific transcription factor binding sites have been 

found around the GR alternative promoters (35), and co-activators c-MYB and ETS have 
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been mapped to alternative promoters	  (36). Further research will be needed to define cis-

regulatory regions that influence expression and structure.  

 Around 15% of alternative promoters are conserved between mice and humans, 

including ANK1. The conserved alternative promoters were found to be CpG-rich, while 

the non-conserved alternative promoters were found to be AT-rich and enriched in 

repetitive elements such as TATA boxes	  (37). Further studies in human alternative 

promoters have determined that there is increased sequence conservation both up- and 

down-stream of TSS	  (22).  

1.5 Ankyrin 1 Mouse Models 

 There are currently three identified murine ankyrin 1 mutations, two hypomorphic 

mutations and a null mutation. The first hypomorphic mutation contains a spontaneous 

nucleotide deletion in exon 36, resulting in a frameshift that introduces a premature stop 

codon	  (38, 39). This premature stop results in a truncated 150 kDa ankyrin 1 protein 

instead of the normal 210 kDa isoform. This truncated ankryin 1 protein lacks the C-

terminal regulation domain, but still binds band 3 and spectrin	  (39). Ultimately, this 

results in a normoblastic (nb/nb) phenotype in the mouse. The nb/nb mouse expresses the 

truncated ankyrin at low levels, resulting in a reduction of spectrin binding to 50% of 

normal levels, severe hemolysis and RBCs with a shortened life span	  (38, 39). These 

mice have an enlarged spleen, heart, and liver	  (38). The nb mutation also affects 

transcripts from the Ank1B promoter. The normal Ank1B isoform has been localized to 

plasma membrane of neuron bodies, nodes of Ranvier, axon hillock and initial segments. 

In nb/nb mice, truncated Ank1B was expressed in cell bodies and dendrites, with selective 

expression in certain neurons, but not in any myelinated axons	  (40, 41).  
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 The second hypomorphic ankyrin 1 mutation, Ank1E924X, was discovered through 

mutagenesis screenin after N-ethyl-N-nitrosourea (ENU) treatment. The Ank1E924X 

mutation is a G to T transversion in the codon for amino acid residue 924, which changes 

a glutamate into a premature termination stop codon in exon 27. This nonsense mutation 

creates a truncated ankyrin 1 protein around 100 kDa that lacks the β spectrin-binding 

domain, but retains full band 3 binding. Band 3, and α- and β- spectrin protein levels are 

decreased in homozygous Ank1E924X mice, due to the release of microvesicles containing 

skeleton-free lipids and destabilization of spectrin oligomers. As in the nb/nb 

hypomorphs, these mice have enlarged spleen, heart, and liver. Homozygous Ank1E924X 

mice are born at 11% less than the predicted Mendelian rate of 25%. The homozygous 

Ank1E924X phenotype can be severe resulting in death within two weeks of birth, or the 

phenotype can be moderate, allowing mice to survive to adulthood. This mouse model 

best resembles recessive inherited mutations of human Hereditary Spherocytosis	  (42). 

The ankyrin 1 null mouse, Ank11674, contains a 22-nucleotide deletion at the 5’ 

end of exon 41. This 22 nucleotide deletion creates an alternative splice site and results in 

a frame shift after amino acid 1674, which adds an additional 96 residues before 

premature termination, for a final ankyrin 1 isoform with a predicted weight of 194 kDa. 

This premature termination deletes a large section of the C-terminal regulatory domain. 

Homozygous Ank11674 mice have five times more ankyrin 1 mRNA compared to wild 

type, however these mice lack detectable ankyrin 1 protein. These mice are not born at an 

expected Mendelian ratio (occurring at 11%), and all homozygotes die within two months 

of birth.  Analysis of Ank1 expression in other tissues has not been performed in these 
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mice	  (43). There are no current ankyrin mouse models of mutation in or around the 

promoter regions. 

1.6 Genome Structure  

 The haploid human genome consists of approximately three billion base pairs of 

DNA, representing approximately 20,000 genes located across 23 chromosomes. When 

stretched out, the three billion bps of DNA reach approximately 6.5 feet. The protein-

coding regions of genes, the exons, contribute to 1.5% of the human genome, while the 

non-coding regions of genes, the introns, account for 12%. In order to fit into the nucleus, 

DNA is condensed through complex associations with structural proteins to form dense 

chromatin. The building block of chromatin is the nucleosome, which consists of 

approximately 147 bps of DNA wrapped around an octameric core of histone proteins 

(44, 45). This nucleosomal structure compacts DNA seven-fold from its linear 

arrangement, and these nucleosomal structures can be further compacted into the final 

chromatin density, the chromosome (46).  

 Promoters of genes that are actively transcribed into RNA are located in 

euchromatin (47, 48). Euchromatin is the open structure of chromatin where the 

nucleosome is in the ‘beads on a string’ extended arrangement (49-52). This open 

arrangement increases the accessibility of DNA to transcription factors and RNA 

polymerases (53, 54). Inactive genes are located in the closed conformation of the 30 nm 

fiber, more commonly referred to as heterochromatin (49). The dense structure of 

heterochromatin decreases the accessibility of transcription factors and RNA polymerases 

to DNA (48, 55). Additional post-transcriptional modifications to the core histones can 
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serve to further modulate (increase or decrease) chromatin density, contributing to the 

silencing or activation of individual genes (46). 

1.6.1 Histone Modifications 

The interaction of DNA and histones is essential to gene regulation. Eight 

histones make up the histone core. The center of the histone core consists of a H3/H4 

tetramer and two H2A/H2B dimers (44, 45). Each histone protein contains two domains: 

a globular histone fold domain that mediates histone-histone or histone-DNA 

interactions; and a flexible N-terminal tail domain that extends outward from the histone 

core to further interact with DNA. The N-terminal tails are rich in the positively charged 

amino acids lysine (K) and arginine (R), which interact electrostatically with the 

negatively charged phosphate backbone of DNA to stabilize their interaction (46). In 

order to be transcribed, DNA must dissociate from the histones to be more accessible to 

the transcriptional machinery, such as TFIID, TATA binding protein (TBP), and pol II 

(47, 48, 55). Post-translational modification of the N-terminal histone tails can disrupt the 

histone/DNA interaction to allow other proteins to interact with the DNA, or to enhance 

histone/DNA interactions to prevent other proteins from accessing the DNA (46). 

The three major post-translational modifications to histones that affect 

histone/DNA interactions are acetylation, methylation, and phosphorylation (Table 1). 

Acetylation, the addition of an acetyl group (-COCH3), occurs on K residues in the N-

terminal tail domains of histones. These can take the form of mono-, di-, tri-, or tetra-

acetylation. K acetylation is associated with active loci and is normally found in the 

promoter and 5’ end of coding regions (56, 57). Acetylation influences the dissociation of 

DNA from the histone core, but the exact mechanism is still under investigation. One 
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model proposes that acetylation neutralizes the positive charge of the K residue, thus 

decreasing electrostatic affinity for histone/DNA interactions. A second model proposes 

that lysine acetylation adds bulk to the histone, causing structural/conformational changes 

in the nucleosome that perturb the histone/DNA interaction (46). A third model proposes 

that the lysine modifications recruit ATP-dependent chromatin remodelers that contain 

subunits with bromo domains (58). Multiple histone acetylation transferases (HATs) 

enzymes that are specific for K residues carry out acetylation. Acetyl transfer is an ATP-

dependent process, and HATs are multisubunit complexes that include an ATPase 

subunit in addition to the acetyltransferase domain. Histone deacetylases (HDACs) are 

protein complexes that remove acetyl groups (46). While HAT activity leads to gene 

expression, HDACs counteract HATs, repressing gene expression.  

Methylation of histones results in the addition of methyl (CH3) groups to the K 

residue by histone methyl transferases (HMTs). K methylation is less well understood 

than acetylation, since it is associated with both activation and repression of genes, 

depending upon the residue that is modified. For example, methylation of K4 on histone 

H3 (H3K4) is associated with gene activation, as are H3K36 and H3K79 methylation 

(59-64). Conversely, methylation of H3K9, H3K27, and H4K20 are associated with 

transcriptional repression (65-67). Histone demethylases have been identified, and their 

functions vary depending on binding partners and residues that are modified (63, 68). 

Methyl transferases may be selective for mono-, di-, and tri- methylation (63, 69).  

Arginine (R) residues may also be methylated through the action of protein R 

methyltransferases (PRMTs) (70-72). However, there have not been any proteins 
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identified that specifically associate with methylated R, nor have there been any enzymes 

identified to demethylate these R residues (73, 74).  

 Even less is known about the function of histone phosphorylation. However, 

recent studies have suggested that histone phosphorylation may result from cell signaling 

cascades (75). Such studies propose a role for phosphorylation in the expression of 

immediate-early genes (IEGs), such as the transcriptional activators c-fos and c-jun (76), 

and as a mediator of metabolism (77). The study of post-translational histone 

modifications and their effect on gene expression is ongoing and is inundated with 

conflicting viewpoints. 
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Histone	   Residue	   Modification	   Association	  
H3	   K4	   mono-‐methylation	   active	  genes/enhancer	  rich	  

H3	   K4	   di-‐methylation	   active	  genes	  	  
H3	   K4	   tri-‐methylation	   activating	  

H3	   K9	   acetylation	   active	  genes	  

H3	   K9	   mono-‐methylation	   active	  gene	  body	  
H3	   K9	   di-‐methylation	   inactive	  

H3	   K9	   tri-‐methylation	   repressive	  
H3	   K14	   acetylation	   active	  enhancer	  generated	  

H3	   K20	   mono-‐methylation	   active	  gene	  body	  

H3	   K27	   acetylation	   active/enhancer	  rich	  
H3	   K27	   mono-‐methylation	   transcriptionally	  active	  genes	  

H3	   K27	   di-‐methylation	   transcriptionally	  active	  genes	  
H3	   K27	   tri-‐	  methylation	   repressive/transcriptionally	  repressed	  genes	  

H3	   K36	   di-‐methylation	   inactive	  
H3	   K36	   tri-‐	  methylation	   active	  gene	  body	  

H3	   K79	   di-‐methylation	   active	  gene	  body	  

H4	   K16	   Acetylation	   elongation	  
H4	   K20	   mono-‐methylation	   inactive/active	  

H4	   K20	   di-‐methylation	   inactive	  
H4	   K20	   tri-‐	  methylation	   inactive	  

Table 1. Histone Modifications and Their Associations. Certain modifications, the 
addition of an acetyl, mono-, di-, or tri-methyl group to the H3 or H4 subunit of the 
histone is associated with active or inactive promoters, genes, or enhancers 
(78-82). 
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1.7 Gene Regulation  

 Proper regulation of ANK1 and the other red cell membrane protein genes is 

essential to maintain the correct stoichiometric ratios for RBC structure and function. 

Genes are regulated by a number of factors: DNA sequences that determine the rate of 

transcription; RNA sequences that determine the rate of processing and mRNA stability; 

and protein amino acid sequences which determine protein stability and function. 

Eukaryotic genes consist of an entire functional unit, including all protein-coding exons, 

non-coding intronic sequences between exons, and other non-coding regulatory DNA 

sequences, such as promoters, enhancers, and insulators (83).  A promoter is defined as 

the location where the transcriptional initiation complex begins the transcription of RNA 

(84). Enhancers positively affect the rate of transcription. Enhancers may be upstream or 

downstream of the promoter, in either orientation (5’ to 3’ or 3’ to 5’), and can act 

through the binding of transcription factors to regulate gene expression (85, 86). 

Insulators have two distinct and separate characteristics: enhancer blocking and barrier 

activity. Enhancer blockers prevent an enhancer element from interacting with a promoter 

when located between an enhancer and a promoter, while barriers prevent the 

encroachment of heterochromatin into a normally active gene region (84).  

1.7.1 Promoters  

 Transcription of protein coding genes is a highly regulated process that is initiated 

at the promoter and is dependent on RNA polymerase II (pol II) and transcription factors.  

The core promoter contains the transcription start site (TSS) where pol II and the other 

transcription factors begin transcription of protein-coding genes. “Transcription factor” is 

a general term that applies to any protein that interacts with elements of a gene to 
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modulate DNA transcription. Some transcription factors are expressed ubiquitously, such 

as the “general transcription factors” that compose the pol II preinitation complex (PIC) 

and are necessary for all pol II-dependent transcription. The six proteins of the PIC must 

load onto the promoter before pol II can bind and initiate mRNA synthesis. Assembly of 

the PIC is necessary for low levels of transcription, known as basal transcription	  (87). 

Higher levels of transcription depend on activators, which are sequence-specific 

DNA binding proteins that bind to various consensus DNA sequences. These binding 

sites are often found upstream of the core promoter. Some activators require the aid of 

co-activators, which are proteins that do not bind DNA directly, but form a complex with 

the activators. Activators and co-activators are thought to function, in part, by increasing 

PIC formation, promoting a step in the initiation, elongation, or reinitiation of pol II, as 

well as by recruiting chromatin-modifying complexes. These types of transcription 

factors can be specific to a cell cycle stage, a developmental stage, a tissue type, and/or a 

specific stimulus. The majority of transcription factors interact with each other 

synergistically; transcription factor complexes as a whole are more active than any of the 

singular parts. The mechanisms by which transcription factors influence gene expression 

is an active area of investigation, but one hypothesis suggests a role for transcription 

factors in attracting chromatin modifiers. If this hypothesis is correct, then many factors 

in different systems should be associated with various histone-modifying complexes (84, 

87).   
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1.7.2 Enhancers 

 Enhancers are sequences of DNA that bind transcription factors to influence 

transcription rate (Figure 4). The first enhancers were discovered in animal viruses, such 

as the Simian Virus 40 (SV40) enhancer, which was observed to increase expression of 

rabbit β globin in transient transfection assays in HeLa cells. This study found that a 72 

bp repeat region located 200 bp upstream of the SV40 transcription initiation site 

increased rabbit β globin expression by 200-fold in an orientation- and position-

independent manner (88). Enhancers regulate gene expression in either a developmental-

specific, tissue-specific, or response- specific manner. Enhancers can be located in 

intronic regions within a gene body or as far as one megabase (1x106 bp) away from the 

promoter upon which they act. Generally, enhancers act on a promoter independently of 

position and orientation. It is proposed that an enhancer can function by physically 

interacting with its promoter through a chromatin looping mechanism (87, 89).  

 One human enhancer that has been widely studied in erythroid cells is DNase I 

Hypersensitive Site 2 (HS2) of the human β globin gene locus control region (LCR). HS2 

is one of four DNase I hypersensitive sites (HSs) in the β globin LCR. The 3’ end of the 

LCR is located 9- to 20- kb upstream of ε, first gene in the β globin gene cluster	  (90, 91).  

Transgenic mice were created to understand how the HS2 enhancer acted over greater 

distances than could be analyzed using traditional transient transfection assays. In 

transgenic mice, the human β globin locus and LCR were inserted into the mouse genome 

to create the β globin yeast artificial chromosome (YAC) mouse (92). Using this mouse 

in combination with human cell lines, the erythroid-specific transcription factors GATA1 

and NF-E2 were found to bind the HS2 enhancer to recruit activated pol II to a β globin 
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promoter, initiating transcription (90, 91). Deletions or mutations in either the GATA1 or 

NF-E2 consensus sites of HS2 led to decreased levels of β globin expression due to 

decreased levels of activated pol II (93).   

A second well-studied human enhancer involves a deletion in Beckwith 

Wiedermann syndrome. In this disorder, an enhancer of the gene LIT1 is deleted. Under 

normal conditions, LIT1 transcribes antisense RNA that functions to decrease expression 

of its target mRNA. When the LIT1 enhancer is deleted, its target mRNA is not 

suppressed, leading to various tumors and predisposition to cancers	  (94). 

1.7.3 Insulators 

Insulator elements partition individual transcription units from the influences of 

neighboring loci. Insulators ensure that genes will be in either an active (euchromatic) or 

silent (heterochromatic) state (95). In addition, insulators prevent enhancers from 

neighboring loci from inappropriately activating the promoters of other genes. Insulator 

elements were first identified as ubiquitous HSs at the boundaries between euchromatin 

and heterochromatin (96, 97). There are two distinct functional types of insulator 

elements: enhancer-blocking insulators and barrier insulators. Enhancer blocking (EB) 

insulators are located between an enhancer and a promoter and prevent the interactions of 

a distal enhancer with a promoter (Figure 4). Insulators have been extensively studied in 

the fruit fly, yeast, and have recently been examined in vertebrates. Vertebrate loci such 

as β globin, BRCA1, c-MYC, and H19/IGF2 have been shown to contain insulators (98). 

EB and barrier insulator elements are genetically and functionally separate, but in 

certain cases, such as the chicken β globin LCR HS4 (cHS4) insulator, both activities are 

co-localized, with distinct EB and barrier insulator sub-regions (96, 99-101). Because 
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enhancers can be located great distances from the promoter upon which they act, EBs 

exist to prevent enhancers from acting promiscuously. In vertebrates, EB activity is 

strongly associated with the level of binding of the CCCTC-binding protein, CTCF (95). 

CTCF contains 11 zinc fingers that can bind to specific sequences of DNA and to other 

accessory proteins. CTCF knockout mice are embryonic lethal, demonstrating the 

importance of CTCF in development (102, 103). The cHS4 binds CTCF in its 5’ end, and 

binds nucleophosmin and cohesin, which are both matrix-associated elements found 

within the nuclear envelope. It is proposed that EBs function by associating with the 

nuclear envelope to segregate the enhancer and promoter in separate chromatin loops to 

prevent non-specific interactions (104, 105). 

Barrier insulators prevent the encroachment of heterochromatin into an active 

gene locus, thus preventing gene silencing (Figure 4)	  (99, 106-108). Barrier insulators 

ensure the correct chromatin structure and gene expression through the binding of 

upstream transcription factor 1 (USF1) and PRMT1 (99, 106-108). USF1 and PRMT1 

both recruit histone acetylation transferases (HATs) and histone methyl transferases 

(HMTs) to form histone-modifying complexes. CTCF has also been shown to interact 

with histone modifying complexes that aid barrier insulator activity (102). These histone-

modifying complexes covalently add acetyl or methyl groups to histone tails to establish 

and maintain active euchromatin and prevent the enchroachment of inactivating 

heterochromatin (99).	  When USF1 activity is knocked-down, euchromatic histone marks 

are gone and heterochromatic marks are present	  (107). Therefore the barrier insulator’s 

function to prevent the encroachment of heterochromatin relies on protein interactions. 
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Figure 4. Cis-Regulatory Elements. The green nucleosomes represent eurchromatin that 
is sensitive to DNase I digestion. The yellow compacted nucleosomes represent the 
DNase I resistant silent heterochromatin. The DNase I hypersensitive site (HS) enhancer 
blocker (EB) blocks the enhancer (E) from activating promoter 1 (1, blue). The enhancer 
increases expression of promoter 2 (2, orange). The HS barrier insulator (Bar) stops the 
encroachment of heterochromatin, preventing the silencing of promoter 2.  
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1.8 Intra-Chromosomal Interactions 

Current genetic research is extending studies beyond the chromatin environment 

of select genes to include global intra- and inter- chromosomal interactions. Development 

of new techniques to capture in vivo chromatin conformations has shown that long-range 

interactions occur within and between chromosomes to regulate gene expression. Inter-

chromosomal interactions are of interest to determine gene associations at transcription 

factories (areas in the nucleus where actively transcribing genes colocalize and form 

trans-chromosomal interactions)	  (109), and to determine sub-nuclear localization of 

active and inactive genes.  

Intra-chromosomal interactions are proving to be important for transcription 

efficiency. One such region that has been studied at great length is the β globin locus. The 

human β globin locus resides on chromosome 11 and consists of five β like genes, ε, Gγ, 

Aγ, δ and β, that are developmentally regulated and expressed (110).  ε is expressed 

during embryonic life and switches to Gγ/Aγ during fetal development, and then to δ and β 

in adult life (91). A region located 6- to 19- kb upstream of the first β like gene, ε, 

consisting of five HS, HS1-HS5, that constitute the LCR and is necessary for high-level 

expression of any of the β like genes (110). One additional HS has been identified which 

is important in regulating β globin expression, 3’HS1, is located downstream of the last 

gene in the cluster (β globin).  

The β globin locus was one of the first mammalian loci to demonstrate formation 

of chromatin loops and has been extensively studied to understand its looping 

mechanisms (91). The distal LCR physically interacts with the β globin gene promoters 

to facilitate transcription, and interruption of this interaction decreases β globin 
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expression (111-115). The HS of the LCR have been extensively examined to determine 

if their function is directly related to chromatin looping structure. This has been 

accomplished through first defining the function of each HS of the LCR, and then 

determining their role in chromatin structure. 

Both HS5 and 3’HS1 of the β globin function of as enhancer blockers through the 

binding of CTCF (91). This is thought to prevent the LCR from activating the odorant 

receptor genes that flank the LCR and β globin gene locus, which are active in neurons 

and sperm. In humans, it has been shown that HS5 and 3’HS1 form a loop through CTCF 

binding prior to β globin gene expression (91, 116, 117). HS1-5 have been dissected to 

determine their function as β globin gene regulators. HS1 has no known function; HS2 

functions as a classical enhancer; while HS3 and HS4 can increase expression only when 

located in euchromatin, demonstrated in both in vitro transient transfection assays and in 

vivo transgenic mice, or in stably transfected cells. Human HS5 is homologus to the 

cHS4; however, cHS4 also has insulator barrier activity while human HS5 does not. 

The HSs interact with various trans-factors including erythroid-specific 

transcription factors, GATA1 and NF-E2, which have been shown to bind HS1-4 and the 

β major (βmaj) promoter in mice (118-121). GATA1 associates with the histone 

acetyltransferase CBP (CREB binding protein) at HS2, HS3, HS4, and the βmaj promoter, 

and leads increased erythroid-specific H3 di-acetylation and H4 tetra-acetylation at these 

sites (119, 121, 122).  In addition, the erythroid-specific transcription factors erythroid 

krupple like factor (EKLF) and Friend of GATA1 (FOG-1), as well as the chromatin 

remodeling complex, SWI/SNF, have been found to co-localize with GATA1 at HS2, 

HS3, HS4, and the βmaj promoter (120, 121). This complex association of erythroid-
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specific transcription factors attracts chromatin-modifying complexes that activate the 

LCR.  

It has long been speculated that the LCR, located 9-to 20- kb upstream of ε, 

physically interacts with the β globin gene locus to induce gene activation. This was 

demonstrated through a variety of techniques, including the RNA-FISH (fluorescence in 

situ hybridization) variant RNA-TRAP (tagging and recovery of associated proteins) and 

the Chromatin Conformation Capture (3C) assay	  (117, 123). 3C has been used to further 

investigate the mechanism of the establishment and maintenance of chromatin loops. In a 

murine GATA-null cell line expressing an estrogen receptor-linked GATA1 gene (ER-

GATA1), GATA1 was sequestered in the cytoplasm and no chromatin loop was detected 

between βmaj and HS2 and HS3. Upon release of the GATA1 by extrogen treatment, the 

chromatin loop was restored. In a cell line containing a GATA1 mutation that inhibits 

FOG-1 binding, the chromatin loop between βmaj and HS2 and HS3 was strongly 

decreased (124).  An EKLF knock-out mouse cell line demonstrated a lack of chromatin 

loop formation between the LCR and βmaj promoter (125). When the two subunits of NF-

E2 (the ubiquitous p18 and the erythroid-specific p45) are knocked-out, β globin loop 

formation was prevented and β globin levels decreased by 80% (126). When the 

ubiquitous protein-protein interaction protein, LDB1, was knocked-down in murine cells, 

βmaj expression was decreased, and the HS2- βmaj interaction was decreased to 

background levels (127).  While these studies established the critical role of the DNA 

binding proteins in long-range gene activation, and chromatin loop formation in the β 

globin cluster has been identified, the maintenance of the loop is still a subject of debate.  
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1.9 Significance  

While the regulation of the globin locus has been extensively studied, this locus is 

not typical of the majority of mammalian genes. The majority of red blood cell genes 

have GC-rich promoter regions, bearing multiple alternative promoters, despite sharing 

the same transcription factors. Although as many as 35% of RBC genes have distinct 

alternate promoters (25), the mechanism of alternative promoter choice has yet to be 

determined. In addition to alternative mRNA splicing, alternative gene promoters play a 

pivotal role in creating multiple protein products from a single gene locus (128). The 

ANK1 locus provides an excellent model to study alternative promoter choice, since it has 

a promoter that is specifically active in only erythroid cells, and one that is active in brain 

and muscle cells. The study of Hereditary Spherocytosis has revealed mutations in non-

coding regions of ANK1E, which nonetheless decrease mRNA expression. Further 

investigation of these mutations may give insight into the role of three-dimensional 

structure of chromatin in gene regulation and expression. Advanced methods for 

determining intra-chromosome interactions will provide more information as to how 

alternative promoters are selected in different tissue types. Our work with ANK1E will 

serve as a model for other studies, as more non-coding mutations are detected through 

genome-wide association studies of common disease, as well as for validation of 

functional elements discovered through the work of the Encyclopedia of DNA Elements 

(ENCODE) project, which seeks to discover the functional elements in non-coding DNA 

(129).  
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MATERIALS AND METHODS 
 

2.1 Cell Culture 

 K562 cells (human chronic myeloid leukemia cell line) were a gift from Dr. Ann 

Dean of NIDDK. They were maintained in vacuum filtered W10 medium consisting of 

10% heat inactivated characterized fetal bovine serum (Hyclone, Logan, UT) in 

Improved DMEM (Gibco, Grand Island, NY). Transfected K562 cells for barrier and 

enhancer blocking assays were grown under selection in W10 medium supplemented 

with 750 ug/ml G418, Geneticin (Gibco).  

SH-SY5Y cells (human neuroblastoma cell line) were a gift from Dr. Robert 

Nussbaum of NHGRI. The cells were maintained in DMEM/F12 (Gibco) containing 10% 

heat inactivated newborn calf serum (Hyclone), 10% 200 nM Glutamine, and .5% of 

antibiotics (10,000 units/ml penicillin and 10,000 µg/ml streptomycin from Gibco). SH-

SY5Y cells were grown to 80% confluency before splitting with 0.05% Trypsin-EDTA 

(Gibco) at a 1:5 ratio. All cells were grown at 37°C in the presence of 5.1% CO2. 

2.2 ANK1E TFIID Mutations Promoter Transient-Transfection Analysis 
  
 Ankyrin 1 promoter mutants were previously created by PCR with a degenerate 

oligonucleotide for regions -78 to -74 and -71 to -70 but kept the -72/-73 dinucleotide 

intact. Three sequences were selected; ANK1GC (GCGGGTGAG), ANK1GG 

(GGCGGTGAG), and ANK1GGG  (GGGGGTGAG) to be compared to wild type (WT) 

ANK1 (TGCGGGTGAG). These three sequences were selected because they were shown 

to initiate high levels of transcription through a cell-free in vitro transcription assay and 

theybound TFIID through electro mobility shift assay (EMSA). The level of transcription 
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of the sequences was compared to WT through a transient-transfection Luciferase 

reporter assay.  

 Four different ANK1 promoters (ANK1WT, ANK1GC, ANK1GG, ANK1GGG) were sub 

cloned into the firefly Luciferase reporter plasmid (pGL2, Promega, Madison, WI) with 

New England Biolab’s Quick ligation Kit (Ipswich, MA) according to manufacture’s 

directions. Test construct plasmids were co-electrophorated into K562 cells with a control 

Renilla plasmid (pRL-SV40, Promega) to measure transfection efficiency. 

For transfection K562 cells were pelleted and washed in PBS (Gibco) before 

being resuspended in PBS at a concentration of 4x107 cells/ml. 20 µg of test plasmid and 

0.5 µg of the Renilla control plasmid in a total volume of 50 µl were mixed with 107 cells, 

pipetted into 0.4 cm Gene Pulsar cuvettes (BioRad, Hercules, CA), sat on ice for ten 

minutes and cells were electroporated using a Gene Pulser Xcell (BioRad) at 300 Volts at 

950 µF. After electroporation, cells were incubated on ice for ten minutes and transferred 

into a flask with ten milliliters of W10 medium.  

Forty-eight hour later, Luciferase and Renilla levels were measured using the 

Promega Dual-Luciferase Reporter Assay System. K562 cells were spun down and 

resuspended in 1x PLB. Three 20 µl aliquots of cell lysate was placed in a 96-well 

microtiter luminescence microplates (Thermo Scientific, Barrington, IL). Luciferase and 

Renilla levels were read on a Fluoroskan Ascent FL (Thermo Scientific). Relative light 

units (RLUs) were determined by Luciferase/Renilla. The results from the ANK1WT 

promoter/Luciferase construct was used for normalization (130). Experiments were done 

in triplicate and significance was determined by a two-tailed Student t-test. 
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2.3 ANK1E TFIID Mutations Promoter Transgenic Mice 

 SmaI/BglII fragments containing the ANKWT , ANK1GC , ANK1GG , or  ANK1GGG 

were excised from the pGL2B Luciferase reporter vectors described above. A triple 

ligation consisting of a SmaI/BglII fragment containing the ANK1 promoter, a 1,938 bp 

BglII/HindIII fragment containing the Aγ globin coding exons and introns and a 

SmaI/HindII-digested pSP72 vector was used to generate the four different ANK1/ Aγ 

globin promoter plasmids. The ANK1/Aγ globin gene fragments (2,244 bp) were released 

from the plasmid with EcoRV and HindIII, separated on an agarose gel, electroeluted, 

and purified with an Elutip-d mini-column (Schleicher & Schuell Bioscience, Keene, 

NH).  

2.4 Transgenic Mice 

 Purified DNA fragments were diluted to 2 ng/ul in microinjection buffer (7.5 mM 

Tris-Cl, 0.15 mM EDTA, pH 8.0) and loaded by capillary action into injection needles 

(Sutter Glass, Novato, CA). Fertilized eggs harvested from super-ovulated FVB/N 

females were used for injections. FVB/N (Taconic, Derwood, MD) females between 

three to four weeks of age were injected with 5 IU (international units), intraperitoneally, 

with pregnant mare’s serum (PMS, Calbiochem, Darmstadt, Germany) 72 hours prior to 

harvest and 5 IU human chorionic gonadotropin (HCG, Novarel –Ferring 

Pharmaceuticals, Parsippany-Troy, NJ) 24 hours before harvesting. Following injection 

of HCG, primed females were mated with FVB/N stud males. On the day of harvest, 

females with mucus vaginal plugs were euthanized to isolate fertilized eggs. Eggs were 

flushed through the fallopian tubes with M2 media (Specialty Media, St. Louis, MO), 

treated with hyluronidase (0.3 mg/ml, Sigma, St. Louis, MI) to remove follicular cells 
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and washed three times. The pronuclei of the eggs were microinjected (2 ng/ul DNA) 

with continuous flow to allow for DNA concentration variation and differing copy 

numbers per egg. 

Injected eggs were surgically transferred into recipient CB6F1 females (Jackson 

Laboratories, Bar Harbor, ME) that were previously mated with vasectomized CB6F1 

males one day prior to surgery. Injected eggs were implanted into the fallopian tube using 

sterile surgical technique. Founder animals were identified by Southern blot analysis of 

DNA extracted from tail-snips by probing with an ANK1/Aγ globin probe and crossed 

with FVB/N mice for propagation. The copy number was determined by comparing the 

Aγ globin signals from Southern blot analysis of F1 animals and K562 DNA using a 

PhosporImager (FujiFilm, Valhalla, NY). 

2.5 Tail-Snip DNA Isolation 

 Mice were genotyped by Southern blot analysis of tail snip DNA. Three 

millimeters of mouse-tail was dissolved in tail buffer (50 mM Tris pH 8, 100 mM EDTA, 

100 mM NaCl, 1% SDS) supplemented with 1 mg/ml Proteinase K (Invitrogen, Grand 

Island, NY) and incubated overnight at 55°C.  DNA was extracted with 

phenol/chloroform and ethanol precipitated. DNA concentration was measured using a 

NanoDrop ND1000 Spectrometer (Thermo Scientific). Ten micrograms of tail-snip DNA 

was digested with EcoRI and separated on a 1% agarose gel.  

2.6 Southern Blot Analysis 

 Digested DNA was separated on a 1% agarose gel in 1X TAE buffer.  The gel 

was soaked in 0.125 M HCl for 12 minutes and neutralized in transfer buffer (400 µM 

NaOH, 700 µM NaCl) for 30 minutes. Hybond paper (GE Healthcare, Piscataway, NJ) 
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was presoaked in deionized water (dH2O) for 15 minutes before soaking in transfer buffer 

for 30 minutes. To transfer the DNA from the gel to the hybond paper, the gel was placed 

upside down with the hybond paper on top. Three sheets of chromatography paper, a 

stack of transfer paper, and a weight were placed on top of the gel/hybond paper to 

ensure evenly applied pressure for proper capillary action. The DNA transfer was 

performed for four hours to overnight. After the transfer, hybond paper was washed in 5X 

SSC and placed into a hybridization tube with hybridization solution [0.4 M Na2HPO4, ± 

80 mM NaH2PO4 (to adjust to a pH of 7.2), 7% SDS, 1 mM EDTA] and incubated for 30 

minutes at 65°C in a in a Hydridiser HB-1D oven (Techne, Burlington, NJ). 

DNA fragments used as probes were cut and gel purified using a Qiagen Gel 

Extraction kit (Valencia, CA) according to manufacturer’s instructions. The probes 

utilized in this study were a human Aγ globin probe (EcoRI/BamHI 940 bp fragment), 

GFP probe (XbaI/HindIII 970 bp fragment) and human β globin probe (EcoRI/BamHI 

917 bp fragment). 50 ng of DNA probe was boiled for five minutes then put on ice for 

five minutes, before being added to an Amersham Ready-To-Go DNA labeling bead (GE 

Healthcare) with 50 µCi of α32P dCTP (Perkin Elmer, Boston, MA). The radioactive 

probe was synthesized at 37°C for ten minutes and denatured in boiling water for five 

minutes. Labeled probe was put on ice for five minutes before being added to the 

hybridization tube for four hours to overnight at 65°C in the Hydridiser HB-1D oven.  

After hybridization, the filter was washed twice with 2X SSC/0.1% SDS and 

twice with 1X SSC/0.1% SDS. The filter was removed from the hybridization tube and 

wrapped in Saran Wrap, and placed in a cassette with Kodak Biomax MS film 
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(Rochester, NY) overnight or longer at -80°C. Films were processed in a Kodak M35A 

X-OMAT processor.  

2.7 RNase Protection Assay (RPA) 

 RNA was isolated with TRIzol reagent (Invitrogen) from blood collected through 

retro-orbital bleeding according to NIH Office of Animal Care and Use (OACU) 

standards. Blood (< 200 µl) was suspended in five volumes PBS supplemented with 5% 

BD Vacutainer ACD solution A (Franklin Lakes, NJ). Red blood cells were pelleted at 

2000 rpm at 4°C for ten minutes. Cell pellets were resuspended in TRIzol reagent and 

incubated for five minutes at room temperature. One-fifth volume chloroform was added 

to the RNA/TRIzol mixture, vortexed, and incubated at room temperature for three 

minutes. One-half volume isopropyl alcohol was added and incubated for ten minutes at 

room temperature. RNA was pelleted at 12,500 rpm for 15 minutes at 4°C, and RNA 

pellets were stored in 75% ethanol.  

Thawed RNA pellets were resuspened in DEPC-treated water. Dual riboprobes 

were constructed containing control murine α globin RNA and test human β globin RNA 

in the same plasmid. This allowed for one RNA sample to be screened for control and 

test levels of RNA at the same time. The dual riboprobes were labeled using Ambion’s 

T7 MAXIscript kit according to manufacture’s protocol (Life Technologies, Grand 

Island, New York) with α32P CTP, with the exception that the probe was isolated from a 

NucAway spin column following labeling.  Approximately 0.1 micrograms of sample 

RNA was combined with 6 x 104 cpm of RNA probe for hybridization according to 

Ambion’s RPA III kit (Life Technologies). Hybridized RNA was separated on a 5% 

Urea-PAGE gel. The gel was exposed to a phosphor screen and scanned using the Fuji 
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Film FLA 5100 phosphorimager. The relative amounts of mouse α- globin and human γ- 

or β-globin mRNA was measured on a Fuji Film FLA5100 phosphoimager using Fuji 

Film’s Multi Gauge V2.0 software.     

 
2.8 DNase I Sensitivity Profiling  
 

DNase I profiles were created for K562, murine embryonic day 14.5 (E14.5) fetal 

liver, and murine adult thymus cells. Approximately 1x108 late log phase cells (K562) or 

1x108 freshly isolated cells (fetal liver, thymus) were pelleted at 2,100 rpm for five 

minutes, washed in cold PBS, and resuspended in cold RSB buffer (10 mM Tris pH 7.4, 

10 mM NaCl, 3 mM MgCl2).  The cell membranes were lysed with Nonidet P-40 (NP-

40) at a final concentration of 0.25%.  Nuclei were pelleted by centrifugation at 2,100 

rpm for ten minutes and resuspended in cold RSB buffer at a DNA concentration of 1 

mg/ml. Nuclei were treated and digested with increasing amounts of DNase I 

(Worthington Biochemical Corporation, Lakewood, NJ) ranging from 0 to 4.0 µg/ml 

suspended in 10 mM Tris pH8 at 37°C for ten minutes. After ten minutes, stop buffer 

(1% SDS, 20 mM Tris, pH 7.5, 600 mM NaCl, 10 mM EDTA, 500 µg/ml proteinase K) 

was added and the lysed nuclei were incubated overnight at 37°C. DNA was 

phenol/chloroform extracted, ethanol precipitated, and resuspended in TE buffer.  

Ten micrograms of each of the DNase I treated samples, along with untreated 

high molecular weight DNA, was visualized on a 1% agarose gel in TAE buffer. Two 

DNase I samples were selected; a “low DNase”, which is the first sample with evidence 

of DNase I digestion, served as an untreated sample, and the second a “high DNase”, 

which is the first sample with an absence of high-molecular weight DNA, served as 

treated sample. 
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Untreated and DNase I-treated DNA was diluted to 1.7 ng/µl and 5 µl was plated 

on a 384-well clear optical reaction plate (Applied Biosystems, Carlsbad, CA). The 

human ANK1 promoter region was analyzed with 305 primers designed by IDT 

(Coralville, IA) to have 200-300 bp amplicons tiled 200-300 bp apart across the human 

ANK1 promoter region (UCSC Genome Browser, hg19; 41,800,681 to 41,610,897). The 

murine Ank1 promoter region was analyzed with 344 primers designed by IDT to have 

200-300 bp amplicons tiled 200-300 bp apart across the murine Ank1 promoter region 

(UCSC Genome Browser, mm9; 24,035,193 to 24,174,801). Quantitative real-time PCR 

was conducted using SYBR-green PCR master mix (Qiagen) and in a 384-well format 

ABI Prism 7900 Fast Real-Time PCR instrument (Foster City, CA). Each well of the 

384-well plate was checked for multiple products based on melting curves and any wells 

that contained multiple products were rejected from further analysis. The difference in CT 

(threshold cycle) between DNase-treated and untreated template for each primer pair was 

calculated, and served as a measure of DNase I sensitivity. These experiments were 

conducted in triplicate. Averages and standard deviations were calculated. Student’s t-test 

was used to define significance. Peaks with Δ CT with a p value < 0.01 were fine-mapped 

(131, 132). 

2.9 DNase I Hypersensitive Site (HS) Mapping 

HSs were mapped in K562, SH-SY5Y, murine E14.5 fetal liver, and murine adult 

thymus cells. Probes, based on amplicons created from primer pairs used in the DNase I 

sensitivity assay, were cloned into a pCR2.1 vector using the TOPO TA TOP10 cloning 

kit according to manufacturer’s directions (Invitrogen). The DNase I- treated DNA was 

digested with the indicated enzymes overnight according to manufacturer’s protocol (all 



	   43	  

enzymes from New England Biolabs). Southern blot analysis was conducted with a probe 

(listed below) to sequence upstream of the prospective HS region to reveal a daughter 

band. The site was fine-mapped by comparing the band generated by DNase I treatment 

to bands generated from high molecular weight DNA digested with the relevant enzyme 

and a second enzyme in the region (133, 134).  

  The following primer pairs were used to create probes to map DNase I HS. The 

human ANK1B 5’HS was analyzed by digesting the DNA with MspI and probed with a 

337 bp amplicon (forward – gcacaaagcctagaagggtcaa, reverse –

ttctctagtttctaacagcttattttgcttac). The human ANK1B 3’HS was analyzed by digesting the 

DNA with SspI and probed with a 452 bp amplicon (forward –ctgaacccaggaggcgg, 

reverse –caaaattgaaagagaacagtgctc). The human ANK1C 5’HS was analyzed by digesting 

the DNA with SacI and probed with a 236 bp amplicon (forward – 

tgatgaacttagctttcgtcgctg, reverse – aaggcatcgactgcacgc). The human ANK1C 3’HS was 

analyzed by digesting the DNA with BsaI and probed with a 360 bp amplicon (forward – 

ctgtaattgctgtgctttagtaggcttt, reverse – acgtcacacaactgctgaccac). The human ANK1E 5’HS, 

3’HS1, and 3’HS2 were fine-mapped using Southern blot analysis. The human ANK1E 

5’HS was analyzed by digesting the DNA with BamHI and the following second 

enzymes: BglII, ScaI ,BmgBI, EagI, SacI, and StuI.The human ANK1E 3’HS1 was 

analyzed by digesting the DNA with NsiI and the following second enzymes: NdeI, 

XmnI, EagI, BspHI, BsrDI, TaqI, and SacI. 

The murine Ank1E 3’HS was analyzed by digesting the DNA with EcoRV and 

probed with a 369 bp amplicon (forward cagactcaaattccatcgaggc, reverse- 

aaaacgtcgcatggattcca) in fetal liver cells digested with EcoRV. The murine Ank1A 5’HS 
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was analyzed by digesting the DNA with NheI and probed with a 202 bp amplicon 

(forward – gtgcattttaagtagacagatcctaataagtta, reverse – taagtcatggttaccggaacagc). The 

murine Ank1B 5’HS was analyzed by digesting the DNA with HindIII and probed with a 

286 bp amplicon (forward –caatgttcataggtcagggcct, reverse- gagtccagcgtcaagtccattc). The 

murine Ank1B 3’HS was analyzed by digesting the DNA with BglII and probed with a 

204 bp amplicon (forward – tacagggagagtaccacgttaggg, reverse- 

gaatacgaagaggaagctccagg) 

2.10 Chromatin Immunoprecipitation (ChIP) 

 107 K562 cells were pelleted at 2,000 rpm for ten minutes at 4 °C. Cells were 

resuspended in cold 1% FBS in PBS. The cells were cross- linked with dimethyl 

adipimidate dihydrochloride (DMA), disuccinimidyl glutarate (DSG), and ethylene 

glycol-bis (succinimidylsuccinate) (EGS), each at a final concentration of 3 nM for 30 

minutes. Cells were further cross linked with formaldehyde at a final concentration of 1% 

for ten minutes. The reaction was quenched with glycine at a final concentration of 

13.8% for 5 minutes. The cross-linked cells were processed according to the Magna ChIP 

A protocol (Millipore, Billerica, MA). K562 cells were sheared using a Misonix sonicator 

3000 (Newton, CT) at power level five for 30 seconds total, with one second on and a 

half a second off. SH-SY5Y cells were sheared at power level 0.5 for ten seconds total 

with one second on and a half a second off. 

Antibodies used to precipitate chromatin fragments included anti-acetylated-

histone H3 K9/K14 (06-599, human and mouse, Upstate, Lake Placid, NY), anti-GATA1 

(sc-265, Santa Cruz, Santa Cruz, CA), anti-NF-E2 (sc-22827, Santa Cruz), anti-USF2 

(sc-862, Santa Cruz), anti-USF1 (sc-8983, Santa Cruz), anti-PRMT1 (sc-166963, human, 



	   45	  

Santa Cruz), anti-RNA polymerase II (sc-130851, Santa Cruz), anti-CTCF (07-729, 

Upstate), or anti-PRMT4 (ab84370, Abcam, Cambridge, MA). 

Primers were designed from the human ANK1E sequence using Primer Express 

Software (Applied Biosystems) and are listed in Table 2. ChIP DNA was amplified in a 

96-well plate in an Applied Biosystems 7500 Real-Time PCR System with SYBR-green 

PCR master mix (Applied Biosystems). PCR cycle was 50°C for 2 minutes, 95°C for 10 

minutes, and 40 cycles of 95°C for 15 seconds, 60°C for 1 minute (133). Cycle threshold 

(CT) was determined using the “automatic” setting of the software. Relative Occupancy 

was determined using the results from α spectrin primers as a reference standard.  
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Table 2. Primers used for ChIP analysis of the ANK1E promoter region. 
Primer Sequence (5'-3') Start End 

1F acagcttttgcggcccc 41657601 41657618 
1R ccccgtgacaaggaactaagg 41657442 41657462 

    2F gtgacactctgtgttcatatgctgg 41657050 41657074 
2R cagtaatggcttctggaacgaacc 41656916 41656939 

    3F ctgtcaggcactagtccccg 41656550 41656550 
3R cctgacgaggccgcc 41656366 41656381 

    4F aaggccagtttggtgctgc 41656420 41656439 
4R gccgccttttgcaacgtc 41656028 41656046 

    5F ctagtgaaagcacgcggac 41655184 41655806 
5R gcttgtctaaaagtcgctgggtg 41655466 41655488 

    6F aaggaagggaaagagcgga 41654495 41654514 
6R gtgtggcctgatgtccaactc 41654239 41654259 

    7F cggcaagcaattcaggttaag 41654010 41654010 
7R attttacccattttttccatcgg 41653794 41653816 

    8F cgtgttggtatcattacaagtcctctc 41653421 41653447 
8R tggtgtttgatagcagcttaggg 41653347 41653369 

    9F gggcaccgggaatatagcag 41652146 41652165 
9R ttcccatgacacacgcctg 41651820 41651839 

    10F catgagccaccgcactcg 41650354 41650374 
10R ttttcaatcgcaggtttgtgag 41650325 41650346 

    11F aggagggaagctcactggag 41650662 41650681 
11R ctcactgtattgcccaggct 41650868 41650887 

    12F gatactctgctcttgggattttt 41650268 41650290 
12R gccagggaaaataagaggaa 41650068 41650087 

    13F acgaggtttctcagcacagc 41649823 41649842 
13R caggagataaatcagcctctgc 41649639 41649660 

    14F gcgtttgtcatcattctccgac 41649766 41649787 
14R ggcccattagcagcagtcag 41649572 41649591 
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    15F gaatttactgtgggggctca 41649620 41649639 
15R aggaaggaaaacccttccag 41649391 41649410 

    16F caccctcccctcggctg 41649671 41649688 
16R aatgcgcttttcttcctgagc 41649604 41649624 

    17F gttagtgcctccccactttg 41649208 41649227 
17R gacttgctctgtctccaggc 41648986 41649005 

    18F ggagtcaatggctagaggaccc 41648428 41648449 
18R ttcaaatcacgccgtgtagaca 41648345 41648366 

    19F ttcaaatcacgccgtgtagacag 41648345 41648367 
19R tgtcagcccactctggcaac 41648517 41648536 

    20F agaatgtcttcgtagtctttgaatacctc 41648310 41648338 
20R ttgcctaatcaactaatcccac 41648097 41648122 

    21F aaaggggttttatatctcaaagtcttc 41648220 41648246 
21R ttccctcctaaccactgcac 41648037 41648056 

    22F catttaaagctgtataataggatctcgagttgtac 41648172 41648206 
22R ttgcctaatcctcaactaatcccac 41648125 41648149 

    23F aggaggcagaggttgcagt 41647701 41647720 
23R atctgggcagttcctgtcac 41647538 41647557 

    24F ccctcttcacaaacgtgtca 41647510 41647529 
24R gggaaacataggccaatcaa 41647247 41647266 

    Controls 
   

    Gene Sequence 
  Keratin F tacccatgagtataaagcactcgc 
  KeratinR cggccaggacggagg 
  

    α-globin 
F ggaagattggtggccatggtg 

  α-globin 
R tgacctgggcagagccgtggc 
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2.11 Transient-Transfection Analysis 

Luciferase reporter constructs were created with overlapping fragments of the 

ANK1E promoter region from UCSC Genome Browser hg19 chromosome 8: 41,648,019 

– 41,655,021. The fragments tested are listed in Table 3. The fragments were isolated 

from 1% agarose with Qiagen’s Gel extraction kit according to manufacturer’s directions. 

The purified fragments were ligated with Quick Ligation Kit (New England Biolabs) into 

a vector upstream of a reporter consisting of the ANK1E promoter (hg19 location) driving 

expression of the Luciferase gene (pGL2, Promega).  

The 3’HS1 fragment (Construct 11 in Table 3) was also used to generate another 

series of reporter constructs. This included inserting 3’HS1 either 5’-to-3’ or 3’-to-5’ in 

orientation, wither before or after the reporter construct, to test for orientation- or 

position- dependence, respectively. The thymidine kinase (TK) promoter (pRL-TK, 

Promega) was used in place of Luciferase to test for promoter dependence. A point 

mutation was inserted in the NF-E2 binding site of 3’HS1 (catctgactcatatttgag) as well as 

a double mutation in NF-E2 and AP-1 binding sites of 3’HS1 (catccaactcatatttgag) to test 

for dependency of NF-E2 and AP-1. Test construct plasmids were co-electrophorated 

with a control Renilla plasmid (pRL-SV40, Promega) for transfection efficiency.  

K562 cells were transfected and analyzed as previously described above. SH-

SY5Y cells were plated and 1x105 cells were seeded in a six-well plate one day prior to 

transfection.  SH-SY5Y cells were transfected using FuGENE from Promega with 1 µg 

of test plasmid and 100 ng of Renilla plasmid according to manufacture’s instructions, 

with a FuGENE-to-DNA ratio of 6:1. Forty-eight hours later, Luciferase and Renilla 
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levels were measured using the Promega Dual-Luciferase Reporter Assay System. SH-

SY5Y medium was aspirated off and the cells were actively scraped after the addition of 

1X PLB. Three 20 µl aliquots of cell lysate was placed in a 96-well microtiter 

luminescence microplates (Thermo Scientific). Luciferase and Renilla levels were read 

on a Fluoroskan Ascent FL(Thermo Scientific).  Relative light units (RLU) were 

determined by Luciferase/Renilla standardized to ANK1E promoter/Luciferase construct. 

(130). Experiments were done in triplicate and significance was determined by a two 

tailed Student’s t-test with p<0.05.  
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Table 3. Enhancer Constructs. Plasmids were created to test the below fragments as 
enhancer elements. The fragments were cut from a larger piece of human BAC with the 
above enzymes, sub cloned into bluescript and ligated upstream of an ankyrin promoter 
and Luciferase gene. Location of fragments was obtained from UCSC genome browser 
hg19 build.  
	  

Construct Enzyme Enzyme Size Start End 
1 BamHI ScaI 1,388 bp 41,653,633 41,655,021 
2 BspHI HindIII 1,575 bp 41,652,461 41,654,036 
3 PstI NgoMIV 1,507 bp 41,651,272 41,652,778 
4 SacI MfeI 1,544 bp 41,649,986 41,651,530 
5 BbvcI SacI 728 bp 41,650,802 41,651,530 
6 Tth111I SacI 635 bp 41,650,895 41,651,530 
7 TthIII TthIII 326 bp 41,650,569 41,650,895 
8 SacI BbvcI 816 bp 41,649,991 41,650,802 
9 SacI TthIII 583 bp 41,649,991 41,650,569 
10 ApaI TthIII 367 bp 41,650,202 41,650,569 
11 SacI ApaI 216 bp 41,649,991 41,650,202 
12 BbvcI ApaI 626 bp 41,649,571 41,650,202 
13 NcoI SacI 618 bp 41,649,372 41,649,991 
14 NcoI SacI 1,348 bp 41,648,019 41,649,367 
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2.12 In Vitro Barrier Assay 

The reporter constructs for the barrier assay contained the HS2 enhancer from 

mouse β globin cluster locus control region linked to human β globin promoter- enhanced 

green fluorescent protein (eGFP) gene (HS2/ β globin/ eGFP). Test fragments from the 

ANK1E region were inserted on both ends of the reporter construct. Flanking the reporter 

construct with cHS4, a well-established barrier, generated a positive control construct. 

Plasmids were linearized by digestion with Sca1 (New England Biolabs). Linear 

constructs were purified by phenol/chloroform extractionand ethanol precipitation. 200 

ng of linear test constructs and 20 ng of linearized pRSVneo were electroporated (0.4 cm 

BioRad Gene pulsar cuvettes in BioRad Gene Pulsar XCell) at 200 V, 960 µF into 1x107 

K562 cells to create stable cell lines. The transfected cells were transferred to a flask with 

W10 medium for 24 hours. The cells were plated in 3% agar containing W10 

supplemented with 750 µg/ml G418 for selection. Clones of G418-resistant cells grew in 

agar for two to three weeks. Single clones were isolated by pipetting and expanded in 25 

cm flasks containing W10 medium supplemented with G418 (750 µg/ml).  Colonies that 

expressed GFP in the presence of G418 were switched to W10 medium without G418 

and analysis of GFP expression was preformed every 14 days. GFP expression was 

measured by flow cytometry using a Becton Dickinson FACS Calibur instrument 

(Franklin Lakes, NJ) and analyzed with FlowJo software (Ashland, OR).   

DNA from each clone was isolated and Southern blot analysis was performed to 

test for intact constructs. For each construct, 10 µg of cell clone DNA was cut with 

EcoRV overnight and probed with a GFP probe (135). Cells were spun down and 

resuspended in LST buffer (20 mM Tris pH 7.5, 10 mM NaCl, 3 mM MgCl2) and 
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incubated on ice for five minutes.  The cells were then treated with 4X NPLB (5% 

Sucrose, 4% NP40 in LST) at a 1X concentration and incubated on ice for five minutes. 

Nuclei were pelleted and resuspended in nuclear dropping buffer (24 mM EDTA, 75 mM 

NaCl). SDS and Proteinase K were added at a final concentration of 1% and 200 µg, 

respectively, and the mixture was incubated at 55°C for two hours. DNA was recovered 

through phenol /chloroform extraction followed by ethanol precipitation.  

2.13 In Vivo Barrier Assay 

The in vivo barrier assay used transgenic mice carrying a human β globin gene as 

a reporter. Fragments from the ANK1E region were used to flank the β globin transgene. 

A positive control was created by flanking the human β globin gene with a well-

established barrier, cHS4. Transgenic mice were generated as described above.  Founder 

and F1 mice were genotyped and analyzed for intact constructs by Southern blot analysis 

of tail-snip DNA with a probe for human β globin. Transgene copy number was 

determined by comparing the signal in transgenic mouse lines to normal human DNA 

using a phosphor imager (FujiFilm). RNA was isolated from blood obtained by retro-

orbital eye bleeding with Trizol/chloroform/isopropyl alcohol extraction as described 

above. The presence of human β globin RNA was determined by RNase protection assay 

(RPA) using the mouse α /human β globin probe as described above.  

 Expression of human β globin protein in murine RBC was determined by flow 

cytometry of RBC obtained from retro-orbital bleeding.  The RBCs were collected and 

placed into Hanks Buffered Salt Solution (HBSS). Cells were spun down for 5 minutes at 

2,000 rpm. The cell pellet was vortexed and 10 µl of blood was fixed with 4% 

formaldehyde for 30 minutes at room temperature. Cells were permeabilized in three 
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steps with 50%, 100%, and 50% acetone, respectively, each for three minutes on ice 

followed by centrifugation for three minutes at 1,000 rpm at -2°C. Permeabilized cells 

were resuspended in 0.5 ml of HBSS with 5% FCS and stained with a FITC conjugated 

mouse anti-human β hemoglobin antibody (a gift from Dr. Thalia Papayannopoulou, 

University of Washington School of Medicine) on ice for 30 minutes, washed, and 

resuspended in HBSS with 2% FCS prior to FACS analysis for protein expression.  

FACS data was analyzed with FlowJo software. 

2.14 Enhancer Blocking Assay  

 The reporter for the enhancer-blocking assay was a human γ globin/neo reporter 

gene. Constructs were generated with the ANK1E sequence inserted between the 

enhancer-like element, ANK1E 3’HS, and the human γ globin /neo reporter gene. As a 

positive control, a well-established enhancer blocker, cHS4, was inserted between 3’HS1 

and the β globin promoter. 200 ng of linear plasmid was electroporated (0.4 cm BioRad 

Gene pulsar cuvettes in BioRad Gene Pulsar XCell) at 200 V, 960 µF into 1x107 K562 

cells. The electroporated cells were transferred to a flask with W10 medium for 24 hours 

and the cells were plated in 3% agar containing 750 µg/ml G418 (for selection) in W10 

medium. G418resistant colonies were grown in agar for two to three weeks and colonies 

were counted. The clones were tested for intact constructs through Southern blot analysis 

(135). Each construct was analyzed in three separate experiments. The number of 

colonies was normalized to the negative control and analyzed by a Student’s t-test. 

2.15 Chromatin Conformation Capture (3C) Assay  

 The Chromatin Conformation Capture (3C) assay was preformed on 1x108 K562 

or SH-SY5Y cells. Cells were collected, washed, and resuspended in PBS. Cells were 
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cross-linked with formaldehyde at a final concentration of 1% for ten minutes. The 

reaction was quenched with glycine at a final concentration of 13% for five minutes. The 

cells were pelleted and resuspended in ice-cold lysis buffer (10 mM Tris-HCl pH 8.0, 10 

mM NaCl, 0.2% Igepal CA-630) containing protease inhibiting cocktail (P8340, Sigma) 

on ice for 15 minutes. The cell pellet was disrupted by dounce homogenization, pelleted 

by centrifugation, and resuspended in 1X DpnII restriction buffer (New England 

Biolabs). The solutions were incubated with SDS (final concentration of 0.1%) at 65°C 

for 10 minutes to open the chromatin for digestion. TritonX-100 was added at a final 

concentration of 10% to sequester the SDS. The cross-linked chromatin was digested 

with 400 U DpnII (New England Biolabs) overnight at 37°C. SDS was added to a final 

concentration of 0.01% to inactivate the DpnII at 65°C for 30 minutes. TritonX-100 (final 

concentration 1%), 10X ligation buffer (500 mM Tris-HCl pH 7.5, 100 mM MgCl2, 100 

mM dithiothreitol), BSA (final concentration 0.1 mg/ml), ATP (final concentration 1.3 

mM), and 400 U T4 ligase (Invitrogen) were added for ligation at 16°C for two hours. 

Proteinase K (500µg, Sigma) was added to reverse the cross-links at 65°C for 2 hours. 

The DNA was isolated by phenol/chloroform extraction followed by ethanol 

precipitation. RNA was removed by 10 µg RNase A (Sigma) digestion at 37°C for 15 

minutes. The resulting DNA is the 3C template used for real-time PCR using primers 

listed in Table 4. Real-time PCR cycle was 50°C for 2 minutes, 95°C for 10 minutes and 

40 cycles of 95°C for 10 seconds and 60°C for 1 minute. 
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Table 4. 3C Primers. Location of primers obtained from UCSC genome browser hg19 
build.  
 
Forward Primers 

   
    Location Sequence Start  End 

1B 1F cgcctcctggacccctagcg 41754023 41754042 
1B 2F tggacccctagcgctcagcg 41754030 41754049 
1E 1F cgcagtttagcagactcaaaggaaagc 41654660 41654686 
1E 2F acacacctacaaaacgcagtttagcag 41654646 41654672 
1A 1F cgcctcctggacccctagcg 41624634 41624653 
1A 2F gccgcagccttcaggccaga 41624632 41624651 

    Reverse Primers 
   

    Location Sequence Start  End 
1B 1R ggagcagagacccccttcccc 41754076 41754096 
1B - 1B 3'HS 1R gctctaataattcacatgcaatacaaca 41749381 41749408 
1B 3'HS 1R cccccacccagccagtgtttg 41747931 41747951 
1B 3'HS - 1E 5'HS 1R acttctcatcttgtgcagaggagaggag 41729686 41729713 
1B 3'HS - 1E 5'HS 2R attctgaatctagagcttcaaaggggca 41713454 41713481 
1B 3'HS - 1E 5'HS 3R tgagctacacaaaggaagaggggccggg 41678361 41678388 
1B 3'HS - 1E 5'HS 4R aaggaaaggaaaggaaaggaaagaaagg 41660634 41660661 
1E/1E 5'HS 1R gcgctggggagggatggtttttg 41654719 41654741 
1E/5'HS -1E3'HS 1R cggttgtactacaattgcatgataacac 41651514 41651541 
1E 3'HS 1R caagcgaaggagaagcaggagct 41649968 41649990 
1E 3'HS - 1A 1R cactagtgtctctgtttctcagatgcag 41644211 41644238 
1A 1R ctgcccttctgctgccgagg 41624680 41624699 
1A - Exon 2 1R cagcctccagacagcgagagaacacatt 41619088 41619115 
Exon 2 1R tcgcccacactgttcaggca 41615337 41615356 
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2.16 ChIP-Loop Assay 

 K562 chromatin was prepared and digested as described above for 3C. After 

overnight DpnII digestion, DpnII was heat inactivated for 20 minutes at 65°C. The 

digested chromatin was cooled to room temperature, pre-cleared twice for 30 minutes at 

4°C with magnetic A/G beads (Millipore). A volume equivalent to 1x106 cells was 

diluted in ChIP Dilution buffer with proteinase inhibitors (Magna ChIP A/G kit, 

Millipore). Antibody precipitations were conducted with 25 µg of antibody for anti-NF-

E2, anti-GATA1, anti-CTCF, anti-Pol II, and IgG staining overnight at 4°C with shaking. 

Magnetic A/G beads were added and incubated at 4°C with the antibody/chromatin 

fragments for 4 hours. Beads were washed four times with 1% NP40 in PBS and washed 

two times with washing buffer (10 mM Tris HCl pH 8.0, 250 mM LiCl, 0.5% NP40, 

0.5% sodium deoxycholate, 1 mM EDTA). Ligation buffer (1% Triton X-100, 50 mM 

Tris-HCl pH 7.5, 10 mM MgCl2, 10 mM dithiothreitol, 0.1mg/ml BSA, 1.3 mM ATP) 

and 400 U of T4 ligase was added to the beads and incubated at 16°C for three hours. 

Proteins were digested with 100 µg of proteinase K (Sigma) and RNA was digested with 

250 µg RNase I (Sigma) at 68°C for six hours. DNA was isolated by phenol/chloroform 

extraction followed by ethanol precipitation and resuspended in TE buffer (pH 8.0). The 

DNA was further purified using a QIAGEN PCR Clean Up kit, according to 

manufacturer’s directions.   

 ChIP-loop DNA was amplified in a 50 ul reaction using JumpStart taq DNA 

polymerase (D6558, Sigma), 10X Buffer with 15 mM MgCl2 (P2192, Sigma), 5 M 

betaine (B0300, Sigma), 10 mM dNTPS (D7295, Sigma). A touch down PCR cycle was 

utilized as described	  (136) using a BioRad C1000 Thermal Cycler. The first cycle was at 
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95°C at 3 minutes. The first 10 cycles of touch down consisted three stages: 95°C for 30 

seconds, 70°C for 45 seconds (at which the temperature decreased 1°C after each cycle to 

a final temperature of 60°C) and the last stage was at 72°C for 1 minute. This was 

followed by 25 cycles of 95°C for 30 seconds, 60°C for 45 seconds, 72°C for 1 minute 

and a final cycle of 72°C for 5 minutes. A forward primer was constructed for the 

5’HS/1E region (F-cgcagtttagcagactcaaaggaaagc). Reverse primers were generated for 

the 5’HS/1E region (4R-caagcccccaaggcccttcg), around the 3’HS1 region (1R-

cacacctccccgcttattta), and for two DpnII sites in between (2R- ctgcthtgaggctgaagtga and 

3R- aaaaggagatgggagccact). PCR products were visualized on a 2% agarose gel. 
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RESULTS 

3.1 Analysis of the ANK1E Core Promoter 

 Previously we have identified a dinucleotide deletion adjacent to a TSS in the 

ANK1E promoter of a German Hereditary Spherocytosis patient. In vitro and in vivo 

studies of the -72/-73 TG deletion revealed decreased ANK1E mRNA expression, 

defective binding of TBP, and defective TFIID complex formation (19). We 

hypothesized that the -72/-73 dinucleotide defined a critical region for the regulation of 

ANK1E mRNA expression. To investigate this hypothesis, we generated a library of 

about 16,000 degenerate ANK1E promoters around the -72/-73 sequence. The degenerate 

ANK1E promoter library was assembled using a degenerate oligo sequence that retained 

the TG dinucleotide at -72/-73, but contained degenerate sequences for -78 to -74 and -71 

to -70, thereby representing all possible nucleotides at each non-conserved position (137).  

 The library was used as a template for in vitro transcription. The in vitro 

transcribed RNA was cloned and sequenced. From analysis of over 100 sequences we 

identified three variant sequences of the wild type (ANK1WT) TFIID binding site 

(TGCGGTGAG). The three variants, ANK1GC (GCGGGTGAG), ANK1GG 

(GGCGGTGAG), and ANK1GGG  (GGGGGTGAG), bound TFIID, were active in cell-free 

transcription assays, and were active in transient transfection assays and in transgenic 

mice (137). The level of transcription of these variants compared to wild type (WT) was 

determined through a Luciferase transient transfection assay in K562 cells. The ANK1WT, 

ANK1GC, ANK1GG, and ANK1GGG were inserted into a Luciferase vector along with a 

Renilla control. Cells were analyzed 48 hours after transfection for Luciferase and 

Renilla activity. Each experiment was done in triplicate. Luciferase activity was 
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determined as the ratio of Luciferase to Renilla, to control for transcription efficiency, 

and then normalized to ANK1WT. The ANK1GGG variant did not increase Luciferase 

expression above the level achieved by ANK1WT (Figure 5). However, ANK1GC increased 

Luciferase activity three-fold and ANK1GG increased Luciferase activity by seven-fold 

(p<0.05) (Figure 5).  

 We also evaluated these mutant promoters in a transgenic mouse model. Each 

promoter was attached to a human Aγ globin gene for injection into fertilized mouse eggs. 

Founder animals containing intact constructs were determined by Southern blot analysis. 

Founder animals were crossed to WT mice to generate F1 animals for analysis. ANK1GC 

generated five lines of transgenic mice, ANK1GG generated six lines, and ANK1GGG 

generated five lines. These lines were compared to sixteen lines of previously generated 

ANK1WT mice and seven lines of ANK1ΔTG mice. The relative number of transgene copies 

in each line ranged from one to ten in the variant promoter lines, as estimated by 

Southern blot analysis of DNA from F1 offspring. We utilized RPA to compare the level 

of human Aγ globin mRNA to the level of mouse α globin mRNA. These stringent assays 

recapitulated the results of transient transfection assay. ANK1GC animals express 25.7% 

human Aγ globin compared to mouse α -globin mRNA per transgene copy, which is five-

fold greater than the levels seen in ANK1WT mice (5% human Aγ globin compared to 

mouse α globin mRNA per transgene copy) (p<0.01) (Figure 4). By contrast, the ANK1GG 

and ANK1GGG animals did not express significantly different levels of human Aγ globin 

(ANK1GG: 8%; ANK1GGG: 7%) (Figure 5)	  (137). 
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Figure 5. Expression of Variant ANK1E Promoters in vitro and in Transgenic Mice. 
(A) Two novel motifs (GCGGGTGAG and GGCGGTGAG) conferred increased activity 
in Luciferase reporter assays in K562 cells, as compared to the wild type (WT, 
TGCGGTGAG) promoter (p<0.01). The other motif (GGGGGTGAG) did not have 
increased activity compared to WT. (B) Transgenic mice with the novel motifs. (Top) 
Representative Southern blot depicts transgene copy numbers and (Bottom) relative RNA 
levels. RNase Protection Assay (RPA) demonstrates that transgenic mice expressed high 
levels of human Aγ globin RNA despite low transgene copy numbers. 
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3.2 Chromatin Structure of the ANK1E Locus in Erythroid and Non-Erythriod 
Cells  

ANK1 has three alternative promoters/first exons that expressed in specific 

tissues. We hypothesized that the chromatin structure of the ANK1 promoter region 

would be different in erythroid cells, where ANK1E is expressed, than in non-erythroid 

cells, where ANK1E is silent. The chromatin structure of the ANK1E promoter region was 

determined by DNase I sensitivity assay and ChIP analysis of histone acetylation marks 

of the ANK1E promoter region. DNase I is an enzyme that cleaves DNA that is easily 

accessible and is not protected by proteins. DNase I sensitivity is an indication of open 

and active chromatin. The DNase I sensitivity of human and murine ANK1 promoter 

region was analyzed using a high-throughput, quantitative, real-time PCR -based assay 

that used DNA extracted from untreated and DNase I treated human K562 cells. A 

similar analysis at the mouse Ank1E locus was performed on DNase I-treated murine 

E14.5 fetal liver and adult thymus nuclei. Untreated DNA, as well as DNA from nuclei 

exposed to low or high concentrations of DNase, were amplified by PCR. The human 

primer set contained 305 primer pairs covering a 190kb region extending from upstream 

of the human ANK1B promoter into exon 2 (Figure 6). The murine primer set contained 

334 primer pairs covering a 140kb region extending from upstream of the murine Ank1B 

promoter into exon 2 (Figure 7). DNase I sensitivity was quantified by subtracting the 

threshold amplification cycle (CT) of the treated DNase sample from the CT of the 

untreated sample (ΔCT=CT UNTREATED –CT TREATED ).  

Analysis of ΔCT in the chronic myeloid leukemia cell line, K562, demonstrated 

that the area around the 1E promoter is more sensitive to DNase I digestion (ie. higher 

ΔCT) than around the 1B and 1A promoters (ie. lower ΔCT). In K562 cells, the region 
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between the ANK1E 5’HS and 3’HS-1and 3’HS-2 was more sensitive to DNase I 

digestion than the more distal regions upstream of 5’HS and downstream of 3’HS-1 and 

3’HS-2, which recapitulates previous Southern blot analysis of this region (6). This real-

time PCR method provides insight into chromatin structure over a broader range than 

Southern blot analysis alone. We conclude that this high throughput real-time DNase I 

sensitivity assay is as effective as works as traditional Southern blot DNase I sensitivity 

assay but covers a greater distance. 

We have previously defined a 5’HS through Southern blot fine mapping. The 181 

bp 5’HS was found in between EagI and ScaI sites of high molecular weight DNA 

digested with BamHI (138). We validated other peaks of DNase I hypersensitivity 

defined as a ΔCT above 2. We first validated a peak 6 kb downstream of ANK1E. To 

locate the location of the 3’HS we digested high molecular weight K562 DNA with NsiI 

and other restriction enzymes listed in Figure 6B. We identified two 3’HSs. The first, 

3’HS1, is contained in a 328 bp fragment located between BsrBI and SacI sites (Figure 

6B). The second site, 3’HS2, is contained in a 524 bp fragment between SacI and NcoI 

sites (Figure 6B). These sites lie at the 3’ boundary of the DNase I sensitive domain 

described above. We conclude that 5’HS and 3’HS1/2 are located at the boundaries of an 

erythroid-specific active chromatin domain. We then went on to define other HS flanking 

the 1B promoter and the region between ANK1E and ANK1A (A-D in Figure 6A). 

The murine Ank1 locus resembles that of the human, and we performed the same 

real-time PCR based DNase I assay in primary mouse cells. In E14.5 fetal liver cells, 

Ank1E is expressed and the chromatin is more sensitive to DNase I digestion. By 

contrast, in adult thymus cells, Ank1E is not expressed and chromatin around the Ank1E 
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region is less sensitive to DNase I digestion (Figure 7). We concluded that the murine 

Ank1E promoter region is DNase I sensitive in erythroid cells.   

We also identified changes in chromatin structure by analyzing histone 

modifications. In particular, two histone modifications are associated with active 

promoter regions: acetylation at lysine 9 on H3 (H3K9ac); and acetylation at lysine 16 on 

H4 (H4K16ac). We used ChIP to examine H3K9 and H4K16 acetylation in the ANK1E 

promoter region. We found that H3K9ac and H4K16ac is increased around 5’HS and 

3’HS1/2 in ANK1E expressing K562 cells (Figure 8). We conclude that the 5’HS and 

3’HS1/2 mark the boundary of an erythroid specific DNase I sensitive domain indicative 

of actively transcribed regions. 
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Figure 6. DNase I Analysis of the ANK1 Promoter Region in Human K562 cells. (A) 
DNase I sensitivity across the ANK1 promoter region. Top: ANK1 genomic region 
showing alternative promoters (black bars to the left of the name of each promoter). 
Bottom: DNase I profile. Y-axis represents the difference between the amplification of 
DNase I treated and untreated chromatin (ΔCt). X-axis represents the location for each of 
the 305 amplicons across the locus. A ΔCt above 2 is indicative of a DNase I 
hypersensitive site (HS). Six potential HS are shown: 3’HS, 5’HS, A-D. (B) Southern 
blot analysis of 3’HS. DNA extracted from DNase I treated chromatin and digested with 
Nsi I (N+DNase) reveals two DNase I Hypersensitive sites (HS) and a parent band (PB). 
High molecular weight DNA digested with Nsi I and a second enzyme were used to 
identify the boundaries of the two HS.	  	  
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Figure 7. DNase I Analysis of the Ank1 Promoter Region in Murine Fetal Liver 
Cells. DNase I sensitivity across the murine Ank1 promoter region (top) in E14.5 fetal 
liver cells and adult thymus cells (bottom). The alternative promoters and first exons, 1B, 
1E and 1A are represented by arrows and labeled accordingly. Y-axis represents the 
difference between the amplification of DNase I treated and untreated chromatin (ΔCt). 
X-axis represents the location for each of the 344 amplicons across the locus. A ΔCt 
above 2 is indicative of a DNase I hypersensitive site (HS).  
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Figure 8. Acetylated Histone H3 and H4 Occupancy around the 10kb Region of 
ANK1E in K562 Cells. ChIP identified activate chromatin-related histone modifications 
H3K9ac and H4K16Ac across the ANK1E region in K562 cells. The gray bars represent 
5’HS, 3’HS1, and 3’HS2 as labeled.  
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3.3 5’HS and 3’HS1/2 Act as Barrier Insulators 

 Barrier insulators prevent the encroachment of heterochromatin, ensuring the 

expression of intervening genes. Because barrier insulators are associated with HS and 

the identified 5’HS, 3’HS1 and 3’HS2 flank the ANK1E promoter, we hypothesized that 

5’HS, 3’HS1, and 3’HS2 were barrier insulators. Two assays were used to demonstrate 

barrier insulator activity: an in vitro cell-based assay in K562 cells and an in vivo 

transgenic mouse model. The in vitro K562 assay utilized reporter constructs containing 

the HS2 enhancer from the human β globin locus linked to a human β globin 

promoter/enhanced green fluorescent protein (eGFP) gene (HS2/β globin/eGFP). To test 

for barrier insulator activity, the reporter construct was flanked with either 5’HS, 3’HS1, 

3’HS2, or both 3’HS1/2. Linearized constructs were electroporated into K562 cells, along 

with pRSVneo for selection of individual clones. Clones were picked after two weeks and 

expanded for six weeks without G418 selection. Clones with uniform eGFP expression 

(all cells express eGFP) in the absence of selection were considered to contain barrier 

insulators.  

 The negative control consisted of an HS2/ β globin/eGFP reporter construct with 

no flanking sequence. None of the 12 clones containing unflanked HS2/β globin/eGFP 

expressed eGFP at the end of six weeks (Figure 9). As a positive control, the well-

established barrier insulator, cHS4 (107), was used to flank the HS2/β globin/eGFP 

reporter construct.  As expected, 12 of 12 cHS4 flanked clones expressed eGFP after 6 

weeks (Figure 9). When the 5’HS was used to flank the HS2/β globin/eGFP 24 of 24 

clones expressed eGFP uniformly (Figure 9). Barrier activity was reduced significantly 

when the -108/-153 point mutations (20) were inserted into 5’HS, as only two of 12 
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clones expressed eGFP (p<0.02) (138) (Figure 9). When 3’HS1 flanked the reporter 

construct, 22 of 33 clones expressed eGFP. Although some clones were silent, this 

expression was significantly different from the negative control (p<0.05) (Figure 9). 

When 3’HS2 was used to flank the HS2/ β globin/eGFP reporter construct, 34 of 38 

clones expressed eGFP (Figure 9). When both 3’HS1 and 3’HS2 flank the construct 11 of 

22 expressed eGFP (Figure 9).  We conclude that 5’HS contains barrier activity and that 

the -108/-153 mutations destroy this activity. We further conclude that 3’HS1 and 3’HS2 

both have barrier insulator activity, separately and together (Figure 9). 

 The transgenic in vivo reporter construct contained the human β globin promoter 

and human β globin gene. Test constructs were flanked with either 5’HS, 5’HS with -108 

/-153 mutations, 3’HS1, 3’HS2, or 3’HS1/2. Founder animals were identified: ten 

unflanked; 16 5’HS; seven 5’HS with -108/-153 mutations; six 3’HS1; six 3’HS2; and 

ten 3’HS1/2. F1 animals were bred for analysis of transgene copy number, mRNA levels, 

and human β globin protein expression to distinguish between uniform expression (all 

cells expressed human β globin), or variegated expression (some cells express human β 

globin protein). 

 Only one of the ten transgenic mice with an unflanked reporter construct 

expressed human β globin RNA with uniform expression of β globinprotein (Figure 10). 

When the human β globin gene was flanked with 5’HS, all 16 lines expressed RNA, and 

all had uniform protein expression (20) (Figure 10). When the 5’HS with the -108/-153 

mutations flanked the reporter construct, all seven lines expressed low levels of human β 

globin mRNA with variegated β globin protein expression in a transgene copy number-

independent manner (Figure 10). All six of the mice with constructs flanked with 3’HS1 
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expressed human β globin RNA (Figure 10). Three of the six showed uniform expression 

of human β globin protein, while three showed variegated expression of human β globin 

protein (Figure 10). Five of six mice carrying the human β globin gene flanked with 

3’HS2 expressed human β globin RNA (Figure 10). Of the four lines in which human β 

globin protein could be detected, two showed uniform expression, while the other two 

showed variegated expression of the human β globin protein (Figure 10). When the 

human β globin gene was flanked with both 3’HS1 and 3’HS2, ten of ten mice expressed 

human β globin RNA and uniformly expressed human β globin protein (Figure 10). We 

conclude that 5’HS has barrier activity in vivo, and that this activity is diminished with 

the -108/-153 mutations. We further conclude that 3’HS1 and 3’HS2 contain significant 

barrier activity when they are present together, as is the case at the endogenous ANK1E 

region (Figure 10). 

 Certain proteins are associated with barrier insulators. Two such proteins are 

PRMT1 and PRMT4, which add a methyl group to histone H4 and are important for 

establishing active chromatin (106). CTCF has been shown to interact with histone 

modifying complexes that aid barrier insulator activity (102). ChIP analysis of PRMT1, 

PRMT4, and CTCF occupancy in K562 cell chromatin showed that PRMT1 and PRMT4 

occupancy is detected at the 5’HS and 3’HS1/2 regions, where as CTCF occupancy is 

detected only at 3’HS (Figure 11).  

 Similarly, USF1, and USF2 have also been identified to function in the cHS4 

barrier element. Loss of USF1 and USF2 binding sites result in decreased recruitment of 

histone modifying complexes necessary for barrier activity (107). Consistent with these 

results, we found increased USF1 and USF2 occupancy near ANK1E 5’HS and 3’HS1/2 
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(Figure 11).  We hypothesized that the -108/-153 mutation in 5’HS prevented the binding 

of some or all of these proteins. We tested this hypothesis by performing ChIP for USF1 

and USF2 on the stable K562 cell line used for the in vitro barrier assay, bearing the -

108/-153 mutated 5’HS flanked HS2/β globin/eGFP reporter construct. ChIP analysis of 

the test constructs using specific primers (forward primer in the ANK1E promoter, 

tctgggcacacaccctaag and the reverse primer in HS2, racgtcaccggttctagagga). Consistent 

with this hypothesis, we found significantly decreased USF2 binding and no decrease in 

USF1 when compared to wild type in the stably transfected K562 cells bearing the -108/-

153 mutations (Figure 12). We conclude that USF2 is necessary for the barrier insulator 

activity of 5’HS. 
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Figure 9. In vitro Analysis of Barrier Activity. The constructs on the left were co-
transfected into K562 cells with a pRSVneo plasmid and individual clones were isolated 
in G418. After transfer to non-selective medium the clones were assayed for GFP 
expression. The table at the right shows the number of GFP expressing (GFP+) and 
silenced (GFP-) clones. Both 3’HS-1 and -2 have significant barrier activity (*p<0.05 
compared to unflanked reporter construct). 
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Figure 10. In vivo Analysis of Barrier Activity. The constructs on the left were used to 
generate transgenic mice. The table on the right shows the number of lines expressing 
human β globin mRNA and the number of lines with uniform expression of hub-globin 
protein for each line with sufficient levels of human β globin protein for analysis. 
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Figure 11. Insulator-Associated Protein Occupancy around the 10kb Region of 
ANK1E in K562 Cells. ChIP identified barrier insulator related proteins USF1, USF2, 
PRMT1, PRMT4 (CARM1)and CTCF across the ANK1E region in K562 cells. The gray 
bars represent 5’HS,3’HS1, and 3’HS2 as labeled.  
 



	   75	  

 

 
Figure 12. ChIP for USF1 and USF2 Occupancy of the ANK1E Promoter in Wild 
Type K562 Cells and -108/-153 Mutated Cells. (A) Wild type (WT) cell line contained 
the WT 5’HS sequence. The mutant (MUT) cell line contained the 5’HS with the -108/-
153 point mutations. A forward primer was designed within the 5’HS and a reverse 
primer was designed within HS2. (B, Right) ChIP occupancy for USF1 of the WT 
sequence in black and MUT in black was not significant. (B, Left) ChIP occupancy of 
USF2 of the WT in black and the MUT in light grey. There is a significant (p=0.001) 
decrease in USF2 occupancy at the mutated 5’HS. All ChIP experiments were done in 
triplicate.  
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3.4 Functional Analysis of the 6 kb Erythroid-Specific Open Chromatin Domain 

 The region between 5’HS and 3’HS1/2 was DNase I sensitive in erythroid cells. 

We hypothesized that there could be additional cis-regulatory elements in this region. To 

identify enhancer elements we screened overlapping fragment of the region between 

5’HS and 3’HS1/2 for enhancer activity in a transient Luciferase assay. The fragments 

listed in Table 2 were ligated upstream of the minimal ANK1E human promoter linked to 

a Luciferase reporter gene (ANK1E/Luciferase). These constructs were electroporated 

into K562 cells along with a Renilla-luciferase construct as a control for transfection 

efficiency. Initially, we screened fragments (1-4) finding activity only in fragment 4 

(Figure 13). We then subdivided this fragment into seven fragments (5-11) and extended 

our analysis with three additional over lapping fragments (12-14). Ultimately, constructs 

4,8,9,11, and 12 increased Luciferase activity when compared to the ANK1E promoter 

alone. All five of these constructs contain the 211 bp fragment in 3’HS1 (Figure 13).  

Classical enhancer elements are position independent, orientation independent, 

and activate multiple promoters.  To test for position independence, 3’HS1 was inserted 

both 5’ or 3’ to the ANK1E/Luciferase reporter gene, in both orientations. 3’HS1 

increased Luciferase expression only when it was located 5’ of the reporter (Figure 14), 

demonstrating position-dependence. Both orientations of 3’HS1 increased expression of 

the ANK1E/Luciferase gene when located 5’ to the reporter, demonstrating orientation 

independence (Figure 14). 3’HS1 also activated the Herpes simplex virus (HSV) 

thymidine kinase (TK) promoter, in the same position-dependent, orientation-

independent fashion, demonstrating 3’HS1’s effect on multiple promoters (Figure 14). In 

the neuronal SH-SY5Y cell line, 3’HS1 did not increase the expression of the 
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ANK1E/Luciferase or the TK/Luciferase reporter genes (Figure 14). We conclude that 

3’HS1 is a tissue-specific, orientation-independent, and position-dependent positive cis-

regulatory element that activates multiple promoters. 
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Figure 13. A Cis-Acting Regulatory Element in the ANK1E Active Chromatin 
Domain. Overlapping fragments of the region (shown below with the locations of 5’HS, 
3’HS-1 and 3’HS-2) were cloned into an ANK1/Luciferase vector and transfected into 
K562 cells. The bar graph shows the relative Luciferase expression of each fragment 
compared to the ANK1E promoter alone. The black bars indicate fragments with 
significantly higher levels of Luciferase expression (*p<0.01 compared to promoter 
alone) and all of these fragments contain 3’HS1.  
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Figure 14. Analysis of the Cis-Acting Regulatory Activity of 3’HS1. A 211 bp 
fragment of 3’HS1 was tested for orientation, position and promoter independence. The 
constructs shown at the left were transfected into K562 or neuronal SH-SY5Y cells. 
3’HS1 significantly increases expression of ANK1E and TK promoters only in erythroid 
cells and only when adjacent to the promoter regardless of orientation (*p<0.05;  when 
compared to promoter alone). Mutation of the NF-E2 (single triangle) or NF-E2/AP1 
(double triangle) abolishes the activity of 3’HS-1 ( p< 0.01; compared to wild type 
3’HS1). 
  

Figure 5

3.22 ± 1.06†

1.55 ± 1.76†

4.1 ± 1.5 1.8 ± 1.4

1.0 1.0

K562Constructs

ANK LUC

ANK LUC

ANK LUC

ANK LUC

ANK LUC

ANK LUC

TK LUC

TK LUC

TK LUC

TK LUC

TK LUC

3’ HS1

3’ HS1

3’ HS1

3’ HS1

3’ HS1

3’ HS1

3’ HS1

3’ HS1

3’ HS1

SH-SY5Y

1.9 ± 0.6

1.3 ± 0.3

4.5 ± 1.1 2.0 ± 0.6

0.6 ± 0.3

1.2 ± 0.8

ND

ND

2.4 ± 1.2

2.7 ± 0.6

3.4 ± 0.7

1.1 ± 0.3

12.7 ± 5.3

11.9 ± 1.2

4.3 ± 4.6

2.9 ± 0.2

ANK LUC3’ HS1

*
*

1.6 ± 1.12.3 ± 0.8

*
*



	   80	  

3.5 Transcription Factor Activity in the ANK1E Open Chromatin Domain 

Analysis of the 3’HS1 sequence revealed two overlapping consensus transcription 

factor binding sites; one for the ubiquitous activator protein 1 (AP-1) and one for the 

erythroid-specific nuclear factor erythroid 2 (NF-E2).  We hypothesized that the binding 

of the erythroid specific transcription factor NF-E2 was responsible for the tissue-

specificity of the enhancer property of 3’HS1. To test this hypothesis, we mutated the 

NF-E2 binding site in 3’HS1 (catctgactcatatttgag) and the ability of the mutated 3’HS1 to 

increase ANK1E/Luciferase expression was analyzed. The mutation of the NF-E2 binding 

site in 3’HS1 reduced ANK1E/Luciferase levels to nearly the level of an unenhanced 

control (no 3’HS1) ANK1E/Luciferase reporter construct (Figure 14). To make sure the 

NF-E2 mutation was sufficient for decreased luciferase activity, we also mutated the AP-

1/NF-E2 binding site (catccaactcatatttgag) to determine whether NF-E2 and AP-1 

cooperate. Constructs that contained both NF-E2 and AP-1 mutations also decreased 

Luciferase activity to the level of the control ANK1E/Luciferase reporter construct 

(Figure 14). We concluded that the intact NF-E2 binding site is necessary for 3’HS1 to 

increase the activity of the ANK1E/Luciferase reporter construct and that AP-1 does not 

cooperate with NF-E2.  

 To demonstrate NF-E2 binding in the ANK1E open chromatin domain, we 

performed ChIP experiments. NF-E2 occupancy was detected at the 3’HS1/2 region as 

well as in the 5’HS region (Figure 15). Sequence analysis of the 5’HS region showed no 

consensus binding site, and no in vitro binding of NF-E2 to fragments of DNA from this 

5’HS region was identified (139). The 5’HS contains a consensus site for GATA1 

binding, which is required for ANK1E promoter activity (139). ChIP for GATA1 
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occupancy in the ANK1E open chromatin domain demonstrated GATA1 occupancy at 

5’HS as well as near the 3’HS region, where no GATA1 binding motif exists (Figure 15). 

To determine if these transcription factors are associated with the activated form 

of pol II, we performed ChIP to determine occupancy of activated pol II occupancy in the 

ANK1E promoter region. Activated pol II did show increased occupancy at the 3’HS 

region and to a lesser degree in the 5’HS region (Figure 15). We conclude that the 

ANK1E promoter region is occupied by two erythroid-specific transcription factors 

necessary for efficient gene expression.  

Our in vivo and in vitro barrier insulator analysis showed that 3’HS1 combined 

with 3’HS2 is an effective barrier. To determine whether the NF-E2 dependent enhancer 

controlled the barrier activity, we mutated the 3’HS1 NF-E2 binding site in the constructs 

previously created for the in vitro barrier insulator assay. The mutated 3’HS1 flanked 

HS2/β globin/eGFP reporter constructs expressed GFP in 11 of 20 clones compared to 22 

of 33 clones for wild type 3’HS1 (Figure 9). The mutated 3’HS1 in combination of wild 

type 3’HS2 flanked HS2/β globin/eGFP construct 14 of 24 clones expressed GFP 

compared to 11 out of 22 wild type 3’HS1/2 flanked clones (Figure 9). There was no 

significant difference compared to the wild type constructs (Figure 9). We conclude that 

the barrier activity of 3’HS1 and 3’HS1/2 is not dependent on enhancer activity. 
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Figure 15. Transcription-Associated Protein Occupancy Around the 10kb Region of 
ANK1E in K562 Cells. ChIP identified transcription factor proteins GATA1, NFF2 and 
Pol II across the ANK1E region in K562 cells. The gray bars represent 5’HS,3’HS1, and 
3’HS2 as labeled.  
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3.6 Analysis of Enhancer Blocking Insulator Activity 

 Some insulators have two distinct and separate qualities: barrier insulating and 

enhancer blocking (EB). EB insulators prevent enhancers from activating the promoters 

of adjacent genes. Because we demonstrated that 5’HS and 3’HS1/2 behave as barrier 

insulators, and we found an enhancer like element in 3’HS1, we hypothesized that 5’HS 

and 3’HS2 act as EB insulators. We tested whether 5’HS and 3’HS2 could block the 

effects of our enhancer-like 3’HS1 positive cis-regulatory element. Enhancer blocking 

insulators are tested in vitro by creating reporter constructs containing the 3’HS1 

enhancer like element, a candidate enhancer blocking insulator (5’HS or 3’HS2), and the 

human γ globin promoter /neo reporter construct (γ globin/neo). The reporter constructs 

were linearized and electroporated into K562 cells, then transferred into soft agar 

containing G418 for selection. Single cells grow into colonies and the amount of colonies 

was counted after two weeks. As expected, the 3’HS1/γ globin/neo plates, lacking any 

candidate enhancer blocking insulators, contained many colonies, while cells transfected 

with 3’HS1/cHS4/γ globin/neo, containing cHS4 a known EB insulator, produced few 

colonies. The number of colonies was normalized to the positive enhancer blocking 

control that contained the known enhancer blocking insulator cHS4 inserted in between 

the 3’HS1 and the γ  globin/neo reporter construct. The negative control did not contain a 

sequence in between the 3’HS1 and γ globin/neo reporter construct and had three fold 

more colonies than the control. When 3’HS2 was inserted between 3’HS1 and the γ 

globing promoter we also observed 3’HS2 contained 3 fold more colonies than the 

positive control indicating that 3’HS2 had no EB activity (Figure 16). When 5’HS was 

inserted, we observed contained 13 fold more colonies than the positive control again 
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indicating no EB activity (p <0.05 from negative control)(Figure 16). We concluded that 

neither 3’HS2 or 5’HS are EB insulators. 
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Figure 16. In Vitro Analysis of Enhancer Blocking (EB) Activity. The constructs on 
the left were transfected into K562 cells and plated in tissue agar with G418. After two 
weeks colonies were counted and normalized to the cHS4/γ globin/neo reporter construct. 
(*= p<0.05 compared to 3’HS1/γ globin/NEO). 
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3.7 Three-Dimensional Interaction of 5’HS and 3’HS1/2 

 Many loci have been shown to contain dynamic three-dimensional (3D) 

chromatin loops that bring widely spread regulatory regions into proximity	  (140). 3’HS1 

functions as an enhancer only when juxtaposed to the ANK1E promoter, even though it is 

located 6 kb downstream of the ANK1E promoter. ChIP data demonstrated increased 

occupancy of GATA1 at ANK1E/5’HS where there is a GATA1 motif as well as 

increased occupancy at 3’HS1 and 3’HS2 where there is no GATA1 motif. This was also 

seen with NF-E2; occupancy at 3’HS1 where there is a NF-E2 binding site and there was 

increased occupancy at ANK1E/5’HS where there is no NF-E2 binding site. We 

hypothesized that 3’HS1 forms a loop with the ANK1E/5’HS region to initiate 

transcription in erythroid cells through the binding of erythroid-specific transcription 

factors. To test this hypothesis we performed Chromatin Conformation Capture (3C) and 

ChIP-loop assays to determine if ANK1E/5’HS and 3’HS1/2 were brought into proximity 

in vivo. 

 The 3C assay was performed with an anchor primer around the 1E promoter and 

bait primers designed within 3’HS1, 3’HS2, and at the other promoters, 1B and 1A, and 

the within HS that flank them. The results of this experiment did not demonstrate 

interactions that could be statistically distinguished from controls (Figure 17). We 

concluded that one interaction between 5’HS and 3’HS1/2 across the 6 kb interval could 

not be detected by standard 3C. 

 The ChIP-loop assay incorporates the cross-linking and restriction enzyme 

digestion of standard 3C with the protein-associated chromatin enrichment from ChIP. 

Not only can the ChIP-loop assay demonstrate finer resolution than standard 3C, but it 
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also selects for the proteins likely to be involved in the loop formation. In this assay we 

analyzed the role of GATA1, NF-E2, and CTCF in loop formation in the ANK1E region 

in K562 cells. We digested crossed-linked K562 chromatin with DpnII, enriched for 

chromatin interacting with GATA1, NF-E2, and CTCF and re-ligated the like ends to 

form loops for PCR. We found that the chromatin enriched for NF-E2 and CTCF 

included a predicted ligation product derived from an interaction of 5’HS and 3’HS1/2, 

but not the regions between 5’HS and 3’HS1/2 (Figure 18). These interactions were not 

seen in the GATA1 enriched fractions, or in control ligations (Figure 18). We conclude 

from the ChIP-loop results that these ANK1E 5’HS and 3’HS1/2 regions are interacting in 

vivo across the 6 kb of intervening DNA through NF-E2 and CTCF interactions. 
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Figure 17. Chromatin Conformation Capture (3C) assay of the ANK1 Promoter 
Region.  The 3C assay tested for interactions occurring with the 1E promoter in K562 
cells over the ANK1 promoter region. A forward primer was designed at the 1E promoter 
(gray bar) and tested for interactions with each bait reserve primer. A black bar represents 
interaction between the anchor 1E primer and each reverse primer. The y-axis represents 
the difference in real time cycle number between cross-linked and un-crossed liked K562 
DNA.  These results are not statistically significant. 
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 Figure 18. Chromatin Immunoprecipitation Loop (ChIP-Loop) assay of the ANK1 
Promoter Region in K562 Cells. K562 chromatin was cross-linked and digested with 
DpnII. Anti- GATA1, - NF-E2, and -CTCF antibodies were added to enrich for 
chromatin interacting with each protein. Like ends were ligated, protein digested and 
DNA was isolated. Primers were created to determine which protein formed a three 
dimensional interaction between the 5’HS/1E region to the 3’HS1/2 region 6 kb 
downstream. A forward anchor primer was created at 5’HS region near DpnII cut sites 
(black lines) (Right). Reverse primers were generated at various DpnII sites to amplify 
potential interactions (Right). The top band in the ladder is 400bp and the lower band is 
200bps (Left). F/4R has a predicted ligation product of 411bp, F/3R 154bp, F/2R 164bp, 
and F/1R 235bp. Bands are present for the predicted F/1R in the NF-E2 and CTCF 
enriched fragments (Left).  
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DISCUSSION 

The importance of ANK1 expression in RBCs has been demonstrated through loss 

of function mutations that result in the disease Hereditary Spherocytosis. Mutations in the 

ANK1 coding region (introns and exons) result in truncated proteins, unstable mRNA, 

and decreased transcription rate. Other mutations have been described in non-coding 

regions of the ANK1 locus that identified transcription regulatory regions. Documented 

non-coding mutations upstream of the TSS are associated with decreased ANK1 

transcription	  (139) and subsequently raise the question of what other non-coding regions 

may be important in the control of ANK1 transcription. The work presented here has 

identified other regulatory regions that control ANK1E expression, and provides evidence 

that the study of ANK1E regulation can serve as a model for the study of other genes that 

contain alternative promoters (26). A clearer understanding of alternative promoters and 

the elements that regulate promoter selection can inform directed tissue-specific 

expression of transgenes, such as targeted gene therapy vectors.  

Characterizations of mutations and their functional consequences have led to 

investigations seeking to define the various regulatory elements that control ANK1 

expression in a tissue-specific manner. This ensures that expression is only in red blood 

cells and that there is silencing in other tissues, such as the brain. There are three 

important reasons to study and define the regulatory regions of genes. First, information 

on ANK1 regulation could shed light on the mechanisms of althernative promoter 

selection based regulation across the entire genome. Second, defining regulatory regions 

could better define the necessary components of gene therapy vectors. Third, in a specific 

case, such as Hereditary Spherocytosis, defining regulatory regions that may lead to 
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identification of novel disease-causing mutations that may improve traditional molecular 

diagnosis. 

4.1 Ankyrin Regulation as a Model Gene for Understanding Alternative Promoter 

Selection 

This study has extensively defined the 3’HS1 as a positive regulatory element that 

works in a tissue-specific, position-dependent, orientation-independent manner on 

multiple promoters. The position dependence of 3’HS1 relative to its endogenous 

promoter is especially interesting because it is located 6 kb downstream of the ANK1E 

promoter. A noteworthy limitation of the Luciferase assay is that it does not recapitulate 

the physical linear displacement between the 5’HS and 3’HS. Because plasmids are 

circular, and creating larger plasmids is difficult and does not accurately portray in vivo 

function, a more stringent assay could define the exact distance necessary to increase 

promoter activity. Currently, we can state that the length of the Luciferase gene is too 

great to activate the ANK1E promoter. We propose that the 6 kb in vivo distance between 

the 5’HS and 3’HS of the ANK1E region provides enough distance and flexibility to 

allow these two regions to form a loop that brings them into close physical proximity to 

increase transcription rate. In a Luciferase plasmid scenario, this is best modeled when 

3’HS1 is located directly next to the promoter.  

The ChIP-loop provides an in vivo assessment of the location of the 3’HS1 in 

relation to secondary genomic loci, which allows for active transcription of ANK1. It also 

provides insight into the interacting proteins at the ANK1E promoter and 3’HS1. ChIP-

loop revealed that the 3’HS1 is brought into close proximity to 5’HS/1E through the 

binding of the erythroid-specific factor NF-E2. The likelihood that these two areas 
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interact by random chance is remote, considering that six closer DpnII cleavage sites 

between 5’HS and 3’HS1/2 did not form a ligation product. GATA1 has previously been 

shown to be required for ANK1E core promoter activation(139), but we are unable to 

demonstrate that GATA1 is part of the chromatin loop. 

Currently there are very few well-defined human barriers, and there is a dearth of 

barriers known to flank promoters in particular. The 3’HS1 acts as an enhancer in vitro, 

and in vivo 3’HS1 functions together as a unit with 3’HS2 to form a barrier. The 3’HS1/2 

unit is ultimately looped to physically interact with the promoter, providing the first 

evidence of the importance of the relationship between an enhancer element and barrier 

activity, as well as between barriers and activation loops. 

Barrier insulators are defined by blocking the encroachment of heterochromatin as 

well as by establishing active chromatin domains. These different functions are 

accomplished through the recruitment of proteins and protein complexes. One such 

protein complex is composed of the proteins upstream transcription factor 1 and 2 (USF1, 

USF2), which have been shown in the cHS4 to establish active histone marks around the 

insulator barrier in order to maintain barrier function	  (99). ChIP experiments have shown 

increased USF1 and USF2 occupancy around 5’HS and 3’HS1/2, further demonstrating 

their role in insulator barrier activity. In a previous publication, we have shown that the -

108/-153 Hereditary Spherocytosis mutation demonstrated decreased USF2 binding. This 

could be a reason why the chromatin barrier is non-functional in these patients. 

USF1 and USF2 maintain the insulator barrier interaction with other proteins in 

the cHS4 region, such as protein methyl transferase 1 and 4 (PRMT1, PRMT4) (99). 

PRMT1 is an arginine methyltransferase specific for H3R3 methylation, which primes 



	   94	  

histones for subsequent acetylation	  (106). ChIP experiments have demonstrated increased 

PRMT1 over the 5’HS and 3’HS1/2. PRMT4, also known as coactivator-associated 

argenine methyltransferase, CARM1, is associated with H3R17 dimethylation and 

transcriptional activation. Both 3’HS1 and 3’HS2 demonstrated insulator barrier activity 

in vitro. In transgenic mice, insulator barrier function was only found when 3’HS1 and 

3’HS2 were combined. The different results in vitro versus in vivo could be a function of 

the stringency of each test. The in vitro test is, by nature, less reflective of biology, while 

the in vivo model is a more realistic reflection of biological insulator barrier function.  

The key mediators of these interactions are of particular interest. It would be 

exciting to determine if the decrease is due to lack of NF-E2 binding, lack of 

translocation to the promoter, or inability to recruit other necessary proteins. This can be 

answered using a p45 knock-out mouse. Recent publications have addressed the role of 

NF-E2 and CTCF in the formation of a loop between the human β globin gene cluster and 

its locus control region (LCR)	  (141). This model is more difficult to recapitulate in the 

mouse, however, as the mouse β globin cluster and its developmental gene switching is 

different from that of the human. By contrast, ANK1 provides an excellent model for 

comparison as it contains ideal gene homology and expression profile between species, 

and tissues are still easy to isolate.  

The ANK1 promoter region provides an excellent example of alternative promoter 

selection. We have defined HS that flank the tissue specific ANK1E promoter. The 5’HS 

and 3’HS1/2 are barrier elements that recruit histone modifying complexes to ensure 

ANK1 expression. The binding of tissue specific transcription factors initiate transcription 

in a tissue specific manner. The HS revealed major regulatory elements of ANK1E  
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expression and should be looked at for the regulation of other genes with alternative 

promoters. Data from ENCODE includes DNase I HS data and FAIRE (formaldehyde 

assisted isolation of regulatory elements) data on their public web page(129). This could 

be a good start to find regulatory elements such as barrier insulators that would ensure 

gene expression as well as transcription factors that could control gene expression in 

either a developmental-specific, tissue-specific, or response- specific manner. 

4.2 Gene Therapy 

 Previous work has defined the erythroid-specific ANK1E core promoter as a 296 

bp fragment (139). This minimal promoter contains all the regulatory sequence necessary 

for erythroid-specific expression of linked transgenes. Furthermore, this observation has 

formed the basis of several different gene therapy vectors for red cell gene disorders 

(142, 143). Investigations aiming to define the various elements within this promoter 

were spurred by the observations that a -72/-73 dinucleotide deletion in the ANK1E 

promoter of Hereditary Spherocytosis patients resulted in decreased TFIID binding and 

decreased ANK1 mRNA	  expression	  (20). Because the -72/-73 dinucleotide deletion 

decreased TFIID binding, it was thought that further manipulation of this sequence might 

increase TFIID binding to create a powerful promoter for increased gene expression 

directed towards gene therapy. We identified three mutations that increased TFIID 

binding and Luciferase reporter gene expression. In particular, a GCGGGTGAG 

mutation, from the wild type (TGCGGTGAG) TFIID sequence, increased expression 

seven-fold in vitro and five-fold in transgenic mice (137). This stronger promoter could 

be a good candidate for tissue specific expression in a gene therapy vector. This also 

aptly demonstrates the importance of promoter mutations, in diseases like Hereditary 
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Spherocytosis, and raises the question of what other functional areas of the genome are 

not being examined simply because they have not been clearly linked to a disease. 

4.3 Hereditary Spherocytosis 

The first discovery of a regulatory region of ANK1 with a direct effect on 

expression was the 5’ DNase I hypersensitive site (5’HS) upstream of the TSS (139). The 

5’HS was found to have insulator barrier activity	  (138). The barrier insulator activity was 

altered by the insertion of two point mutations identified in Brazilian Hereditary 

Spherocytosis patients (138). Currently, the promoter, the 500 bp immediately upstream 

of the promoter, and the exons are the only areas of ANK1 screened for mutations in 

Hereditary Spherocytosis patients	  (9). Although exon sequencing can be effective, we 

believe that not all Hereditary Spherocytosis patients will necessarily bear mutations in 

the coding regions or the core promoter of ANK1E. It is important to extend the search 

for mutations to additional non-coding regions, such as the broader promoter region of 

ANK1, and in the introns, to discover new mutations. Since the implementation of 

standards for gene mutations set in 1995, the genome has been published and the cost of 

sequencing has dropped dramatically. A systematic effort to resequence Hereditary 

Spherocytosis patients with no molecular diagnosis has not been performed, and this 

study points to specific additional areas where resequencing may be beneficial.  

The importance of 5’HS raises the possibility that other DNase I HS in the 

ANK1E locus might also influence ANK1 erythroid-specific expression. To look for 

additional DNase I HS across the ANK1 promoter region, this study utilized a newly 

developed technique based on high-throughput PCR. This rapid, cost-effective real time 

PCR-based method not only revealed new candidate HS, but also detected areas of 
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general DNase I sensitivity (Figures 6 and 7). This examination identified the area 

surrounding the ANK1E promoter as sensitive to DNase I digestion in the erythroid K562 

cell line. This real time DNase I sensitivity-based PCR method identified multiple HS 

that were verified through subsequent Southern blot analysis. The previously discovered 

5’HS was present in both erythroid and non-erythroid cell lines. This study identified a 

new DNase I HS 6 kb downstream of the human ANK1E promoter. Upon further analysis 

by Southern blot. We determined this HS to contain two HSs separated by six bases. 

These 3’HSs were found in both erythroid and non erythroid cell lines as well. The area 

that contains the 3’HS1/2 is of particular interest because it is not currently examined for 

mutations in diagnosing Hereditary Spherocytosis. The present description of the 

3’HS1/2 function sheds new light on the molecular interaction of HS and provides 

importance insight for the clinic.  

The present DNase I studies were performed before the Encyclopedia of DNA 

Elements (ENCODE) project released its comprehensive data utilizing various DNase I 

techniques across multiple cell types. When compared to the ENCODE sequencing-based 

methods, we determined that our method detected more finely resolved DNase I 

sensitivity profile in our regions of interest across our cell types. The ENCODE data can 

be of great importance as a first-pass screen of particular areas of interest across multiple 

cell lines, particularly in genes with multiple promoters that may contain variable DNase 

I HSs across cell types. However, the real time PCR based DNase I sensitivity assay 

described here should provide better resolution in identifying HSs and characterizing HSs 

that may have been missed, or only minimally highlighted by larger-scale sequencing 

methods. These newly discovered HSs from the real time PCR based DNase I sensitivity 



	   98	  

assay could be helpful in identifying other non-coding regulatory regions of genes 

affected in Hereditary Spherocytosis to narrow down potential areas to look for 

mutations. 

4.4 Proposed Model 

The model proposed based on the results of this study is comprised of a looping 

mechanism that initiates ANK1E transcription only in erythroid cells (Figure 19). The 

binding of erythroid-specific transcription factors alter the three-dimensional structure of 

the 6 kb promoter region to bring the positive cis-regulatory element 3’HS1 into 

proximity with 5’HS and the erythroid specific ANK1E promoter. The translocation is 

facilitated by the binding of NF-E2 and CTCF, and the increase in ankyrin expression is 

accomplished through NF-E2 binding. TFIID binds the -72/-73 dinucleotide site and 

initiates transcription. In non-erythroid cells, none of the erythroid-specific factors are 

present and the HS loop fails to form.  

This model relies on erythroid-specific transcription factors for looping to initiate 

ANK1E expression. Future studies can be done to further validate this model, particularly 

on the role of NF-E2 because NF-E2 increased expression of ANK1E, and NF-E2 is 

required for distal HS translocation. A ChIP-loop experiment in NF-E2 deficient mouse 

cells would validate the role NF-E2 in our loop model. The NF-E2 knock out mouse 

demonstrates decreased ANK1 expression, and the ChIP-loop assay could determine if 

this is an effect of NF-E2 binding or due to an inhibition of distal HS translocation. In 

addition, it would interesting to see if GATA1 would facilitate loop formation in the 

absence of NF-E2 since GATA1 has already been identified as a key factor in the 

association of the distal LCR to the β globin gene loci (124). 
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This model reflects three important issues that arose earlier in this discussion. 

First, this model serves as a basis to further interrogate genes with multiple promoters. 

The ChIP-loop assay has been shown to be effective in K562 cells and should have the 

ability to be extended to primary human cells. A comparison of cells from Hereditary 

Spherocytosis patients to cells from healthy volunteers could serve to determine whether 

their three-dimensional structure is altered. Additionally, this study has identified HS that 

flank the brain specific 1B promoter. It would be of interest to determine the function and 

three-dimensional structure of chromatin loops in neuronal cells. The intervening 

sequences between the various alternative promoters should be analyzed for other three-

dimensional structural characteristics that might elucidate function, based on both direct 

DNase I sensitivity analysis, as well as information available through ENCODE.  

Secondly, in regards to gene therapy, the regulatory regions from ANK1 can be 

extremely important tools. The insulator barrier 5’HS is adjacent to the ANK1E promoter, 

and introducing mutations to increase TFIID binding affinity may be an ideal optimized, 

enhancer-free promoter for gene therapy irrespective of disease or tissue. Enhancer-

dependent promoters cause problems when integrated into or near oncogenes without a 

proper enhancer blocker. In this study we have defined another insulator barrier 3’HS1/2. 

There are two problems with 3’HS1/2. The first is 3’HS1/2 is around 800 bp compared to 

the 200 bp 5’HS. Large sequences are not ideal in gene therapy vectors since they add 

bulk and complicate proper integration. The other problem with the 3’HS1/2 working 

together for barrier function is not ideal since 3’HS1 acts like an enhancer and could 

possibly increase other gene expression if it integrated into an oncogene. The 3’HS1 

could be beneficial on its own since it is tissue dependent, but again the distance 
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requirement is not known and therefore is not an ideal candidate. Therefore this study has 

optimized a promoter for increased gene expression, not by defining a new barrier, but by 

defining a tissue specific enhancer like element. 

Thirdly, this model demonstrates the importance of expanding current diagnostic 

sequencing for Hereditary Spherocytosis patients into non-coding regions of target genes. 

3’HS1/2 are located 6 kb downstream of the ANK1E promoter, in a region that is often 

overlooked. This study has shown the importance of cis-regulatory elements on ANK1E 

expression levels, and in particular, the importance of 3’HS1/2 working together as an 

insulator barrier unit for the establishment of an activation loop. These regions are 

important to screen since advances in sequencing technology have made the procedure 

more affordable. In light of our findings, our collaborator, an expert pediatric 

hematologist, is planning to re-sequence any patients lacking a definitive molecular 

diagnosis to identify potential new mutations.  
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Figure 19. Proposed Model of ANK1E Transcription. In non-erythroid cells (top), the 
5’HS and 3’HS are DNase I sensitive, while the intervening 6 kb are DNase I insensitive. 
The dital HS remains separated, and the transcription and chromatin modyifying factors 
do not bind, prohibiting efficient mRNA transcription. In erythroid cells (bottom), ChIP 
loop and ChIP indicate that the distal HS are brought into close proximity through a 
looping mechanism, and are occupied by NF-E2, GATA1, CTCF and BRG1, leading to 
efficient mRNA transcription.  
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