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The β-globin gene locus has been extensively studied as a model system for understanding 

tissue- and developmental stage-specific expression and long-range regulation of genes. In 

humans, it consists of five β-like globin genes that are expressed exclusively in erythroid cells 

during development that are under the regulation of a far upstream locus control region (LCR). 

The LCR contains several DNase I hypersensitive (HS) sites, each of which are 200-400bp in 

length and separated by 2-4 kbp of flanking DNA. The HS sites contain binding sites for a 

variety of erythroid-specific and ubiquitously expressed transcription factors, which contribute to 

the recruitment of multiple transcription regulatory proteins including RNA polymerase II (RNA 

Pol II) and histone modification enzymes to the LCR through protein-DNA and protein-protein 

interactions.  

By using an in vitro assay to differentiate mouse embryonic stem (ES) cells into erythroid 

lineage, we show that RNA Pol II is recruited to the LCR prior to the erythroid differentiation. In 

addition, we show that the helix-loop-helix proteins USF and TFII-I play antagonistic roles with 

USF as an activator and TFII-I as a repressor in β-globin gene regulation. I further show that the 

repressor function of TFII-I is maintained by recruiting polycomb repressive complex 2 (PRC2) 

to the locus. 
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Next, by using an in vitro transfer/dissociation assay, I found that, while USF is required 

for RNA Pol II association to the LCR and NF-E2 is essential to transfer RNA Pol II from the 

LCR to the β-globin gene promoter, the sufficient transfer of RNA Pol II requires a specific USF 

binding site at the promoter. Together with the findings that NF-E2, USF and RNA Pol II form a 

complex in differentiated mouse erythroid cells and NF-E2 directly interacts with USF1, these 

data suggest that USF may stabilize the binding of NF-E2 at the β-globin promoter to 

continuously bring RNA Pol II from the LCR to the gene promoter. 

Interestingly, I also observed that NF-E2 is required for the recruitment of the CTD serine 

5-phosphorylated form of RNA Pol II to the β-globin locus to initiate transcription. The fact that 

the serine 5-phosphorylated RNA Pol II is first recruited to the LCR but not the β-globin gene 

promoter at early erythroid differentiation suggests that the LCR initiates the recruitment of a 

transcriptional competitive protein complex prior to the transcription of downstream β-globin 

gene. 

In summary, in this thesis, I present evidence showing that the β-globin gene is highly 

regulated by the cooperation of erythroid-specific and ubiquitously expressed transcription 

factors and their interaction with the proximal (β-globin gene promoter) and distal (LCR) DNA 

regulatory elements. 
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CHAPTER 1 
INTRODUCTION 

Hemoglobin and β-globin Related Diseases 

Hemoglobin (1) (Hb), the iron-containing metalloprotein presenting in large quantities in 

erythrocytes, is the protein responsible for transport of oxygen and carbon dioxide throughout the 

body in mammals and birds. Functional hemoglobin normally exists as a tetramer, containing 

two α-like globin and two β-like globin chains (α2β2). Each of the globin chains has an embedded 

ring-shaped heme group containing a central iron atom, which is responsible for reversible 

oxygen binding. 

Hemoglobin synthesis requires the coordinated production of the two types of globin 

chains (2) (Figure 1-1B).  The ξ-globin from the α-globin locus pairs with ε-globin from the β-

globin locus during the first six weeks of gestation in primitive erythroid cells that originate in 

the embryonic yolk sac to form the embryonic hemoglobin (Hbs, ξ2ε2). After the first ten weeks 

of embryogenesis, the α-globin chains remain unaltered, while the β-globin chains undergo 

“Hemoglobin Switching” during development. During fetal liver hematopoiesis, α-globin from 

the α-globin gene locus pairs with one of two γ-chains, G γ and Aγ, from the β-globin locus to 

form the fetal hemoglobin (HbF, α2γ2).  Later during adult bone marrow hematopoiesis, α-globin 

pairs with the adult δ- and β-globin to form the adult hemoglobin (HbA, α2β2). The expression of 

the α- and β-like globin genes is closely balanced by unknown mechanisms. Balanced globin 

gene expression is required for normal red blood cell function. 

Sickle Cell Anemia and β-Thalassemia 

Currently, ~ 7% of the world’s population are carriers for different inherited disorders of 

hemoglobin, making them the commonest human monogenic diseases (2). The worldwide birth 

rate of people with symptomatic globin disorders is no less than 2.4 per 1000 births (3). Because 
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of the protective effects of the hemoglobin disorders against malaria (4), these β-globin disorders 

occur mainly in people from tropical or sub-tropical regions where malaria is or was common, 

such as Africa, Mediterranean countries, and India, etc. (5).   

There are two main types of human beta-globin disorders: hemoglobin structural variants, 

and thalassemias. There is a third type of disorders called hereditary persistence of fetal 

hemoglobin (HPFP), displaying heterogeneous defects in the normal switch from fetal to adult 

hemoglobin production, although it has no clinical importance by itself, the co-inheritance of 

some forms of HPFH can modify the phenotypes associated with the sickle cell disease or 

thalassemias. 

Hemoglobin structural variants are mainly due to single amino acid substitutions. 

Currently, over 700 structural variants have been identified. Among them, the most well known 

example is the sickle cell anemia, which is commonly caused by the hemoglobin variant, HbS 

(6). In this variant, the hydrophilic amino acid glutamic acid at position 6 of the hemoglobin 

beta-chain is replaced by the hydrophobic amino acid valine. This mutation creates a 

hydrophobic pocket on the outside of the hemoglobin structure, which attaches to the 

hydrophobic region of the adjacent hemoglobin beta-chain, thus causing aggregation of 

hemoglobin into rigid fibers and leading to deformation of red blood cells, which adopt a sickle 

like configuration when hemoglobin is deoxygenated. The decrease of the elasticity of the sickle 

shaped red blood cells causes the blockage of the small blood vessels. This blockage causes 

severe pain and organ damage and eventually causes severe long term symptoms such as stroke 

or bone necrosis and sometimes sudden death. The hemoglobin HbS also causes erythroid 

hyperplasia and accelerated red blood cell destruction (7). 
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Thalassemias are caused by defective and imbalanced globin gene expression. Over 200 

mutations in the β-globin gene have been identified in β-thalassemia patients. Except for a few 

deletions, these patients normally carry point mutations and loss of one or two bases in their β-

globin gene, which reduces or abolishes β-globin gene function at transcriptional, translational, 

or post-translational levels (8). Due to the absence or inadequate β-globin chain production, the 

excessive unbound insoluble -globin chains precipitate in mature red blood cells and erythroid 

precursors which lead to ineffective erythropoiesis and hemolysis (2,5,7,9). The red blood cells 

of thalassemia patients are pale and in tear drop shape, and they don’t have enough functional 

hemoglobin to deliver oxygen to the body tissues.  

The β-thalassemias have diverse clinical phenotypes, which are divided into three 

categories: the β-thalassemia major, intermedia, and minor. The most severe one is the β-

thalassemia major (also known as Cooley’s anemia) (10), in which the patients carry 

homozygous or compound heterozygous β-globin mutations that lead to severe anemia resulting 

in death in the first year without blood transfusions. Affected individuals show growth 

retardation and may have enlarged spleens, livers, and hearts, and severe bone deformities (11), 

due to the expansion of hematopoietic sites (bone marrow and spleen), which attempt to 

compensate for the innate anemia. The β-thalassemia intermedia is less severe than β-thalassemia 

major. The syndromes appear early in the childhood or later in life. The patients have mild to 

moderate anemia, but they can survive without blood transfusions. Afflicted individuals may still 

have slow growth and bone deformities but can manage a normal life, with the assistance of 

occasional transfusions. The β-thalassemia minor (also known as β-thalassemia trait) patients 

only bear mutations in one of the β-globin alleles. These mutations result in mild or no anemia 
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and reduced blood cell counts. The patients have an increase level in hemoglobin HbA2 (α2δ2), 

and a corresponding decrease in hemoglobin HbA (α2β2) (8). 

Treatments for β-Globin Disorders 

Currently, the standard treatments for β-globin disorders are blood transfusions for β-

thalassemia and supportive care (mainly medication) for sickle cell anemia patients. 

Blood transfusion is life-saving and meant to correct anemia and to suppress massive 

erythropoiesis (2,7,9). However, it is a life-long treatment, and will cause iron overload in 

patients, which is lethal if untreated. Ferritin is the key iron storage protein in the body (12,13). 

When there is excessive iron in the body that exceeds the capacity and detoxification activity of 

ferritin, “free” iron starts to accumulate in the blood and tissues. The “free” iron can catalyze the 

formation of hydroxyl radicals (OH-), which are highly reactive compounds that attack lipids, 

proteins, and DNA (13,14). Hepatocytes and cardiac cells are damaged by iron overload, which 

eventually can be deadly (15,16). Thus, chelation therapy with iron-binding chelators is 

necessary to remove excess iron from the body, in order to prevent death from iron mediated 

organ defects (17). Currently, the most widely used iron chelator is desferrioxamine (18). It 

preferentially binds to iron at a one-to-one ratio. Desferrioxamine significantly prolongs the life 

of blood transfusion-dependent patients, such as those with β-thalassemia major. However, this 

drug can only be given parentally and it is expensive and requires a sophisticated medical device 

for administration (19). Therefore, the prevention and treatment of iron overload are the main 

challenges of blood transfusion therapy.  

Allogeneic bone marrow transplantation is the only current curative option of the β-globin 

disorders, but for most of the patients, it is hard to identify a human leukocyte antigen (HLA)-

matched bone marrow donor (20,21). 
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An alternative treatment to bone marrow transplantation is represented by β-globin gene 

therapy, which is to transduce autologous hematopoietic stem cells (HSCs) with highly regulated 

therapeutic β- or γ-globin gene constructs, and then to introduce these HSCs back into the 

patients by autotransplantation. This treatment not only provides possible cures for patients who 

lack matched donors, but also avoids the graft-versus-host diseases (22). The ultimate goal of 

globin gene transfer is to generate tightly regulated, high-level, erythroid-specific and sustained 

transgene expression. Retroviral vectors were the first viral vectors used to efficiently transfer 

the human β-globin gene to the mouse HSCs (23,24). Incorporating a minimal 1 kb fragment of 

the human β-globin LCR including the core elements of HS2, 3 and 4 into a retrovirus based 

vector expressing the human β-globin gene increased the expression levels in mouse 

erythroleukemia cells, but the positional variability of expression was a problem in these studies 

(25). Also, incorporating larger LCR fragments into retroviral vectors is hard to achieve because 

the instability of retroviral vectors and frequent genomic rearrangements. Lentiviral vectors have 

been intensively developed to transfer the human β-globin gene to HSCs. The advantages of the 

lentiviral vectors are their ability to transduce nondividing cells and the relatively stable virus 

genome (26). The former one is of great importance, because most of the human HSCs are 

nondividing. In 2000, May et al. (26) first used a lentiviral TNS9 vector to successfully treat β-

thalassemia intermedia mice with a therapeutic human β-globin gene. The TNS9 vector 

contained a modified human β-globin gene, flanked by an extended promoter sequence and β-

globin 3’ enhancer element, as well as a 3.2 kb LCR fragment spanning HS2, 3 and 4. This 

TNS9 vector transduction system maintained high-level and erythroid-specific human β-globin 

gene expression in mice for up to 40 weeks. The safe use of lentiviral vectors relies on 

developing robust packaging systems, incorporating tissue-restricted promoters and enhancers, 
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as well as including other regulatory elements such as insulators into the vectors, to abolish the 

negative effects of random insertions and inappropriate activation of nearby genes but at the 

same time promote tissue-specific expression of the β-globin gene (27,28). The cure of β-globin 

disorders in mice models by using lentiviral vectors based globin gene transfer techniques 

(26,29-31) encourages the start of human clinical trials. A phase I trial has begun for sickle cell 

anemia and β-thalassemia patients by using a lentiglobin vector (lentiviral vector for globin gene 

therapy) to transduce the HSCs of the patients and then returning them back to the patients (32). 

The lentiglobin vector used contains a human β-globin gene with a single amino acid change at 

the position 87 (β87). β87 functions normally and has been shown to have anti-sickling activity 

(29). There is no data on efficiency yet. 

In sickle cell anemia, the vector-coded β-globin chain has to compete against the 

endogeneous mutated β-globin chain for the binding to the α-globin chains. Therefore, it is of 

great interest to reactivate γ-globin chain, which has a higher affinity for the α-globin chain than 

the β-globin chain, to treat sickle cell anemia. In fact, the HPFP patients have much less severe 

syndromes of β-globin gene disorders, presumably due to compensatory high-level fetal γ-globin 

expression in adults (33).  

In the treatment of hemoglobinopathies, there are currently two mechanisms to induce fetal 

hemoglobin synthesis. The first mechanism is to indirectly activate fetal γ-globin gene 

expression through manipulation of the kinetics of erythropoiesis by using cell-cycle S-stage-

specific cytotoxic drugs (1). The S-stage-specific drugs prevent γ-globin gene silencing by 

accelerating the rate of erythroid differentiation and maturation. Among all of these drugs, 

hydroxyurea (34-36) is used clinically to treat sickle cell anemia patients because it is 

administrated orally, well tolerated, and has low risk of carcinogenicity. Hydroxyurea treatment 
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reduces the mortality of adults with severe sickle cell anemia and improves the well-being of the 

patients by boosting a 15-20% increase in fetal hemoglobin production (37). However, the 

effects of this drug are transient, not all patients respond to this treatment, and there are also 

significant variations in the levels of fetal hemoglobin synthesis in the patients. In addition, since 

hydroxyurea is cytotoxic, it may affect the growth and development of fetus and neonates. The 

effects of hydroxyurea on β-thalassemia patients are currently controversial. The second 

mechanism of γ-globin gene induction is mediated by drugs that directly reactivate γ-globin gene 

expression by modulating the DNA demethylation and histone acetylation at regulatory elements 

of the β-globin gene locus. 5-Azacytidine (38,39) is a potent inducer of fetal γ-globin gene 

expression firstly. It demethylates DNA of the β-globin gene locus by inhibiting DNA 

methyltransferase activity, and also induces rapid erythroid regeneration (39). However, due to 

its toxicity and potential carcinogenicity, it is limited to treat severe homozygous β-thalassemia 

(40). Butyrate (41), a four carbon fatty acid, is another inducer of fetal hemoglobin production in 

patients (42). It functions as an inhibitor of histone deacetylase (HDAC) (43) and ultimately 

weakens the binding of the histone tail regions to linker and nucleosomal DNA, thus allowing 

transcription factor access to DNA. However, its exact clinical effectiveness still needs to be 

determined. Currently, the therapies of reactivating fetal hemoglobin in β-globin disorders are 

still under investigation. There is a great need for alternative strategies for the treatment of 

hemoglobin disorders. 

Presently, the most promising curative method for β-globin disorders is to either express a 

normal β-globin gene or reactivate γ-globin gene in red blood cells. This can be achieved by 

transducing the HSCs or embryonic stem (ES) cells of patients with globin gene containing 

lentiviral vectors. Therefore, understanding the mechanisms of β-globin gene regulation during 
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development is necessary for designing precisely regulated efficient globin gene transfer 

systems.  

The β-Globin Gene Locus  

Overview 

The β-globin genes are among the most studied families of tissue-specific and 

developmentally regulated genes. The 80 kb β-globin locus embedded within one of many 

olfactory receptor gene arrays on human chromosome 11p15.4 has been extensively studied over 

the years as a model system for the developmental and tissue specific regulation of gene 

expression, molecular mechanisms of enhancer-promoter interactions, properties of insulator, 

and as a target for gene therapy as a cure for various hemoglobinopathies (1). 

The human β-globin genes are expressed exclusively in erythroid cells. Its gene cluster 

consists of five genes (5'-ε-Gγ -Aγ-δ-β-3’ globin genes) arranged in the same order in which they 

are expressed during development (1) (Figure 1-1A). The ε-globin gene is expressed in the 

embryonic yolk sac during the early stages of embryonic development, up to about week 10 of 

gestation. The two γ-globin genes, Gγ and Aγ, are then expressed during fetal liver 

hematopoiesis. Finally, expression of δ- and β-globin genes becomes predominant after birth and 

into adulthood during bone marrow hematopoiesis. The δ-globin gene expression level is less 

than 5% of the β-globin gene, likely due to a mutation of its TATA-box. 

The mouse β-globin gene cluster, located on chromosome 7, has a very similar structure 

compared to the human β-globin locus (5'-εγ-βh1-βmaj-βmin-3’ globin genes) (Figure 1-1A). 

The εγ- and βh1-globin genes are expressed in the embryonic yolk sac, and the two adult genes, 

βmaj and βmin, are expressed predominantly after birth in the fetal liver and adult bone marrow. 

When aligning globin loci from all of the known mammalian globin gene clusters, it seems that 



 

21 

the fetal expression of the two γ-globin genes in human coincides roughly with the duplication of 

the genes in primate evolution (44). 

The Locus Control Region (LCR) 

High-level developmental-stage specific expression of the β-like globin genes is regulated 

by cis-acting DNA elements located both proximal and far away from the genes. The naturally 

occurring human Hispanic (γδβ)-thalassemia revealed that the locus control region (LCR) is an 

important regulatory element for β-globin gene expression (45). These thalassemia patients lack 

mutations within the β-globin gene. However, they bare a 35 kb deletion upstream of HS1 

known as the Hispanic-deletion, which suggested that this region contained cis-acting regulatory 

elements required for proper β-globin gene expression. 

The LCR is located at about 50kb upstream of the human adult β-globin gene and contains 

four erythroid specific DNaseI hypersensitive sites (HS1-4) and a further upstream site (HS5) 

that is ubiquitously and constitutively hypersensitive and may demarcate the functional boundary 

of the cluster. Each HS site has a core sequence, about 200-400bp in length, and they are 

separated from each other by 2-4 kbp flanking DNA (44). In the human genome, there also exists 

one 3’HS1 site downstream of the adult β-globin gene (46). HS sites are often associated with 

enhancer function. The LCR HS sites consist of binding sites for multiple ubiquitously expressed 

or erythroid specific transcription factors such as GATA-1 (47,48), NF-E2 (49), USF (50), EKLF 

(51), Tal-1 (50), Bach1 (52) etc.. The binding motifs shared by all five 5’HS sites include 

GATA-1 and NF-E2. Also, the LCR HS sites are known to associate with RNA Pol II (47,53), 

components of chromatin remodeling complexes and chromatin modification enzymes (such as 

CBP and components of SWI/SNF and NuRD complexes) (54), and components of the basal 

transcription machinery (such as TFIIB and TBP (55)). These LCR-associated transcription 
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regulatory proteins appear to function in a synergistic manner to regulate β-globin gene 

expression (56). 

Studies using transgenic mice carrying the human β-globin locus have shown that in the 

absence of the LCR, human γ- and β- globin expression levels are low relative to those of the 

endogenous mouse globin genes (57-59). However, when the LCR (containing HS1-HS5) is 

linked to the human β-globin gene, all resulting transgenic mice lines express the gene at a levels 

comparable to the endogenous mouse β-globin gene (60). These results demonstrate that the 

LCR exerts strong domain-opening activity and confers high-level globin gene expression in a 

position-independent manner. Experiments in which the five β-globin genes or the LCR were 

inverted in transgenic mice harboring a yeast artificial chromosome (YAC) containing the full β-

globin cluster demonstrated that gene order is important for correct developmental expression 

and that the LCR functions in an orientation dependent manner (61,62). Minimal LCR DNA 

sequences that confer position-independent expression of a linked β-globin gene in transgenic 

mice have been determined to contain HS1-HS4 (63).  The inversion of the LCR reduces 

expression of the linked β-globin genes by more than 70%.  The effects observed in this study 

might be due to human HS5’s insulator function. Chromatin insulators are elements that can 

block enhancer action and/or act as barriers to the inappropriate spread of heterochromatin. They 

demarcate domains in which an enhancer and the gene it regulates are separated from other 

expression domains or heterochromatin. The inversion of LCR HS sites positions human HS5 

between the LCR and the β- globin genes, possibly insulating LCR’s regulatory functions on β- 

globin gene expression. Such insulating activity, characterized by enhancer blocking and 

heterochromatin suppressing effects, has been clearly demonstrated in the chicken β-globin 

cluster for the homologous site (cHS4) (64-66).  However, in contrast to the chicken globin gene 
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locus, HS5 does not demarcate the transition from a DNase I sensitive to DNase I insensitive 

chromatin configuration.  HS5 therefore does not function as a boundary element.    

The LCR HS sites have specific functions. The HS2 and HS3 are considered to be the most 

powerful elements of the LCR. Deletion of HS2 in transgenic mice carrying βYAC severely 

affected human β-like globin gene expression and formation of HS sites at all the developmental 

stages (67). HS3 functions as an activator for ε- and γ-globin expression. Deletion of HS3 from 

βYAC transgenic mice led to a significant decrease in ε-globin expression at the embryonic 

stage, while the γ-globin failed to express during the definitive erythropoiesis (68). Neither HS2 

nor HS3 deletions affected normal globin gene switching during development. The deletion 

effects of HS1 and HS4 were less severe. The LCR enhancer activity mainly resides within HS2, 

3, and 4 (44,46,69). Although HS1 does not contribute to the LCR enhancer activity, deletion of 

5’HS1 in βYAC transgenic mice reduced the expression of ε- and γ-globin genes at their specific 

developmental stages (70). Deletion of HS4 in βYAC transgenic mice disrupted β-globin gene 

expression at all of the erythroid developmental stages (71), and decreased γ- and β-globin gene 

expression during the definite erythropoiesis in fetal liver and adult blood (72). HS5 functions as 

an insulator as described above. 

Many studies addressed the contribution of individual HS sites to the LCR function.  

Although conflicting results exist, which are likely due to different experimental systems 

(57,73), all studies show that individual or combinations of HS fragments are never able to reach 

the level of activity of the intact LCR. Even though some experiments suggested interactions 

between specific LCR HS sites and globin genes (74), the current model suggests that the LCR 

acts as a holocomplex in which all HS sites interact with each other and that the LCR 

holocomplex contacts only one globin gene at a time during erythroid development. Deletion of 
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the LCR from the mouse genome by homologous recombination causes a reduction in β-globin 

expression to 1-4% of that of the wild type, and there is a major effect on RNA Polymerase II 

(RNA Pol II) serine 5 phosphorylation and transcription elongation at the β-globin gene, even 

though the LCR deletion only decreases the assembly of transcription preinitiation complex 

(PIC) at the β-globin gene by twofold (57,75). Deletion of the LCR does not have a major effect 

on general DNase I sensitivity across the locus or on the histone acetylation pattern at the β-

globin genes (75).  These studies indicate that the β-globin LCR functions as a strong enhancer 

and that the domain-opening activity observed in transgenic studies is not critical for establishing 

accessible chromatin in the endogenous mouse locus.  In contrast, deletion of the LCR from a 

human chromosome situated in a mouse hybrid-MEL cell line abolishes β-globin gene 

transcription and the promoter is hyperacetylated, consistent with the idea that the LCR recruits 

histone modifying complexes including histone acetylases, which are required to modify the 

distant promoter (73).  It is not clear what underlies these different results between mice and 

human but they could indicate that the mouse and human loci are regulated differently. 

Although deletion of a single HS by homologous recombination in mice had only mild 

effects on globin gene expression, deletion of the full LCR caused phenotypes similar to human 

(γδβ)-thalassemias and is lethal in utero (76). Recently, intergenic transcripts were detected 

throughout the human β-globin gene locus (77).  These erythroid-specific transcripts originate 

within or upstream of the LCR, terminate near β-globin promoters with subsequent initiation just 

3’ of the genes and transcription appears to proceed in a unidirectional manner towards the genes 

(78).  Intergenic transcripts are found over the LCR at all developmental stages whereas those 

around the globin genes are generated in a developmental stage-specific manner (79). A good 

correlation has been observed between the intergenic transcription and the histone acetylation 
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regions at the β-globin gene locus during development. Although the significance of intergenic 

transcription is not known yet, it may play a role in keeping the chromatin conformation in an 

open configuration. It has been shown that when deleting an endogenous intergenic transcript 

promoter between the γ- and δ-globin genes, both of the chromatin accessibility and the 

transcription of downstream β-globin gene is affected (79). 

The Adult β-Globin Gene Promoter and 3’ Enhancer 

The promoter of the human β-globin gene is composed of three major sites, a non-

canonical TATA-box (CATAAA) located 25-30 bp upstream of the transcription start site (80), a 

CCAAT-box at around -76, and a CACC-box at approximately -93 (81-84). Mutations within the 

TATA-like box disrupt the assembly of the basal transcription machinery, especially the 

association of the TFIID complex (85), whereas mutations within the CACC-box disrupt the 

association of Sp1/EKLF, an erythroid specific transcription factor required for γ- to β-globin 

switching (86). There are five transcription factors that have been reported to bind the β-globin 

CCAAT-box in vitro: GATA-1, NF-Y (CP1), C/EBPβ, C/EBPγ and C/EBPδ (87-91). GATA-1 is 

an erythroid specific transcription factor required for erythroid cell maturation (92), NF-Y is a 

ubiquitous CCAAT-box binding complex (93), and C/EBPβ, C/EBPγ and C/EBPδ belong to the 

CCAAT/enhancer-binding protein family of basic leucine zipper (bZip) factors. It has been 

shown that in reporter assays, C/EBPδ cooperates with EKLF, which binds to the CACC-box, to 

active adult β-globin transcription, whereas C/EBPγ inhibits the activator function of EKLF on 

the β-globin transcription (91). 

Another important sequence contributing to high level β-globin gene transcription is a 

pyrimidine rich initiator (Inr) element, which is located at the transcription start site (94). The Inr 

cis-element is able to bind to trans-acting factors to accurately place the transcription start site 

for the transcription machinery (95,96), and in some TATA-less promoters, the Inr can itself 
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mediate the initiation of transcription (97,98). Lewis et al. have shown that the Inr element 

within the human β-globin gene interacts with the TFIID complex in vitro, and that mutations in 

the Inr reduce the transcription efficiency (94,99). Several reports suggest that USF, TFII-I and 

YY1 associate with the Inr and stimulate transcription (95,100,101). In addition, Inr can be 

recognized by RNA polymerase II to facilitate active transcription (102). Interestingly, both of 

USF and TFII-I bind to the human β-globin Inr (103). 

In addition to the Inr element, the β-globin gene promoter contains several E-box motifs 

(CANNTG) downstream of the transcription start site (103). The E-box/Inr and +60 E-box 

elements are conserved across species. The E-box/Inr motif overlaps with the Inr element, and 

the +60 E-box motif is located 60 bp downstream of the transcription start site. Mutations within 

the +60 E-box or the E-box/Inr elements led to similar levels of transcription reduction in vitro. 

USF and TFII-I bind to the E-box/Inr, whereas USF1 and USF2 associate with the +60 E-box 

(103). 

There is a MARE/AP-1 like element located 24 bp downstream of the transcription start 

site, which interacts with low affinity with transcription factor NF-E2 (104). Although mutations 

of this putative NF-E2 binding site yielded no effect on the transcription of the β-globin gene in 

vitro, NF-E2 could also be recruited to the β-globin gene promoter by trans-acting factors which 

bind to the adjacent regions through protein-protein interactions. Moreover, the β-globin gene 

downstream core element (DCE) is localized within +10 to +45. Mutations within the DCE 

decreased transcription from the β-globin promoter. It has been shown that the DCE is bound by 

components of the TFIID complex, TAF1/TAF(II)250, and their association is required for the 

proper function of the DCE (99). 
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β-globin 3’enhancer is located at 550-800 bp 3’ to the polyadenylation site of the β-globin 

gene (105). Deletion of this fragment in transgenic mice caused a 10-fold reduction in the 

expression of the β-globin gene (106). The β-globin 3’enhancer contains four regions, each of 

which binds to the erythroid specific transcription factor GATA-1 and at least one other non-

tissue specific factor (107).  Donovan-Peluso et al. (105) have shown that the β-globin 3’ 

enhancer activity is erythroid-specific but not developmental stage- or gene-specific. 

Hemoglobin Switching 

The most intriguing and widely studied event occurring in the β-globin gene locus is 

hemoglobin switching, which means that suppression of the γ-globin gene is associated with a 

complementary increase in expression of the adult β-globin gene (108). Studying this process is 

indeed very meaningful for the therapy of sickle cell anemia and β-thalassemia, because it has 

been shown that the fetal γ-globin can be reactivated in patients with a defective adult β-globin 

chain and can functionally substitute for the dysfunctional β-globin gene (109,110). 

Understanding the mechanism(s) of hemoglobin switching is expected to contribute to the 

development of new therapies for hemoglobinopathies.  In the transgenic mice studies, in the 

absence of the LCR, γ- and β-globin are still expressed in a developmental stage-specific 

manner.  This suggests that the regulation of hemoglobin switching is largely directed by gene 

proximal regulatory elements.  

Human β-globin gene expression undergoes two switches from the embryonic ε-globin 

gene to the fetal γ-globin gene and from the fetal γ-globin genes to adult δ- and β-globin genes 

(111). In contrast to humans, the mouse has a single switch from the embryonic εγ- and βh1-

globin genes to the adult βmaj- and β-min globin genes (112). Human transgenes in mice only 

undergo one globin switch, with human ε- and γ-globin genes expressed along with mouse 
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embryonic εγ- and βh1-globin genes, and human δ- and β-globin genes expressed along with 

mouse adult βmaj- and β-min globin genes (113). 

There are two main mechanisms that control the hemoglobin switching, gene competition 

and autonomous gene silencing. 

Gene Competition 

Transgenic studies in mice provided evidence for a gene competition mechanism during γ- 

to β-globin gene switching (114,115). When γ- or β-globin genes alone are linked to the LCR, 

they both failed to display the proper developmental stage-specific expression patterns. β-globin 

was constantly active during all the stages of development, and surprisingly, in the embryonic 

stage, the expression level of β-globin is as high as the β-globin gene level in adults. The γ-

globin gene was also expressed in the embryonic as well as, albeit at lower levels, in the 

fetal/adult stages. Interestingly, however, when the γ- and β- globin genes were linked together 

(with γ- upstream of the β-globin gene) and placed downstream of the LCR, their developmental 

stage-specific expression was restored with the γ-globin gene expressed strictly during the 

embryonic stage of erythropoiesis and the β-globin gene expressed only at the adult stage. The 

above observations can be explained by the proposed model that γ- and β- globin genes compete 

for interactions with the LCR (115). In the fetal stage of development, the LCR preferably 

interacts with the fetal γ-globin gene, resulting in silencing of the β-globin gene. On the other 

hand, in the adult stage of development, the adult β-globin gene favorably interacts with the 

LCR, which leads to suppression of fetal γ-globin gene expression. 

Autonomous Silencing 

Automatic silencing means that the canonical gene and adjacent sequences contain all the 

elements responsible for turning off gene expression during development. This concept was 

firstly developed based on the following transgenic mice studies. In transgenic mice carrying the 
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human ε-globin gene, the ε-globin gene is only abundantly expressed when it is linked to the 

LCR. However, the expression of ε-globin gene is restricted to the embryonic yolk sac (116). 

Studies have shown that there are sequences within both proximal and distal ε-globin gene 

promoter responsible for the ε-globin silencing process in adults (117,118). Indeed, the fact that 

mutation of GATA-1, YY1 or SP1 sites in the upstream region of the of the ε-globin gene 

promoter abolished ε-globin gene silencing implies that the globin gene silencing involved 

multiple transcription factors which possibly form a silencing complex (119). In addition, the 

proximal ε- and γ-globin promoters contain direct repeat sequences named DR1 box, which are 

located near the CAAT box. It has been reported that a factor identical to the orphan nuclear 

receptor COUP-TF binds to these DR elements (120). Also, a high molecular weight complex, 

named DRED, binds to DR elements of the ε-globin promoter (121). Mutations of the DR 

elements led to ε-globin gene expression in adult mice. These observations indicate that DR 

elements participate in ε-globin gene silencing (120,122). Currently, the assumed mechanism of 

autonomous silencing is that during definite erythropoiesis, the silencing complex formed on the 

proximal or distal ε-globin gene promoter turns off the expression of the ε-gene by inhibiting the 

interaction between the ε-globin gene and the LCR. 

The mechanisms of controlling γ-globin gene expression seem to involve both gene 

competition and autonomous silencing. On the one hand, in the βYAC mice studies, when γ-

globin gene was placed upstream of the ε-globin gene, it was expressed in both of the embryonic 

and fetal stages, but silenced in the adult stage (123,124). However, when the -378 to -730 region 

of the γ-globin gene promoter was deleted, it was observed that the γ-globin gene was expressed 

in the adult stage (125), suggesting that the -378 to -730 region contains sequences responsible 

for the autonomous silencing of the γ-globin gene. Furthermore, the fact that a mutation in the 
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GATA site within this -378 to -730 region resulted in hereditary persistence of fetal hemoglobin 

(HPFH) in human (126) reinforced the above statement.  Moreover, findings in transgenic mice 

carrying galago/human γ-globin gene hybrid promoters suggest that the CACCC box of the γ-

globin gene promoter is required for γ-globin gene silencing (127). On the other hand, the 

persistent γ-globin expression in the adults of the δβ-thalassemia and HPFH patients is best 

explained by the lack of gene competition due to the deletion of the adult β-globin gene. 

Taken together, it is suggested that expression of the adult β-globin gene is mainly 

regulated by gene competition; the expression of the ε-globin gene is regulated by autonomous 

silencing; and the expression of the γ-globin gene is regulated by gene competition and 

autonomous silencing. 

Switching Factors 

Many transcription factors have been discovered to regulate the stage-specific expression 

of the γ- and β-globin genes, by binding to the promoter elements. One of the most well-studied 

of these factors is EKLF (erythroid krüppel-like factor) (86), an erythroid specific transcription 

factor, which behaves as an adult switching factor. It has higher binding affinity to the adult β-

CACCC box than the slightly different fetal γ-CACCC box, and preferentially activates the β-

globin gene (128,129). EKLF is necessary for β-globin gene expression and is expressed more 

abundantly in the adult stage of development compared to the embryonic stage (130).  

Furthermore, β-CACCC box mutations cause β-thalassemia and EKLF knockout mice die at 

E14.5 from lethal β-thalassemia (131). Interestingly, in EKLF knockout mice, the embryonic 

hematopoiesis is not severely affected, but the anemia occurs following the embryonic/fetal to 

adult globin developmental switch.  

Two EKLF homologous proteins, FKLF (also known as KLF11) and FKLF-2 (also known 

as KLF13), have been identified as candidates for fetal switching factors. FKLF mainly functions 
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actively at the ε-globin gene promoter and FKLF-2 at the γ-globin gene promoter (132,133). 

FKLF and FKLF-2 activate γ-globin gene expression predominantly by interacting with the γ-

CACCC box. Over-expressing FKLF in K562 cells increased the expression of the endogenous 

ε- and γ-globin genes, indicating that FKLF functions as a transcriptional activator in vivo. In 

luciferase reporter assays, only FKLF-2 can activate a variety of erythroid specific promoters 

containing the CACCC-box plus γ-globin gene promoter elements, including a binding site for 

GATA-1. However, the expression of FKLF-2 is not erythroid specific. Interestingly, despite the 

fact that ectopic expression of FKLF in the bone marrow of transgenic mice carrying a basally 

active γ-globin gene cassette is capable of inducing γ-globin gene expression in adult mice (134), 

FKLF knockout mice appear phenotypically normal, with no apparent impact on lifespan, 

fertility, viability and development. Also, there is no effect on erythropoiesis in the FKLF 

knockout mice (135). After examining FKLF-/- mice crossed with mice expressing human γ-

globin gene it was found that the FKLF -/-, γ-globin mice express the same levels of the γ-globin 

gene as the FKLF+/+, γ-globin mice, suggesting that FKLF is not required for γ-globin gene 

expression in mice (135). FKLF-2 knockout mice have an enlarged thymus and spleen due to the 

decreased T cell apoptosis, as FKLF-2 functions as a repressor of the anti-apoptosis factor Bcl-

xL. However, there is no defect in hematopoiesis in FKLF-2 knockout mice (136). The roles of 

FKLF and FKLF-2 in switching are not clear. 

Another factor that may be involved in hemoglobin switching is stage selector protein 

(SSP), which binds to the stage selector element (SSE) of the γ-globin gene promoter. In 

transgenic mice studies, mutations in SSE, located at -50 region of the γ-globin gene promoter, 

results in an increase in β-globin gene expression only in the early stage of fetal development and 

a prolonged the period it takes to complete the switch, suggesting that SSE contributes to the 
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competitive ability of the γ-globin gene promoter during early fetal liver hematopoiesis (137). 

SSP is a heterodimer, consisting of a ubiquitously expressed CAAT binding protein CP2 and an 

erythroid-specific protein NF-E4 (138). Loss of NF-E4 binding to the SSE of the γ-globin gene 

promoter resulted in a loss of γ-globin gene transcription relatively to that of the β-globin gene, 

indicating that NF-E4 preferentially activates γ- over the β-globin gene promoter, which lacks an 

SSE (137). In addition, overexpression of NF-E4 in cord blood progenitors resulted in 

upregulation of human γ-globin gene expression with a concomitantly reduction of β-globin gene 

expression (138). CP2 knockout mice showed no defects in growth, development, behavior and 

fertility, and displayed normal hematopoiesis, probably due to the compensation of homologous 

proteins, such as LBP-1a (139).  The NF-E4 knockout mice have not been reported yet. 

COUP-TFII (140) may play a role in hemoglobin switching. It is a retinoic acid orphan 

receptor corresponding to the erythroid specific binding activity of NF-E3 (141,142). COUP-

TFII binds to a consensus site in the γ-globin gene promoter that includes the γ-globin CAAT 

element and may function as a repressor of the γ-globin gene expression (120). 

The PYR complex is also a putative switching factor (143,144). It is composed of several 

factors exhibiting SWI/SNF activity to promote chromatin modifications and remodeling (145). 

PYR is restricted in expression to adult definitive erythroid cells, where it binds to a pyrimidine-

rich DNA element located between the γ- and β-globin genes (146). Deletion of the PYR binding 

site from a human β-globin gene construct resulted in delayed and prolonged human γ- to β-

globin switching in transgenic mice. Thus, PYR possibly functions as an adult stage-specific 

factor to facilitate the switch by repressing γ- and activating β-globin gene expression. The 

transcription factor Ikaros is the DNA binding component of the PYR complex (147). 
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The LCR and the β-Globin Gene Promoter Interaction Models 

Recent studies by using chromatin immunoprecipitation (ChIP) and relatively new 

techniques such as capturing chromosome conformation (3C), fluorescence in situ hybridization 

(FISH) and RNA-TRAP (tagging and recovery of associated proteins) have revealed that LCR 

HS1-HS4 (148) are in close physical proximity to the actively transcribed β-globin genes in 

mouse erythroid cells. The 3C data demonstrate that physical proximity between the LCR and 

the β-globin promoter is established at a time during differentiation of erythroid cells when the 

gene is actively transcribed (149). 

Currently, there are three models for LCR mediated globin gene activation. (1)Tracking 

Model: activators and chromatin remodeling complexes are recruited to the LCR first, then 

migrate to the promoter by tracking along the DNA and activate transcription (150); 

(2)Looping/Linking Model: a distant LCR and promoter contact each other directly or indirectly 

through protein/DNA interactions. This interaction is independent of intervening DNA between 

them and can occur in trans (151,152); (3) Facilitated Tracking Model: activators and chromatin 

remodeling complexes track along the DNA from the LCR to the promoter without losing 

contact with the enhancer during the whole process, and eventually establish a loop between 

enhancer and promoter (153). Considering the recent data, the looping and facilitated tracking 

models are the favorite models for LCR mediated regulation of the β-globin gene (149), while 

the tracking model may apply for ε-globin gene regulation.  

The “Active Chromatin Hub” Model for LCR Regulating the β-Globin Gene 

The 3C experiments support the current “Chromatin Hub” model for LCR mediated β-

globin gene activation. The 3C results demonstrate that in mouse erythroid progenitor cells that 

do not express the globin genes, the distal HS sites (3’HS1 and 5’HS–60/–62, which are located -

60 and -62 kb from εγ-globin gene) and part of the LCR (HS4-6) interact to form a ‘poised’ 
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chromatin hub (148).  In differentiated erythroid cells that express the β-globin gene the 

remaining LCR HS1–HS3 sites as well as the globin gene promoter participate in long range 

chromosomal interactions and contribute to the formation of the ‘active chromatin hub’ (ACH). 

The globin genes switch their association with the ACH depending on their development specific 

transcription activity. The flanking 3’HS1 and 5’HS–60/–62 regions are not required for β-globin 

gene expression.  If the β-globin promoter is deleted together with HS3 (but not HS2) (154), the 

ACH fails to form at the adult stage. This is accompanied by decreases in both histone 

acetylation and DNaseI sensitivity at the LCR and gene promoters. CTCF has been shown to be 

required for the formation of the “poised” chromatin hub in the β-globin gene locus.  However, 

the low level of globin gene expression in erythroid progenitor cells is not affected. The 

consequence of deleting the  3’HS1 site (a CTCF binding site) on globin locus configuration was 

analyzed in ES cells that differentiated in vitro into erythrocytes.  The data demonstrated that 

even though the pre-existing loop between 3’HS1 and upstream sites (HS-85, HS-60/-62 and 

HS5) is disrupted, the LCR HS4/5 maintained identical strong interactions with the βmaj-globin 

gene compared to wild type cells (155).  Furthermore, deletion of 3’HS1  and did not perturb 

globin gene expression   These data demonstrate that the “poised” chromatin configuration in the 

globin gene locus is not required for proper globin gene regulation.  Perhaps, this configuration 

is important for preventing regulatory elements located in the globin gene locus to affect 

expression of nearby genes. 

The erythroid specific transcription factors GATA-1, Erythroid krüppel-like factor (EKLF) 

and co-activator FOG-1 (friend of GATA) are required for ACH formation and/or stabilization 

(156,157). EKLF and GATA-I could stabilize the loop by binding to the LCR HS sites and the 

globin gene promoters. Interestingly, deletion of the β-globin promoter itself did not disrupt loop 
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formation, which indicates that other regions within the gene contribute to interactions in the 

ACH (154). To form the loop, histone modifications might be required ahead of loop formation, 

because a relatively flexible chromatin fiber may facilitate loop formation.  In this respect, EKLF 

and GATA-1 could be crucial for directing histone modifications to specific regions in the globin 

gene locus. 

As mentioned before, CTCF is required for loop formation in the erythroid progenitor 

cells, but is not required for LCR-globin gene contacts established in differentiated erythroid 

cells. 

Proteins Involved in the Regulation and Expression of Adult β-Globin Gene Expression 

RNA Polymerase II (RNA Pol II) 

RNA Pol II is responsible for the pre-mRNA synthesis in eukaryocytes. During 

transcription, RNA Pol II also scans for the DNA damage, modifies chromatin and serves as a 

platform for several mRNA processing factors. RNA Pol II has a unique C-terminal domain 

(CTD) which consists of 25-52 tandem repeats of the consensus sequence Tyr-Ser-Pro-Thr-Ser-

Pro-Ser (Y1S2P3T4S5P6S7) depending on the organism (158). Factors recruited to the CTD 

include the Mediator complex, which regulates transcription initiation, histone methyltranferases, 

mRNA capping enzymes, and polyadenylation factors that modify the 3’ end of mRNA 

(159,160). 

The serine residues (ser2, ser5, and ser7) of the CTD are phosphorylated and 

dephosphorylated during the transcription cycle and the CTD can be hyperphosphorylated during 

the transition from a promoter-bound complex to an active elongation complex (161). At the 

beginning of transcription, the CTD unphosphorylated RNA Pol II (RNAP IIA) assembles into a 

preinitiation complex on the promoter with general transcription factors (GTFs) TFIIA, TFIIB, 

TFIID, TFIIE, TFIIF, and TFIIH (162,163). The CTD of the RNA Pol II is phosphorylated 
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(RNAP IIO) at the time of transcription initiation by the CTD kinase Cdk7/Kin28, a subunit of 

TFIIH (164). Phosphorylation occurs specifically at ser5, which is important a process called 

“promoter clearance” and recruits capping enzymes and the histone H3K4 specific 

methyltransferase Set1, (165,166). The transcription complex is then paused near the 

transcriptional start site for pre-mRNA capping. Then another CTD kinase, Cdk9, which is part 

of the elongation factor P-TEFb mediates CTD Ser2 phosphorylation to allow transcription 

elongation (167). The histone H3K36 specific methyltransferase Set2 preferentially associates 

with the hyperphosphorylated RNA Pol II, especially with the Ser2 phosphorylated CTD (168-

170). At the end of the transcription cycle, a CTD specific phosphatase removes 

dephosphorylates the CTD (171,172). By converting RNAP IIO to RNAP IIA, it allows RNAP 

IIA to reenter the transcription cycle. 

Previous studies from Leach et al. (53) and Johnson et al. (47) have shown that RNA Pol II 

is recruited to the LCR and to the β-major promoter in a GATA-1 dependent manner. Erythroid 

specific transcription factor NF-E2 p45 subunit is required for the loading of RNA Pol II to the 

murine βmaj-globin gene promoter, but not to the LCR (49). It has been proposed that GATA-1 

recruits RNA Pol II to the LCR, and NF-E2 assists RNA Pol II relocalization to the β-globin 

gene promoter (47). Sawado et al. (75) also demonstrated that NF-E2 is recruited equally 

efficiently to the adult β-globin promoters of LCR deleted and wild type (WT) murine alleles. 

Deleting the LCR reduces preinitiation complex (PIC) assembly twofold at the β-globin gene 

promoter, but remarkably decreases RNA Pol II C-terminal domain (CTD) Serine 5 

phosphorylation and affects transcription elongation. However, the promoter histone acetylation 

is not affected by the deletion of the LCR. These results suggest that during β-globin gene 

activation, the LCR-independent chromatin opening, NF-E2 binding and partial PIC assembly at 
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the β-globin gene promoter take place prior to the active transcription of the β-globin gene that is 

mediated by LCR-dependent regulation of RNA Pol II elongation. Thus the LCR appears to 

function downstream of certain activator recruitment and partial PIC assembly at the β-globin 

gene promoter.  However, the fact that inactive transcription complexes are recruited to the 

promoter could also indicate that the LCR is required for the recruitment of transcription 

competent transcription complexes to the globin gene locus.  

GATA-1 

GATA-1, also known as NF-E1 (Nuclear Factor-Erythroid 1), belongs to the GATA family 

of transcription factors. It binds to the DNA consensus sequence (A/T)GATA(A/G) by two 

characteristic GATA family specific C4 (Cys-X2-Cys-X17-Cys-X2-Cys) zinc-finger motifs (173-

177). GATA-1 is expressed in both primitive and definite erythroid cells (178,179), 

megakaryocytes (180,181), mast cells(180), eosinophils (182), and Sertoli cells of the testis 

(176,183). GATA-1 is essential for normal erythropoiesis.  GATA-1 deficient mouse embryonic 

stem (ES) cells are unable to contribute to the mature red blood cells in chimeric mice (131). 

Further analysis showed that in these chimeric mice, GATA-1 null erythroid cells have an arrest 

at the proerythroblast stage (184). This arrest has been further confirmed by the in vitro 

differentiation of GATA-1 deficient ES cells (185).  The arrested precursor cells die due to 

apoptosis (186). These findings are consistent with the fact that GATA-1 deficient embryos die 

between embryonic day 10.5 (E10.5) and E11.5, due to severe anemia (178).  

GATA-1 consists of three functional domains: the N-terminal transactivation domain, the 

N-terminal zinc finger (N-figure), and the C-terminal zinc finger (C-finger) (187). The C-finger 

is crucial for recognizing the GATA-1 consensus sequence and binding to DNA. The N-finger is 

responsible for stabilizing the GATA-1/DNA complex and interacting with cofactors. The 

interaction between GATA-1 and FOG-1 is mediated through the N-finger (188), but when 
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GATA-1 interacts with EKLF (175,189) and GATA-1 itself (190), the C-finger also participates 

in complex formation. 

GATA-1 is known to interact with a variety of proteins. One of them is the well known 

GATA-1 cofactor FOG-1 (friend of GATA), which is coexpressed with GATA-1 in erythroid 

and megakaryocytes (191). FOG-1 contains nine zinc fingers, which interact with the GATA-1 

N-finger through its 6th zinc finger (188). FOG-1 is essential for GATA-1 function, since FOG-1 

null mice exhibit a phenotype similar to the one found in GATA-1 knockout mice, but it also 

appears that FOG-1 has GATA-1 independent functions in megakaryopoiesis (192). Although 

FOG-1 shows no DNA-binding activity, it can either activate or repress GATA-1 mediated 

transcription based on the context of the promoter (191,193). Recent data suggest that in 

erythroid cells, FOG-1 is first induced by GATA-1 (194), then it functions together with GATA-

1 to regulate the β-globin gene locus. Another protein that interacts with GATA-1 is EKLF. This 

interaction is dependent on the presence of DNA, such as promoter (189). The CACCC-box 

motifs that EKLF recognizes are found in close proximity to the GATA motifs in several 

promoters and enhancers, including the LCR (175). This suggests that EKLF and GATA-1 may 

have cooperative functions. It has been shown that GATA-1 can associate with itself in vitro 

(195). GATA-1 dimerization may facilitate interactions between enhancers and promoters. 

It is reported that GATA-1 interacts with histone acetyltransferases CBP and p300 both in 

vitro and in vivo (196,197). Recruiting histone acetyltransferases to the nucleosome can induce 

an open chromatin configuration, therefore activating transcription. Since CBP and p300 interact 

with various transcription factors, they can have a “bridge” function to connect components 

located at the enhancer and promoter elements (198). Moreover, CBP and p300 can acetylate 

GATA-1 to stimulate its transcriptional activity (197,199). GATA-1 can also be phosphorylated 
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(200) and sumoylated (201). Phosphorylated GATA-1 is induced in K562 cells leading to an 

increase in DNA binding (202). The function of sumoylated GATA-1 is unknown. 

GATA-1 was first identified to associate with the β-globin 3’ enhancer (203). Now it is 

known that GATA-1 binds to multiple regulatory regions in both α- and β-globin gene loci 

(187,204). The GATA-1 null G1E erythroid cell line, which is derived from GATA-1 null 

embryonic stem cells, expresses low levels of adult α- and β-globin, whereas the embryonic ξ- 

and ε-globin are undetectable (205). In G1E cells, the GATA-2 mRNA is expressed at higher 

levels compared to wild type cells. This suggests that GATA-2 may partially replace the function 

of GATA-1 in GATA-1 null cells, since GATA binding sites are essential for the expression of 

β-globin LCR driven transgenes (206). 

GATA-1 is also critical for megakaryocytes development (207), G1/S cell cycle 

progression (208), and reprogramming of hematopoietic precursors (209,210). Cell cycle control 

is the most important regulation during hematopoietic differentiation, because the precursors 

need to proliferate to achieve further hematopoietic maturation, but in order to make the terminal 

differentiation to occur, the cells must exit the cell-cycle (208). GATA-1 target genes also 

include erythropoietin (Epo) receptor (EpoR) (211), and Epo signaling is known to be important 

for proliferation, differentiation and survival of erythroid progenitors (212). Furthermore, Bcl-XL, 

a gene encoding an anti-apoptotic protein, is regulated by GATA-1 as well (213). 

NF-E2 

Transcription factor NF-E2 (Nuclear Factor-Erythroid 2) is found almost exclusively in 

hematopoietic progenitors, and in the erythroid/ megakaryocyte/mast cell trilineage, and is 

known to regulate globin gene expression by acting through locus control regions (LCRs) 

upstream of the α- and β-globin gene clusters (214).  NF-E2 also associates with the β-globin 

gene promoter (49). NF-E2 belongs to the basic-leucine zipper (bZip) family and exists as a 
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heterodimer. It consists of a hematopoietic-specific subunit p45 and a more ubiquitously 

expressed small Maf protein (p18) (215,216). Both of these subunits belong to the AP-1 

superfamily. The p45 subunit is a member of the cap and collar (cnc) family (217). The cnc 

domain that includes the bZip region was also found in NF-E2 related proteins such as Nrf1, 

Nrf2, Bach1 and Bach2. But the function of the cnc domain is unknown. The N-terminus of p45 

contains the transactivation domain, which is critical for NF-E2’s transcription activator function 

(214). The p18 small Maf protein binds to NF-E2 p45 through its bZip domain (215,216). 

The small Maf subunit p18 lacks the transactivation domain. Its dimerization with the p45 

subunit to form the NF-E2 heterodimer is required for NF-E2 DNA binding activity. The DNA 

binding site of NF-E2 contains a core AP-1 motif, (T/C)GCTGA(G/C)TCA(T/C) (AP-1 motif is 

bold and italicized). A mutation at the second position of the NF-E2 site (G) was shown to 

abolish NF-E2 binding, but not AP-1 binding (216). 

NF-E2 binding sites exist in β-globin LCR HS2, HS3, and HS4 (214,218). These binding 

sequences are closely related to Maf-recognition elements (MAREs). Mutations of NF-E2 

binding sites in the LCR HS2, 3, and 4 reduces DNase I hypersensitivity (218,219). HS2 harbors 

enhancer function to regulate high-level and position independent expression of a human β-

globin gene in transgenic mice (ref). The tandem MAREs in HS2 of the β-globin LCR is crucial 

for its enhancer activity of β-globin gene expression, but is not required for position-independent 

activation (220,221). The presence of NF-E2 binding sites in HS2 alone is insufficient for high 

level expression of a linked human β-globin gene in transgenic mice and mouse erythroleukemia 

(MEL) cells (222). Deletion of HS2 from one allele of the β-globin locus in mice has no 

significant effect on the timing and extent of the expression of all the β-like globin genes on the 
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mutated chromosome. However, when homozygous, the deletion of HS2 resulted in normal 

expression of mouse embryonic genes, but the adult β-globin mRNA reduced 30%. (223),(224). 

NF-E2 binding sites play a role in chromatin remodeling and transcription activation of 

globin genes. The N-terminus of NF-E2 p45 contains an activation domain, which can interact 

with other molecules such as cAMP-response element-binding protein (CREB)-binding protein 

(CBP) (225) and TAFII130 (a component of the TFIID complex) (226). Some studies showed 

that homodimers of small Maf proteins repress transcription (217). 

Mice deficient for NF-E2 p45 die shortly after birth due to defects in the megakaryocyte 

lineage (227), but they have no obvious phenotype in erythropoiesis, which suggests that other 

bZip proteins can substitute for p45’s function in the red cell lineage (228). However, 

erythroleukemia cells lacking functional NF-E2 p45 fail to produce globin genes (229), which 

show that NF-E2 p45 is important in erythropoiesis. MafK “knock out” mice have no obvious 

phenotype, which may suggest that small Maf proteins have functional redundancy (230).  

EKLF 

EKLF (erythroid krüppel-like factor) functions as an adult switching factor by interacting 

with the CACCC-box located in the β-globin gene promoter (86). EKLF preferentially activates 

β-globin gene due to a higher affinity for the β-CACCC box compared to the γ-CACCC box 

located in the promoter regions of the genes (128,129). In the absence of EKLF, DNase I HS 

sites do not form in the β-globin promoter and in LCR HS2 and HS3.  The γ- to β-globin switch 

is disrupted and characterized by the persistence of high γ-globin levels and severe reduction of 

β-globin chains (131,231,232). EKLF functions at least in part by recruiting a SWI/SNF 

remodeling complex to the LCR and to the human β-globin promoter (233). 
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USF 

The evolutionary conserved upstream stimulating factors (USF), USF-1 (43KDa) and 

USF-2 (44KDa), belong to the basic-Helix-Loop-Helix-Leucine-Zipper (bHLH-LZ) transcription 

factor family (234). They are highly related at their C-terminal DNA binding domain (70% 

identity) and can form homo- or heterodimers to interact with high affinity with the E-box 

regulatory elements (E-box: CANNTG, in most cases, NN are CG or GC), which are abundant in 

the genome of eukaryotes. The basic region is involved in DNA interaction with the E-box 

elements, whereas the HLH and LZ domains are mainly involved in dimerization. The integrity 

of the LZ domain is important for high-affinity and specific DNA binding (235). USF1 and 

USF2 only have very limited homologous regions in their N-terminus, which includes the 

transactivation domain, one of them is the highly conserved USF specific region (USR), which 

locates upstream of the basic region, and has been shown to be essential for transcription 

activation (236-238), although how it functions is unknown. 

The ubiquitously expressed USF transcription factors play important roles in a variety of 

transcriptional processes. First, USF has been found to stimulate gene transcription by binding to 

their cognate E-box motifs (239). Secondly, USF1 interacts with the general and cell-specific 

transcription factors, such as SP1, Pea3 and MTF1 to cooperate in gene regulation (240-242). 

Thirdly, USF mediates the recruitment of chromatin remodeling enzymes to DNA, such as 

histone acetyltransferase PCAF, histone 3 lysine 4 (H3K4)-specific metyltransferase SET7/92 

(64), and histone 4 arginine 3 (H4R3)-specific methyltransferase PRMT1 (243). Moreover, USF 

has been found to regulate topoisomerase III (hTOP3α) gene expression (244). Finally, USF1 

directly interacts with TATA-containing and TATA-less promoters. Components of the TATA-

dependent preinitiation complex, e.g. TFIID (TBP plus TBP associated factors, TAFs), directly 
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interact with USF1 (245-249). In TATA-less promoters, USF1 has been found to bind to the 

pyrimidine-rich initiator (Inr) element near the transcription start site (95,97,250). More 

interestingly, Ferre-D’Amare et al. (239) used hydrodynamic measurements on the USF/DNA 

complex and showed that USF can exist as a bivalent homotetramer. Sha et al. (235) have shown 

that the USF homotetramer could potentially associate with two DNA recognition sites to 

facilitate DNA looping. Therefore it is important to study the gene regulation mechanism of USF 

in the context of the β-globin gene locus. 

 Although USF1 and USF2 are expressed ubiquitously in a variety of tissues (251-253), it 

has been found that the ratio of USF homodimers and heterodimers is cell type specific 

(253,254). Even for the USF dimers that have similar DNA-binding properties, they may control 

different target genes, by interacting with different transcription factors through their distinct N-

terminal domains (237,255). In addition, USF1 and USF2 knockout mice are viable and exhibit 

distinct phenotypes, which indicate that they are not completely redundant (256,257). USF1 null 

mice are viable and fertile, with only slight behavior abnormalities. USF1 deficient mice exhibit 

and increase in USF2 expression, which may functionally compensate for the loss of USF1. In 

contrast, USF2 null mice contain reduced levels of USF1 and have an obvious growth defect: 

they were 20-40% smaller at birth compared to their wild-type or heterozygous littermates and 

maintained a smaller size throughout postnatal development. However, USF1/USF2 double 

knockout mice die early during embryogenesis, suggesting that USF is essential for embryonic 

development (234). 

It was recently shown that chicken USF1/USF2 heterodimers bind a divergent E-box 

element (CACGGG) in the 5’ HS4 insulator sequence of the β-globin locus and recruit the 

methyltransferase SET7/9 and the histone H3 acetyl transferase PCAF (64). It is thought that 
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recruitment of these proteins establish a barrier function that prevents the spread of 

heterochromatin into the β-globin locus. 

TFII-I 

TFII-I was originally discovered as a basal transcription factor that binds and functions 

through the initiator (Inr) core promoter element in vitro (95). Later it was shown that TFII-I 

functions as a multifunctional transcription factor with the ability not only to stimulate 

transcription from TATA-less and Inr-containing promoters (258), but also through binding to 

unrelated upstream elements (E-box) that are usually recognized by helix-loop-helix (HLH) 

family proteins such as USF.  Importantly, TFII-I has been shown to cooperate with USF to 

interact with both E-box and Inr elements (95). These observations indicate that TFII-I can 

function as a basal factor and as an activator, thus it may establish communications between the 

basal transcription machinery assembled at the promoter and activators associated with the 

upstream regulatory sites (95). TFII-I is phosphorylated at both serine and tyrosine residues. 

Tyrosine phosphorylation of TFII-I is required for its transcriptional functions (259). TFII-I is 

regulated by extracellular signals and translocates to the nucleus (260). 

TFII-I is cleaved by thrombin at the amino acid 677 and divided into two domains: the 70 

KDa N-terminal domain (p70) which carries the DNA binding activity, and the 43 KDa C-

terminal separable activation domain (261). The N-terminal p70 mutant functions as a dominant-

negative mutant of the wild-type TFII-I. The C-terminal 280 amino acids, when fused to the 

DNA binding domain of GAL4, are unable to activate transcription from a promoter which 

contained five GAL4 binding sites upstream of a TATA-box. Therefore, the C-terminus of TFII-

I is only partially responsible for the activation function, and it requires certain regions from the 

N-terminus of TFII-I to achieve appropriate transcription activation. 
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The multi-functional properties of TFII-I may rely on its unique primary amino acids 

structure. TFII-I is composed of six direct reiterated I-repeats, R1-R6, with each of them 

consisting a putative HLH motif (262). The N-terminal DNA binding domain contains R1-R4, 

whereas the C-terminal transactivation domain contains R5-R6. The basic region which is 

necessary for DNA binding locates only within R2. Since each of the I-repeats displays a 

potential HLH motif, which serves as protein interaction surfaces, it is possible that each of them 

mediates a distinct protein-protein interaction. 

Multiple TFII-I isoforms are generated by alternative splicing in human and mice (263-

265). Besides the well characterized 957 amino acids form of TFII-I (referred to as ∆), there are 

three additional isoforms in human and perhaps one more in mice. These isoforms are named α, 

β, and γ, and they are 20-41 bps longer than the ∆-isoform. All of these isoforms contain the six 

I-repeats, the basic region, the N-terminal putative LZ motif, and the nuclear localization signal 

(297-304 amino acids in the ∆-isoform). It has been shown that these isoforms form homo- and 

heteromeric interactions, which facilitates nuclear localization (263). The expression patterns of 

these isoforms in a variety of cell types and species indicates that their functions are non-

redundant. 

 TFII-I is activated by various extracellular signals thus linking signal transduction to 

transcription (260). In the absence of extracellular signals, TFII-I is phosphorylated at both 

serine/threonine and tyrosine residues. Tyrosine phosphorylation of TFII-I is required for its 

transcriptional functions (259). TFII-I is involved in stress response (266), B-cell signaling 

(267), and other diverse processes. In endoplasmic reticulum (ER) stress conditions, induced by 

depletion of stored endoplasmic calcium, which leads to increased expression of glucose 

regulated protein (GRP) genes, it is shown that TFII-I increasingly binds to an upstream element 
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named the endoplasmic reticulum stress response element (ERSRE) at the promoters of GRP 

genes (266,268). TFII-I also interacts with ATF6 and NFκB, two signal induced transcription 

activators (268). 

Both USF and TFII-I can either activate or repress gene expression, depending on which 

factors they associate with. Although ectopically expressed TFII-I only exhibits moderate effects 

on Inr-dependent transcription, over co-expression of TFII-I and USF1 dramatically enhances the 

transcription activity of TFII-I at the Inr (262). TFII-I and USF also co-localized at the AdMLP 

upstream E-box element (95).  Also, it has been shown that TFII-I and USF physically interact 

both on and off the DNA (262). These facts further support the notion that TFII-I and USF 

function together to facilitate the communication between upstream activators and the basal 

transcription complex at the core promoter. 

In the β-globin gene locus it was known that USF functions at the human β-globin 

promoter and at the LCR HS2 enhancer element (269). Hardison et al. (50) showed that mutation 

of a canonical E-box in the LCR HS2 core region diminishes the enhancer activity in transient 

transfection assays. Both USF and TFII-I can recruit transcription complexes to TATA-less 

promoters and stabilize the transcription complex at TATA-containing promoters. Leach et al. 

(53) showed that in human K562 cells, in which the adult β-globin gene is silenced, TFII-I 

interacts with the Inr; while in MEL cells, which express the β-globin gene, USF1 and USF2 

bind to the +60 E-box region of the β-globin promoter. Crusselle-Davis et al. (269) showed that 

USF1 functions as a β-globin gene activator. A reduction in USF activity reduced β-globin 

expression and led to a significant decrease in acetylated H3, RNA Pol II, and cofactor 

recruitment to the LCR and to the adult β-globin gene. On the contrary, TFII-I functions as a β-

globin gene repressor possibly by recruiting co-repressor complexes to the β-globin gene. 
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Components of Chromatin Remodeling Complexes 

Multiple components of chromatin remodeling complexes have been found at the β-globin 

gene promoter and at the LCR. The SWI/SNF complex is recruited to the β-globin promoter by 

EKLF transcription factor (233). Purification studies of the complexes binding to the pyrimidine 

rich sequence upstream of the δ-globin gene have revealed an Ikaros-containing SWI/SNF 

protein complex called PYR complex (145). Further purification of this PYR complex showed 

that Ikaros is also associated with the NuRD complex and recruits both SWI/SNF (nucleosome 

remodeling ATPase) and NuRD (nucleosome remodeling deacetylase) complexes to this same 

sequence (270). In addition, SWI/SNF and MeCP1 (histone deacetylase complex) complexes 

have been shown to bind LCR HS2 in vitro (54). Recent ChIP studies showed that two 

components of the MeCP1 complex, BRG1 and hnRNPC, associate with both LCR HS2 as well 

as with the Gγ-, Aγ-, and β-globin gene promoters. Another SWI2/SNF2-related DNA dependent 

ATPase, HLTF, is recruited to the -115 to -140 region of the β-globin promoter (271). Large 

2Mda protein complexes that associate with the LCR and with the β-globin promoter have 

recently been fractionated from K562 nuclei (54,271).  It is tempting to speculate that several of 

these multiple protein complexes pre-exist in vivo and that one role of the LCR is to act as an 

organizer or bridge to assemble giant protein complexes from pre-existing large multiple protein 

subcomplexes present at the LCR and the globin gene promoters. 

CTCF 

CTCF is a zinc finger containing DNA-binding protein, which binds to specific insulator 

elements. The enhancer blocking activities of chicken HS4 insulator depends on CTCF (66). 

CTCF also binds to a sequence located downstream of the β-globin locus and to both 5’and 3’of 

mouse and human β-globin loci. These regions vary in insulator strength, and their function in 

vivo is unclear (272). CTCF’s binding sites at 5’HS5 and 3’ HS1 in the mouse β-globin locus 
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participates in ACH formation at both early and late developmental stages. However, as 

mentioned before deletion of these sites do not affect globin gene expression (155). 

The Role of the LCR in Nuclear Localization 

In the interphase nucleus, the individual chromosomes form discontinuous structures called 

chromosome territories (CTs). Transcription occurs at the surface of CTs. The space between 

CTs is called interchromatin compartment (IC). CTs may represent the relatively more 

condensed domain of chromosomes, hosting inactive or inaccessible genes. Actively transcribed 

genes are brought to the surface of CTs where they become accessible to protein complexes 

located in the ICs. Transcription complexes are believed to be located in the ICs where they form 

transcription factories (273). 

The LCR might play a role in the organization of genes within nuclei. FISH analysis of the 

localization of the endogenous murine β-globin locus from different mature stage fetal liver cells 

showed that the β-globin LCR is required for efficiently re-locating the β-globin locus away 

from the nuclear periphery into the nuclear interior (274). It was also shown that the LCR is 

required to position the β-globin locus close to transcription factories containing Serine 5 

hyperphosphorylated RNA Pol II.  Interestingly, β-globin transcription initiates at the nuclear 

periphery but transcription levels increase along with the globin locus moving toward the nuclear 

interior. These results suggest that the LCR plays an important role in moving the β-globin locus 

to transcriptionally active RNA Pol II complexes. 

Summation 

The human and murine β-globin gene loci have been model systems for the study of 

eukaryotic gene regulation and chromatin structure for a long time.  The tissue- and 

developmental stage specific expression of the five β-like globin genes is regulated by a locus 
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control region (LCR), which is composed of several DNase I hypersensitive sites in erythroid 

cells.   

Previous studies have shown that the LCR interacts with many proteins involved in 

transcription, such as RNA Pol II, TBP, NF-E2, USF, TFII-I etc. (49,55,269), and the LCR is 

required for high-level β-globin gene expression (75). The trans-acting factors also play an 

important role in β-globin gene regulation. It has been shown that a variety of transcription 

factors and chromatin modification enzymes can be recruited to the β-globin gene locus directly 

and indirectly during erythroid cell maturation (145,275-277). Thus our laboratory has proposed 

the model that the LCR may function as a transcription organizing center, which recruits 

transcription factor complexes and RNA Pol II, and regulate β-globin gene expression by 

transferring these activities to the globin gene promoters (55).   

It has been shown previously that the erythroid specific transcription factor, NF-E2, is 

essential for the recruitment of RNA Pol II to the β-globin gene promoter but not the LCR. The 

absence of NF-E2 leads to a significant decrease or abolishment of β-globin gene expression 

(49,228). The ubiquitously expressed transcription factor USF has been shown to be partially 

required for the association of RNA Pol II at both the LCR and the β-globin gene promoter (53). 

Over-expression of a dominant-negative form of USF leads to a decrease in β-globin gene 

expression (269). Interestingly, both NF-E2 and USF are bound to the LCR and the β-globin 

gene promoter (49,269), and they also interact with multiple histone methyltransferases (such as 

MLL2 (277), G9a (276), PRMT1 (243), etc.) which may help to open the condensed chromatin 

structure to facilitate β-globin gene transcription. 

The goal of this study is to examine the mechanism(s) by which the LCR assembled 

elongation competent transcription complexes at the globin gene promoters. A particular focus 
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will be the examination of the relationship between NF-E2 and USF in β-globin locus regulation. 

Finally, it has been reported that TFII-I functions as an inhibitor of calcium entry into the cells 

(278), an additional focus of this work is to examine if calcium entry has effects on β-globin 

gene regulation. 
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Figure 1-1. Schematic of the structure of the human and mouse β-globin gene loci and 
hemoglobin synthesis during development. (A) Structure of the human and mouse β-
globin gene loci. The β-globin gene loci consist of five (human) or four (mouse) 
genes that are expressed during development. The murine εγ- and βh1-globin genes 
are expressed in embryonic erythroid cells and the βmin- and βmaj-globin genes are 
expressed in fetal and adult erythroid cells (152). The human ε-globin gene is 
expressed at the embryonic stage, the Gγ- and Aγ-globin genes are expressed at the 
fetal stage, and the δ- and β-globin genes are expressed at the adult stage. All the 
genes are regulated by a locus control region (LCR) located far upstream of the genes 
and composed of several erythroid-specific DNase I hypersensitive (HS) sites. (B) 
Developmental stage-specific sequential activation of human embryonic, fetal and 
adult globin genes. ((B) is adapted from Weatherall et. al. (5)). 
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CHAPTER 2 
MATERIALS AND METHODS 

Cell Culture and Protein Isolation 

MEL cells were grown in Dulbecco's Modified Eagle Medium (DMEM) (Cellgro) 

supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin antibiotic mixture. 

CB3 and CB3/NF-E2 (stable CB3 cell line expressing ectogenic NF-E2 p45) cells were obtained 

from Dr. Paul Ney (St. Judes Children Research Hospital) and grown in DMEM (Gibco, cat. # 

11885) supplemented with 10% fetal bovine serum, 200mM L-glutamine, and 1% 

penicillin/streptomycin antibiotic mixture. For DMSO induced cells, 1x105 cells/ml MEL or CB3 

cells were incubated with 1.5% DMSO for 72 hours. K562 cells were grown in RPMI 1640 

medium (Cellgro) supplemented with 10% fetal bovine serum (FBS) and 1% 

penicillin/streptomycin antibiotic mixture.  

Mouse embryonic fibroblasts (MEFs) were grown in DMEM (Gibco) and supplemented 

with 10% fetal bovine serum and 1% penicillin/streptomycin antibiotic mixture. OP9 cells were 

grown in OP9 media (α-modified minimum essential media (α-MEM) (Gibco, cat. # 11900-024) 

supplemented with 20% fetal bovine serum and 2% penicillin/streptomycin antibiotic mixture).  

All cells were grown in 5% CO2 at 37°C.  

Nuclear Extracts used in co-immunoprecipitation experiments were prepared as described 

by Leach et al. (103). Whole Cell Extracts used in the in vitro dissociation assay were prepared 

as described by Bungert et al. (245). Whole cell extracts used in western blotting experiments 

were prepared by incubating PBS washed cells with RIPA buffer (50mM Tris-HCl (PH 7.4), 

100mM NaCl, 10mM EDTA, 0.25% Na-Deoxycholate, 1% NP-40, 0.1% SDS, and protease 

inhibitors cocktail, Roché) at 4°C, and spinning slowly on a rotating wheel for 20min. The cell 

lysate was centrifuged at 14,000rpm for 15min at 4°C and the cell debris was removed.  
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The cDNA for NF-E2 (murine p45 tethered to human MafG) (103,275) and A-USF (a USF 

dominant-negative mutant, a gift from Dr. Charles Vinson, NIH) (238) were subcloned into pET-

28a(+) and pET-19b vector (Novagen), respectively, and the recombinant His-tagged NF-E2 and 

A-USF proteins were expressed in E.coli and purified by His Band Purification Kit (Novagen) 

according to the manufacturer’s protocol. 

All protein concentrations were measured by the Bradford protein assay. 

In vitro Embryonic Stem Cell Differentiation 

Mouse embryonic stem (ES) cells were in vitro differentiated into hematopoietic cells on 

OP9 stromal cell monolayers as described by Kitajima et al. (279). Briefly, ESD3 cells (ATCC, 

CRL-1934) were maintained on a monolayer of mouse embryonic fibroblasts (MEFs) in ES 

media (DMEM (high glucose) (Gibco, 12430-054), 15% fetal bovine serum, 0.1mM 2-

mercaptoethanol, 1x MEM non-essential amino acids solution (Cellgro, 25-025-CI), 1x 

EmbryoMax ES cell qualified nucleosides (Chemicon, ES-008-D) and 1% 

penicillin/streptomycin antibiotic mixture.). Immediately before differentiation assay, ES cells 

were passaged twice to minimize the presence of MEF cells in the culture and grown on 

gelatinized flasks in ES media supplemented with 103 Units/mL ESGRO (LIF) (Chemicon, 

ESG1106). Leukemia inhibitory factor (LIF) was added to prevent ES cell differentiation.  

At Day 0, 1-2x105/mL ES cells were seeded onto a confluent monolayer of OP9 cells 

grown in 6-well plates in OP9 media as described in the “Cell Culture and Protein Isolation” 

section. From Day 3, erythropoietin (Epo, 1 Unit/mL) was added into the culture medium 

throughout the rest of the ES differentiation procedure to prevent erythroid progenitors from 

apoptosis. At Day 5, the differentiated ES cells were treated with trypsin and 1-2x105/mL cells 

were seeded onto a new confluent monolayer of OP9 cells grown in 6-well plates.  OP9 cells 

tend to aggregate into cell clumps and precipitate onto the bottom of the cell suspensions.  To 
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remove the OP9 cells from ES/OP9 cell mixture, the trypsinized cells were kept at room 

temperature for 1-2 min, and only the cells from the supernatant were collected for further 

seeding. The same procedure was performed for Day 8 cells. 1-2x105/mL differentiated ES cells 

were trypsinized and reseeded onto a new confluent monolayer of OP9 cells grown in 6-well 

plate for further differentiation until Day 12. During the entire ES cell differentiation process, the 

medium was changed every two days. 

At Day 0, 5, 8 and 12, an aliquot of cells were collected for RNA extraction and ChIP 

analysis. The RT-PCR primers of murine β-actin, Rex-1, εγ- and βmaj-globin genes were 

described previously (280). 

Western Blotting 

Western blotting experiments were performed as described by Leach et al. (103). A total of 

60μg of whole cell extract, unless otherwise noted, was loaded onto 4-20% Ready gel (Bio-Rad). 

The proteins were visualized by ECL Plus chemiluminescence (Amersham Pharmacia Biotech). 

The following antibodies were used: GAPDH (FL-335; sc-25778), NF-E2 (C-19; sc-291), NF-E2 

p18 (MafK) (C-16; sc-477), USF1 (C-20; sc-229), USF2 (C-20; sc-862), TFIIB (C-18; sc-225), 

CBP (A-22; sc-369), p300 (N-15; sc-584), goat anti-mouse IgG-horseradish peroxidase (sc-

2005) (all purchased from Santa Cruz Biotechnology), goat anti-rabbit IgG-horseradish 

peroxidase (Kirkegaard & Perry Laboratories) and anti-rabbit IgG Trueblot (eBioscience). These 

antibodies were used for all the western blotting and for the coimmunoprecipitation experiments. 

The concentration of the antibodies used followed the manufacturers’ guidelines. 

Chromatin Immunoprecipitation (ChIP) 

The ChIP assay was performed essentially as described by Leach et al. with minor 

modifications (103). After preclearing the diluted cell lysate with Protein A-Sepharose beads 

(GE Healthcare), 2μg of the appropriate antibody was used for each ChIP sample. For ChIP 
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assays using mouse IgM antibodies, Dynabeads® Rat anti-Mouse IgM (110.39D, a gift from 

Scott R. Jamison, Invitrogen) was used instead of Protein A-Sepharose beads.  

The antibodies used were the same as those described for the western blotting experiments 

with the additional use of the following antibodies: normal mouse IgM (Santa Cruz), rabbit IgG 

(Bethyl Laboratories), RNA polymerase II, clone CTD4H8 05-623 (Upstate); RNA polymerase 

II 8WG16 monoclonal antibody, RNA polymerase II H14 (Ser5P-Pol II) monoclonal antibody 

(Covance), and RNA polymerase II CTD repeat YSPTSPS (phospho S2) antibody (Abcam, 

ab5095). Samples were analyzed by quantitative real Time PCR using MyiQ (Bio-Rad). The 

murine βmaj promoter and HS2 primers for ChIP samples used were described by Crusselle-

Davis et al. (269). GAPDH and the HS3/2 flanking region were analyzed using primers 

described by Levings et al. (280). The ChIP primers for murine GAPDH 3’ UTR are: US, 5’-

GGCTACAGCAACAGGGTGGTGGAC-3’, and DS, 5’- GTTGGGGGCCGAGTTGGGATAG-

3’. The P-values were determined by three independent experiments and calculated by using 

Microsoft Excel t-test function. A P<0.05 (in some cases P<0.1) is considered to be statistically 

significant. 

Co-immunoprecipitation (CoIP) and GST Pull-Down Assay 

For each CoIP experiment, 1mg nuclear extract from MEL or CB3 cells was used. The 

nuclear extracts were precleared by incubating with anti-rabbit immunoglobulin G (IgG) beads 

(eBioscience) for 30min. The precipitation was achieved by incubating 2.5μg of appropriate 

antibody with the precleared cell nuclear extract for 2.5 hours on a spinning wheel at 4°C. The 

protein complexes were captured by incubating the antibody containing cell nuclear extracts with 

anti-rabbit IgG beads for 2 hours. Then the beads were collected by briefly spinning in a 

microcentriguge and washed three times with RIPA buffer. All the incubations were performed 

at 4°C on a spinning wheel. The immunoprecipitated protein complexes were eluted with 
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Laemmli buffer (Bio-Rad) at 95°C for 10min, then loaded onto 4-20% Ready Gels (Bio-Rad), 

and analyzed by western blotting. The antibodies used for CoIP are the same as those used for 

western blotting experiments, except that Pol II (N-20) sc-899 (Santa Cruz Biotechnology) was 

used for the Co-IP experiments. 

Full length or truncated human USF1 (hUSF1) cDNA was inserted into pGEX-5X-1 vector 

(Promega) as described by Huang et al. (243). The USF1-N construct was generated by digesting 

the pGEX-5X-1-USF1 plasmid that contains the full length USF1 with BlpI and XhoI, to delete 

the 202-310 amino acids of USF1. The USF1-LZ construct was generated by digesting the 

pGEX-5X-1-USF1 plasmid with NheI and SacI to remove the 262-291 amino acid residues of 

USF1. GST and GST-hUSF1 fusion proteins were expressed in and purified from E.coli. Equal 

amounts of the proteins were coupled to glutathione sepharose 4 fast flow beads (GE Healthcare, 

17-5132-01) according to the manufacturer’s instruction. Equal amounts of protein coupled 

beads were incubated with recombinant NF-E2 (55) in 300μl pull-down binding buffer (50mM 

Tris-HCl PH8.0, 2mM EDTA, 150mM NaCl, 0.1% NP-40, 0.1μg/μl BSA, 1mM DTT, 1mM 

PMSF and protease inhibitors cocktail, Roché) for 1 hour at 4°C. The beads were washed 3-5 

times with 1mL pull-down binding buffer (without BSA), collected by briefly spinning in a 

microcentrifuge, boiled with Laemmli sample buffer (Bio-Rad), and loaded onto 4-20% Ready 

gels (Bio-Rad), followed by western blotting assay with antibody against NF-E2 (C-19) (Santa 

Cruz, sc-291). 

RNA Isolation, Reverse Transcription, and Real-Time PCR 

RNA was isolated by using the guanidine thiocyanate method (281) and reverse 

transcribed by using iScript cDNA synthesis kit (Bio-Rad) according to the manufacturer’s 

protocol. Quantitative PCR (qPCR) was performed using MyiQ (Bio-Rad) and reactions were 

carried out using iQ SYBR green super mix (Bio-Rad). Real-Time PCR for ChIP samples and 
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cDNAs was performed and analyzed as described by Crusselle-Davis et al. (269), except that for 

cDNA samples, the PCR conditions described above were modified as follows: 95°C for 5min, 

40 cycles of 94°C for 30s, 60°C for 30s, 72°C for 1min, final extension at 72°C for 5min. β-actin 

was used as endogenous control for RT-qPCR. The qPCR primers used for amplifying the 

murine βmaj-globin gene were the same as previously described by Levings et al. (280). The RT 

primers for β-actin are: US, 5’- GTGGGCCGCTCTAGGCACCA-3’, and DS, 5’-

TGGCCTTAGGGTGCAGGGGG-3’. 

In vitro Transfer/Dissociation Assay 

The in vitro Pol II transfer/dissociation analysis was performed as described by Vieira et.al. 

(55), with minor modifications. Briefly, a plasmid containing the wild-type human β-globin LCR 

was linearized and immobilized on streptavidin-coated magnetic beads as described by Leach et 

al. (53). 1.5μg of the immobilized LCR was incubated with 500μg of MEL whole cell extracts 

for 30min at 30°C. 1μg of wild-type (pRSβ) (103) or mutant human β-globin gene construct was 

added in experiments in which dissociation was assayed in the presence of DNA templates. The 

three β-globin gene mutants, pRSβINImut (INImut), pRSβ+60E-boxmutb (+60E-boxmut), and 

pRSβMAREa (NF-E2mut1), were described previously by Leach et al. (103). The β-globin gene 

construct lacking the promoter (β-) was generated by deleting a ~1.2 Kbp region at the 5’ end of 

the gene. After incubating beads-LCR-protein-complexes with β-globin gene constructs for 30 

min at 30°C, the tubes were placed on a magnetic device and the supernatant was collected from 

each tube, and subjected to western blotting analysis. In some experiments, 60ng of recombinant 

NF-E2, A-USF, or BSA was added with or without the β-globin gene construct during the 

dissociation reaction. The dissociation assays were performed following completely random 

experimental design (i.e. all β-globin gene constructs and recombinant proteins were added to a 

random selected tube that contain LCR/protein complexes). The experiments were repeated at 
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least three times and the results were reproducible. To quantitate the efficiency of the transfer of 

Pol II from the LCR to the β-globin gene template, I modified the above described procedures as 

follows. After incubating the LCR coupled streptavidin beads with MEL nuclear extracts and 

removing unbound material, each sample was equally divided in half. One half of each sample 

was boiled with Laemmli sample buffer (Bio-Rad), loaded onto 4-20% Ready gel (Bio-Rad), and 

then analyzed by western blotting using an antibody against Pol II (clone CTD4H8, 05-623, 

Upstate). The other half of each sample was subjected to an in vitro transfer assay as described 

previously (55). The supernatants, plus or minus the β-globin template, were collected at the end 

of the assay and cross-linked with 0.5% formaldehyde at room temperature for 10min. Then, 

0.125M glycine was added to each sample, incubating at room temperature for 5min to stop the 

cross-linking reactions. All samples were dialyzed against ChIP dilution buffer, and then 

subjected to immunoprecipitation (IP) analysis using the CIP assay described previously with 

antibodies against Pol II (clone CTD4H8 05-623, Upstate) and rabbit IgG (Bethyl Laboratories). 

Precipitation of the β-globin gene template was monitored by quantitative Real-Time PCR. The 

primers for human β-globin gene are: US, 5'-ATTGCATCAGTGTGGAAGTC-3', and DS, 5'-

ATTGCCCTGAAAGAAAGAGATTAG-3'. 
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CHAPTER 3 
REGULATION OF β-GLOBIN GENE EXPRESSION BY CIS- AND TRANS- 

REGULATORS 

Introduction 

The human β-globin gene is located on chromosome 11 and consists of five β-like globin 

genes (5’-ε-Gγ-Aγ-δ-β-3’), which are expressed in erythroid cells in a tissue and developmental 

stage-specific manner (Figure 1-1A). The ε-globin gene is expressed in the embryonic yolk sac 

blood islands; the two γ-globin genes (Gγ and Aγ) are expressed in the fetal liver; and the δ- and 

β-globin genes are expressed during adult bone marrow hematopoiesis (1). The mouse β-globin 

gene locus is located on chromosome 7. It is homologous to the human β-globin gene locus and 

consists of five β-like globin genes (5’-εγ-βh1-φ-βmaj-βmin-3’). The εγ- and βh1-globin genes 

are expressed at the embryonic stage, and the βmaj- and βmin-globin genes are expressed 

predominantly after birth. 

The locus control region (LCR) located at about 50kb upstream of the human β-globin 

gene functions as a powerful enhancer to regulate expression of the β-like globin genes during 

development. Transgenic mice studies have shown that in the absence of the LCR, human γ- and 

β- globin expression levels are low relative to those of the endogenous mouse globin genes (57-

59). However, when the LCR (containing HS1-HS5) is linked to the human β-globin gene, all 

resulting transgenic mice lines express the gene at a level comparable to the endogenous β-globin 

gene (60). In addition, the Hispanic thalassemia deletion (deletion of HS2-5 and ~20 kb upstream 

of this region) leads to an alternation of the general DNase I sensitivity of the β-globin locus 

(45). These results suggest that the LCR not only functions as an enhancer, but also carries 

chromatin domain opening activity. The LCR contains several DNaseI hypersensitive sites (HS), 

which provide multiple binding sites for a variety of transcription factors.  Among all of the HS 

sites within the LCR, HS2 exhibits the most powerful enhancer activity (67). LCR HS2 contains 
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multiple DNA motifs to provide binding sites for a variety of transcription factors, including two 

tandemly repeated NF-E2 binding sites, one GATA-1 binding site, one EKLF binding site, and 

two E-box elements, which serve as binding sites for helix-loop-helix proteins such as Tal1, USF 

and TFII-I (49). LCR HS3 also has enhancer activity and one study has shown that is 

preferentially activates ε- and γ-globin gene expression (68). There is also one NF-E2 binding 

site and a tandem GATA-1 binding site in LCR HS3. Mutations within these NF-E2 and/or 

GATA-1 binding sites in either HS2 or HS3 all lead to a decrease in downstream globin gene 

expression and loss of or reduced DNase I hypersensitivity (219). 

The ubiquitously expressed upstream stimulating factor (USF) has been shown to function 

as an activator for adult β-globin gene expression in mouse erythroleukemia cell lines (269). 

USF belongs to the basic-helix-loop-helix-leucine zipper (bHLH-LZ) family, which interacts 

with the E-box elements with high affinity (234). USF has two homologous family members - 

USF1 and USF2. These proteins have very similar C-termini, which contain the basic region, the 

helix-loop-helix, and the leucine zipper domain, and serve as a protein-protein and protein-DNA 

interaction domain.   The N-terminus of USF1 and USF2 contains the transactivation domain and 

is less conserved between these proteins. Considering that USF1 and USF2 can interact with E-

boxes as hetero- and homo-dimers, the difference in their N-termini may provide unique 

regulatory functions.   In the β-globin locus, it has been shown that USF1 and USF2 interact with 

the +60 E-box element of the human β-globin gene promoter at the adult stage, whereas USF2 

together with TFII-I interact with the initiator (Inr)/ E-box element of the β-globin gene promoter 

at the embryonic stage (103). In addition, when overexpressing a dominant-negative form of 

USF (named A-USF) in MEL cells to sequester USF from binding to the DNA, the adult βmaj-

globin gene expression level decreased. Complementarily, when overexpressing an ectopic USF1 
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in MEL cells, there was a dramatic increase in the βmaj-globin gene expression (269). Moreover, 

USF1 interacts with histone acetyltransferase (HAT) p300 in MEL cells which express adult β-

globin gene, but not in human K562 cells which express the embryonic ε- and fetal γ-globin 

genes (282). These observations suggest that USF functions as an activator for adult β-globin 

gene expression. 

Another helix-loop-helix protein, TFII-I, is also involved in the regulation of β-globin gene 

expression. TFII-I is a basal transcription factor that cooperates with USF to bind to the initiator 

(Inr) /E-box elements (103). Both K562 (embryonic stage erythroid cells) and MEL (adult stage 

erythroid cells) cells transfected with dominant-negative TFII-I show increased levels of β-

globin expression. Ectopically expressing TFII-I in MEL cells leads to a decrease in β-globin 

gene expression. Interestingly, in K562 cells, USF1 mainly interacts with TFII-I, but not with its 

homologous family member USF2; while in MEL cells, USF1 primarily interacts with USF2, 

which is accompanied by decreased interactions between USF1 and TFII-I (269). Together with 

the observation that TFII-I interacts with the Inr/E-box motif at the β-globin gene promoter in 

embryonic stage K562 cells (103), all of the facts described above imply that TFII-I functions as 

an inhibitor for adult β-globin gene expression. TFII-I has several isoforms, but currently, their 

exact functions are still unknown.  

The association of RNA polymerase II (RNA Pol II) at the promoter of a gene is an 

essential marker of gene transcription. It has been shown that RNA Pol II associates with specific 

enhancer elements prior to transcription of the genes that the enhancer regulates (280). The 

enhancer recruited RNA Pol II may be transferred to the gene promoter.  It has been shown that 

the transcription pre-initiation complex (PIC) is required for recruiting RNA Pol II to the gene 

promoter (162,163). The PIC component TFIIB helps the correct positioning of RNA Pol II at 
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the gene promoter, and TFIID interacts with RNA Pol II C-terminal domain (CTD) to stabilize it 

on the gene (283). In the β-globin gene locus, it has been shown that RNA Pol II is recruited to 

the LCR HS sites in vitro and in vivo (53,78,284,285), as well as to the promoters of the globin 

genes.  

Histone modifications serve as marks for accessible or condensed chromatin. Generally, 

acetylated histones indicate an open chromatin environment.  Histone acetyltransferases (HATs) 

add acetyl groups to histone tails, rendering the chromatin more accessible. On the contrary, a 

histone deacetylase (HDAC) can remove acetyl groups from histone tails, rendering the 

chromatin less accessible (286). The methylated histone residues, such as H3K9, K27, and 

H4K20 are normally associated with heterochromatin, which leads to transcription repression; 

while the methylated residues H3K4, K36, and K79 have been shown to associate with 

euchromatin, which correlates with transcription activation (287). It has been found that TFII-I 

interacts with HDAC3, a histone deacetylase, at the adult β-globin gene promoter in K562 cells 

where the β-globin gene is repressed (269); while USF1 interacts with p300, a histone 

acetyltransferase, at the adult β-globin gene promoter in MEL cells (282), where the β-globin 

gene is actively transcribed. 

Embryonic stem (ES) cells are derived from the inner cell mass (ICM) of day 5-8 

blastocysts (288,289) or morula-stage embryos (290). ES cells are pluripotent cells that are 

capable of differentiating into cells of all lineages. ES cells are able to maintain a karyotypically 

stable prolonged self-renewal status and have the potential to be differentiated into cells of the 

three germ layers, both in vitro and in vivo (288,289,291). The in vitro differentiation capacity of 

the ES cells is limited, however, they can be induced in vitro to differentiate into hematopoietic 

cell lineages, and represent a powerful tool for investigating hematopoietic differentiation and 
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development (279). Numerous studies have attempted to understand the mechanisms of ES cell 

unique properties, however, except for the identification of the pluripotency-associated 

transcription factors OCT4, NANOG and SOX2 as markers for ES cells (292), not much is 

known about the mechanisms regulating pluripotency. Recent studies indicate that epigenetic 

regulatory mechanisms may regulate the self-renewal, pluripotency, and lineage-specific 

differentiation of ES cells (293). The genome of ES cells is mostly in an open and accessible 

chromatin configuration, but upon ES cell differentiation, a more compact heterochromatic 

structure forms in these cells (294). 

Polycomb Group (PcG) proteins act as repressors of transcription. They were firstly 

purified from Drosophila embryos and found to be required for maintaining the inactive state of 

homeotic and other important regulators during development (295). There are two polycomb 

repressor complexes, PRC1 and PRC2. The mammalian PRC2 complex contains EZH2, EED 

and Suz12 (296). The EZH2 protein is a histone methyltransferase (HMTs) that adds methyl 

groups to lysine 27 of histone 3 (H3K27) and to a much lesser extent to H3K9 (296-298). It has 

been shown that EED is required for EZH2 mediated H3K27 methylation (299) and Suz12 is 

associated with developmentally important transcription factors, H3K27 trimethylation 

(H3K27me3) and gene repression (300). The methylated H3K27 serves as a docking site for 

PRC1 (301). Therefore, a current model for PcG mediated gene silencing proposes that the PRC2 

complex first adds H3K27 methylation, then the methylated H3K27 mark interacts with the 

PRC1 complex and recruits it to the gene locus, and finally the PRC1 complex further stabilizes 

the repressive chromatin structure by catalyzing mono-ubiquitinylation of histone H2A at lysine 

119 (H2Aub1) and thereby impeding RNA Pol II elongation (302),(303). H3K27me3 has been 

found at the promoters of silent-lineage-associated genes in mouse ES cells (304). 
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By using an in vitro embryonic stem (ES) cell differentiation system I have shown that 

during differentiation along the erythroid lineage, RNA Pol II is recruited to the β-globin gene 

LCR prior to its association with the downstream globin gene promoters. Also, along with ES 

cell differentiation into the erythroid lineage, the association of USF1 and USF2 to the LCR and 

β-globin gene promoter increased, whereas the association of TFII-I to these regions decreased 

when the erythroid lineage cells were transitioning to the adult stage. It is further shown here that 

TFII-I interacts with Suz12, a component of the PRC2 complex.  The data support the hypothesis 

that the LCR serves as the primary site of transcription complex recruitment in the globin gene 

locus.  The data further suggest that TFII-I contributes to the formation of an inaccessible 

chromatin structure around the β-globin gene promoter in undifferentiated and perhaps 

embryonic cells.  

Results 

Our laboratory has established a system by which mouse embryonic stem cells 

differentiate into globin gene expressing erythroid cells.  The protocol was originally developed 

in the laboratory of Dr. Nakano and is based on the growth of mouse ES cells on a confluent 

layer of OP9 stromal cells in the presence of erythropoietin (Epo) (279). Stromal cell lines can 

support the proliferation and differentiation of hematopoietic cells. The OP9 cells used here lack 

expression of macrophage colony-stimulating factor (M-CSF) (305), thus avoiding macrophage 

proliferation and allowing efficient production of erythroid cells.  Leukemia inhibitory factor 

(LIF) is required to maintain the undifferentiated state and pluripotency of ES cells. LIF is a 

member of interleukin-6 (IL-6) family of cytokines, and is known to bind its transmembrane 

receptor, LIFR, which heterodimerizes with the signal transduction receptor, gp130. The 

pluripotency of ES cells depends on the intracellular signal transduction pathway activated by 

the binding of LIF to its receptor, including the phosphorylation by the Janus family of tyrosine 
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kinase (JAKs) (306). Mouse embryonic fibroblasts (MEFs) secrete LIF, IL-6 and other factors 

known to maintain ES cell pluripotency. Erythropoietin (Epo) is a major growth factor for 

erythroid cells. Epo interacts with its receptor EpoR, a cell surface receptor expressed in 

erythroid, megakaryocytic, and mast cells, activating signal cascades responsible for cell 

proliferation, differentiation and survival of erythroid progenitors (212). 

The ES cells were induced to differentiate along the erythroid lineage in the presence of 

Epo as described in the Material and Methods section.  At defined time points, the cells were 

subjected to gene expression analysis using RT-PCR, and to protein-chromatin interaction 

analysis using ChIP assays. 

It is shown that undifferentiated ES cells express neither embryonic εγ- nor adult βmaj-

globin genes, while they do express the Rex-1 gene, a marker for early development (Figure 3-

1).  When induced to differentiate, the embryonic εγ- and adult βmaj-globin genes are 

sequentially activated in a developmental manner such that the εγ-globin gene is expressed as 

early as Day 5 of induction, whereas there is no or low level of βmaj-globin gene expression 

detectible at that time point. The βmaj-globin is expressed at a higher level at Day 8 and becomes 

predominant at Day 12, coinciding with a gradually decreased expression level of the εγ-globin 

gene at these later stages of differentiation. The expression levels of the Rex-1 gene, relative to 

that of the β-actin gene, at Day 12 is reduced compared to Day 5 and Day 8. The fact that 

expression of the Rex-1 gene is still detectible at Day 12 is probably due to unsynchronized ES 

cell differentiation, where a little portion of the cells are still in an undifferentiated stage even at 

Day 12, or that there is a fraction of differentiated cells that fail to silence the Rex-1 gene in 

vitro.  Overall, the RT-PCR data show that the ES/OP9 in vitro differentiation system used in 

this study is a powerful tool for analyzing gene regulation during erythroid differentiation. 



 

66 

Next we examined the interactions of RNA Pol II, general transcription factors and histone 

modifications with the β-globin gene locus during erythroid lineage-specific ES cell 

differentiation (Figure 3-2). Since it has been shown that HS2 and HS3 carry most of the 

enhancer activity of the LCR, we examined the association of the transcription regulatory 

proteins with LCR HS2 and HS3. We found that histone modifications that mark permissive 

chromatin such as dimethylated H3K4 (H3K4me2) and acetylated histone H4 (AcH4) are 

already present at the LCR HS2 and HS3 core element regions in the undifferentiated cells (Day 

0), whereas no such modifications are detectable at the promoters of downstream εγ- and βmaj-

globin genes. During differentiation, these histone marks are detected at both of the promoters of 

εγ- and βmaj-globin concurring with the expression of these globin genes (Day 5 and Day 8). 

The observation that AcH4, but not as much H3K4me2, is detected at the βmaj-globin gene 

promoter at Day 5 of differentiation when the gene is silenced or expressed at very low level, 

suggests that the chromatin structure surrounding the βmaj-globin gene at this time point is 

already poised for activation. The above described histone modifications at the LCR at all 

differentiation stages are limited to the HS sites (HS2 and HS3) and are not found in regions 

located between the HS sites, such as the region between the HS2 and HS3 core elements (HS3/2 

flank). This is consistent with observations from chromosome conformation capture (3C) 

experiments indicating that the LCR HS sites interact with each other during erythroid 

maturation (149).  

Consistent with the distribution of the transcriptionally active chromatin marks, RNA Pol 

II and general transcription factor TBP firstly interact with the LCR HS2 and HS3 but not with 

the εγ- and βmaj-globin gene promoters in the undifferentiated ES cells. During differentiation, 

the association of RNA Pol II is only detected at the embryonic εγ-globin gene promoter but not 
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at the adult βmaj-globin gene promoter at Day 5.  RNA Pol II and TBP are both detected at the 

promoters of εγ- and βmaj-globin genes at Day 12, coinciding with the expression pattern of 

these globin genes. 

At every stage of differentiation there is a small fraction of OP9 and MEF cells present in 

the culture taken for RT-PCR or ChIP analysis. Thus, I performed ChIP assays on MEF and OP9 

cells to examine the association of RNA Pol II and active histone marks with the globin gene 

locus (Figure 3-3). We observed that in both of the MEF and OP9 cells there is no RNA Pol II 

association with LCR HS2, εγ- and βmaj-globin gene promoters. As a positive control, I detected 

the interaction of RNA Pol II with the promoter of a housekeeping gene, glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) in these cells. Also, I used the human necdin gene, which is 

exclusively expressed in brain, as the negative control, and the data show that there is no RNA 

Pol II associated with the necdin gene promoter. However, I do detect low levels of the 

association of H3K4me2 throughout the β-globin locus in MEF and OP9 cells. Considering the 

significantly low number (less than 10%) of MEF and OP9 cells present in the undifferentiated 

or differentiated ES cell cultures, I believe that the H3K4me2 levels detected at the β-globin 

locus are mainly contributed by the ES cells. 

Previous studies have shown that the helix-loop-helix transcription factors USF and TFII-I 

antagonistically regulate β-globin gene expression in K562 and MEL cells, indicating that USF 

functions as an activator, whereas TFII-I functions as an inhibitor for adult β-globin gene 

expression (269). Here, by using the ES/OP9 in vitro differentiation system to differentiate ES 

cells up to Day 8, I examined the interactions of USF and TFII-I with the β-globin LCR HS2 and 

the βmaj-globin gene promoter throughout differentiation (Figure 3-4). I analyzed H3K4me2 

levels as a positive control for the ChIP assays. I observed that this histone modification which 
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marks transcription competent chromatin is detectable at the LCR HS2 at all differentiation 

stages. The H3K4me2 association with the βmaj-globin gene promoter is at relatively low levels 

compared to that of LCR HS2 in the undifferentiated and early differentiated (Day 0 and Day 5) 

cells. But upon activation of the adult βmaj-globin gene at Day 8, the H3K4me2 mark is present 

at the βmaj-globin gene promoter at high levels. At Day 5, when only the embryonic εγ-globin 

gene is transcribed, USF1 only associates with the LCR HS2 but not with the adult βmaj-globin 

gene promoter. At Day 8, when the adult βmaj-globin gene is activated, USF1 associates with the 

LCR HS2 and with the βmaj-globin gene promoter. Interestingly, USF2 interacts with the LCR 

and the βmaj-globin gene promoter throughout differentiation, suggesting that USF1 and USF2 

exert different functions during erythroid differentiation.  Also, I observed that TFII-I only 

interacts with LCR HS2 and the βmaj-globin gene promoter at Day 5, where the embryonic εγ- 

but not the adult βmaj-globin gene is expressed.  I was not able to detect interactions between 

TFII-I and the globin locus at Day 0 or Day 8 cells, suggesting that TFII-I may be involved in 

preventing premature β-globin gene expression.  The data support the hypothesis that USF is an 

activator for adult β-globin gene expression, while TFII-I is a repressor. Also, consistent with the 

results from previous in vitro binding assays (103), here I show that USF and TFII-I bind to the 

LCR and adult β-globin gene promoter in the context of intact cells. 

By using affinity chromatography, it has been shown that the PRC2 complex associates 

with histone deacetyltransferases (HDAC) (296). Our lab previously showed that TFII-I and 

HDAC3 colocalize at the adult β-globin gene promoter in K562 cells, which represent 

embryonic-like erythroid cells (269). The protein interaction between TFII-I and HDAC3 was 

further confirmed by co-immunoprecipitation (CoIP) assays and this interaction only occurred in 

K562 cells, but not in MEL cells which express the adult β-globin gene upon dimethyl sulfoxide 
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(DMSO) induction. To extend these studies, I wished to examine interactions between TFII-I and 

components of the PRC2 complex. Thus, I performed CoIP assays by using whole cell extracts 

from K562 cells to and examined interactions between TFII-I and Suz12, a component of PRC2 

(Figure 3-5). Indeed, when using antibodies against Suz12 to pull down its associated protein 

complex in K562 whole cell extracts, I did detect TFII-I in the immunoprecipate.  I also used an 

unspecific antibody against IgG as a negative control and showed that there was no interaction 

between IgG and TFII-I. 

 Since the PRC2 complex acts as a repressor of gene transcription by methylating  lysine 

27 at histone 3 (H3K27) (296-298) and previous data from our laboratory show that TFII-I 

functions as a repressor of adult β-globin gene expression, I therefore examined the interactions 

of TFII-I, Suz12 and trimethylated H3K27 (H3K27me3) with the adult β-globin gene promoter 

during in vitro differentiation of erythroid cells (Figure 3-6). I found that after induction of 

erythroid differentiation,  low levels of the adult βmaj-globin gene was expressed in Day 5 cells.  

After 12 days of differentiation, there was more than a ~30 fold increase in the expression levels 

of the adult βmaj-globin gene compared to Day 5 cells (Figure 3-6A, B). I observed that TFII-I, 

Suz12, and the repressive histone modification mark H3K27me3 are associated with the adult 

βmaj-globin gene promoter in Day 5 cells but not in Day 12 cells (Figure 3-6C).  By performing 

quantitative Real-Time PCR, I further show that the decreased association of Suz12 with βmaj-

globin gene promoter from Day 5 to Day 12 is significant (Figure 3-6D). In addition, as a 

positive control, I found that the H3K4me2 levels associated with LCR HS2 at Day 5 and Day 12 

did not change. I observed that there was no TFII-I or Suz12 association with the negative 

control HS3/2 flanking region (Figure 3-7).  As has been shown previously (Figure 3-2) this 
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region also does not interact with RNA Pol II, TBP, or permissive histone marks such as 

H3K4me2 and AcH4 during the in vitro differentiation of erythroid cells. 

Discussion 

ES cells are pluripotent and capable of differentiating into every somatic cell type. 

Therefore, they must have the ability to initiate transcription profiles for all of these different cell 

types and maintain their self-renewal properties at the same time. Various studies aimed at 

understanding the molecular mechanisms of pluripotency have been done, but our knowledge 

about this process is very limited. Recent studies suggest that epigenetic mechanisms contribute 

to the unique characteristics of ES cells. Epigenetic regulatory mechanisms include histone 

modifications, DNA methylation, ATP-dependent nucleosome remodeling, incorporation of 

histone variants, etc, through which the gene expression profiles are tightly and dynamically 

regulated.  

Numerous studies have shown that epigenetic alterations play a prominent role during ES 

cell differentiation and mammalian development. Consistently, the reprogramming of somatic 

nuclei into pluripotent nuclei is associated with large scale epigenetic modifications (307). 

Indeed, it has been demonstrated that the chromatin structure of mouse ES cells is hyperdynamic, 

in which the core histone proteins loosely associate with DNA. These ES cells harbor a 

euchromatic chromatin environment, allowing them to be highly permissive for gene expression. 

On the contrary, upon development and differentiation, the genome structure becomes more 

condensed and heterochromatic, causing the loss of pluripotency (308). 

The results of the present studies show that ES cell differentiation into erythroid cells in 

vitro is associated with changes in histone modification patterns that correlate with the 

transcription of erythroid specific genes (Figure 3-2). In undifferentiated ES cells (Day 0), there 

is already an open chromatin environment at the LCR, but not at the downstream globin gene 
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promoters, which is indicated by the association of active H3K4me2 and AcH4 marks at the 

LCR core HS sites.  RNA Pol II and the general transcription factor TBP associate with the LCR 

but not with the globin gene promoters in undifferentiated cells (280). These observations 

suggest that as early as Day 0, the LCR is permissive for gene transcription. In the later stages of 

ES cell differentiation (Day 5 and Day 12), we observe that the active chromatin marks 

(especially H3K4me2) as well as RNA Pol II and TBP are present at the downstream εγ- and β-

globin gene promoters in a temporal manner coinciding with different developmental stages. It 

has been shown that there are intergenic transcripts that initiate within the LCR HS2 core 

element and proceed unidirectionally towards the globin genes (284). The findings of intergenic 

transcripts led investigators to propose that LCR recruited RNA Pol II tracks along the globin 

locus, thereby opening chromatin structure, and finally reaches the globin genes to generate 

globin mRNAs. Recent data from 3C experiments show interactions between the LCR and 

globin gene promoters in differentiated erythroid cells. Also, the LCR is relocated from within 

inaccessible chromatin territories (CT) to the surface of these heterochromatic regions during 

differentiation (309). Therefore, our observations that active histone modification marks and 

RNA Pol II as well as TBP associate with the LCR in undifferentiated ES cells suggests that the 

LCR is alway associated with interchromosome compartments (IC), which is the space between 

CTs that is devoid of chromatin and enriched for RNA Pol II.  The intergenic transcription 

detected in the LCR at early stages of differentiation could maintain the position of the LCR in 

the IC and if transcription proceed all the way to the globin genes it could reel the genes into the 

IC.  

  Previous studies in our laboratory showed that USF interacts with LCR HS2 and with the 

adult β-globin gene promoter and functions as activator of adult β-globin gene expression (269). 
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Overexpression of USF1 in mouse erythroleukemia (MEL) cells that only express the adult β-

globin gene leads to an increase in adult βmaj-globin gene expression, whereas introducing a 

dominant-negative form of USF1 (A-USF) in MEL cells cause a reduction in βmaj-globin gene 

expression. The decrease of βmaj-globin gene expression in A-USF transfected MEL cells is 

accompanied by a reduced association of RNA Pol II and histone acetyltransferase p300 at both 

LCR HS2 and the βmaj-globin gene promoter. Felsenfeld’s laboratory has shown that USF 

interacts with the coregulators p300, CBP, SET7/9 and PCAF and possibly recruits these factors 

to the cHS4 insulator in the chicken β-globin locus (64). Our laboratory has found that p300 and 

CBP interacts with LCR HS2 and the βmaj-globin gene promoter in MEL cells (282). In human 

erythroleukemia K562 cells, which only express embryonic stage globin genes, p300 and CBP 

only interact with LCR HS2, but not with the globin gene promoters. Further data derived from 

CoIP assays show that USF1 only interacts with p300 in MEL cells, but not in K562 cells. The 

fact that histone acetyltransferase p300 can add acetyl groups to lysine residues of N-terminal 

histone tails suggests that USF1 recruits p300 to the adult β-globin gene promoter to facilitate 

chromatin opening and transcription activation. In K562 cells where the adult β-globin gene is 

silenced, the recruitment of p300 and CBP to LCR HS2 are possibly mediated by GATA-1 and 

NF-E2, both of them associated with CBP (49,199). 

Our laboratory also previously identified TFII-I as a repressor of adult β-globin gene 

expression (269). By introducing ectopic TFII-I in K562 cells, there is a decrease in adult β-

globin gene expression, whereas overexpressing a dominant-negative form of TFII-I (p70) in 

K562 cells leads to an increase in β-globin gene expression. Interestingly, TFII-I interacts with a 

histone deacetylase (HDAC) only in K562 cells, but not in MEL cells, and they co-localize at the 

adult β-globin gene promoter (269,282). HDACs are known to remove acetyl groups from 
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histone N-terminal tails to maintain a repressive heterochromatic environment. USF1 interacts 

mainly with TFII-I in K562 cells and primarily with USF2 in MEL cells. This is consistent with 

our previous in vitro data suggesting that TFII-I and USF2 associate with the adult β-globin gene 

initiator (Inr)/ E-box element in K562 cells; whereas USF1 and USF2 associate with the +60 E-

box in MEL cells in which the gene is transcribed (53,103). 

In the present study, I further investigated the mechanism of the repressor activity of TFII-

I. Components of PRC2 are expressed at high levels in embryonic tissues and are required for 

early mammalian development. They occupy a set of developmental genes in ES cells and 

silence their expression to maintain the pluripotency of ES cells (304). The interaction between 

TFII-I and Suz12 (Figure 3-5) suggests that at least part of the repressive activity of TFII-I is 

mediated by the PRC2 complex.  This is further supported by the observation that there is an 

enrichment of H3K27me3 at the adult β-globin promoter during early stages or erythroid in vitro 

differentiation.  The PRC2 complex is known to methylate H3K27, which serves as a docking 

site for recruiting the PRC1 complex to further stabilize repressive chromatin structure by DNA 

methylation (303). I did not analyze the recruitment of the PRC1 complex to the globin gene 

locus and believe that PRC1 is likely not recruited because the β-globin promoter is not 

methylated in embryonic erythroid cells (280).  Here I show that during ES cells differentiation 

into the erythroid lineage, Suz12, H3K27me3 as well as TFII-I interact with the LCR HS2 and 

with the βmaj-globin gene promoter at early stages of differentiation (Day 5) to repress the adult 

βmaj-globin gene expression. The PRC2 mediated repression is removed by an unknown 

mechanism but could involve increased activity of USF1 competing with TFII-I for 

heterodimerization with USF2 at Day 12 of differentiation, when adult βmaj-globin gene 

expression becomes dominant in these cells (Figure 3-6). Our observation of TFII-I interacting 
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with both of HDAC3 and Suz12 is consistent with a previous report, indicating that the PRC2 

complex co-purifies with HDAC proteins (296). Our data further suggest that TFII-I act as a 

repressor for adult β-globin gene expression by recruiting HDAC and PRC2 complexes leading 

to the formation of repressive chromatin structure at the adult β-globin gene. 

The erythroleukemia cell lines used in the previous studies to analyze the regulation of 

globin genes do not accurately reflect the identities of erythroid cells that differentiate during 

mammalian development. Therefore, in this study, I examined the association of USF and TFII-I 

at the β-globin locus during mouse ES cell erythroid differentiation.  The ES cell system will 

likely not recapitulate precisely the steps involved in erythropoiesis as they occur in a living 

animal but certainly represents an advantage over transformed cell lines (Figure 3-1). The ES 

cell differentiation experiment shows that when the adult β-globin gene is activated (Figure 3-4, 

Day 8), USF1 associates with and TFII-I dissociates from the adult βmaj-globin gene promoter. 

In addition, at Day 5 when the embryonic stage globin genes are primarily expressed, I observe 

that both USF1 and TFII-I associate with LCR HS2 but that only TFII-I interacts with the βmaj-

globin gene promoter. These results further suggest that TFII-I act as repressor and USF as an 

activator of adult β-globin gene expression, and furthermore that the LCR recruits not only 

components involved in activating globin gene expression but also potential repressor activities. 

Taken together, our present study is consistent with the hypothesis that the LCR recruits 

multiple transcription regulatory proteins (including RNA Pol II, histone modification enzymes, 

general transcription factors and transcription factors required for globin gene regulation) 

through protein-DNA and protein-protein interactions and organize them to form a 

transcriptional holocomplex prior to globin gene expression.  We propose that the transcription 
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complexes assembled at the LCR are subsequently delivered to globin gene promoters by a 

looping mechanism.  

In order to understand the mechanism of LCR mediated globin gene activation it will be 

important to identify transcription regulatory proteins that are required for the transfer of 

transcription complexes from the LCR to the β-globin gene promoter.  Furthermore, the 

antagonistic function of HLH proteins USF and TFII-I with respect to globin gene regulation 

needs to be further examined.  The identification of interacting proteins will be important to 

comprehend how these proteins function.   
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Figure 3-1. Sequential activation of globin gene transcription during in vitro erythroid 
differentiation of murine embryonic stem cells. PCR analysis of DNase I treated and 
reverse-transcribed total RNA extracted from differentiating embryonic stem cells at 
the indicated time points. All primer sets span introns, with the exception of Rex-1, 
and the size of each RT-PCR product is as follows: Rex-1, ~600 bp; β-actin, 480 bp; 
εγ-globin, 400 bp; βmaj-globin, 220 bp. None of the samples showed genomic DNA 
amplification (not shown). (This ES cell differentiation experiment and RT-PCR are 
done by Dr. Padraic P. Levings and repeated by me.) 
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Figure 3-2. Interaction of transcription factors and RNA polymerase II with the β-globin locus 
during in vitro murine embryonic stem (ES) cells erythroid differentiation. Chromatin 
immunoprecipitation (ChIP) assays were performed on undifferentiated (Day 0) and 
differentiated (Day 5 and 12) ES cells. The cells were incubated in formaldehyde and 
the cross-linked chromatin was fragmented, isolated, and  precipitated with antibodies 
specific for chicken anti-IgG (IgG) (as negative control), RNA polymerase II (Pol II), 
TATA binding protein (TBP), di-methylated histone H3 lysine 4 (H3K4me2), and 
acetylated histone H4 (AcH4). DNA purified from the precipitate was analyzed by 
PCR with primers corresponding to the LCR and the globin gene promoter regions in 
the murine β-globin locus as indicated. (This ES cell differentiation experiment and 
ChIP analysis were performed by Dr. Padraic P. Levings and the ChIP analyses of 
Day 0 cells are repeated by me.) 
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Figure 3-3. RNA polymerase II (RNA Pol II) is not recruited to the β-globin gene locus in MEF 
and OP9 cells. ChIP analysis of the association of RNA Pol II and H3K4me2 with the 
murine β-globin gene locus and GAPDH control gene was performed using Pol II, 
H3K4me2, and IgG-specific antibodies.  The precipitated DNA was analyzed by PCR 
using sets of primers specific for LCR element HS2 and promoters for εγ- and βmaj-
globin gene, as well as Necdin and GAPDH.  PCR amplification products were run 
on an acrylamide gel and stained with SYBR green. 
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Figure 3-4. Interaction of USF and TFII-I with the β-globin gene locus during erythroid 
differentiation of murine embryonic stem cells. Murine embryonic stem cells were 
cultured and induced to differentiate as previously described by Levings et al. (280). 
At Day 5, after the addition of erythropoietin (Epo), cells were collected and 
subjected to ChIP analysis using antibodies against dimethylated histone H3K4 
(H3K4me2), USF1, USF2, and TFII-I. IgG antibodies were used as negative controls 
in these experiments. The DNA was isolated from the precipitate and analyzed by 
PCR using sets of primers specific for LCR element HS2 and the βmaj-globin gene 
promoter. 
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Figure 3-5. Interaction of Suz12 with TFII-I in K562 cells. K562 whole cell extracts (WCE) 
were precleared with anti-(rabbit) IgG-beads and precipitated with 2.5 μg of anti-
Suz12 or anti-IgG (as negative control) antibodies. The complexes were captured by 
incubation with anti-(rabbit IgG) beads. Complexes were eluted off the beads with 
Laemmli buffer by incubation at 95 °C for 10 min and loaded onto a 10% Ready gel 
(Bio-Rad). The membrane was probed with anti-TFII-I antibody. The lane labeled 
K562 WCE represents a regular western blot for TFII-I with protein extract from 
K562 cells (as positive control). 
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Figure 3-6. The interaction of Suz12 with the β-globin gene promoter decreases with increased 
β-globin gene expression during erythroid differentiation of mouse embryonic stem 
cells. (A) RT-PCR analysis of εγ- and βmaj-globin gene expression during erythroid 
differentiation of mouse embryonic stem cells. RNA was isolated from the embryonic 
stem cells incubated in the presence of Epo for 5 or 12 days, as indicated. The RNA 
was reverse transcribed and subjected to RT-PCR using primers specific for the 
control genes Rex-1 and β-actin as well as the embryonic εγ- and adult βmaj-globin 
genes. (B) Quantitative RT-PCR analysis of βmaj-globin gene expression at Day 5 
and 12 of erythroid differentiation of mouse embryonic stem cells. RNA was isolated 
from the cells at the indicated time points after addition of Epo and subjected to 
quantitative RT-PCR analysis using primers specific for the βmaj-globin gene. (C) 
Analysis of modified histones, Suz12 and TFII-I interactions with the βmaj-globin 
gene promoter at Days 5 and 12 of erythroid differentiation. Cells were collected at 
the indicated time points and subjected to ChIP analysis using antibodies specific for 
histone H3 dimethylated at K4 (H3K4me2), histone H3 trimethylated at K27 
(H3K27me3), Suz12, TFII-I and the negative control IgG. (D) Quantitative analysis 
of Suz12 interactions with the βmaj-globin gene promoter at Day 5 and 12 of 
erythroid differentiation. Cells were taken at the indicated time points and subjected 
to ChIP with the indicated antibodies. The precipitated DNA was subjected to 
quantitative PCR using primers specific for the βmaj-globin gene. In the left panel, 
chromatin was precipitated with antibodies specific for histone H3 dimethylated at 
K4 (H3K4me2) and analyzed by quantitative PCR using primers specific for LCR 
element HS2.  
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Figure 3-7. TFII-I and Suz12 do not interact with the LCR HS3/2 flanking region. Quantitative 
analysis of TFII-I and Suz12 interactions with the LCR HS3/2 flanking region at 
Days 5 and 12 of erythroid differentiation of murine embryonic stem cells. Cells were 
taken at the indicated time points and subjected to ChIP with the indicated antibodies. 
The precipitated DNA was subjected to quantitative PCR using primers specific for 
the LCR HS3/2 flanking region (HS3/2 flank).  
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CHAPTER 4 
NF-E2 AND USF COOPERATE TO REGULATE RNA POLYMERASE II IN THE β-

GLOBIN GENE LOCUS 

Introduction 

As a model system of tissue- and stage-specific gene regulation during development, the β-

globin gene locus has been extensively studied in the past three decades. Although the precise 

model of β-globin gene regulation is still controversial, it is well accepted that the β-globin gene 

locus is regulated by proximal and distal DNA elements as well as by erythroid-specific and 

ubiquitously expressed transcription factors that act through the regulatory DNA elements. 

The most powerful distal regulatory element of the β-globin gene locus is the locus control 

region (LCR). Results from studies with transgenic mice suggest that the LCR carries strong 

enhancer and chromatin domain-opening activities, and it regulates downstream β-like globin 

gene expression in a copy-number dependent manner during development. Because of these 

intriguing properties of the LCR, it has been studied intensively during past twenty years. The 

human β-globin LCR contains five DNase I hypersensitive sites, HS1-HS5. Among these, HS2 

and HS3 feature the majority of the known activities of the LCR (310). HS2 is considered to be 

the most powerful enhancer element of the LCR in the regulation of β-globin gene expression. 

By itself, HS2 can activate human β-globin gene expression at high levels in yeast artificial 

chromosome (βYAC) transgenic mice (221,311). HS3 plays an important role in the embryonic 

ε- and γ-globin gene expression and it cooperates with HS2 for long-range enhancer activity 

(312,313). LCR HS2 and HS3 contain multiple DNA motifs which serve as binding sites for a 

variety of erythroid-specific and ubiquitously expressed transcription factors. HS2 contains a 

tandem MARE (Maf recognition element) sequence which serves as a binding site for NF-E2, a 

GATA-1 binding site, an EKLF binding site, two E-Box elements which recruit helix-loop-helix 

proteins such as USF, Tal1, and TFII-I, and a YY1 binding site (Figure 4-1A). In HS3, there is 
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one NF-E2 binding site, two GATA-1 binding sites and an EKLF binding site. It has been shown 

that these transcription factors are associated with the LCR in vivo, and single and combinatorial 

mutations of these binding sites show decreased β-globin gene expression as well as DNase I 

resistance. Therefore, it is suggested that the strong regulatory activity of the LCR is attained by 

the association of multiple transcription regulatory proteins to its HS sites. 

The most important proximal regulatory element of the β-globin gene is its promoter. The 

upstream promoter of the human β-globin gene contains a non-canonical TATA-box 

(CATAAA), a CACCC-box (EKLF binding site), and multiple GATA-1 binding sites (314). It 

has been shown that the non-canonical TATA-box is essential for β-globin gene transcription.  

Furthermore, EKLF and GATA-1 have been shown to interact with the β-globin gene promoter 

in vivo (47,103). The downstream promoter region contains an initiator (Inr) element, a MARE-

like sequence, and three E-Box elements located at +20, at +60, and immediately downstream of 

the initiation site overlapping the initiator (Figure 4-1A)  (103). The E-box at +20 is not 

conserved between mice and human. The combined initiator E-box interacts with TFII-I and 

USF and the +60 E-box interacts with USF1 and USF2. Also, the association of NF-E2 with the 

MARE-like sequence from the human β-globin downstream promoter region has been observed 

in vitro. 

Since the β-globin gene is exclusively expressed in erythroid cells, it is reasonable to 

speculate that β-globin gene expression is regulated by both erythroid-specific and ubiquitously 

expressed transcription factors. To date, the most well-studied erythroid-specific transcription 

factors involved in β-globin gene regulation are NF-E2, GATA-1 and EKLF. 

NF-E2 belongs to the basic-leucine zipper (bZip) family of transcription factors. It consists 

of two subunits, p45, an tissue-specific protein containing a DNA binding and a transactivation 
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domain, and a ubiquitously expressed small Maf protein, commonly p18/MafK, which contains a 

DNA binding domain but lacks a transactivation domain.  The transactivation domain of p45 

interacts with a variety of proteins to regulate globin gene expression.  These proteins include 

histone acetyltransferase CBP, histone methyltransferases MLL2 and G9a, and components of 

the basal transcription machinery, such as TAFII130 (226). The small p18 Maf protein dimerizes 

with NF-E2 p45 through their bZip domains and helps to stabilize the association of NF-E2 with 

its cognate MARE sequence. Based on studies using mouse erythroleukemia (MEL) cell lines 

lacking the p45 subunit, NF-E2 p45 is thought to be required for α- and β-globin gene 

expression, hyperacetylation of histones and the association of RNA Pol II with the β-globin 

gene promoter. However, NF-E2 p45 deficient mice display normal hematopoiesis and express 

the adult β-globin gene as high as ~70% of that of the wild type. The mechanisms that apparently 

compensate for the loss of p45 with regard to β-globin gene regulation in vivo are currently 

unknown, but could involve NF-E2 related proteins expressed in erythroid cells. Additionally, 

p18/MafK deficient mice also display a normal phenotype, which could be due to the functional 

compensation from other small Maf proteins, such as MafG (315). 

GATA-1 is required for normal erythropoiesis. It has been shown that in a mouse erythroid 

cell line deficient of GATA-1, the recruitment of RNA Pol II to LCR HS1-HS3 and to β-globin 

gene promoter is abolished. As a result, GATA-1 deficiency leads to embryonic lethality due to 

severe anemia. EKLF functions as an adult switching factor, essential for adult β-globin gene 

expression in mice. EKLF null mice express embryonic globin genes normally, but they fail to 

express the adult β-globin gene and die in utero at around day 15 (316). 

Besides the general transcription factors, ubiquitously expressed transcription factors 

involved in β-globin gene regulation include the helix-loop-helix proteins USF and TFII-I.  
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Previously, based on studies using erythroid cells lines and in vitro erythroid lineage-specific ES 

cell differentiation, we have shown that USF functions as an activator while TFII-I functions as 

repressor of adult β-globin gene expression. Moreover, our laboratory recently successfully 

generated transgenic mice expressing an erythroid-specific dominant-negative form of USF (A-

USF) (317). The founder A-USF transgenic mice is a male, but all of its transgenic male 

offsprings are embryonic lethal.  The male transgenic embryos were pale and reabsorbed at 14.5 

days postcoitum (dpc). Thus it is likely that the transgene is integrated into the X chromosome 

and that the expression of A-USF in all erythroid cells affects survival. The variations in the 

phenotypes of female transgenic mice are probably due to the difference in silencing the 

transgene. Therefore, adult female transgenic mice were treated with phenylhydrazine to induce 

hemolytic anemia. We detected significantly reduced USF and RNA Pol II associations with the 

adult βmaj-globin gene promoter in the spleens of A-USF transgenic mice compared to the wild 

type littermates. The observations obtained from the A-USF transgenic mice further support that 

USF acts as an activator of adult β-globin gene expression. 

Recent studies using the 3C technique has shown that, in differentiated mouse erythroid 

cells, the β-globin locus forms an ‘active chromatin hub’ (ACH) in which the LCR interacts with 

the adult β-globin gene promoter (149). Since NF-E2, GATA-1, EKLF, USF, and TFII-I have all 

been shown to interact with both LCR HS2 and the β-globin gene promoter in vivo, it would be 

interesting to study whether they can function as a bridge to bring the LCR and β-globin gene 

promoter together. In fact, it has been shown that GATA-1 and EKLF are both required for ACH 

formation (156,157). Although it is unknown whether NF-E2 and USF function in β-globin ACH 

formation, they may function in the context of the loop. 
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RNA Pol II has been shown to associate with LCR HS1-HS4 and with the β-globin gene 

promoter in vivo (47,280). In our previous in vitro ES cell differentiation system, we showed that 

RNA Pol II associates only with the LCR in undifferentiated ES cells, prior to the expression of 

the downstream globin gene. In addition, based on studies using an in vitro transfer system, our 

laboratory’s previous data also suggest that the LCR is able to deliver its associated RNA Pol II 

to an adult β-globin gene and the presence of additional NF-E2 helps to promote the transfer of 

RNA Pol II (55). Moreover, in erythroid cells lacking endogenous NF-E2 p45, the association of 

RNA Pol II to the β-globin gene promoter is abolished, while its association with the LCR is 

remains relatively unperturbed. However, in the absence of functional USF, the interactions of 

RNA Pol II with both the LCR and the β-globin gene promoter are reduced. Therefore, it is 

important to investigate the mechanisms of how RNA Pol II and other components of the 

transcription apparatus are transferred from the LCR to the β-globin gene promoter. 

Based on studies using mouse erythroleukemia cells, I demonstrate that NF-E2 p45 is 

essential for the high level association of RNA Pol II and various transcription regulatory 

proteins to the LCR and the adult β-globin gene promoter in differentiated erythroid cells. 

Interestingly, the association of CTD phosphorylated RNA Pol II to the β-globin gene locus 

requires the presence of NF-E2 p45. I also found that NF-E2, USF and RNA Pol II interact with 

each other in differentiated erythroid cells.  Moreover, by using an in vitro transfer/dissociation 

assay, I show that NF-E2 facilitates the transfer of RNA Pol II and several transcription factors 

previously associated with the LCR to the adult β-globin gene promoter and that the transfer of 

RNA Pol II requires the presence of the +60 E-box at the promoter.  I further show that USF 

dissociates RNA Pol II from the LCR in the absence of a β-globin gene promoter. Since  USF 

directly interacts with NF-E2, I propose a model in which the association and activity of RNA 
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Pol II and transcription regulatory factors at the β-globin locus is cooperatively regulated by two 

transcription factors, tissue-specific NF-E2 and ubiquitously expressed USF. 

Results 

In the course of our studies I used three different cell lines: MEL, CB3 and CB3/NF-E2. 

MEL cells are murine erythroleukemia cells that are arrested at a pro-erythroblast stage and can 

be differentiated by a variety of chemical inducers including dimethyl sulfoxide (DMSO). 

DMSO mediated induction of MEL cell differentiation has been widely used to study gene 

regulatory mechanisms in the globin gene loci (49,52). Figure 4-1B shows that incubation of 

MEL cells for 3 days with 1.5% DMSO leads to a more than 50-fold increase in expression of 

the adult βmaj-globin gene. The second cell line, CB3, is also derived from MEL cells but lacks 

expression of NF-E2 (p45), due to viral insertion into the p45 gene locus (229). CB3 cells fail to 

express the adult β-globin gene upon exposure to DMSO (Figure 4-1D). The third cell line that 

was used was the CB3/NF-E2 cell line. These cells represent CB3 cells stably transfected with an 

expression construct for p45, the large subunit of NF-E2. These cells express relatively high 

levels of the adult βmaj-globin gene in the absence of DMSO induction (Figure 4-1F) but fail to 

increase globin gene expression in response to DMSO (data not shown). I compared the 

expression of several proteins previously implicated in globin gene regulation in uninduced and 

DMSO induced MEL (Figure 4-1C) and CB3 (Figure 4-1E) cells by western blotting analysis. 

The data demonstrate that the expression of transcription factors USF1, USF2, and NF-E2 (p45) 

increases during differentiation of MEL cells. In contrast, expression of RNA Pol II, TFIIB, 

MafK, CBP, and GAPDH remain similar between uninduced and induced MEL cells. The 

situation in CB3 cells is somewhat different in that these cells do not express NF-E2 (p45), as 

expected, and do not reveal an increase in USF expression upon exposure to DMSO. In contrast 

to CB3 cells, CB3/NF-E2 cells express NF-E2 (p45) (Figure 4-1G), however, the USF protein 
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levels are difficult to compare between CB3 and CB3/NF-E2 cells due to the difference in 

intensities of the bands corresponding to the internal control GAPDH. 

I next examined the interaction of the above-mentioned proteins with the globin gene locus 

in uninduced and DMSO induced MEL and CB3 cells (Figures 4-2 and 4-3). I focused the 

attention on two elements that have previously been shown to be the major sites of interactions 

for both NF-E2 and USF, namely LCR element HS2 and the adult βmaj-globin gene promoter 

(269,318). Both of these elements harbor multiple E-box motifs and HS2 also contains two 

consensus MARE elements. NF-E2 also interacts with the adult β-major globin gene promoter 

although it lacks a consensus MARE sequence (104,318). As negative controls, I also examined 

the interaction of the proteins with either a DNA element located in between HS2 and HS3 

(HS3/2 flanking region) or a GAPDH 3’ untranslated region (UTR). The proteins examined here 

interact significantly less efficiently with the negative control region in uninduced or induced 

MEL or CB3 cells (55,269,280,282) (Figures 4-7 and 4-8). Figure 4-7 shows that NF-E2 (p45), 

MafK, USF1, USF2, CBP and TFIIB do not interact with the negative control HS3/2 flanking 

region in DMSO induced or uninduced MEL, CB3 and CB3/NF-E2 cells. Some of the values for 

the IgG ChIP were zero after quantative PCR with DNA primers against HS3/2 flanking region, 

thus the ChIP data presented in Figure 4-7 and 4-8 are shown as fraction of input. 

Figure 4-2A demonstrates that NF-E2 (p45), MafK, USF1, USF2, CBP, and TFIIB are 

already associated with LCR element HS2 in uninduced MEL cells. Only USF2, MafK, and 

TFIIB are significantly enriched at the adult βmaj-globin gene promoter in uninduced MEL cells, 

while all the other factors are not enriched. Upon induction of MEL cell differentiation there is a 

2 to 5-fold increase in the association of all of the factors with LCR element HS2 and a 5 to 10-

fold increase in the interaction of all factors with the adult β-globin gene promoter. Only upon 
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induction of differentiation do NF-E2 (p45), USF1, and CBP reveal significant enrichment at the 

adult β-globin gene promoter. The situation is very different in CB3 cells (Figure 4-2B). The 

proteins MafK, USF1, USF2, CBP, and TFIIB reveal significant enrichment at LCR element 

HS2 and at the adult βmaj-globin gene promoter, but at lower levels compared to MEL cells. 

None of the protein/chromatin interactions increase upon exposure of CB3 cells to DMSO. We 

next analyzed the interaction of NF-E2 and USF in CB3/NF-E2 cells, in which expression of p45 

has been restored by stable transfection with a p45 expressing DNA construct. The data 

demonstrate that NF-E2 binds efficiently at LCR HS2 and at the adult βmaj-globin gene 

promoter in CB3 cells expressing p45 (Figure 4-2C). Interestingly, the level of NF-E2 binding is 

higher than in uninduced MEL cells. Reexpression of p45 did not lead to dramatically increased 

interactions of USF1 and USF2 with LCR HS2 and the globin promoter. 

Previous work by Johnson et al. demonstrated that NF-E2 is required for the recruitment of 

RNA Pol II to the adult β-globin gene promoter but not to LCR element HS2 (49). RNA Pol II is 

recruited to DNA in its unphosphorylated form, is first phosphorylated at Ser-5 in the CTD 

during transcription initiation, and subsequently phosphorylated at Ser-2 in the CTD to allow 

efficient elongation (319). I examined the interaction of total RNA Pol II (Pol II/CTD), 

unphosphorylated RNA Pol II (Pol II/P-), Ser-5 phosphorylated RNA Pol II (Pol II/S5P), and 

Ser-2 phosphorylated RNA Pol II (Pol II/S2P) with the globin gene locus in uninduced and 

DMSO induced MEL and CB3 cells (Figure 4-3A, B). The results demonstrate that RNA Pol II 

was recruited to LCR element HS2 but not as efficiently to the adult β-globin gene promoter in 

uninduced MEL cells (Figure 4-3A). Interestingly, there was no Ser-5 phosphorylated RNA Pol 

II in LCR element HS2 and the βmaj-globin gene promoter in uninduced MEL cells. A positive 

control experiment demonstrated that Ser-5 phoshorylated RNA Pol II was efficiently recruited 
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to the GAPDH gene in uninduced MEL cells (Figure 4-3D). I observed a significant enrichment 

for the Ser-2 phosphorylated form of Pol II at LCR element HS2 but not at the βmaj-globin gene 

promoter in uninduced cells. The presence of Ser-2 phosphorylated RNA Pol II indicates 

ongoing intergenic transcription within the LCR in uninduced MEL cells. After induction of 

differentiation, I detected a strong increase in the association of RNA Pol II, including 

unphosphorylated RNA Pol II as well as Ser-5 and Ser-2 phosphorylated forms of RNA Pol II, 

with both LCR HS2 and with the adult βmaj-globin gene promoter (Figure 4-3A). I found that 

the Ser-5 phosphorylated form of RNA Pol II significantly associated with LCR HS2 but not 

with the βmaj-globin gene promoter in MEL cells that were induced by 1.5% DMSO for only 24 

hrs. This result suggests that elongation competent RNA Pol II complexes are first assembled at 

the LCR. In CB3 cells low but significant levels of Pol II were associated with LCR element 

HS2 but not with the adult β-globin gene promoter (Figure 4-3B), consistent with previous 

observations made by Johnson et al. (49). There was no increase in the association of RNA Pol II 

with the globin locus associated elements upon incubation of CB3 cells with DMSO. Importantly, 

in contrast to MEL cells, there were no Ser-5 or Ser-2 phosphorylated forms of RNA Pol II were 

detectable at LCR element HS2 and at the adult β-globin gene promoter in CB3 cells either 

before or after incubation with DMSO (Figure 4-3B), demonstrating that NFE2 (p45) is required 

for the phosphorylation of RNA Pol II in the globin gene locus. Similar to what I observed at 

HS2, RNA Pol II is also recruited to HS3 and phosphorylation of RNA Pol II at HS3 is also 

dependent on NF-E2 (p45) and erythroid differentiation (data not shown). I next addressed the 

question of whether re-expression of p45 in NF-E2 deficient CB3 cells would restore the 

association and phosphorylation of RNA Pol II at the β-globin gene locus. Re-expression of NF-

E2 (p45) led to 4-fold increase in the association of Pol II with LCR HS2 when compared to CB3 
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cells (Figure 4-3C). The levels of Pol II bound at HS2 in these cells were comparable to those 

detected in uninduced MEL cells. However, the association of RNA Pol II with the adult βmaj-

globin gene promoter was increased about 40-fold compared to CB3 cells and was much higher 

than in uninduced MEL cells. These data show that NF-E2 is important for the efficient 

recruitment of RNA Pol II to the βmaj-globin gene. I did not observe an increase in Ser-5 

phophorylated RNA Pol II at the LCR in CB3 cells expressing p45. In contrast there was a 

significant increase of both Ser-5 and Ser-2 phosphorylated RNA Pol II at the adult β-globin 

gene promoter. 

I also examined the interaction of the various forms of RNA Pol II with the negative 

control regions, HS3/2 flanking region or GAPDH 3’ UTR (Figure 4-8). The interactions of total 

RNA Pol II (Pol II CTD) and unphosphorylated RNA Pol II (Pol II/P-) with the HS3/2 flanking 

region were undetectable in CB3 cells with or without DMSO induction (Figure 4-8A). Since 

there was no recruitments of Ser-5 or Ser-2 phosphorylated RNA Pol II to the LCR HS2 or adult 

βmaj-globin gene promoter in CB3 cells, the interactions of these forms of RNA Pol II with 

HS3/2 flanking region were not examined. In uninduced MEL cells, there was a low level of 

total RNA Pol II (Pol II CTD) but no unphosphorylated RNA Pol II (Pol II/P-) associated with 

HS3/2 flanking region, whereas in MEL cells induced by DMSO for 3days, there were increased 

levels of the association of total and unphosphorylated RNA Pol II to the HS3/2 flanking region 

(Figure 4-8A). However, the interactions of these forms of RNA Pol II were at 10-20 times lower 

levels compared to the interactions with LCR HS2 and the βmaj-globin gene promoter in DMSO 

induced MEL cells. Even in the uninduced MEL cells, the association of total RNA Pol II to both 

of LCR HS2 and the βmaj-globin gene promoter were significantly higher compared to levels 

detected at the HS3/2 flanking region. 
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Figure 4-8B shows that Ser-5 phosphorylated RNA Pol II (Pol II/S5P) was not associated 

with the HS3/2 flanking region or with the GAPDH 3’ UTR in MEL cells induced by 1.5% 

DMSO for 1 or 3 days. Since Ser-5 phosphorylated RNA Pol II is only present during 

transcription initiation and early elongation, the observation that it was undetectable at the 

GAPDH 3’ UTR confirmed that the RNA Pol II/S5P antibody I used here is specific and does 

not detect other forms of RNA Pol II. The interaction of Ser-5 phosphorylated RNA Pol II with 

the HS3/2 flanking region in uninduced MEL cells was not examined, because Ser-5 

phosphorylated RNA Pol II was undetectable at both LCR HS2 and the βmaj-globin gene 

promoter in MEL cells. Ser-2 phosphorylated RNA Pol II (Pol II/S2P) was undetectable at the 

HS3/2 flanking region in MEL cells incubated with or without DMSO. There was no association 

of all forms of RNA Pol II to the HS3/2 flanking region in CB3/NF-E2 cells (Figure 4-8C). 

Because our data and those previously published by Johnson et al. suggest that USF and 

NF-E2 are both required for the recruitment of RNA Pol II to the adult β-globin gene promoter 

(49,269), I examined whether these proteins interact in erythroid cells (Figure 4-4). In co-

immunoprecipitation experiments I found that USF1 and USF2 interact with NFE2 (p45) in 

uninduced MEL cells with comparable efficiency. After induction of differentiation, there 

appeared to be an increase in interaction between USF2 and NF-E2, relative to interactions 

between USF1 and NF-E2 (Figure 4-4). I performed reciprocal experiments in which I 

immunoprecipitated with a NF-E2 p45 antibody and performed the western blotting with USF 

antibodies and the results confirmed the interactions between USF and NF-E2. I also observed 

interactions of USF2 with USF1, NF-E2, and RNA Pol II in DMSO induced MEL cells. There 

was a reproducible but weak signal for RNA Pol II in USF2 precipitated material from 

uninduced cells (compare the signal in the lane labeled USF2 with the signal in the lane labeled 
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IgG), suggesting that USF2 but not USF1 interacts with RNA Pol II in undifferentiated MEL 

cells. The more efficient coimmunoprecipitation of USF with RNA Pol II in differentiated cells 

could be due to the fact that there is an increase in expression of USF during differentiation (320), 

or that there is an additional activity induced upon induction that mediates interactions between 

USF and RNA Pol II. This activity could in fact be the increased expression of NF-E2. It is also 

interesting to note that in undifferentiated MEL cells USF1 homodimers may be more abundant 

than USF1/USF2 heterodimers. This does not appear to be the case in differentiated MEL cells, 

in which we detected efficient interaction of USF2 with both USF1 and NF-E2 (p45). 

Furthermore, USF2 but not USF1 interacts efficiently with the co-activator CBP in MEL cells 

(Figure 4-4). TFIIB precipitates together with USF2 in uninduced and induced MEL cells. In 

contrast to MEL cells I did not detect interactions between USF and RNA Pol II in CB3 cells 

although the interaction between USF2 and CBP are detectable (Figure 4-4). I did not detect USF, 

NF-E2, or CBP in samples precipitated with antibodies against RNA Pol II. This is likely 

because only a small fraction of nuclear RNA Pol II will associate with these proteins at any 

given time. All of the protein/protein interaction data here have been reproduced. 

NF-E2 and USF could be part of a large protein complex and thus the interaction could 

either be direct or mediated by other proteins. I carried out GST-pull down assays using GST-

tagged recombinant USF1 and recombinant his-tagged NF-E2 (p45 tethered to mafG). The 

results demonstrate that USF1 directly interacts with NF-E2. Since both proteins contain a 

leucine-zipper interaction domain, I analyzed the interaction of different mutants of USF1 with 

NF-E2. The USF1 mutants contain either the truncated C-terminal immediately downstream of 

USR (USF specific region) and the basic region, or with further downstream deletion of the 

helix-loop-helix domain as indicated in Figure 4-4B and C. I detected efficient interactions only 
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between full length USF1 and NF-E2 demonstrating that the N-terminus of USF1 is important 

for the interaction with NF-E2. I next analyzed USF1 N-terminal mutants and results 

demonstrate that the C-terminus is also important for the interaction between USF1 and NF-E2. 

However, in contrast to the C-terminal mutants, deletion of the leucine zipper or the entire N-

terminus still allowed interactions between the two proteins albeit with much lower efficiency. 

This result demonstrates that the USF1 leucine zipper domain is not the most critical determinant 

among all the other USF1 domains for the specific interaction between USF1 and NF-E2. 

I next examined the mechanism(s) by which NF-E2 and USF could regulate LCR mediated 

recruitment of RNA Pol II to the adult β-globin gene promoter using a protein 

dissociation/transfer assay (Figure 4-5A). Our laboratory previously established a method that 

allows the analysis of Pol II transfer from the LCR to the adult β-globin gene promoter (55). A 

plasmid containing all 5 HS sites from the human β-globin LCR is linearized, biotinylated, and 

immobilized on streptavidin coated magnetic beads. The immobilized LCR is incubated with 

protein extracts from MEL cells. Studies from our laboratory previously demonstrated that under 

the applied conditions RNA Pol II is recruited to LCR elements HS2 and HS3 (53). After 

removing all material not bound to the LCR, the immobilized protein/DNA complex is incubated 

with DNA templates containing the adult β-globin promoter or mutants. In previous experiments 

from our laboratory,  the globin gene template along with associated proteins from the 

immobilized LCR complex is removed and immunoprecipitation is performed with RNA Pol II 

specific antibodies followed by PCR using β-globin gene specific DNA primers (55). In the 

initial experiments described here I removed all material from the LCR complex after incubation 

with or without β-globin promoter containing templates and subjected the material to western 

blotting analysis using NF-E2, USF, or RNA Pol II specific antibodies as shown in Figure 4-5B. 
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In most of these experiments I used β-globin gene templates either containing the β-globin gene 

promoter (β+) or lacking the β-globin gene promoter (β-). This experimental setup allows me to 

monitor β-globin promoter dependent dissociation of proteins from the LCR. The data 

demonstrate that there is an increase in the dissociation of USF1, USF2, NF-E2 (p45) and RNA 

Pol II from the LCR in the presence of the adult β-globin gene promoter (Figure 4-5B), 

suggesting that the promoter efficiently competes for the binding of these proteins. I observed a 

reproducible decrease in the dissociation of RNA Pol II from the immobilized LCR if β-globin 

templates are used that carry mutations in an E-box located 60bp downstream of the transcription 

initiation sites (+60Eboxmut, Figure 4-5C). Our laboratory previously demonstrated that this E- 

box interacts with USF and is required for the efficient in vitro transcription of the β-globin gene 

(103). A mutation of a partial MARE sequence (NF-E2mut) in the downstream promoter region 

did not affect the increase in β-globin promoter mediated dissociation of RNA Pol II from the 

LCR. Expression of a dominant negative mutant of USF (A-USF) in MEL cells reduces 

recruitment of RNA Pol II to LCR HS2 and the adult β-globin gene promoter (269). Interestingly, 

the addition of A-USF increases the dissociation of Pol II from the LCR even in the absence of a 

β-globin gene promoter, while BSA, AAV Rep protein, or NF-E2 were all unable to do so 

(Figure 4-5D). Previous studies from our laboratory have shown that NF-E2 increases the 

efficiency of transfer of RNA Pol II from the LCR to the adult β-globin gene promoter (55). I 

show here that NF-E2 only facilitates dissociation of RNA Pol II from the LCR in the presence 

of the adult β-globin gene promoter (Figure 4-5D). The fact that the USF-binding site is required 

for efficient dissociation/transfer suggests that USF may be required to stabilize NF-E2 binding 

at the promoter, which lacks a consensus MARE sequence. 
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I next verified some of the results from the in vitro dissociation experiment using a 

quantitative assay in which I performed the incubation experiments as described above but 

examined the transfer of RNA Pol II from the LCR to the β-globin gene promoter using 

immunoprecipitation (IP) with RNA Pol II antibodies followed by quantitative PCR using 

primers that amplify a fragment from the β-globin gene (β+) and the mutant β-globin gene 

lacking the promoter (β-) (Figure 4-5E). The data show that RNA Pol II is transferred from the 

LCR to the β-globin gene in a promoter dependent manner and that NF-E2, but not A-USF, 

facilitates the transfer of RNA Pol II to the β-globin gene. To control for the initial amount of Pol 

II recruited to the LCR, I performed western blotting experiments. The data demonstrate that all 

samples analyzed quantitatively had about the same amount of Pol II recruited to the LCR before 

dissociation/transfer was analyzed. The fact that A-USF did not increase recruitment of RNA Pol 

II to the β-globin gene promoter even it dissociates USF and RNA Pol II from the LCR, is likely 

due to that A-USF associated USF is unable to bind to the +60 E-box at the β-globin promoter to 

facilitate the recruitment of RNA Pol II to the promoter. 

Discussion 

Previous studies have shown that β-globin LCR HS sites recruit transcription complexes 

and that the LCR is required for the association of the β-globin gene locus with transcription 

factories (55,274,284,285). Furthermore, long intergenic noncoding transcripts originate from 

within or upstream of the LCR and are detectable throughout the globin gene locus in a 

developmental stage-specific manner (321). During the differentiation of erythroid cells, 

transcription complexes and other activities first associate with the LCR before they are 

detectable at the globin gene promoters (280,322,323). These data suggest that the LCR is the 

primary attachment site for the recruitment of transcription complexes and that these complexes 

are delivered to the globin gene locus by a tracking, linking, or looping mechanism (324). Not 
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consistent with this model, however, is the observation that even in the absence of the LCR RNA 

Pol II is efficiently recruited to the adult β-globin gene promoter, although it exhibits defects in 

elongation of transcription (75). Sawado et al. discussed the possibility that the LCR provides 

activities for the efficient elongation of RNA Pol II at the β-globin gene promoter (75). If RNA 

Pol II is first recruited to the LCR, another possibility is that the elongation competent 

transcription complexes are assembled at the LCR and transferred to the high affinity globin 

gene promoters. 

To further elucidate how the LCR and interacting proteins mediate recruitment and activity 

of RNA Pol II in the β-globin gene locus I analyzed MEL cells expressing or not expressing NF-

E2 (p45). NF-E2 (p45) has previously been shown to be required for the recruitment of RNA Pol 

II to the adult β-globin gene promoter but not to the LCR. I demonstrate here that RNA Pol II is 

recruited to LCR HS2 but not to the β-globin gene promoter in undifferentiated MEL cells 

(Figure 4-3). Recruitment of RNA Pol II to LCR HS2 is inefficient in the absence of NF-E2 

(p45). Perhaps more importantly, however, is the observation that in the absence of NF-E2 (p45) 

there is no phosphorylated RNA Pol II detectable at LCR HS2 or the βmaj-globin gene promoter. 

This result suggests that NF-E2 is not only important for the efficient recruitment of RNA Pol II 

to the globin gene locus but plays an role in converting RNA Pol II into an elongation competent 

form, as has been discussed previously by Sawado et al. (75,318). Re-expression of p45 in NF-

E2 deficient CB3 cells caused a strong increase in the recruitment of RNA Pol II with the βmaj-

globin gene promoter. Expression of p45 also led to the phosphorylation of RNA Pol II at the 

promoter but not at LCR HS2. This result is interesting and somewhat contrasts the findings in 

MEL cells showing that Ser5-phosphorylated RNA Pol II is first detectable at the LCR during 

DMSO induced differentiation. Expression of relative high levels of p45 in uninduced CB3 cells 
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likely causes the local remodeling of the chromatin structure at the βmaj-globin gene promoter, 

consistent with findings from the Brandt and Bresnick laboratories (276,277). According to the 

transfer model the open chromatin structure at the promoter would lead to the efficient transfer 

of Ser5-phosphorylated RNA Pol II to the promoter. Alternatively, the NF-E2 (p45) induced 

opening of the chromatin structure at the adult globin gene promoter may bypass the need for 

LCR mediated RNA Pol II recruitment. 

I detected low levels of RNA Pol II binding at the adult β-globin promoter in uninduced 

MEL cells, which possibly attribute to the presence of cells that spontaneously differentiated in 

the absence of DMSO. Alternatively, low levels of RNA Pol II could be recruited to the βmaj-

globin gene in an LCR dependent or independent manner in undifferentiated cells. I observed 

that, along with RNA Pol II, USF2, MafK, and TFIIB are already associated with LCR HS2 and 

with the adult β-globin gene promoter in undifferentiated MEL cells, while USF1, CBP and NF-

E2 only are only associated with HS2 in undifferentiated cells. Using Co-IP I found that after 

differentiation of MEL cells there is an increased interaction of USF2 with NF-E2 (p45), USF1, 

and RNA Pol II (Figure 4-4). This is accompanied by an increased recruitment of all of these 

proteins to the globin gene locus. Previous studies had already shown that the NF-E2 activity 

increases during differentiation of erythroid cells (325). My data suggest that increased 

expression of USF and NF-E2 facilitate the formation of large protein complexes that regulate 

RNA Pol II recruitment and activity in the β-globin gene locus. 

Based on my data, I propose that partial elongation incompetent transcription complexes 

are first assembled at the LCR in undifferentiated MEL cells. This is in part mediated by USF2 

and TFIIB. Previous data from our laboratory showing that expression of a dominant negative 

mutant of USF (A-USF) in undifferentiated MEL cells reduces the recruitment of RNA Pol II to 
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LCR HS2 (269) are consistent with the hypothesis that USF participates in the recruitment of 

RNA Pol II to the LCR in undifferentiated MEL cells. During differentiation, an increase in 

expression of NF-E2 (p45), USF, and other proteins leads to the efficient recruitment of 

additional activities to the LCR, including those that convert RNA Pol II from a transcriptionally 

inert to a transcriptionally competent form. The assembly of elongation competent transcription 

complexes is indispensible of the presence of NF-E2 and  is also accompanied by a 

conformational change in the globin gene locus that brings the adult β-globin gene in close 

proximity to the LCR (Figure.4-6) (149). The presence of high affinity basal promoter elements 

in the adult β-globin gene promoter facilitates the transfer of elongation competent transcription 

complexes to the promoter. The transfer is mediated at least in part by NF-E2. However, the 

association of NF-E2 with the β-globin gene promoter is likely stabilized through its interaction 

with USF and the presence of USF binding sites. The in vitro RNA Pol II transfer experiments 

revealed that NF-E2 is able to dissociate RNA Pol II from the LCR and that this process requires 

the presence of a β-globin promoter template. The transfer to the promoter also required a USF 

binding sites. These data are consistent with our findings from MEL cells and further 

demonstrate that USF and NF-E2 cooperate to mediate the transfer/recruitment of RNA Pol II to 

the adult β-globin promoter. The function of NF-E2 in vivo is likely more complex and involves 

the remodeling of chromatin structure at the adult β-globin gene promoter, which would further 

facilitate recruitment of the transcription complex. 

The maintenance of proximity between the LCR and promoter guarantees the continued 

loading of elongation competent transcription complexes to the adult β-globin gene promoter 

(Figure 4-6). It is also possible, however, that the conformational change bringing the β-globin 

gene into close proximity to the LCR precedes the assembly of active transcription complexes. 
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Our data do not clearly distinguish between these two possibilities. The only piece of evidence 

arguing for LCR mediated assembly of elongation competent transcription complexes is the 

observation that Ser-5 phosphorylated RNA Pol II is first detectable at LCR HS2 during the 

differentiation of MEL cells. In contrast to other hematopoietic specific transcription factors, like 

GATA-1, Fog-1, EKLF, and NL1, NF-E2 (p45) is not critical for mediating proximity between 

the LCR and the adult β-globin gene or for the formation of an active chromatin hub (ACH) 

(156,157,228,326). However, my data suggest that NF-E2 and USF function in the context of the 

ACH and perhaps mediate the assembly of elongation competent transcription complexes at the 

LCR and at the adult β-globin gene promoter. Dr. Suming Huang at UF has characterized 

proteins that associate with USF1 in HeLa cells (Huang et al., unpublished data). Interestingly, 

three of these proteins are implicated in the recruitment and activity of RNA Pol II. These 

proteins are TBP associated factors (TAFs) 4 and 6, as well as the elongation factor EFIA2. In 

this respect it is interesting to note that USF1 only associates with RNA Pol II and the β-globin 

gene locus after differentiation of erythroid cells. 

Many proteins contribute to expression of the globin gene locus and NF-E2 and USF 

function within a cascade of events that regulate accessibility and location of the globin genes in 

the nucleus (327). It will be increasingly important to determine how the different transcription 

factors function together to mediate extremely high-level transcription of the β-like globin genes 

during erythroid differentiation and development. Another protein that acts at the adult β-globin 

gene is EKLF, which recruits chromatin remodeling complexes to the promoter but also contacts 

components of the transcription initiation complex (233,328). Future studies will address if and 

how EKLF communicates with USF and NF-E2 in regulating expression of the adult β-globin 

gene.  
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Figure 4-1. DMSO mediated increase in USF, NF-E2 (p45), and β-globin expression in MEL but 
not CB3 cells. (A) Schematic of cis-acting elements within LCR HS2 and sequence 
alignment of the β-globin downstream promoter. The LCR HS2 contains a tandem 
NF-E2 binding site, E-box elements (E), CACC motif (EKLF binding site) and 
GATA-1 and YY1 binding sites as indicated. The adult β-globin downstream 
promoter region contains three E-box elements and MARE/AP1-like element in 
human (H), mouse (M) and rabbit (R) as indicated. The E-box elements overlapping 
the initiator and at +60 downstream of the transcription start site (+1) are conserved 
in all three species, whereas the one located at +20 is only present in the human and 
rabbit genes. (B) Quantitative RT-PCR analysis of β-globin gene expression in MEL 
cells incubated with or without 1.5% DMSO for 3 days. RNA was isolated from MEL 
cells, reverse transcribed, and subjected to qPCR using primers specific for the adult 
βmaj-globin gene. The results are shown as the relative expression normalized to 
transcription of the β-actin gene. The error bars represent the standard error of the 
mean (SEM) from three independent experiments. (C) Western blotting analysis of 
NF-E2 (p45), USF1, USF2, Pol II, TFIIB, GAPDH, MafK, and CBP in MEL cells 
incubated with or without 1.5% DMSO for 3 days. 60μg of protein from whole cell 
extracts was electrophoresed in 4-20% Ready Gels (Bio-Rad), transferred to 
nitrocellulose membranes and incubated with antibodies as indicated. (D) 
Quantitative RT-PCR analysis of β-globin gene expression in CB3 cells incubated 
with or without 1.5% DMSO for 3 days. RNA was isolated and analyzed as described 
in B. (E) Western blotting analysis of NF-E2 (p45), USF1, USF2, Pol II, TFIIB, 
GAPDH, MafK, and CBP in CB3 cells incubated with or without 1.5% DMSO for 3 
days. Proteins were processed and analyzed as described in C. (F) Quantitative RT-
PCR analysis of β-globin gene expression in CB3 and CB3/NF-E2 cells. RNA was 
processed and analyzed as described in A. (G) Western blotting analysis of NF-
E2/p45, USF1, USF2, and GAPDH expression in CB3 and CB3/NF-E2 cells. Proteins 
were processed and analyzed as described in C. (Figure (A) is adapted from Johnson 
et al. (49) and Leach et. al. (103).) 
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Figure 4-2. Lack of NF-E2 (p45) reduces the assembly of protein complexes at LCR HS2 and at 
the adult βmaj-globin gene promoter. (A) ChIP analysis of protein chromatin 
interactions in LCR HS2 and the adult βmaj-globin gene promoter in MEL cells 
incubated with or without 1.5% DMSO for 3 days. After crosslinking MEL cells with 
1% formaldehyde, chromatin was isolated, fragmented by sonication, and subjected 
to immunoprecipitation with antibodies against NF-E2 (p45), MafK, USF1, USF2, 
CBP, and TFIIB. Reactions with the IgG antibody served as a negative control. The 
DNA was purified from the precipitate and subjected to qPCR using primers specific 
for LCR HS2 and the adult βmaj-globin gene promoter as indicated. Error bars 
represent SEMs of three independent experiments. (B) ChIP analysis of protein 
chromatin interactions in LCR HS2 and the adult βmaj-globin gene promoter in CB3 
cells incubated with or without 1.5% DMSO for 3 days. DNA was isolated from 
immunoprecipitated material and analyzed as described in A. (C) Comparative ChIP 
analysis of protein chromatin interactions in CB3, MEL, and CB3/NF-E2 cells. 
Crosslinked chromatin was precipitated with IgG or antibodies against NF-E2, USF1, 
or USF2 and DNA was analyzed as described in panel A. In A and B, * indicate p-
values of <0.05, ∆ indicate p-values of <0.1 between DMSO induced versus 
uninduced samples; ** indicate p-values of <0.05, ∆∆ indicate p -values of <0.1 
between specific antibody versus IgG. In C, * indicate p-values of <0.05, ∆ indicate 
p-values of 0.1 between MEL or CB3/NF-E2 cells versus CB3 cells; ** indicate p-
values of <0.05, ∆∆ indicate p -values of <0.1 between CB3/NF-E2 cells versus MEL 
cells; ***  indicate p-values of <0.05 between CB3/NF-E2 cells versus MEL and 
CB3 cells. 
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Figure 4-3. Efficient recruitment of Pol II and CTD serine 5 and serine 2 phosphorylation at the 
β-globin gene locus requires NF-E2. (A) ChIP analysis of Pol II interactions in the β-
globin gene locus in MEL cells incubated with or without 1.5% DMSO for 1 or 3 
days. Chromatin was isolated from crosslinked MEL cells, fragmented by sonication, 
and immunoprecipitated with antibodies specific for the Pol II CTD (Pol II/CTD), for 
unphosphorylated Pol II (Pol II/P-), or for Pol II phosphorylated at serine 5 (Pol 
II/S5P) or serine 2 (Pol II/S2P) of the CTD. IgG or IgM antibodies were used in these 
experiments as negative controls. DNA was isolated from the precipitates and 
subjected to qPCR with DNA primers specific for LCR HS2 or the adult βmaj-globin 
gene promoter as indicated. Error bars represent SEMs from three independent 
experiments. (B) ChIP analysis of Pol II interactions in the β-globin gene locus in 
CB3 cells incubated with or without 1.5% DMSO for 3 days. Chromatin precipitation 
and DNA analysis by qPCR was performed as described in panel A. (C) Comparative 
ChIP analysis of Pol II interactions in CB3, MEL and CB3/NF-E2 cells. Chromatin 
precipitation and DNA analysis by qPCR was performed as described in panel A. (D) 
ChIP analysis of Ser-5 phosphorylated Pol II at the GAPDH promoter in 
undifferentiated and DMSO induced MEL and CB3 cells (as indicated). Cells were 
grown in the absence or presence of DMSO (1.5% for 3 days). DNA was isolated 
from immunoprecipitated material and analyzed by qPCR as described in A. In A, B 
and D, * indicate p-values of <0.05, ∆ indicate p -values of <0.1 between DMSO 
induced versus uninduced samples; ** indicate p-values of <0.05 between specific 
antibody versus IgG. In C, * indicate p-values of <0.05 between MEL or CB3/NF-E2 
cells versus CB3 cells; ** indicate p-values of <0.05, ∆∆ indicate p-values of <0.1 
between CB3/NF-E2 cells versus MEL and CB3 cells. 
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Figure 4-4. Interactions of USF1 and USF2 with NF-E2 (p45) and Pol II during erythroid 
differentiation of MEL and CB3 cells. (A) Co-immunoprecipitation experiments were 
performed by first subjecting nuclear extracts from MEL or CB3 cells incubated with 
or without 1.5% DMSO for 3 days to immunoprecipitation with antibodies specific 
for IgG, Pol II (N-20), USF1, USF2, and TFIIB. The immunoprecipitated material 
was electrophoresed using 4-20% Ready Gels (Bio-Rad) and transferred to 
nitrocellulose membranes. The nitrocellulose membranes were incubated with 
antibodies against Pol II, NF-E2, USF1, USF2, and CBP, as indicated, and subjected 
to ECL plus chemiluminescence (Amersham). (B) Generation and expression of 
USF1/GST fusion proteins in E.coli. cDNA encoding full length or truncated USF1 
were ligated into the pGEX-5X-1 vector. Fusion proteins were expressed in and 
purified from E.coli and analyzed by SDS-PAGE. The following USF1 derived 
proteins were purified; USF1, fulllength USF1 protein; USF-M1, deletion of the N-
terminal half; USF1-M2, deletion of the N-terminus and the basic region; M3, 
deletion of the N-terminus, the basic region and the helix-loop-helix (HLH) domain; 
USF1-LZ, deletion of the leucine zipper; USF1-N, deletion of the C-terminus as well 
as the basic region, the HLH domain, and the LZ domain. (C) Interaction of USF1 
with NF-E2. Equal amounts of GST-tagged wild type and mutant USF1 fusion 
proteins were incubated with His-tagged NF-E2. After washing, proteins were eluted 
from the GST-beads, electrophoresed using SDS-PAGE and subjected to western-
blotting analysis using an antibody specific for NF-E2 (p45). Fast Green staining was 
performed to monitor the equal loading amount of all GST-fusion proteins prior to the 
antibody incubation with the membrane. 
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Figure 4-5. USF and NF-E2 regulate the recruitment and dissociation of RNA Pol II to and from 
immobilized LCR templates. (A) Scheme of the experimental strategy. A linerarized 
and biotinylated plasmid containing the human β-globin LCR was immobilized on 
streptavidin coated magnetic beads as described by Vieira et al. (55). The LCR was 
then incubated with whole cell extracts from MEL cells. Unbound material was 
removed and the LCR/protein complex was washed several times and incubated with 
different DNA templates in the presence or absence of recombinant NF-E2 (p45 
tethered to MafG, 16, 37) or A-USF (dominant negative form of USF). Proteins that 
dissociate from the LCR after the incubation step were analyzed using western 
blotting analysis. Transfer of proteins to the β-globin gene promoter was analyzed by 
immunoprecipitation (IP) followed by quantitative PCR. (B) β-globin promoter 
mediated dissociation of RNA Pol II, NF-E2 (p45), USF1, and USF2, from the LCR 
in the presence of a plasmid containing the β-globin gene with (β+) or without (β-) its 
promoter. Proteins and DNA were removed from the immobilized LCR after 
incubation for 30 min at 37°C. (C) Analysis of the effect of β-globin promoter 
mutations on the dissociation of RNA Pol II. DNA plasmids containing the wild-type 
β-globin promoter (β+) or the promoter with mutations in the initiator (INImut), the 
+60 E-box (+60Eboxmut), or the partial MARE sequence (NF-E2mut) were 
incubated for 30 min with the immobilized LCR/protein complex in the presence of 
recombinant NF-E2. Dissociated proteins were removed and analyzed by western 
blotting experiments using an antibody specific for RNA Pol II. (D) Effect of NF-E2 
and A-USF on the dissociation of RNA Pol II from the immobilized LCR. The 
immobilized LCR/protein complex was incubated for 30 min with BSA, AAV Rep 
(Rep), NF-E2, or A-USF in the absence or presence of a plasmid containing the wild-
type β-globin gene promoter (β+). Dissociated proteins were removed and analyzed 
by western blotting experiments using an antibody specific for RNA Pol II. (E) 
Quantitative PCR analysis of RNA Pol II transfer from immobilized LCR templates 
to the β-globin gene promoter. Immobilized LCR/protein complex was incubated 
with or without a plasmid containing the β-globin gene with (β+) or without (β-) its 
promoter region for 30 min at 37°C. Unbound material was subjected to 
immunoprecipitation using IgG or RNA Pol II specific antibodies. The DNA was 
isolated from the precipitate and subjected to quantitative Real-Time PCR using 
primers specific for the β-globin gene. The experiment has been repeated and the 
error bars represent the SEM. An aliquot was taken from the immobilized 
LCR/protein complex in each transfer/dissociation assay and analyzed by western 
blotting using a RNA Pol II specific antibody (shown above the graph). 
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Figure 4-6. Model of NF-E2 and USF mediated assembly and transfer of elongation competent 
transcription complexes in the β-globin gene locus. Incomplete elongation 
incompetent Pol II transcription complexes are first recruited to the LCR. This is 
mediated in part by USF2 and its associated co-factor CBP. After erhthroid 
differentiation, expression of NF-E2 (p45) and USF increases and these proteins 
increasingly associate with the LCR. This leads to the recruitment or assembly of 
transcriptionally competent Pol II complexes, and phosphorylation of the Pol II CTD. 
The differentiation of erythroid cells is also accompanied by a conformational change 
in the globin locus that juxtaposes the adult-globin gene with the LCR. This facilitates 
the transfer of elongation competent transcription complexes from the LCR to the 
adult-globin gene. 
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Figure 4-7. Interaction of protein complexes with the LCR HS3/2 flanking region in MEL, CB3 
and CB3/NF-E2 cells. (A) ChIP analysis of protein chromatin interactions in the LCR 
HS3/2 flanking region (HS3/2 flank) in MEL cells incubated with or without 1.5% 
DMSO for 3 days. After crosslinking MEL cells with 1% formaldehyde, chromatin 
was isolated, fragmented by sonication, and subjected to immunoprecipitation with 
antibodies against NF-E2 (p45), MafK, USF1, USF2, CBP, and TFIIB. Reactions 
with the IgG antibody served as a negative control. The DNA was purified from the 
precipitate and subjected to qPCR using primers specific for LCR HS3/2 flanking 
region as indicated. Error bars represent standard deviations of three independent 
experiments. (B) ChIP analysis of protein chromatin interactions in the LCR HS3/2 
flanking region in CB3 cells incubated with or without 1.5% DMSO for 3 days. DNA 
was isolated from immunoprecipitated material and analyzed as described in A. (C) 
ChIP analysis of protein chromatin interactions in CB3/NF-E2 cells. Crosslinked 
chromatin was precipitated with IgG or antibodies against NF-E2 (p45), USF1, or 
USF2 and DNA was analyzed as described in panel A. (D) Example of the extent of 
DNA fragmentation after sonication of crosslinked chromatin from MEL cells. After 
sonication, the DNA was electrophored in an agarose gel.  The resulting DNA 
fragments are generally between 100bp and 500bp. 
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Figure 4-8. Interaction of RNA Pol II with the LCR HS3/2 flanking region or the GAPDH 3’ 
untranslated region (UTR) in MEL, CB3 and CB3/NF-E2 cells. (A, B) ChIP analysis 
of RNA Pol II interactions with the HS3/2 flanking region (HS3/2 flank) or the 
GAPDH 3’ UTR in MEL and CB3 cells incubated with or without 1.5% DMSO for 1 
or 3 days. Chromatin was isolated from crosslinked cells, fragmented by sonication, 
and immunoprecipitated with antibodies specific for the RNA Pol II CTD (Pol 
II/CTD), for unphosphorylated RNA Pol II (Pol II/P-), or for RNA Pol II 
phosphorylated at serine 5 (Pol II/S5P) or serine 2 (Pol II/S2P) of the CTD. IgG or 
IgM antibodies were used in these experiments as negative controls. DNA was 
isolated from the precipitates and subjected to qPCR with DNA primers specific for 
the LCR HS3/2 flanking region or the GAPDH 3’ UTR as indicated. Error bars 
represent standard deviations from three independent experiments. (C) ChIP analysis 
of Pol II interactions with the LCR HS3/2 flanking region in CB3/NF-E2 cells. 
Chromatin precipitation and DNA analysis by qPCR was performed as described in 
panels A and B. In A, * indicate p-values of <0.05 between DMSO induced versus 
uninduced samples; ** indicate p-values of <0.05 between specific antibody versus 
IgG. 
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CHAPTER 5 
CONCLUSIONS AND FUTURE DIRECTIONS 

In vitro ES Cell Erythroid Differentiation  

Overview 

We have used an in vitro assay to induce murine ES cells to differentiate into the erythroid 

lineage and recapitulated the expression of β-like globin genes in a developmental manner. By 

using this system, we have observed that in the undifferentiated ES cells, there is no globin gene 

expression. The embryonic εγ-globin genes are activated first as early as 5 days after 

differentiation and reaches their highest expression level at around Day 8. The adult βmaj-globin 

gene is first observed at low levels at Day 8 and then it is up-regulated upon the initiation of 

definitive erythropoiesis (Day 10-12). At the mean time, the expression of embryonic εγ-globin 

genes decreased. These results suggest that the ES cell differentiation system we used is a 

powerful tool for investigating hematopoietic development and differentiation.  

However, from my data, it seems that the ES cells are not uniformly differentiated, 

probably due to their different initial states. Thus the cells that I collected at each time point are a 

mixture of cells at different differentiation stages. Even though the RT-PCR results show that the 

majority of the cells are at the same developmental stage, it still needs to be concerned with the 

variation generated by the small population of cells that are in a different developmental stage.   

To eliminate this variation, one possibility is that we can use stem cell surface markers 

such as Oct4, Nanog and/or Sox2 to pre-sort the ES cells, followed by cell synchronization to 

arrest all the cells at the same stage before differentiation. However, due to the unique properties 

of ES cells, the effects of cell cycle arresting chemicals on the ES cell pluripotency are still under 

investigation (329). It has been shown that nocodazole (a drug often used to arrest cells at G2/M 

phase)-synchronized mouse ES cells show specific downregulation of cyclin-dependent kinase 
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(Cdk) 2, that establishes a somatic cell-like cell cycle in mouse ES cells and induces expression 

of differentiation markers (330). Alternatively, the differentiated cells collected at each time 

point can be sorted based on their surface markers before subject to further analysis. CD117, 

ERY-1 and Ter-119 are the most widely used cell surface markers to identify erythroid cells at 

different developmental stages. CD117 marks the most immature hematopoietic cells; ERY-1 is 

an intermediate mature marker; Ter-119 marks the mature erythroid cells (274). By sorting the 

cells with a combination of these three cell surface selection markers, we can obtain 

hematopoietic cells of the same developmental stage from our ES cells differentiation system. 

The Antagonistic Role of USF and TFII-I in β-Globin Gene Regulation 

By using our ES cells differentiation assay, I observed that TFII-I is detectable at HS2 and 

the adult βmaj-globin gene promoter at Day 5, when embryonic εγ-globin genes are expressed, 

while USF1 is found only at HS2 at this stage. At Day 8, USF1 interacts with both HS2 and the 

βmaj-globin gene promoter, while TFII-I is no longer detectable at these regions. Previous 

studies in our laboratory have shown that, by overexpressing a dominant-negative form of USF 

(A-USF) or TFII-I (p70) in erythroid cells, USF activates and TFII-I represses adult β-globin 

gene expression (269). The data presented here further support this antagonistic regulatory role 

of USF and TFII-I. 

However, even though the ES cell differentiation system has advantages over the 

erythroleukemia cell lines that are normally used for studying β-globin gene regulation, it cannot 

accurately reflect the identities of erythroid cells that differentiate during mammalian 

development. Hence it would be important to investigate the functions of USF and TFII-I during 

the differentiation and development of hematopoietic cells in animal models. Since USF or TFII-

I knockout mice are embryonic lethal, our laboratory proceeded to create USF knockdown mice 

by expressing the dominant-negative form of USF in the mice. By placing the A-USF cDNA 
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under the control of the LCR and β-globin gene promoter and protecting them from position 

effects by a flanking pair of chicken HS4 insulators, these transgenes should be expressed 

exclusively in erythroid cells of the transgenic mice. Our laboratory has analyzed the A-USF 

transgenic mice and found that, although the heterozygous mice likely have the transgene 

integrated into X chromasome, when subjected to hemolytic anemia induction by 

phenylhydrazine (PHZ), there is a decrease in adult βmaj-globin gene expression, accompanied 

by a reduction of RNA Pol II at the βmaj-globin gene promoter (317). The same strategy could 

be pursued to analyze the function of TFII-I during erythroid development. For dominant 

negative TFII-I (p70) transgenic mice, we would expect to see effects on increased βmaj-globin 

gene expression levels early in erythroid development. Currently, no p70 transgenic mice have 

been generated. 

Recruitment of Histone Modification Enzymes to the β-Globin Locus by TFII-I 

Covalent histone modifications, including methylation, acetylation, phosphorylation, 

ubiquitination, sumoylation and ADP-ribosylation, take place at the long, flexible N-terminal 

tails of the core histones. These modifications can alter chromatin structure by changing the 

histone-DNA and histone-histone contacts in order to create transcriptionally permissive or 

repressive chromatin environments around the genes (331). The enzymes that modify the histone 

tails are normally recruited to the gene by transcription factors. 

In this study, I investigated whether TFII-I can recruit histone modifying enzymes to the β-

globin gene locus. Previous studies have shown that TFII-I interacts with HDAC3, a histone 

deacetyltransferase, which can remove acetyl groups from the lysine residues at the histone tails 

and promote chromatin condensation to aid in transcriptional repression (332). Here I show that 

TFII-I also interacts with Suz12, a component of the PRC2 complex, in both embryonic and 

adult erythroid cells. The PRC2 complex contains another two main components, EED and the 
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histone methyltransferase, EZH2. EZH2 preferentially methylates H3K27, and EED is required 

for this process (296,299). I observed that Suz12 and the repressive chromatin mark, H3K27me3, 

are detected at the silenced βmaj-globin gene promoter in vitro in Day 5 differentiated ES cells 

and that these associations disappear after 12 days of differentiation. To further prove that the 

recruitment of Suz12 by TFII-I to the β-globin locus does exert transcriptional repression, it 

would be essential to examine if EZH2 and EED are associated with the adult β-globin gene 

promoter. Also, since the repressive function of PRC2 on gene transcription is stabilized by 

recruitment of PRC1 to the H3K27 methylation site, it would be important to test if PRC1 is 

present at the β-globin gene promoter. 

TFII-I is composed of six direct reiterated I-repeats, R1-R6, with each of them consisting 

of a putative helix-loop-helix (HLH) motif to interact with other proteins (262). Therefore, it 

would be interesting to determine if TFII-I interacts with both HDAC3 and Suz12 at the same 

time to exert strong repression, or if there is competition between HADC3 and Suz12. TFII-I R5 

and R6 domains are the transactivation domains. It has been reported that HDAC3 binds to the 

R3 and R4 domains of TFII-I (333). Therefore, it would be interesting to study if Suz12 binds to 

R3 and R4 as well or if it binds to other reiterated I-repeats. This can be done by expressing 

recombinant TFII-I mutants and Suz12 in E.coli and performing pull-down assays to see if they 

interact. 

The Cooperative Role of NF-E2 and USF in β-Globin Gene Regulation 

In Vitro Transfer/Dissociation Assay 

From the in vitro transfer/dissociation assay, I show that NF-E2 can dissociate RNA Pol II 

from the LCR in the presence of the wild type β-globin gene, while a dominant-negative form of 

USF (A-USF) can dissociate RNA Pol II from the LCR in the absence of the β-globin gene. 

These results suggest that USF is required for the recruitment of RNA Pol II to the LCR, while 
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NF-E2 is essential for the transfer of RNA Pol II from the LCR to the β-globin gene promoter. I 

also observed that NF-E2 facilitated RNA Pol II transfer from the LCR to the β-globin gene 

requires the presence of the +60 E-box element at the promoter. Our laboratory's previous data 

show that, in the adult erythroid environment (MEL cells extract) USF1 and USF2 bind to the 

+60 E-box element. Since NF-E2 is required for RNA Pol II transfer from the LCR to the β-

globin promoter and NF-E2 interacts with USF, these data suggest that the transcription 

holocomplex including NF-E2, USF and RNA Pol II form on the LCR first, and then USF binds 

to the +60 E-box at the β-globin gene promoter. By directly interacting with NF-E2, USF pulls 

NF-E2 from the LCR to the β-globin gene promoter. Since NF-E2 also interacts with RNA Pol 

II, this process brings RNA Pol II to the β-globin promoter as well. This hypothesis is consistent 

with my ChIP and CoIP data shown in Chapter 4 in this thesis. It is also consistent with the 

results from a primer extension in vitro transcription experiment showing that the +60 E-box 

mutated β-globin gene is not transcribed. Due to the weak binding of NF-E2 to the MARE-like 

sequence in the β-globin gene promoter, it is reasonable to speculate that other interactions may 

exist to stabilize NF-E2 at the β-globin promoter (103). To examine if USF1 can stabilize NF-E2 

at the β-globin promoter thus to promote β-globin gene expression, I could link a biotinylated 

wild-type or +60 E-box mutated β-globin gene to the streptavidin beads and incubate the beads-

DNA construct with MEL nuclear extracts, then after removing unbound proteins, we can 

perform immunoblot analysis on the remaining bound proteins to detect NF-E2 and RNA Pol II. 

I would expect to see reduced NF-E2 and RNA Pol II protein in the samples incubated with the 

+60 E-box mutated β-globin gene. 

The Different Role of USF1 and USF2 in β-Globin Gene Regulation 

USF1 and USF2 can form homo- or heterodimers to regulate gene expression. In 

transgenic mouse studies, USF1 knockout mice only show slight behavioral abnormalities, while 
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USF2 knockout mice display obvious growth defects. It was shown that in USF1 knockout mice, 

there is an increased level of USF2, whereas in USF2 knockout mice, there is a reduced level of 

USF1 (234). These data suggest that the functions of USF1 and USF2 may not be completely 

redundant. Figure 3-4, 4-2, 4-4 (ChIP data from MEL/CB3 cells and ES differentiation, together 

with CoIP in MEL cells) and ChIP data show that USF2 and TFII-I associate with adult β-globin 

gene promoter in embryonic stage K562 cells, whereas USF1 and USF2 associate with the same 

promoter in adult environment MEL cells (103). These data demonstrate that USF1 and USF2 

may exhibit distinct functions in the regulation of the β-globin locus. It is possible that USF1 

functions as a β-globin gene activator, whereas USF2 functions as a dimerization partner which 

remains associated with the β-globin gene promoter during development. When the adult β-

globin gene is activated, USF2 dimerizes with USF1 and binds to the +60 E-box of the β-globin 

gene promoter; when the β-globin gene is silenced, USF2 dimerizes with TFII-I and binds to the 

Inr/E-box of the promoter. In the undifferentiated mouse ES cells, we observe that USF2 is 

detectable at both LCR HS2 and the adult βmaj-globin gene promoter, which further supports 

our hypothesis that the function of USF2 is like p18/MafK, which can change its dimerization 

partners during development to repress or activate adult β-globin gene. 

NF-E2 p45 Knockout Mice vs. NF-E2 p45 Null Murine Erythroid Cells 

From the studies utilizing NF-E2 p45 null CB3 cells, NF-E2 p45 is thought to be required 

for β-globin gene expression, recruitment of RNA Pol II to the β-globin promoter, and 

hyperacetylation of histones (49). However, NF-E2 p45 deficient mice show normal 

erythropoiesis and express the β-globin gene at ~70% of the levels observed in wild type mice 

(228). This difference was thought to be due to the presence of NF-E2 related factors (Nrfs), but 

in the NF-E2 p45 knockout mice, although there is an increased binding of Nrf-2 at the LCR 

HS2, there is no change in the level of Nrf-2 association at the adult βmaj-globin gene promoter. 
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Also, the association of p18/MafK is reduced at the LCR HS2 and almost lost at the βmaj-globin 

gene promoter. In addition, mice lacking both NF-E2 p45 and Nrf-2 or Nrf-3 fail to display an 

erythroid defective phenotype more severe than NF-E2 p45 knockout mice. The active chromatin 

hub (ACH) in NF-E2 p45 knockout mice still forms normally, which suggests that NF-E2 is not 

required for the ACH formation. Therefore, further experiments such as generating NF-

E2/Nrf2/Nrf3 triple knockout mice need to be done to investigate whether functional 

compensation by Nrfs exists in the NF-E2 knockout mice. 

I suspect the striking differences between NF-E2 p45 null cells and null mice are due to 

failed ACH formation in CB3 cells which lack the endogenous NF-E2. While it is known that 

GATA-1 and EKLF are required for ACH formation, the levels of GATA-1 and EKLF in CB3 

cells are not altered as compared to wild type MEL cells. However, in the CB3 cells, the absence 

of NF-E2 p45 causes the ~4-fold reduction of GATA-1 associated to the βmaj-globin gene 

promoter and this reduction can be rescued by overexpressing NF-E2 p45 in the CB3 cells (47). 

This observation leads us to suspect that the lack of NF-E2 p45 in CB3 cells almost abolished 

GATA-1 binding at the βmaj-globin gene promoter. This may disrupt the ACH formation in CB3 

cells, thus abolishing RNA Pol II association at the promoter due to the lack of NF-E2 p45. In 

the NF-E2 p45 knockout mice, RNA Pol II can still bind to the βmaj-globin gene promoter, 

which can be explained under the assumption that ACH formation is unperturbed in these mice.  

The transfer of RNA Pol II to the β-globin promoter may not necessarily require NF-E2 p45.  

Perhaps some transcription factors which interact with RNA Pol II (such as USF) are 

automatically transferred from the LCR to the promoter together with RNA Pol II due to the 

higher affinities of the transcription factors to the promoter than to the LCR and the closeness 

between the LCR and the promoter.  However, this cannot be achieved in CB3 cells because 
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there is possibly no ACH formation. Thus the assistance of NF-E2 is required for RNA Pol II 

loading to the promoter. The difference is also possibly in part due to the somewhat artificial 

nature of CB3 cells, which are transformed cells that likely have very different expression 

profiles and chromatin structure. 

My data from the NF-E2 p45 transfected CB3 (CB3/NF-E2) cells are consistent with this 

hypothesis. I observe that, when overexpressing NF-E2 p45 in CB3 cells, there is an increase of 

β-globin gene expression; although the level of expression is only 20% of that found in DMSO 

induced MEL cells. I also induced CB3/NF-E2 cells with DMSO, however, β-globin gene 

expression was not increased (data not shown). Thus we suspect that the low level expression of 

β-globin gene expression in CB3/NF-E2 cells is due to insufficient RNA Pol II loading onto the 

promoter directly by NF-E2 without the assistance of the LCR (since there is possibly no ACH in 

CB3 cells). My ChIP data show that there is no Serine 5 phosphorylated RNA Pol II associated 

with the LCR in CB3/NF-E2 cells even when the β-globin gene is expressed, further confirming 

this hypothesis. 

Thus, I reason that the difference of β-globin gene expression between NF-E2 p45 null 

mice and CB3 cells could be related to the presence or absence of the ACH. Further experiments 

need to be performed to examine if the ACH exist in CB3 cells or not. It is possible that NF-E2 

p45 and USF are not required for the ACH formation, but they function in the context of the 

loop. However, the possible redundancy between NF-E2 and Nrfs cannot be ruled out. 

The Model of the LCR Regulated β-Globin Gene Expression 

Based on the previous and current data from our laboratory and others, we propose a model 

of LCR regulated β-globin gene expression as follows: 

Upon erythroid cell maturation, the LCR is relocated from within inaccessible chromatin 

territories (CT) to the surface of these territories (309) which are enriched for transcription 
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complexes in regions known as transcription factories (334). The association of the LCR with the 

transcription factories is mediated by USF and GATA-1, and synthesis of the unidirectional 

intergenic transcripts from the LCR to the downstream β-globin gene (284) could reel the β-

globin gene to the surface of CTs. If the LCR is fixed at the transcription factories, the β-globin 

gene promoter can be reeled to the LCR by continuous transcription of the intervening intergenic 

region followed by association of the promoter with a transcription factory.  Once the β-globin 

gene promoter is in close proximity to the LCR, GATA-1 and EKLF recruit the promoter to the 

LCR, while USF specifically binds to the +60 E-box of the promoter and loads NF-E2, together 

with RNA Pol II, onto the promoter. At the beginning of this process, unphosphorylated RNA 

Pol II is present in the LCR.   Upon the induction of erythroid maturation, NF-E2 mediates RNA 

Pol II phosphorylation at the LCR and helps to deliver this transcriptionally competent 

holocomplex from the LCR to the promoter with the assistance of USF, thus activating β-globin 

gene expression.  
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