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Abstract 

The human β-globin locus is a highly complex genetic system that has 

become a classical model for studying the regulation of eukaryotic gene expression.  

The locus consists of five functional β-like globin genes, ε-Gγ-Aγ-δ-β and a powerful 

upstream regulatory element, the locus control region (LCR) that is physically 

composed of five DNase-I hypersensitive sites.  The globin genes are regulated in a 

tissue and developmental stage-specific manner and are arranged spatially in the 

order in which they are expressed during development.  During development two 

switches in globin gene expression occur to accommodate the changing oxygen needs 

of the fetus. The first switch from embryonic ε- to fetal γ-globin occurs at six weeks 

of gestation and the second switch from γ-globin to adult β- and δ-globin occurs 

shortly after birth.  Intense studies of globin gene expression over the past two 

decades have enhanced our understanding considerably of the molecular mechanisms 

that together ensure a highly specialized, tissue- and stage-specific transcription 

pattern of the β-like genes during development.  From these studies many of the key 

players at the human β-globin locus have been identified.  They include the cis-acting 

regulatory elements, such as the LCR and gene-proximal regulatory sequences, 

involved in establishing and maintaining specific chromatin conformations and 

histone modification patterns throughout the locus, and transcriptional activation,  as 

well as trans-acting factors, both erythroid-specific and general.  Much of the current 

research on the human β-globin locus has been focused on further elucidating the 

mechanisms involved in the regulation of the fetal γ-globin genes in an effort to 
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develop potential therapies that will enhance fetal hemoglobin expression in 

individuals with sickle cell disease or β-thalassemia.  Therefore, two regions, O and 

P, located upstream of the δ-globin gene, that had previously been shown to function 

as silencers of the γ-globin genes in transient transfection assays were investigated. 

We hypothesized that if the O and P regions do in fact function to silence the γ-globin 

genes during development, then the deletion of these regions from the human β-

globin locus would result in the persistence of γ-globin in the adult erythroid cells    

To test this hypothesis, the O and P regions were deleted from a 213 kb human β-

globin locus yeast artificial chromosome (β-YAC).  Transgenic mice were produced 

with the modified β-YAC and the effects of this OP deletion on expression of the 

human β-like globin genes were analyzed.  Deletion of these regions resulted in the 

abolishment of ε-globin gene expression during embryonic erythropoiesis and a 

substantial decrease in β-globin globin gene expression during definitive 

erythropoiesis.  Conversely, expression of the γ-globin genes was only slightly 

affected during fetal definitive erythropoiesis.  Although these results do not indicate 

that the O and P regions are involved in silencing the γ-globin genes during 

development, they do provide some insight into the role of these regions in the 

regulation of the β-like globin genes. 
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REVIEW OF LITERATURE 
 

General description of the hemoglobin molecule and erythropoiesis 

 Hemoglobin is an iron-containing protein found in erythrocytes and is 

responsible for binding oxygen in the lungs and transporting the bound oxygen 

throughout the body for use in aerobic metabolic pathways.  The hemoglobin 

molecule exists as a tetramer composed of two α-like and two β-like globin chains, 

each of which interacts with a coordinated heme moiety so that one hemoglobin 

molecule carries four oxygens (Figure 1) (294).  The human α-like and β-like globin 

chains found within functional hemoglobin tetramers are derived from two gene 

clusters.  The α-globin genes are located on chromosome 16 and the β-globin genes 

are located on chromosome 11.  Both of the gene clusters contain not only the major 

adult genes, but also other α-like and β-like globin genes that are expressed at 

different stages of development in order to produce a hemoglobin molecule that meets 

the oxygen needs of the developing fetus (Figure 2) (129). 

 The synthesis of hemoglobin begins in the first few weeks of embryonic 

development within the blood islands of the yolk sac (primitive or embryonic 

erythropoiesis) (268).  The main type of hemoglobin, designated hemoglobin E 

(HbE), at this stage of development consists of a tetramer of two ζ-globin chains and 

two ε-globin chains (ζ2ε2) encoded within the α- and β-globin gene clusters, 

respectively.  This type of tetramer persists until 6-8 weeks of gestation, at which 

point expression this ζ2ε2 decreases dramatically, coinciding with a change in the 

location  of  hemoglobin  synthesis from the yolk sac to the fetal liver (fetal definitive  
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Figure 1.  The Hemoglobin Molecule.   

 
The α- and β-globin chains are represented by different colors as indicated       

in the figure.  The heme groups and bound iron molecules are represented 

by blue squares and red circles respectively.  Adapted from Pitman 2004 

(236). 
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Figure 2.  The α- and β-globin gene clusters. 

The human α- and β-globin loci are shown as lines, the globin genes are 

indicated as colored rectangles, and the DNase I-hypersensitive sites (HSs) 

are marked with arrows.  The human β-globin locus consists of five 

functional genes and one pseudogene.  Upstream of the ε-globin gene are 

seven HS sites, of which the first five (5’HS1-5) constitute the LCR.  

Downstream of the β-globin gene is a single HS site (3’HS1).  The human 

α-globin locus consists of five functional genes, three pseudogenes, and a 

single hypersensitive site (HS-40) upstream of the ζ-globin genes.  ε- and 

ζ-globin genes are shown in blue, γ-globin genes in green, psuedogenes in 

yellow, and α- and β-globin genes in pink. 
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erythropoiesis).  At this point hemoglobin consists of mainly α- and γ-globin chains 

that interact to form α2γ2 tetramers (HbF).  After birth, nearly all of the hemoglobin, 

consists of α2β2  (HbA) and to a lesser degree α2δ2 tetramers (HbA2) with synthesis 

occurring predominately in the bone marrow (adult definitive erythropoiesis).     

 The α- and β-globin gene clusters and protein products are tightly regulated to 

ensure that at any stage of development there is a correct balance in the availability of 

α-like and β-like globin chains.  Expression of the β-like globin genes is regulated 

predominately at the transcriptional level, by the gene proximal and distal cis-

regulatory elements, as well as by the trans-acting environment.  α-globin gene 

expression is also regulated transciptionally, although post-transcriptional 

mechanisms play a role as well (187).  Mutations within the α- and β-globin genes 

result in a variety of hemoglobinopathies, such as sickle cell anemia and α- and β-

thalassemias.      

 Organization and structure of the human β-globin locus 

 The human β-globin locus consists of five functional β-like globin genes that 

are regulated in a tissue and developmental stage-specific manner. They are arranged 

spatially in the order in which they are expressed during development (5’-ε-Gγ-Aγ-δ-

β-3’) (Figure 3A) (97, 114, 123).  Two switches of globin gene expression and site of 

hematopoiesis occur during development (Figure 3B). Initially, the ε-globin gene is 

expressed in the primitive, nucleated, erythroid cells of the yolk sac, while the γ- and 

β-globin genes are silent.  At about six weeks of gestation, the first switch occurs, as 

the  Gγ-  and  Aγ-globin  genes are activated in the definitive hematopoietic cells of the  
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Figure 3.  Human β-like globin gene expression during development. 

(A) Structure of the human β-globin locus (See Figure 2).  (B) β-like 

globin gene expression. The x-axis represents the age of the fetus in weeks. 

The y-axis represents the expression of each globin gene as a percentage of 

total globin gene expression.  The time of birth is represented by a vertical 

line.  The ε-globin expression pattern is shown in blue, γ-globin in green, 

and β-globin in pink, corresponding to the colors assigned to the genes in 

panel A.  The ζ- and α-globin expression patterns are shown in orange. 

Two switches in globin gene expression occur during development: the 

first switch occurs shortly after conception from ε- to γ-globin, and the 

second switch occurs shortly after birth from γ- to β-globin.  The switch 

from ζ- to α-globin is concomitant with the ε- to γ-globin switch. 
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fetal liver, and the ε-globin gene is silenced.  During the second switch, completed 

shortly after birth, the bone marrow becomes the major site of hematopoiesis, 

coincident with activation of the adult β-globin gene and silencing of the γ-globin 

genes.  The δ-globin gene is also activated in the erythroid cells derived from the 

bone marrow, although expression is less than 5% of that of the β-globin gene (80).   

 The intricate network of transcriptional regulation leading to the tissue- and 

developmental stage-specific expression of the human β-globin locus is mediated by 

regulatory sequences that are located both proximal and distal to the gene-coding 

regions (147).  With respect to distal regulatory elements, the most prominent is the 

locus control region (LCR).  The LCR is located 6 to 22 kb upstream of the ε-globin 

gene and is physically defined as a series of five DNaseI hypersensitive sites (HSs), 

5’HS1-5’HS5 (143, 260).  While transcription of the globin genes can be detected in 

the absence of the LCR, the LCR is indispensable for achieving high, physiological 

levels of globin gene expression at all developmental stages. In addition to its role as 

a transcriptional enhancer, the LCR confers position-independent, copy number-

dependent expression upon globin and other linked transgenes (84).  Besides those 

located within the LCR, two additional HSs, 5’HS6 and 5’HS7, located 6 and 12 kb 

upstream of 5’HS5 and one additional HS positioned approximately 20 kb 

downstream of the β-globin gene, 3’HS1, have been described (41). 

 The murine β-globin locus is very similar to the human β-globin locus in that 

it is comprised of an upstream regulatory element, the LCR and four genes, which are 

arranged  in  a  developmentally  expressed manner: εγ, βh1, βmaj, and βmin (Figure 4).   
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Figure 4.  The murine β-globin locus 
 

The murine β-globin locus is similar to the human β-globin locus in that it 

is comprised of an upstream regulatory element, the LCR, four genes, 

which are arranged in a developmentally expressed manner: εγ, βh1, βmaj, 

and βmin, and a single HS site (3’HS1) downstream of the βmin-globin gene.    

However, there are only two stages of β-like globin gene expression in the 

mouse: embryonic and adult.  Expression of the by- and βh1-globin genes 

(shown in blue) is restricted to the erythroid cells of the embryonic yolk 

sac.  The switch to expression of the adult βmaj- and βmin-globin genes 

(shown in pink) starts only after the onset of definitive hematopoiesis in 

the fetal liver at around day 11.5.  Expression of these globin genes then 

continues into adult life, when the bone marrow becomes the site of 

definitive erythropoiesis.  The βho-globin gene (shown in blue) is a weakly 

expressed embryonic gene.     
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In addition, the LCR sequences and HS arrangement between the two β-globin loci 

have been evolutionarily conserved, as have protein coding and some intergenic 

regions (120).  However, the main difference between the two loci is that the mouse 

does not possess any fetal globin genes and therefore only two stages of β-like globin 

gene expression are observed; embryonic and adult.  Expression of the two 

embryonic genes, εγ- and βh1-globin, is restricted to the primitive, nucleated 

erythroblasts originating from the yolk sac.  The switch to expression of the adult 

βmaj- and βmin-globin genes starts only after the onset of definitive hematopoiesis in 

the fetal liver at around day 11.5.  Expression of these genes then continues into adult 

life, when the bone marrow becomes the site of definitive hematopoiesis.  Despite 

this difference, transgenic mice that carry the entire human β-globin locus contained 

in a yeast artificial chromosome (YAC) display proper developmental regulation of 

all of the human genes, showing expression patterns similar, but not identical, to that 

of the endogenous murine globin genes (232).  The human ε-globin gene exhibits 

exclusive embryonic expression in the cells of the yolk sac, while the human β-globin 

gene exhibits exclusive adult expression in the cells of definitive erythropoiesis in the 

fetal liver and in adult red cells.  The human γ-globin gene is primarily expressed 

during embryonic erythropoiesis. This can be attributed to the fact that there exists an 

evolutionary homology between the human γ- and murine βh1-globin genes, both of 

which are derived from an ancestral γ-globin gene (120).  However, unlike its βh1-

globin counterpart, expression of the γ-globin genes continues into definitive 

erythropoiesis in the fetal liver and is then silenced shortly after birth, as is seen in 
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normal human erythropoiesis.  This implies that there are trans-acting factors within 

the murine fetal liver which are able to activate the γ-globin gene and that cis-

elements are present within the γ-globin gene which respond to these factors, 

conclusions that are both supported by work in transgenic mice (19, 70, 82).  

Therefore, the recruitment of the γ-globin genes to a fetal stage of erythropoiesis most 

likely occurred as a result of concerted changes in DNA sequences surrounding the 

genes, and to a lesser degree, in the trans-acting environment of the fetal liver during 

the course of evolution (281). 

 The human β-globin locus is embedded within an array of odorant receptor 

genes that are expressed in olfactory epithelium and transcriptionally silent in 

erythroid tissues (41).   In cells that do not express the globin genes, the entire locus 

remains in an inactive DNase I resistant chromatin conformation.  In erythroid cells 

however, a higher degree of sensitivity to DNase I is seen throughout the locus, 

indicating a chromatin configuration that is more open and accessible.  Studies that 

have analyzed the human β-globin locus in transgenic mice have revealed that the 

locus is divided into developmentally controlled regions of differential sensitivity to 

DNase I digestion.  The LCR lies in a region of hypersensitivity to DNase I 

throughout all stages of development.  The sensitivity of the rest of the locus, 

however, is dependent on the developmental stage of erythropoiesis.  In embryonic 

erythroid cells, sensitivity to DNase I is higher in the region encompassing the ε- and 

γ-globin genes, while in adult erythroid cells, sensitivity to DNase I is higher in the 

region containing the δ- and β-globin genes (42, 113).   
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Models for studying the human β-globin locus.  

Many experimental systems have been used to gain insight into the 

developmental regulation of the β-globin genes.  Since the best approaches involve 

looking directly at the organism itself, the chicken and mouse have been extensively 

used a model systems.  With respect to the human locus, although there is plenty of 

literature that describe affects of specific mutations on the expression of the genes 

(268), developmental analysis is challenging due to ethical and logistical reasons.  As 

a result, many alternatives have been employed.  Transgenic mice have been used 

extensively in the analysis of various aspects of globin gene regulation since many 

features of the human β-globin locus, including tissue and developmental specificity, 

are retained.  Many early experiments with transgenic mice utilized small constructs 

in the 5 kb to 35 kb size range containing portions of the human β-globin locus.  

These experiments provided useful information, but since the human β-globin locus 

extends 65 kb from the 5' end of the LCR to the 3' end of the β-globin gene, the small 

constructs required the deletion of DNA sequences that could potentially play a role 

in the regulation of β-like globin expression.  Since then, several systems have been 

developed to carry larger segments of DNA, including P1 bacteriophage, P1-artificial 

chromosomes (PACs), fosmids, bacterial artificial chromosomes (BACs) and yeast 

artificial chromosomes (YACs) (232). Of these, YACs are probably the most widely 

used because they offer distinct advantages over the other large-capacity cloning 

vectors.  First, YACs can stably maintain inserts in the 100 kb to Mb size range, thus 

allowing cloning of the entire human β-globin locus, and second, site directed 
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mutations into sequences contained within the YAC vector can be easily and 

efficiently introduced using the homologous recombination system of the yeast 

harboring the YAC (54, 137, 230).  The first human β-globin locus YAC (β-YAC) 

transgenic mice were generated by Peterson et al. in 1993 (232) and since then many 

β-YAC mice have provided a wealth of information regarding the regulation of the 

human locus.   

 In addition to in vivo approaches, cell lines have been used to study globin 

gene regulation.  Various cell lines have been isolated that reflect some aspects of 

erythroid development and specificity.  For example, mouse erythroleukemia (MEL) 

cells represent a pro-erythroblast stage cell and can be induced to differentiate into 

cells that display an adult pattern of globin gene expression.  In addition, erythroid 

cell lines isolated from the chicken, human and transgenic mice have been extremely 

helpful in studying many aspects of globin gene regulation.  Recently, immortalized 

cells from the bone marrow of β-YAC transgenic mice have been used to evaluate 

putative inducers of γ-globin.  These cells express human β-globin exclusively in the 

adult, a feature which is not seen in other cell lines, and γ-globin expression can be 

reactivated through treatment with 5’azacytidine or by the presence of a hereditary 

persistence of fetal hemoglobin (HPFH) mutation in the Aγ-globin gene (29).  It 

should be noted however, that none of the cell lines listed above reproduces the 

magnitude of globin expression as is seen in vivo nor do they fully recapitulate the 

epigenetic changes linked to development.  Therefore, much of the current research is 
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focused on manipulating the endogenous mouse locus by means of homologous 

recombination.   

Cis-regulatory elements 

 Various studies in transgenic mice produced with an array of constructs 

containing portions of, or the entire human β-globin locus have provided insight into 

the many cis-regulatory elements that are involved in the developmental regulation of 

globin gene expression.  These elements include silencers, insulators, matrix 

attachment regions/scaffold attachment regions (MARs/SARs), boundary elements, 

the LCR, gene-proximal regulatory elements, and the sequences in the Aγ-δ intergenic 

region.   

Silencers.  Silencers are elements that bind repressor protein or protein 

complexes and suppress gene expression by disrupting promoter activity in cis.  

Silencers are capable of functioning independently of their orientation, position, and 

distance with respect to target genes in a manner similar to enhancers (242).  Silencer 

elements have been identified in the flanking regions of the ε-, γ- and β-globin genes 

(discussed in detail in a later section) and act to ensure stage-specific expression of 

the globin genes.   

In an attempt to define the 5’ boundary area of the human β-globin LCR and 

study its functions, Ramchandran et al. (242) cloned and sequenced the area upstream 

of the 5’HS4 site.  The DNA sequence revealed the presence of a 40-bp region 

containing seven tandem GATA motifs within 1 kb 3’ of the HS5 site.  This (GATA)7 

motif, termed 5a, was present in a 3-kb HS5 fragment that has been previously 
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reported to possess insulator function.  However, investigation of the activity of 5a in 

transfection assays revealed that its functional characteristics more closely resembled 

those of a silencer as opposed to an insulator.  Consistent with the definition of a 

silencer, 5a repressed the activity of a cis-linked 5’HS2 enhancer regardless of 

whether a choramphenicol acetyltransferase reporter gene was driven by a 

phosphoglycerate kinase promoter or an ε-globin promoter.  In addition, repression by 

5a was independent of whether the GATA motifs were in a head to tail orientation, as 

is seen in the natural 5a, or in a head to head or tail to tail orientation.  Unlike 

classical silencers though, activity of 5a was dependent upon the distance of 5a 

relative to the 5’HS2 enhancer core.  Electromobility gel shift assays showed that 

GATA-1, but not GATA-2, bound to 5a in K562 nuclear extracts and formed a large 

5a/GATA-1 complex.  Taken together, these results suggest that GATA-1 bound at 5a 

is a strong, proximal repressor of the enhancer activity of 5’HS2 (242).  

Insulators.  Insulators are specific DNA sequence elements that prevent 

inappropriate interactions between adjacent chromatin domains.  Insulators can 

disrupt the interactions between an enhancer and promoter when placed between 

them or they can function as chromatin barriers by preventing the spread of 

surrounding heterochromatin (109, 310).  Several insulator elements have been 

described thus far, but the most extensively characterized vertebrate insulator is the 

5’HS4 element of the chicken β-globin LCR (cHS4).  cHS4 is located at the 5’ end of 

the chicken β-globin locus and demarcates the transition between the highly 

condensed upstream chromatin and the open chromatin of the globin locus (237).  
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When an integrated transgene is flanked by cHS4, it is resistant to genomic position 

effects and silencing of expression (188).   In transfection assays, cHS4 was able to 

block the activity of an enhancer when positioned between a gene and an enhancer.  

A 250-bp core cHS4 element was found to be sufficient to confer position-dependent 

enhancer blocking and chromatin barrier activities (20).  Further dissection of the 

core revealed it to be a compound element in which these two activities are separable 

(243).  A study by Mutskov et al. (207) sought to investigate the mechanism of action 

of the cHS4 insulator by examining the DNA methylation and histone acetylation 

status of insulated versus noninsulated transgenes.  They found that although the 

histones of the entire insulated transgene are highly acetylated, cHS4 only protected a 

region of the promoter that contained binding sites for erythroid-specific transcription 

factors from DNA methylation.  In noninsulated and inactive transgenes, this 

promoter region was highly methylated.  Furthermore, these transgenes were bound 

in vivo to MBD3 and Mi-2, subunits of the Mi-2/NuRD repressor complex, and this 

was accompanied by histone underacetylation over the entire transgene.  Conversely, 

in insulated transgenes, neither Mi-2 nor MBD3 were present and specific histone H3 

and H4 hyperacetylation patterns were seen across the entire insulated transgene with 

a peak of H3 acetylation over the cHS4 insulator elements.  These high levels of 

acetylation did not depend on active gene transcription and did not require the 

presence of a functional enhancer, suggesting acetylation was responsible for the 

continued unmethylated DNA status over the promoter.  Taken together, the results 

indicate that the chromatin barrier activity of cHS4 is largely due to its ability to 
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maintain high levels of histone acetylation over the region it surrounds, which in turn 

protects the promoter DNA from methylation and subsequent gene silencing (207).  

The enhancer blocking activity of the cHS4 insulator is mediated by a single 

binding site for the 11-zinc finger transcription factor CTCF (CCCTC-binding factor) 

(21).  CTCF binding sites are also responsible for the enhancer-blocking activity of 

various other vertebrate insulators as well as the chicken 3’HS.  In addition, CTCF 

has been shown to function as a positive and negative regulator of transcription, and 

is a highly conserved ubiquitous protein found in vertebrates (214).  Sequence 

analyses of the most distal DNase-I HS sites of the mouse and human β-globin loci 

revealed potential CTCF binding sites at 5’HS5 and 3’HS1 of both loci.  All of these 

sites were shown to bind CTCF in vitro and with the exception of the mouse 5’HS5 

site, functioned reasonably well in enhancer-blocking assays (86).  Further analysis 

by Tanimoto et al. of the human HS5 site revealed that its enhancer blocking activity 

was both CTCF and developmental stage specific.  Interestingly, an attenuating 

activity in HS5 that was specific to the ε-globin gene during primitive erythropoiesis 

and independent of the CTCF binding site was also observed (275).  Additional 

evidence to suggest that the human 5’HS5 harbors intrinsic insulator activity came 

from studies in human β-YAC transgenic mice and cell culture assays.  Inversion of 

the LCR with respect to the genes markedly reduced globin gene expression at all 

developmental stages.  In addition, when an ε-globin gene was placed upstream of the 

LCR, it failed to be transcribed (278).  Moreover, when used to flank a transgene in 

transfected plasmids, a 3-kb DNA fragment containing the human HS5 site was 
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capable of shielding the transgene from the effects of host DNA proximal to the 

plasmid integration sites (242).  Finally, a 3.2 kb DNA fragment containing the entire 

5’HS5 region was shown to function as a chromatin insulator in vivo.  In otherwords, 

it protected a position-sensitive Aγ-globin gene from position effects in transgenic 

mice when 5’HS5 bracketed the transgene.  The 5’HS5 insulator operated equally 

well in adult as well as embryonic erythroid cells and displayed no stimulatory effects 

of its own (181).  These findings, however, contradict with the observation that 

deletion of 5’HS5 from the endogenous murine globin β-globin locus produces no 

apparent phenotype (23).  A possible explanation to account for this discrepancy is 

that the chromatin environment surrounding the murine locus is more permissive for 

establishing an open chromatin conformation and may not require a powerful 

insulator (43).  Furthermore, the murine 5’HS5 may have lost the ability for enhancer 

blocking during evolution or may never have possessed this activity at all.  Aanalysis 

of the DNase I sensitivity within 200 kb of DNA surrounding the locus revealed that 

unlike the chicken locus, the human β-globin locus does not have a nearby transition 

in chromatin structure (97).  Therefore it has been proposed that 5’HS5 may function 

to prevent inappropriate interactions between β-globin regulatory elements and those 

of nearby regions, such as the olfactory receptor genes, many of which have strong 

enhancers (88).   

MARs/SARs.  Matrix attachment regions (MARs) or scaffold attachment 

regions (SARs) are elements that exhibit high affinity for the nuclear matrix.  

MARs/SARs have been postulated to form the base of chromatin loops and serve to 
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organize the chromatin into functional domains (296).  The dynamic and complex 

organization of the chromatin mediated by these elements plays an important role in 

the regulation of gene expression. MARs/SARs can serve as boundaries between 

transcription domains or establish loops in the DNA that may function to bring distant 

regulatory sequences in close proximity with gene promoters.  They may also act as 

physical barriers by shielding specific domains from adjacent enhancers and the 

silencing effects of heterochromatin or by providing a structural limit to chromatin 

remodeling (21).   Many putative MARs in the human β-globin locus are located in 

regions that contain a multitude of binding sites for transcription factors, some of 

which are developmentally stage-specific.  MARs found within the β-globin second 

intervening sequence (IVS2) and in the 3’ γ-globin enhancer, as well as those 

flanking the ε- and γ-globin genes are proposed to function as regulatory elements for 

specific expression of individual globin genes and/or hemoglobin switching (64, 302).  

Recent studies have suggested that MARs mediate the looping of the human β-globin 

locus in order to attain transcriptional control.  Using an in vivo based MAR PCR 

assay, Ostermeier, et al. (222) were able to examine the role of MAR-mediated 

regulation of the human β-globin locus.  They found that in non-expressing cells, the 

5’HS/LCR region of the locus is attached to the nuclear matrix to possibly facilitate 

silencing of the LCR’s enhancing activity.  In addition, two regions between the 

5’HS/LCR region and the β-globin gene were tethered to the nuclear matrix to likely 

provide a way to separate the LCR from the globin genes to ensure transcriptional 

silencing of the locus.  In response to a maturation signal, which triggers expression 
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of the globin genes, the tethered regions were released from the nuclear matrix 

followed by remodeling of the chromatin domain and the formation of new MARs 

within the locus.  Therefore, it is suggested that the release of the tethered sites would 

allow the globin gene that is intended for transcription to loop back and interact with 

the matrix-attached LCR (222).   

Boundary elements.  Boundary elements are specific cis-regulatory sequences 

that organize gene loci into distinct domains.  Boundary elements between inactive 

and active chromatin domains are an inevitable consequence of the nature of gene 

organization and must be a regular feature of eukaryotic chromosomes (21).  At the 

molecular level, insulators have been shown to be associated with boundary elements 

since they are function to prevent inappropriate interactions between adjacent 

chromatin domains.  The best characterized boundary element in vertebrates is the 

5’cHS4 insulator in the chicken β-globin locus.  5’cHS4 marks the border between 

the active chromatin structure of the β-globin locus and a 16 kb upstream region of 

consitutively condensed chromatin (237).  In is unclear whether the human β-globin 

locus is demarcated by boundary elements, since analysis of the DNase I sensitivity 

within 200 kb of DNA surrounding the locus failed to identify a site that clearly 

marks the transition between a sensitive and less sensitive domain (97).   5’HS5 is the 

homologue to cHS4 in the human β-globin locus, and therefore is has been proposed 

to function as a boundary element.  To address this issue, Wai et al. (292) investigated 

the structural and functional characteristics of 5’HS5 in the context of the full β-

globin locus.  In their studies, 5’HS5 was deleted from a P1-artifical chromosome 
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(PAC) containing the entire human β-globin locus and the affects on expression of the 

β-like globin genes as well as a marked β-globin gene inserted upstream of the LCR 

were examined in both embryonic and adult erythroid cells from transgenic mice.  

They demonstrated that 5’HS5 had no discernable activity in adult erythroid cells, 

but, surprisingly it functioned as an enhancer blocker in embryonic erythroid cells.  

From these studies it was concluded that 5’HS5 functions as a developmental stage-

specific boundary element in erythroid cells (292).   

Transgenic studies investigating the function of the region upstream of the δ-

globin gene lead to the identification of a chromatin boundary located 3 to 4 kb 

upstream of the δ-globin gene that defines two developmentally regulated chromatin 

subdomains, fetal and adult (113).  An intergenic transcripton site has been mapped in 

close proximity to this chromatin boundary 3.3 kb upstream of the δ-globin gene.  A 

2.5 kb deletion encompassing the δβ intergenic promoter and the chromatin boundary 

prevented the adult subdomain from opening which led to a drastic reduction in β-

globin gene expression (46).   

The Locus Control Region.  Locus Control Regions (LCRs) have been 

identified in many different mammalian gene systems and are defined by their ability 

to confer position-independent, copy number-dependent, high-level expression upon 

linked transgenes (180).  LCRs are usually physically composed of sites which are 

highly susceptible to DNase I digestion and are therefore accessible to various 

chromatin remodeling and trans-acting factors.   
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The LCR was first discovered in the human β-globin locus.  During the 

1980’s there was a considerable effort by several laboratories to characterize the 

DNA sequence elements responsible for the high levels of globin gene expression 

observed in erythroid cells.  Initial studies focused on the regions immediately 

flanking the genes and thus many human β-globin transgenic mice were generated 

with a variety of promoter and downstream sequences (18, 52, 162).  Although a 

great deal of useful information was obtained with regard to gene-proximal regulatory 

elements, the expression of the human β-globin gene within these transgenic mice 

was significantly below physiological levels and was highly variable between lines.  

These findings indicated the existence of additional regulatory elements outside of the 

sequences immediately flanking the β-globin gene that are required for achieving 

high levels of expression in vivo.  Evidence of a major regulatory element upstream 

of the globin genes came with the characterization of naturally occurring mutations 

that led to deregulation of the β-globin genes.  For instance, the Dutch, English and 

Hispanic forms of β-thalassemia are all characterized by large deletions involving 

regions upstream of the β-like globin genes, but the globin genes themselves remain 

intact (65, 76, 97, 158).  As a result of these deletions, the entire locus is left in a 

closed chromatin conformation and expression of the β-like globin genes is 

suppressed.  Additional support for the presence of an upstream regulatory element 

was the discovery of a series of erythroid specific DNase I HSs located in a 15kb 

region 5’ to the ε-globin gene.   When this region was linked to a β-globin gene and 

then introduced into transgenic mice, the level of gene expression was equivalent to 
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the endogenous mouse β-globin genes.  Furthermore, the expression of the human β-

globin gene was independent of the position of integration within the mouse genome 

and was copy number-dependent (114).  Therefore, these results provided definitive 

evidence for the existence of a LCR within the human β-globin locus.  

The LCR of the human β-globin locus consists of five DNase I hypersensitive 

sites, located at positions -6.1, -10.9, -14.7, -18, and -21.5 relative to the ε-globin 

gene and designated 5’HS1 to 5’HS5, respectively.  Four of the HSs (5’HS1-4) are 

erythroid-cell specific and one (5’HS5), initially thought to be constitutive, is formed 

in multiple cell lineages (182).  Each HSs contains a very highly conserved core 

sequence that is 200- to 400-bp long and characterized by multiple binding sites for 

both erythroid-specific and ubiquitous transcription factors and co-activators, such as 

GATA-1, SP1/EKLF, and AP1/NF-E2.  These cores are flanked by 500- to1000-bp 

sequences that are similar, but not identical between species (180).  Early studies 

involving small constructs containing one or all of the HSs linked to reporter genes, 

along with more recent experiments that have utilized deletions or substitutions of 

individual HSs within the context of the entire locus have helped to delineate the 

contribution of the different HSs to the overall function of the LCR. 

5’HS2.  The major property attributable to the human β-globin LCR is its 

ability to stimulate high-level expression of the globin genes throughout 

development.  Among the five HSs of the LCR, only 5’HS2 has been found to behave 

as a classical enhancer; that is, it can enhance expression of a linked transgene in a 

transient transfection assay in a distance- and orientation-independent manner.  
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5’HS3 and 5’HS4 can only function as potent transcriptional activators when 

integrated into chromosomal DNA, suggesting that the chromatin environment plays 

a role in the activity of these two HS sites (43).  Initially, it was thought that HS2 

alone was capable of providing copy number-dependent and position-independent 

expression of linked transgenes.  However, this notion was challenged when it was 

shown that 5'HS2 was able to protect from chromosomal position effects only in 

multiply integrated transgene copies and it required the presence of another LCR HS 

site to function as an enhancer in single-copy transgenes (151, 203).  The enhancer 

activity of 5’HS2 has been mapped to a 375-bp core element that contains a cluster of 

binding sites for both ubiquitous as well as tissue-specific transcription factors (50).  

Many of these binding sites are highly conserved among different species.  One of 

these highly conserved sequences is a 60-bp motif containing a tandem maf-

recognition element (MARE).  This MARE has been shown to bind to multiple 

transcription factors, including Maf homodimers, heterodimers containing a small 

Maf protein and another basic leucine zipper protein (NF-E2, Nrf1, Nrf2, Bach1, 

Bach2), and heterodimers lacking a Maf  subunit (AP1) (36, 180).  In nuclear extracts 

from MEL cells, the erythroid-specific transactivator, NF-E2, was the predominant 

protein shown to bind the tandem MAREs of 5’HS2 and NF-E2 binding activity 

correlated with globin gene expression (219).  Furthermore, transient transfection 

assays in human erythroleukemia cells demonstrated that these tandem NF-E2 sites 

are essential for the powerful enhancer activity of 5’HS2 (99).  Although MAREs are 

also located in 5’HS3 and 5’HS4, this tandem configuration is only seen in 5’HS2.  
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Furthermore, the 5’HS2 MAREs were shown to be required for nucleosome 

mobilization and histone hyperacetylation at the downstream ε-globin promoter, 

suggesting that 5’HS2 may play a role in the recruitment of chromatin remodeling 

complexes or complexes that modify histones when activating the distant globin 

genes (112, 115, 116).  To further investigate this, a recent study by Kim et al. (156), 

analyzed nucleosome remodeling and histone modifications at a transcriptionally 

active locus and one in which 5’HS2 was inactivated by mutations in the core NF-E2 

sites.  For these studies a 5.5 kb construct was used in which 5’HS2 was fused to a 

complete ε-globin gene on chromatinized episomes.  They found that in constrast to 

inactive templates, nucleosomes were mobilized in distinct areas of the active locus, 

including the 5’HS2 core and the proximal ε-globin promoter.  In the 2.5 kb regions 

between the 5’HS2 core and ε-globin gene promoter, nucleosomes were not 

mobilized, nor was restriction enzyme accessibility different from that of the inactive 

locus.  In constrast to this distinct pattern of nucleosome mobilization, histone H3 and 

H4 acetylation and H3 K4 methylation were elevated across the entire active locus, 

accompanied by the depletion of linker histone H1.  Therefore, the 5’HS2 enhancer 

acted to recruit both nucleosome remodeling and histone modifying complexes to 

cause both discrete and widespread alterations in chromatin structure (156).  Besides 

the NF-E2 binding sites, the core of 5’HS2 also contains binding sites for GATA-1, 

SP-1, and AP-1, all of which are necessary for maximal enhancer activity of 5’HS2 

(34, 268).  Furthermore, like other ehancers, 5’HS2 encodes E-box sequences, which 
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are binding sites for the basic helix-loop-helix family of transcription factors, such as 

USF, TFII-I, and Tal 1 (174). 

 Deletion of 5’HS2 in the context of the endogenous murine β-globin locus, or 

in human β-globin YAC transgenic mice did not significantly alter the expression 

levels of the β-globin genes, nor did they affect the temporal switching pattern (92, 

233).  These results suggest that 5’HS2 is not the only element of the LCR with 

enhancer activity and that there is functional redundancy between the individual HS 

sites.  However, deletion of the 375 bp core of 5’HS2 in human β-YAC transgenic 

mice significantly decreased ε-globin and γ-globin expression during primitive 

erythropoieisis, and resulted in no γ-globin expression and significantly decreased β-

globin during definitive erythropoieisis, suggesting 5’HS2 functions to enhance 

globin gene expression throughout development (43). 

5’HS3.  Another important property of the LCR is its ability to confer 

position-independent, copy number-dependent expression upon a linked trangene.  

Copy number-dependent expression is considered to be indicative of open chromatin 

structure (180).  Numerous transient and stable transfection assays, as well as studies 

in transgenic mice in which the human β-globin transgenes are located at ectopic 

sites, have suggested that the LCR possesses a positive chromatin opening activity.  

In transgenic mice carrying single copies of small, recombinant 5’HS-globin gene 

constructs, only 5’HS3 was able to confer copy number-dependent gene expression 

on the linked globin gene, suggesting that 5’HS3 possess chromatin opening activity 

(79).  5’HS3 has also been shown to activate transcription of the β-globin genes and 
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confer position-independent expression when linked to the β-globin gene and 

position-dependent expression when linked to the Aγ-globin gene (103, 104, 208). 

 All the essential properties of 5’HS3 are contained within a 225 bp core 

fragment.  Deletion of this core element from a human β-YAC in transgenic mice 

abolished ε-globin expression during embryonic erythropoiesis and γ-globin 

expression during fetal definitive erythropoiesis.  Expression of the β-globin gene 

was also significantly decreased as well, and was sensitive to chromosomal position 

effects in these mice.  These results provided evidence that there is developmental 

specificity in the interactions between the LCR and the globin genes, with 5’HS3 

being required for the activation of the ε-globin gene in embryonic erythroid cells and 

for activation of the γ-globin gene in fetal definitive erythroid cells (209).   

 The core of 5’HS3 contains four binding sites for GATA-1, that alternate with 

seven GT motifs (GT1-GT7), and a single NF-E2 motif at the 5’ end of the core 

(268).  GT motifs are bound by members of the Sp1/EKLF family of transcription 

factors through a highly conserved DNA-binding domain consisting of three zinc 

fingers and are required for the proper expression of many tissue-specific as well as 

housekeeping genes.  Of the seven GT motifs located in the 5’HS3 core, only GT6 

has been shown to display the largest difference in signal between fetal and adult 

globin expressing cells as measured by in vivo footprinting.  In a recent study, the role 

of GT6 in expression of the β-like globin genes was assessed by mutating this motif 

in a 213 kb human β-YAC (211).  Mutation of GT6 resulted in the significant 

reduction of ε- and γ-globin gene expression during embryonic erythropoiesis.  
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During defintive erythropoiesis, γ-globin expression was also significantly reduced 

while β-globin gene expression was normal.  Therefore, it was concluded the GT6 

motif of 5’HS3 is required for normal ε- and γ-globin expression during primitive 

erythropoieis and for γ-globin gene expression during fetal definitive erythropoiesis 

(211). 

5’HS4. Experiments in transgenic mice have shown that when linked to the 

Gγ-Aγ-δ-β globin genes in a cosmid, 5’HS4 acted as a strong enhancer (103).  In 

addition, it was also able to confer position-independent expression of upon linked 

transgenes in transgenic mice.  The 280 bp core of 5’HS4 contains two GATA-1 sites 

that are inverted with respect to one another, which are required for HS formation, as 

well as GT motifs and a NF-E2 binding site (268).  While 5’HS2 appears to function 

as an enhancer during all stages of development, and 5’HS3 is important for ε- and γ-

globin expression, studies have indicated that 5’HS4 plays a major role in β-globin 

gene expression in the adult (104).  To further assess the role of 5’HS4 in the overall 

function of the LCR, transgenic mice were produced with a β-YAC containing 280 bp 

5’HS4 core deletion and expression of the β-like globin genes during development 

was analyzed (210).  Deletion of the 5’HS4 core did not affect expression of the 

globin genes during embryonic erythropoiesis.  Conversely, deletion of the 5’HS4 

core resulted in a considerable decrease in γ- and β-globin gene expression during 

definitive erythropoiesis.  Furthermore, β-globin gene expressed varied between 

transgenic lines, indicating that it was influenced by the surrounding chromatin.  This 

data suggests that 5’HS4 is required for globin gene expression only in definitive 
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erythropoiesis and may be necessary for suppressing the repressive effects of negative 

chromatin on the β-globin gene during fetal and adult definitive erythropoiesis (210).  

Substitution of the 5’HS3 core element for the 5’HS4 core in an otherwise intact 

human β-globin locus YAC (β-YAC) resulted in no significant quantitative change in 

stage-specific expression of any of the human globin genes in transgenic mice, when 

compared to a wild-type β-YAC, indicating that 5’HS3 could functionally 

complement 5’HS4 activity at every stage of erythropoiesis.  Conversely, substitution 

of the 5’HS4 core element for the 5’HS3 core resulted in significant changes in globin 

gene expression patterns at every developmental stage, when compared to a wild-type 

β-YAC, indicating that 5’HS4 could not functionally complement 5’HS3 activity 

during erythropoiesis.  In the embryonic yolk sac, ε-globin expression was reduced 

and γ-globin expression was elevated.  During fetal definitive erythropoiesis, γ- and 

β-globin expression was significantly impaired, while in adult definitive 

erythropoiesis, β-globin gene expression was attenuated three- to fourfold (44).  

Taken together, these results along with the observation that deletion of the core 

element from 5’HS2, 3, or 4 resulted in the catastrophic disruption of LCR function at 

each stage of erythropoiesis, lead to the proposal that the human β-globin HS 

elements synergize to form a single functional entity that interacts with gene-

proximal regulatory elements in order to ensure proper regulation of the β-like globin 

genes.   

5’HS5.  When linked to a reporter gene in transient and stable expression 

assays 5’HS5 did not exhibit any enhancer activity, nor did it direct high-level 
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expression of the linked gene in transgenic mice.  Furthermore gain of function assays 

have not revealed a role for 5’HS5 in the direct activation of globin gene expression 

(182).  The role of 5’HS5 in the overall function of the LCR is very controversial.  A 

2.6 kb region of the LCR containing 5’HS5, that is highly conserved, has been shown 

to function as a MAR/SAR.  Therefore it has been suggested that this region might be 

important for defining the 5’ boundary of the β-globin locus.  In addition, 5’HS5 has 

also been proposed to function as silencer (242), an insulator (86, 181, 242, 278) and 

a developmental stage-specific boundary element in erythroid cells (293), as 

described in previous sections. 

5’HS1.  Analysis of naturally occurring mutations at the human β-globin locus 

along with early experiments in transgenic mice have suggested that 5’HS1 plays 

only a minor role in LCR function and globin gene expression.  For example, the 

Hispanic form of β-thalassemia is characterized by a large deletion in which 5’HS2-5 

of the LCR and a considerable amount of upstream sequence is removed, but 5’HS1 

and the globin genes remain intact (76).  As a result of this deletion, the entire locus is 

left in a closed chromatin conformation and expression of the β-like globin genes is 

suppressed, demonstrating that 5’HS1 was not sufficient to mediate LCR function.  In 

1991, a family with a 3 kb deletion that removed 5’HS1 and a co-segregating 

thalassemic allele was analyzed.  The deletion was linked to a fully functional and 

structurally normal β-globin locus in cis, indicating that 5’HS1 was not necessary for 

LCR and β-globin gene activity in vivo (165).  In transgenic mice, 5’HS1 exhibited 

no transcriptional activation activity when linked to a reporter gene (103).  In 1993, 
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Fraser analyzed the effects of the individual HS sites on the developmental expression 

pattern of the γ- and β-globin genes in transgenic mice and found that 5’HS1 exerted 

very little enhancer activity relative to the other 5’HSs.  However, an increased copy 

number-dependent level of gene expression was observed for the linked genes (104).  

Furthermore, a 1.7 kb 5’HS1 deletion from a 70 kb human β-globin locus cosmid 

construct resulted in variable gene expression and the loss of copy number-

dependence in transgenic mice (203).  Therefore, it appears that 5’HS1 functions to 

confer position-independent, copy number-dependent low-level gene expression in 

transgenic mice.   

 To further assess the contribution of 5’HS1 to the overall function of the LCR, 

Fedosyuk et al. (87) deleted a 0.8 kb 5’HS1 fragment from a 213 kb β-YAC and 

analyzed globin gene expression patterns during development in transgenic mice.  In 

contrast to the above data, this deletion led to a significant reduction of ε-globin gene 

expression during primitive erythropoiesis and a decrease in γ-globin gene expression 

during the fetal stage of definitive erythropoiesis.  These results, therefore, suggest 

that 5’HS1 does in fact play a more important role in LCR function that was 

previously thought.  Consistent with this, in gene therapy constructs 5’HS1 was 

required to attain optimal expression levels of β-globin transgenes directed by the 

LCR, implying 5’HS1 may be involved in aligning regulatory elements within the 

LCR with the globin gene promoters and/or enhancers (227).  Moreover, 

phylogenetic analyses of the LCRs of mammalian β-globin gene clusters revealed 

conservation of 5’HS1 sequences between species, suggestive of an important role in 
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globin locus structure during hematopoiesis for 5’HS1 (121).  Targeted deletion of 

5’HS1 from the endogenous murine β-globin LCR reduced expression of the linked 

genes by up to 24% without disrupting temporal globin gene expression patterns. In 

addition, the murine 5’HS1 did not appear to exhibit any developmental stage-

specificity as did the human 5’HS1 in transgenic mice (22).   This discrepancy could 

be the result of a functional difference between the mouse and human 5’HS1 or the 

effect that occurs when studying human trangenes versus the endogenous murine 

locus. 

3’HS1.  3’HS1 of the human β-globin locus is located approximately 20 kb 3’ 

of the β-globin gene and although it was initially described as an erythroid-specific 

site, has since been shown to be present in several nonerythroid as well as 

nonhematopoietic cell lines (69).  Initial characterization of 3’HS1 showed that it is 

actually a composite of at least three HS sites surrounding a very A/T-rich region of 

DNA.  This unusually high A/T content may allow the DNA to form a more open 

conformation since alternating purine-pyrimidine sequences have been shown to 

prevent the formation of nucleosomes (166).  In addition, 3’HS1 contains two 

topoisomerase II recognition sequences, four GGTGG motifs as well as several 

binding sites for GATA-1 and AP-1/NF-E2.  Gel mobility shift assays indicated that 

3’HS1 interacted with GATA-1 and AP-1/NF-E2 in vitro and functional studies 

showed that this region served as a scaffold attachment region (SAR) in both 

erythroid and nonerythroid cell lines (94).  Although these findings do not reflect the 

in vivo situation, they are consistent with previous studies that demonstrated close 
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associations between SARs, topoisomerase recognition sites, and enhancer elements 

(61).  Many of the physical features of 3’HS1 are shared by 5’HS2, the major 

enhancer element of the LCR.  However when linked to a γ-globin reporter gene, 

3’HS1 did not exhibit any enhancer activity in transient transfection assays (94). 

The human β-globin locus is embedded within an array of functional odorant 

receptor (OR) genes, and several of these genes are included within the same open 

chromatin domain as the β-globin genes in erythroid cells (41). Therefore it was 

postulated that 3’HS1 may serve as an insulator to prevent inappropriate interactions 

between the regulatory elements of the two gene clusters.  In 2002, Farrell et al. (86) 

found that 3’HS1 contained a conserved binding site for the vertebrate insulator 

protein CTCF (see above section for description).  Subsequently, 3’HS1 was shown 

to bind CTCF in vitro and function as an insulator in enhancer-blocking assays.  The 

presence of an enhancer-blocking element at 3’HS1 could prevent the LCR and/or 

other positive regulatory elements within the β-globin locus from activating the 

downstream OR genes.  Alternatively, 3’HS1 could prevent strong downstream 

enhancers from inappropriately activating the β-globin genes (86).   

 Recently, 3’HS1 was found to participate in spatial interactions between the 

LCR, the active β-globin genes, and an upstream HS site (HS-110) to collectively 

generate an active chromatin hub (ACH) (discussed in detail later) at the human β-

globin locus (280).  In mouse erythroid progenitor cells that do not express β-globin 

yet, a substructure of the ACH consisting of 3’HS1, HS-60/-62 (HS-110 in humans), 

and HS sites of the 5’ end of the LCR (5’HS 4, 5, and 6), that is not associated with 
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transcription is already present, suggesting that 3’HS1 may play more of a structural 

role that is not related to transcription (225).        

 Gene-proximal regulatory elements.   In addition to the LCR, gene proximal 

regulatory elements including the individual promoters are essential in globin gene 

regulation.  Early studies in transgenic mice revealed that the sequences within and 

immediately flanking each globin gene contain sufficient information for the correct 

initiation of transcription and appropriate developmental regulation in these mice 

(147, 176).  The promoters of all the globin genes exhibit significant homology, but 

they also contain unique sequences which may be responsible for conveying 

appropriate stage-specific expression of the globin genes during development. 

ε-globin Gene.  Analysis of ε-globin constructs with various promoter 

truncations revealed the presence of multiple elements that are involved in its 

regulation.  Conserved CCAAT and CACCC box elements are necessary for function 

of the proximal promoter and a highly conserved GATA motif at -160 bp is essential 

for response to the 5’HS2 enhancer (111, 205).  In addition, multiple positive 

regulatory elements have been identified in the first 800 bp 5’to the ε-globin gene, 

two of which act in a synergistic manner (178).  Furthermore, the ε-globin gene and 

its flanking regions are highly conserved among mammals, more so than those 

surrounding the γ- and β-globin genes, suggesting the presence of extensive 

regulatory sequences (258).   

Transgenic mice containing only the ε-globin gene linked to the LCR exhibit 

abundant ε-globin gene expression that is specifically restricted to the cells of the 
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embryonic yolk sac (241).  This finding indicated that all of the sequences required 

for silencing the ε-globin gene during the fetal and adult stages of erythropoiesis are 

contained within or adjacent to the gene.  These sequences have been mapped to four 

regions, about -3000 relative to the mRNA cap site, which is also the site of a 

MAR/SAR sequence, between -2000 and -460, between -460 and -180, and in the 

minimal promoter (178).  Point mutations or deletions of these regions result in the 

persistence of ε-globin transcription in the adult erythroid cells of transgenic mice.  

The region located between -182 and -467 bp from the transcription initiation start 

has been shown to function as a classic silencer in cell culture assays and transgenic 

mice.  This silencer contains binding motifs for GATA-1 and YY1, as well as a 

CACCC element, all of which are important for transcriptional suppression of the ε-

globin gene.  In trangenice mice disruption of either the GATA-1 or YY1 site is 

sufficient for derepression of ε-globin transcription in the adult whereas 

overexpression of GATA-1 results in the specific decrease of human ε-globin 

expression (177, 240).  However, contrary to these results, when the entire silencer 

region was deleted in β-YAC transgenic mice, human ε- and γ-globin expression was 

abolished in the embryonic yolk sac of transgenic mice, suggesting that this region 

has multiple functions during primitive erythropoiesis (191).  Additionally two direct 

repeat (DR) elements located in the proximal ε-globin promoter have been shown to 

bind a repressor complex called direct repeat erythroid-definitive binding protein 

(DRED), which mediates silencing of the ε-globin gene during definitive 

erythropoiesis.  The DR elements overlap with CACCC boxes and therefore DRED 
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binding is thought to prevent interaction of EKLF, an activator of globin gene 

expression, with the promoter (277). 

γ-globin Genes.  The study of the Gγ-and Aγ-globin gene promoters has been 

very intense because of the ameliorating effects the synthesis of fetal hemoglobin 

(HbF) has in patients with sickle cell disease and β-thalassemia.  A condition known 

as hereditary persistence of fetal hemoglobin (HPFH) is characterized by the 

sustained expression of the fetal γ-globin genes in the adult stage of erythroipoiesis.  

Two classes of HPFHs have been described, deletional HPFH, in which sequences 

from the 3’ end of the β-globin locus including the δ- and β-globin genes are deleted 

(discussed in detail later), and nondeletional HPFH, in which point mutations within 

the Gγ- and Aγ-globin genes allows the persistence of γ-globin expression in adult 

erythroid cells (96).  Many of the point mutations that cause nondeltional HPFH have 

been identified within the first 300 bp of the γ-globin promoters.  Most of these 

mutations are located in binding sites for various transcription factors, and either 

create new factor binding motifs or destroy existing ones (190).  The two γ-globin 

gene promoters have nearly identical sequences and contain a canonical TATA box, a 

duplicated CCAAT box, which is a unique feature of the γ-globin promoters, and a 

single CACCC box, all of which are required for optimal γ-globin expression (268).   

The competition model of globin gene regulation (discussed in detail later) 

states that the γ-globin genes preclude expression of the β-globin gene in early 

development by competing for interaction with the LCR (267).  An Aγ-globin gene 

with 161 bp of sequence 5’ of the transcription start is sufficient for suppressing the 
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β-globin gene in embryonic/fetal erythroid cells in transfection studies, and the TATA 

and CACCC elements are necessary for this effect (252).  To further characterize the 

role of these elements in vivo, transgenic mice were produced with constructs 

containing 5’HS3 and 5’HS2 of the LCR, the Aγ-globin gene with various promoter 

mutations, and the β-globin gene (251).  Analysis of γ- and β-globin expression 

patterns in these mice revealed that the γ-globin TATA and CACCC elements played 

important, distinct roles in preventing inappropriate early β-globin expression and 

acted coordinately to regulate γ- and β-globin gene expression during different stages 

of development.  While the TATA element was required for γ-globin expression in 

the embryo and fetus, the CACCC element exhibited a stage-specific effect in the 

fetus.  However, both elements were required to effectively silence the β-globin gene 

in early development.  Based on these results, it was suggested that the TATA and 

CACCC elements function to silence the β-globin gene by binding transcription 

factors that favor the expression of the γ-globin genes and preclude expression of the 

β-globin gene (251). 

In addition to these elements, the proximal promoter contains an element 

between -53 and -35 that has been shown to suppress early β-globin gene expression.  

This element, known as the stage selector element (SSE), binds to the stage selector 

protein (SSP) and mediates the competitive silencing of the adult β-globin gene by a 

linked γ-globin gene during the fetal stage of definitive erythropoiesis by allowing the 

preferential interaction of the LCR with the γ-globin promoter (145).   Further support 

for the SSE in globin gene switching comes from evolutionary phylogenetic 
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footprinting studies that demonstrate it to be conserved in species with a distinct stage 

of fetal globin expression and lost in species in which expression of the γ-globin gene 

homologue is restricted to embryonic erythroid cells (117).   

Numerous in vivo and in vitro studies of the structure and function of the γ-

globin gene promoter have provided evidence that, like the ε-globin gene, the γ-

globin gene is autonomously silenced during development.  Substitution of the human 

β-spectrin promoter for the human Aγ-globin promoter in a cosmid construct severely 

impaired silencing and thus provided evidence for the role of the γ-globin gene 

promoter in γ-globin silencing (250).  Studies in transgenic mice in which the human 

γ-globin gene is driven by either the human or galago γ-globin promoter have been 

utilized to investigate the developmental regulation of the γ-globin gene (183).  The 

human γ-globin gene and the orthologous galago γ-globin gene both evolved from an 

ancestral embryonic globin gene.  In humans, expression of the γ-globin gene was 

recruited to the fetal stage of development, while in galago, expression remained 

restricted to the embryonic stage (120, 226).  In transgenic mice, the galago and 

human γ-globin genes retain their stage-specific expression patterns when linked to 

5’HS2 making the above approach useful in localizing the cis-elements responsible 

for developmental specificity of the γ-globin genes (304).  By exchanging individual 

elements of the human and galago γ-globin gene promoters, it was demonstrated that 

the minimal promoter, in particular the CACCC box was largely responsible for 

silencing the galago γ-globin gene during definitive erythropoiesis.  In the region 

containing the γ-globin CACCC box, a 4 bp difference exists between the human and 
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galago sequences (183)  This difference could result in the differential binding of 

erythroid-specific transcripton factors, such as FKLF (discussed in later section) 

thereby allowing expression of the human γ-globin gene to continue into fetal 

definitive erythropoiesis.  Studies in transgenic mice have established a role for the 

human γ-globin CACCC box in the reactivation of the γ-globin gene in the adult 

(184).  Therefore, the results from the above study suggest that in addition to its 

positive role in transcription, the human γ-globin CACCC box may also function as a 

negative element in vivo, by aiding in the recruitment of repressor complex to the γ-

globin promoter (183).  In certain conditions, for example, in HPFH patients, binding 

of this repressor complex would be prevented, resulting in the re-establishment of the 

interaction between the LCR and γ-globin promoter, leading to the reactivation of the 

γ-globin gene.  Like the CACCC box, the γ-globin CCAAT box may also play a dual 

role in the developmental regulation of the γ-globin genes.  In vitro studies along with 

experiments in transgenic mice have demonstrated a positive role for the CCAAT box 

in γ-globin expression (78).  A negative role for the CCAAT box was suggested by a 

recent study.  Omori et al. (218) showed that the repressor complex DRED, which 

contains a nuclear receptor TR2/TR4 heterodimer, binds to a direct repeat (DR) 

element that partially overlaps the γ-globin CCAAT box to mediate adult-stage γ-

globin silencing.  In fact, the Greek -117 G→A HPFH mutation alters this DR site 

and prevents binding of DRED.  This -117 HPFH mutation was also shown to reduce 

binding of GATA-1 at the γ-globin promoter, suggesting that GATA-1 might function 

as a respressor of γ-globin expression (183).    
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Analysis of γ-globin gene expression in transgenic mice carrying various γ-

globin promoter truncations revealed the presence of a putative silencer element 

located between -378 to -730 in the distal Aγ-globin promoter (269).  Evidence to 

support a role for this sequence in silencing of the Aγ-globin gene was recently 

obtained from experiments in transgenic mice carrying mutant β-YACs (124).  When 

a marked β-globin gene was placed upstream of the ε-globin gene, it was expressed 

during all stages of development.  However, when a marked Aγ-globin gene (Aγm) was 

placed in the same location, it was expressed in embryonic and fetal erythroid cells, 

but was silenced in adult erythroid cells.  Furthermore, when the putative silencer 

region (-378 to -730) of the promoter was deleted from the Aγm-globin gene, 

expression was detected at 1% of the murine α-globin gene in adult blood, which was 

in contrast to wild-type β-YAC mice that do not express any γ-globin during adult 

definitive erythropoiesis.  Therefore, these results suggest -378 to -730 region of the 

Aγ-globin promoter functions as a γ-globin gene silencer during adult definitive 

erythropoiesis (K. Peterson personal communication).  Interestingly, a mutation in a 

GATA site within this region that gives rise to a HPFH phenotype has been recently 

identified (153).   

Transient transfection experiments led to the identification of a putative 

enhancer element in a 750-bp region downstream of the Aγ-globin gene (70).  This 

element was shown to be sensitive to digestion with DNase I in erythroid cells and 

contain binding sites for SATB1 and GATA-1 (238).  However, subsequent 

experiments in transgenic mice indicated that this region did not play a role in 
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enhancing γ-globin gene expression, but rather suggested it was involved in silencing 

of the γ-globin genes.  Transgenic mice carrying a γ-globin gene construct lacking 

this 3’ element exhibited continued γ-globin expression into the adult while 

transgenic mice containing the γ-globin gene as well as this element, displayed proper 

developmental silencing of the gene in the adult (176).  It should be noted however, 

that these experiments can not be compared directly because of differences in DNA 

constructs.  Nevertheless, it is likely that this element has a functional role, because 

its presence in μLCR-γ gene constructs protects the γ-globin gene from chromosomal 

position effects, possibly by stabilizing interactions between the γ-globin gene and the 

LCR (269).       

β-globin Gene.  The proximal region of the adult β-globin promoter contains 

regulatory elements, including a TATA box, a CCAAT box, and two CACCC boxes 

that bind a number of different transcription factors.  The CCAAT box region is 

essential for promoter function in erythroid cells and has been shown to bind CP1, 

GATA-1 and a factor called NF-E6 (268).  CP1 is thought to be a positive regulator at 

the CCAAT box, however this has not yet been confirmed in vivo.  GATA-1 binds 

very weakly to the CCAAT and therefore is probably not functionally important at 

this position.  NF-E6 appears to play a role in vivo since overexpression of a 

dominant negative mutant of NF-E6 in transgenic mice leads to a defect in 

erythropoiesis in general and an alteration of the ratio of γ- to β-globin gene 

expression.  Of the two CACCC boxes, the proximal one appears to be more 

important for promoter function since the erythroid transcription factor EKLF binds 
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to it in vivo (202).  Upstream of the TATA box lies a G-rich sequence known as the 

β-globin direct-repeat element (β-DRE) that consists of a directly repeated 10-bp 

sequence.  This element is located in a position homologous to the SSE in the γ-

globin promoter (-53 to -32) and is highly conserved in all adult mammalian β-globin 

promoter sequences (270).  Mutation of the β-DRE in erythroid cells resulted in a 

nine-fold decrease in promoter activity in transfection assays, and a DNA-binding 

activity termed β-DRf with specificity for the this element has been identified (271).  

In addition to the β-DRE, the proximal promoter contains an evolutionarily conserved 

21-bp (-115 to -136) promoter conserved sequence (PCS) that is important for β-

globin promoter activity.  A helicase-like transcription factor (HLTF) with DNA-

dependent adenosine triphosphate (ATPase) activity, belonging to the SWI2/SNF2 

protein family, has been shown to bind the PCS as well as a partly homologous 

sequence at the NF-E2 site of 5’HS2.  Mutational analysis of PCS along with 

transient transfection assays indicated that HLTF is an activator of β-globin 

transcription.  Furthermore, overexpression of HLTF in K562 cells activated 

transcription of the endogenous β-globin gene but not the ε- or γ-globin genes (195).   

Transient transfection assays led to the identification of two silencer elements 

located upstream of the β-globin gene at positions -530 bp and -300 bp relative to the 

mRNA cap site (268).  Both of these elements were shown to bind a member of the 

Distal-less (DLX) homeobox gene family called beta protein 1 (BP1) and repress 

adult β-globin gene expression.  Expression of BP1 is highly regulated throughout 

erythroid differentiation.  It is expressed predominately in the fetal liver and is down-
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regulated during erythroid maturation when the β-globin gene is activated.  

Interestingly, the architectural proteins, high mobility group (HMG)-1 (Y) and HMGI 

bind at or near the BP1 sites in the -530 and -300 silencer elements respectively and 

bend the DNA to possibly facilitate the binding of BP1 and other repressor proteins to 

these regions (75). 

The β-globin gene has been reported to contain two enhancer elements, one 

situated at the second intron and third exon junction and another located downstream 

of the poly-A site (7).  The activity of the internal enhancer has been established in 

transgenic mice and in transfection assays in MEL cells, but its role has yet to be 

confirmed in the context of the entire locus.  The 3’ β-enhancer contains four binding 

sites for GATA-1 and has been shown to function as an adult stage-specific activator 

in transgenic mice (162).  Furthermore, deletion of this enhancer from a YAC that 

contains the entire human β-globin locus resulted in the significant loss of β-globin 

expression in transgenic mice (191).  

δ-globin Gene.  The δ-globin gene is expressed during adult erythropoiesis, 

but at very low levels due to the absence of a functional CACCC box capable of 

binding EKLF.  Insertion of the β-globin CACCC box at the correct position in the δ-

globin promoter increased its expression by nearly ten-fold, thus presenting another 

potential approach for gene therapy of sickle cell disease (72). 

Aγ-δ intergenic region.  Genetic disorders that alter hemoglobin switching 

have provided naturally occurring molecular models for studying the regulation of the 

human β-globin locus and mechanisms which control β-like globin gene switching 
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during development.  Persistent expression of the human γ-globin genes in the adult 

stage of erythropoiesis is often caused by a number of naturally occurring deletions 

which remove the intergenic Aγ-δ sequences, the δ- and β-globin genes, and 

extensive sequences 3’ to the β-globin gene.  The sustained expression of γ-globin 

genes associated with such deletions can be classified into two phenotypically 

discrete syndromes: hereditary persistence of fetal hemoglobin (HPFH) and (δβ)o-

thalassemia.  HPFH results in a substantial (14%-30%) pancellular elevation of γ-

globin expression, whereas (δβ)o-thalassemias result in a much lower level (2%-15%) 

of heterocellular expression in the adult stage (96, 268).  The structural mapping of 

the 5’ breakpoints of the deletions that give rise to either δβ-thalassemia or HPFH 

have suggested that there are cis-regulatory elements within the Aγ-δ intergenic 

region involved in the developmental silencing of the γ-globin genes or the activation 

of the β-globin gene in the adult.   In fact, the presence of multiple positive and 

negative regulatory elements within this region could explain the why seeming 

similar structural deletions give rise to different phenotypes (δβ-thalassemias versus 

HPFH) (106).  Transient transfection assays were performed with various elements 

within the Aγ-δ intergenic region to identify possible sequences that may be involved 

in either silencing or activating expression of the γ-globin genes.  These studies 

demonstrated that sequences in regions upstream of the δ-globin gene, present in most 

δβ-thalasemmia mutations and deleted in many of the deletion HPFH variants, may 

play a role in silencing the γ-globin genes during development (1, 106).  For example, 

the O, P and R regions, located approximately 3.4 kb, 2.6 kb and 2.3 kb upstream of 
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the δ-globin gene respectively, have all been implicated silencers of γ-globin gene 

expression (3, 290).  Furthermore, a 250 pyrimidine (PYR)-rich DNA sequence 

located 1 kb upstream of the 5’ δ-globin gene, binds to a chromatin remodeling 

complex known as PYR (216) (discussed in detail later).  Deletion of a 511-bp region 

of DNA including the PYR binding site from a human β-globin locus cosmid delays 

γ-globin silencing and β-globin activation in transgenic mice (215).   

A recent publication by Chackalova et al. (51), has provided the solid 

evidence that the human Aγ-δ intergenic sequences are involved in the reactivation of 

the γ-globin genes during adult definitive erythropoiesis and perhaps in normal 

hemoglobin switching.  They found that two patients homozygous for the Corfu δβ-

thalassemia mutation had 88% and 90% fetal hemoglobin, exhibited only a mild 

anemia, and had no transfusion requirements.  The Corfu δβ-thalassemia mutation is a 

naturally occurring 7.2 kb deletion that removes the 5’ part of the δ-globin gene as 

well as approximately 6 kb of upstream sequence. Including in this deletion is the δβ 

intergenic promoter, the PYR binding stie, and the proposed chromatin boundary 

(52).  Furthermore, the Corfu mutation is the smallest known deletion which removes 

a critical 1-kb region, located approximately 3 kb upstream of the δ-globin gene, that 

appears to be the minimal region of difference between deletions that cause HPFH or 

δβ-thalassemia (46, 113).  By using RNA fluorescence in situ hybridization on 

erythroid cell cultures from the two patients homozygous for the Corfu deletions, the 

authors demonstrated that γ-globin gene transcripts were greatly increased at each 

locus, as compared to similar cultures from healthy individuals, concomitant with a 
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decrease in β-globin transcripts.  In addition, the levels of γ-globin mRNA and γ-

globin were correspondingly high in Corfu homozygotes, a phenomenon that was not 

observed in heterozygotes (51).  These results indicated that the Corfu deletion alone 

was able to almost completely reactivate expression of the γ-globin gene in adult 

erythroid cells.  Moreover, the data observed could also be the result of a delay in γ- 

to β-globin gene switching since the Corfu deletion removes binding sequences for 

the PYR complex.  At this point, the PYR complex is the only such complex that has 

been shown to be present in adult hematopoietic cells, but absent in embryonic/fetal 

cells (116).  These observations along with the fact that the PYR binding site is 

located between the γ- and β-globin genes and alters its conformation in the presence 

and absence of PYR complex indicates a role for the PYR complex in human 

hemoglobin switching (15).  Combined data from the Corfu deletion patients and the 

PYR studies suggest that while the interactions between the human β-globin LCR and 

transcription factors with downstream globin sequences are essential for maximal 

expression of the globin genes, the sequences in the Aγ-δ intergenic region and the 

trans-acting factors that bind to those sequences, are critical in the processes of γ- to 

β-globin gene switching and γ-globin gene reactivation in the adult.   

A 2003 study by Gaensler et al. (106) analyzed the effects of two deletions 

within the Aγ-δ intergenic region were analyzed and considerably different findings 

were observed in comparison to the data from the above studies. They found that 

deletion of either a 12.5 kb fragment encompassing most of the Aγ-δ intergenic 

region or 3.2 kb upstream of the δ-globin gene encompassing the δβ intergenic 
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promoter from a 150-bp β-YAC did not affect normal stage-specific temporal patterns 

of ε-, γ-, and β-globin gene expression (106).  The mechanism leading to increased 

levels of γ-globin expression in HPFH individuals with large deletions involving the 

entire intergenic region along with the δ and β structural genes has been shown to be 

due, at least in part, to the juxtaposition of normally distant enhancer elements into 

the 3’flanking region of the γ-globin genes further arguing against a role for this 

region in regulating γ-globin gene expression (164, 268), 

The trans-acting factors 

Numerous transcription factors that are involved in the developmental 

regulation of the human β-globin locus have been identified and characterized.  These 

factors form a complex network of protein-protein and protein-DNA interactions with 

each other as well as with the LCR and other cis-acting elements within the locus.  A 

number of these factors are subject to post-translational modifications such as 

acetylation, phosphorylation and ubiquitination, which influences some of their 

functions, including DNA binding, protein-protein interactions, transcription 

activation and repressor function.      

EKLF.  Erythroid Krüppel-like factor (EKLF) is an erythroid-specific 

transcription factor that is essential for directing high-level expression of the adult β-

globin gene.  EKLF accomplishes this by binding, via its three C-terminal C2H2 zinc 

fingers, to the CACCC element in the proximal promoter of the β-globin gene (199).  

Although CACCC elements are also found within the promoters of the ε- and γ-

globin genes, EKLF exhibits preferential binding to the adult β-globin element, 
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thereby implicating it as a possible globin switching factor (73).  Consistent with this 

idea an EKLF null mutation in mice results in embryonic lethality at the time of the 

switch from primitive to definitive erythropoiesis due to a profound β-thalassemia 

(213).  Furthermore, analysis of human globin expression in compound EKLF-

null/human β-globin transgenic mice showed that the human ε- and γ-globin genes 

were expressed at normal levels in embryonic erythrocytes, with γ-globin expression 

persisting beyond the point at which it is normally silenced and at a level five-fold 

higher than in the presence of EKLF (26, 299).  Conversely, overexpression of EKLF 

resulted in an earlier switch from γ- to β-globin expression in transgenic mice (279).  

Collectively, these results suggest that EKLF is important in completing the switch 

from fetal to adult globin, possibly by enabling the β-globin promoter to assume a 

structure that allows for preferential interaction with the LCR over the ε- and γ-globin 

promoters.   

In addition to its effects on transcription, EKLF also plays a role in 

remodeling the chromatin structure at the β-globin locus.  Absence of EKLF leads to 

the complete loss of a developmentally specific DNase-I HS at the β-globin promoter 

and a decrease in sensitivity of 5’HS3 within the LCR (299).  A potential molecular 

mechanism to account for these affects was revealed using an in vitro chromatin 

reconstitution assay (9).  EKLF was found to require a SWI/SNF-related chromatin 

remodeling complex (E-RC1) to generate an open and transcriptionally active 

chromatin structure at the β-globin promoter.  The absence of either EKLF or E-RC1, 

or the presence of a mutated EKLF binding site, resulted in a closed chromatin 
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structure that was refractory to transcription.  Purification of E-RC1 showed that it 

contained BRG-1, BAF170, BAF155, and INI1, all homologs of yeast SWI/SNF 

subunits, as well as BAF57, which is a subunit unique to higher eukaryotes (9).  

Studies utilizing these various subunits have revealed a direct protein-protein 

interaction between BRG-1, the ATPase component of E-RC1, and the zinc finger 

DNA binding domain of EKLF that was sufficient for the remodeling and activation 

of a chromatinized β-globin promoter template in vitro (39).  Therefore, E-RC1 may 

act as a bridge between EKLF and the transcription machinery.  Once the chromatin 

is remodeled at the β-globin promoter by EKLF and E-RC1, the activation domain of 

EKLF can then recruit additional factors to initiate transcription.   

Recently, EKLF was shown to play an essential role in the three-dimensional 

organization of the murine β-globin locus.  Using chromatin conformation capture 

(3C) technology, Drissen et al. (77) demonstrated that EKLF was required for the 

formation and/or the stabilization of a fully functional active chromatin hub (ACH) 

(discussed in a later section) at the β-globin locus.  In EKLF knockout mice, the 

spatial interactions between the LCR, the βmajor-globin gene promoter, upstream HS 

sites and 3’HS1, which define the ACH, are lost.  As was mentioned above, in EKLF 

knockout mice, the absence of these spatial interactions coincides with the loss of 

chromatin accessibility at the adult β-globin promoter and 5’HS3 (299).  Therefore, it 

was concluded that EKLF is essential for HS site formation and the participation of 

the LCR and β-globin promoter in the ACH, most likely through interactions with E-

RC1 (77). 
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Many studies have indicated that EKLF is expressed in cell lines and erythroid 

tissues that do not produce adult β-globin.  One possible explanation that may 

account for this observation is that post-translational modifications of EKLF may 

differ within these cell populations to control its activity.  EKLF is a known target for 

histone acetyltransferases (HATs) (307).  HATs utilize multiple mechanisms to 

enhance transcription, including serving as bridging molecules between the basal 

transcription apparatus and activators, and modifying histones to disrupt higher order 

chromatin structure.  In addition, HATs can alter the molecular properties of non-

histone transcription factors (30).  EKLF interacts in vivo with the co-activators CBP 

(CREB-binding protein)/p300 and P/CAF, both of which harbor intrinsic HAT 

activity. However, only CBP/p300 acetylate EKLF and enhance its transcriptional 

activity at the β-globin promoter in erythroid cells (35, 307).   Acetylation of EKLF 

does not affect its ability to bind DNA but allows for a more efficient complex 

formation with E-RC1.  The acetylation sites of EKLF map to two lysine residues, 

one in the activation domain (K288) and one in the zinc-finger DNA binding domain 

(K302).  Directed mutagenesis of these residues showed that K288 is required for 

maximal transactivation of the β-globin promoter and SWI/SNF interaction, whereas 

K302 is not (308).  Recent studies by Chen et al. (57) revealed an unexpected role for 

K302 in transcriptional repression as it is required for the interaction of EKLF with 

the repressor complex mSin3A/HDAC.  These findings led to the proposal of a model 

whereby the acetylation status of K288 and K302 is a critical determinant of EKLF’s 

ultimate function in the cell (Figure 5).  
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Figure 5.  Proposed model for EKLF activation or repression. 

EKLF is acetylated by CBP/p300 at two lysine residues, K288 and K302.  

Acetylation of K288 has been proposed to allow for optimal interaction 

with SWI/SNF (through BRG-1).  K302 is crucial for interaction with 

Sin3A, therefore suggesting a model whereby the acetylation status K288 

and K302 plays a critical role in whether EKLF behaves as an activator or 

repressor.  Adapted from Chen 2004 (57). 
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Another post-translational modification that has been shown to regulate the 

activity of EKLF is phosphorylation.  The proline-rich transactivation domain of 

EKLF contains many serine and threonine residues that serve as targets for various 

kinases (26).  More specifically, this domain contains a casein kinase II (CKII) site 

which when disrupted completely abolished the transcriptional activity of EKLF 

(223).  CKII is an ubiquitously expressed enzyme that has been shown to modify the 

activity of many transcription factors, including ATF, p53, and c-Jun (291).  In MEL 

cells, CKII was shown to phosphorylate EKLF and enhance its transcriptional activity 

on an adjacent promoter (223).  The phosphorylation of EKLF is thought to increase 

its transcriptional activity by modulating its protein-protein and protein-DNA 

interactions since the CKII site is located in a region important for both intra- and 

inter-molecular interactions (27).   

FKLF, FKLF-2, BKLF and LKLF.  Given that EKLF appears committed to 

consolidating the switch from fetal γ- to adult β-globin expression, and because other 

genes of the locus also contain CACCC elements within their promoters, a search to 

identify related factors that are involved in embryonic and fetal globin expression 

resulted in the identification of FKLF (KLF11), FKLF2 (KLF13), and BKLF (10, 11, 

62).  FKLF (fetal Krüppel-like factor) was cloned from fetal globin-expressing human  

fetal erythroid cells and was found to activate the ε- and γ-globin gene promoters, 

and, to a much lesser extent, the β-globin promoter in luciferase assays (11).  Studies 

utilizing reporter constructs with CACCC element deletions demonstrated that 

FKLF’s ability to activate the γ-globin gene was entirely dependent on the presence 
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of the -140 CACCC element within the promoter.  In addition, transfection of K562 

cells with FKLF cDNA lead to an increase in the expression of the endogenous γ- and 

ε-globin genes, suggesting a possible in vivo role for FKLF in embryonic and fetal 

globin gene expression (11).  However, recent work by Song, et al. (263), found that 

targeted inactivation of the FKLF gene in mice had no effect on globin gene 

expression or hematopoeisis.   

FKLF-2 was cloned from murine yolk sac and its human homologue from 

human fetal liver.  In transient transfection assays, FKLF-2 activated mainly the γ-, 

and to a lesser extent, the ε- and β-globin gene promoters.  FKLF-2 also activated 

other erythroid specific promoters such as GATA-1, ferrochelatase, and glycophorin 

B, suggesting a possible role for FKLF-2 in erythroid differentiation (10).  Activation 

of the γ promoter by FKLF-2 occurs through the CACCC sequence at position -142 

but also through other sequences including those surrounding the TATA box.  Both 

CBP/p300 and p300/CBP-associated factor (PCAF) have been shown to act in 

conjunction with one another to stimulate the transcriptional activity of FKLF-2 

(264).  PCAF and CBP acetylate specific and overlapping lysine residues located 

primarily within the zinc finger binding domain of FKLF-2.  Acetylation by CBP 

disrupts the ability of FKLF-2 to bind DNA.  PCAF blocks CBP disruption of FKLF-

2 DNA binding by preventing the acetylation of FKLF-2 by CBP.  Conversely, the 

acetylation of FKLF-2 by CBP prevents the PCAF-mediated stimulation of FKLF-2 

DNA binding.  The observations that PCAF and CBP act antagonistically with 

respect to regulating the DNA binding ability of FKLF-2 raises the question as to how 
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these two factors work cooperatively to stimulate the transcriptional activity of 

FKLF-2.  The transcriptional process is very dynamic and involves the assembly and 

disassembly of many complexes during pre-initiation, initiation and elongation.  

Therefore, PCAF and CBP may function to acetylate target proteins to aid in 

assembly and disassembly of the complexes during the various stages of transcription.  

With respect to FKLF-2 specifically, their antagonistic actions may play an integral 

part in the transcriptional regulation of the γ-globin gene (264).  The in vivo 

importance of FKLF-2 factor, however, has yet to be verified.     

BKLF (Basic Krüppel-like factor) was initially isolated from murine erythroid 

cell nuclear extracts during an effort to characterize additional CACCC binding 

factors (62).  BKLF is a highly basic, zinc finger protein that is related to EKLF and 

other members of the Krüppel-like family of transcription factors in its DNA-binding 

domain, but is unrelated in other domains.  Inactivation of BKLF in mice results in a 

myeloproliferative disorder, suggesting it is involved in regulating important 

processes during hematopoietic differentiation (25).  BKLF has been shown to bind 

with high affinity to numerous CACCC elements found in erythroid cis-regulatory 

sequences, including the β-like globin and GATA-1 gene promoters as well as the HS 

site cores of the LCR (62).  Like EKLF, BKLF is expressed in both primitive and 

definitive erythropoiesis; however, it appears to be more abundant than EKLF in the 

yolk sac and fetal liver.  In contrast to EKLF, BKLF primarily acts as a strong 

transcriptional repressor and therefore may function to modulate EKLF activity in 

vivo.  Analysis of the proteins interacting with BKLF demonstrated that it mediates 
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transcription repression by recruiting the general co-repressor C-terminal binding 

protein 2 (CtBP) (C-terminal binding protein 2) (287).  In 2003, Ma et al. (194) 

investigated the role of BKLF in the transcriptional regulation of the human ε- and γ-

globin genes.  They found that BKLF was able to repress the activity of the ε- and γ-

globin gene promoters in transiently transfected COS7 cells.  Furthermore, expression 

of BKLF in these cells significantly reduced the stimulatory function of FKLF on the 

two promoters.  This data, along with that presented in the above paragraphs, raise the 

possibility that during different stages of erythropoiesis, while FKLF and FKLF2 

compete with EKLF to optimally activate their cognate high affinity targets at the β-

globin locus, expression of BKLF may serve to repress the ε- and γ-globin genes (25).        

LKLF (lung Krüppel-like factor), another erythroid specific transcription 

factor, is closely related to EKLF and is involved in primitive erythropoiesis and early 

globin gene regulation.  LKLF positively regulates the human ε-globin gene and is 

involved in the maturation and stability of erythroid cells within the yolk sac (25).  

LKLF does not affect the expression of the adult β-globin gene and has a small affect 

on γ-globin expression, indicating that it acts in a stage-specific manner.  It has been 

suggested that the roles of LKLF and EKLF might partially overlap, particularly in 

the control of the human γ-globin gene (16).   

NF-E2.  NF-E2 is an erythroid specific transcription factor that binds to an 

extended AP-1 like motif (Maf-recognition element or MARE) found in many 

regulatory elements that control erythroid-specific gene expression, including the 

human β-globin LCR and the upstream α-globin HS-40 regulatory region, as well as 
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in the promoters of many heme biosynthetic enzyme genes (28, 206). In vitro studies 

have shown that NF-E2 sites within the β-globin LCR are important for 

transcriptional activation of the globin genes, as well as for chromatin remodeling 

activity (99).   Two tandem NF-E2 sites form the core of the 5’HS2 enhancer and are 

essential for its activity and its formation (136).  NF-E2 is a heterodimer consisting of 

two basic leucine zipper (bZip) proteins, a hematopoietic cell lineage-specific 45 kD 

subunit (p45) and a more widely expressed 18 kD subunit (p18) (4, 219).  p45 

exhibits homology to other bZip proteins such as Fos and Jun and is a member of the 

cap and collar (CNC) family of transcription factors, whereas p18 is a member of the 

small Maf family of DNA-binding bZip proteins (MafF, MafK, and MafG) (5, 28).  

Mice homozygous for a deletion of the p45 subunit gene die shortly after birth from 

thromobocytopenia, although globin gene expression is normal, suggesting that 

another protein can substitute for p45 to activate globin synthesis (261). Similarily, 

disruption of p18 in mice does not affect globin gene expression, presumably because 

of a functional redundancy between small Maf proteins (138, 139, 259).  The 

transcriptional activation potential of the NF-E2 complex is controlled through the 

interaction of the p45 subunit with different Maf subunits, thereby allowing for 

different regulatory specificities (139, 220).  Besides interacting with p45, small Maf 

proteins can also form homodimers as well as heterodimers with Fos and other 

members of the CNC family (152).  Since they lack any canonical trans-activation 

domains, homodimeric complexes of small Maf proteins may act as transcriptional 

repressors by binding to and occupying NF-E2 sites (160).  In addition, Fos-small 
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Maf heterodimers have been shown to be transcriptionally inactive at NF-E2 sites in 

erythroid cells and can thus also suppress transcription by occupying these sites 

(152).  Taken together, these findings suggest the possibility that competition 

between p45, Fos, and other factors for interaction with small Maf proteins and NF-

E2 binding sites is important in regulating erythroid specific gene expression and 

differentiation.  

The N-terminus of p45 contains a proline- and serine-rich domain that is 

responsible for the trans-activation activity of NF-E2.  Several factors have been 

shown to interact with this domain and are therefore candidate mediators of NF-E2 

activity.  These factors include cyclic adenosine monophosphate-dependent protein 

kinase A (PKA), mitogen-activated protein (MAP) kinases, TATA binding protein 

associated factor (TAFII130), CBP/p300 and several ubiquitin ligases (2, 49, 58, 262, 

289) .  Both PKA and various MAP kinases phosphorylate residues within the trans-

activation domain of p45 (49, 289).  Phosphorylation of p45 strongly enhances the 

transcription activation potential of NF-E2 by altering its interactions with other 

transcriptional regulatory proteins.  Studies in MEL cells demonstrated that activation 

of PKA is essential for erythroid gene expression since PKA-deficient cells show 

impaired hemoglobin synthesis (49) and that the MAP kinase signaling pathway 

enhances long-range trans-activation of the β-globin genes by the LCR 5’HS2 

enhancer in a NF-E2 dependent manner (289).  Together, these data imply that 

signaling pathways play an important role in controlling the function of NF-E2 with 

respect to transcriptional activation and chromatin remodeling of the human β-globin 
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locus.  In addition to being phosphorylated, p45 has been shown to be sumolyated in 

vitro and in vivo by various ubiquitin ligases (262).  Sumoylation of p45 increases 

both the DNA binding affinity and the trans-activation capability of NF-E2.  

Furthermore, it appears that sumoylated NF-E2 mediates the transport and anchoring 

of the β-globin locus within the nuclear body promyelocytic leukemia protein 

oncogene domains, an event that is required for optimal expression of the globin 

genes.  

 Another factor that interacts with the trans-activation domain of p45 is a 

component of the transcription initiation complex, TATA-binding-protein-associated-

factor, TAFII130 (2).  This interaction provides a functional link between the temporal 

regulation of the globin genes and the transcriptional activity of the LCR and offers a 

possible mechanism for the direct recruitment of distal regulatory regions of the β-

globin locus to the individual promoters.  Finally, in vitro binding studies revealed a 

direct physical interaction between the trans-activation domain of p45 and CBP/p300 

(58).  However, a 2001 study by Hung et al. (136) showed that the interaction 

between these two resulted in the acetylation of the small Maf p18 subunit but not 

p45.  Acetylation of p18 occurs predominately in the basic region of the protein 

containing four conserved lysine residues and enhances the DNA binding and 

transcriptional activation of NF-E2.  In turn, NF-E2 strongly stimulates CBP/p300-

mediated acetylation of nucleosomal histones, thus representing a novel mechanism 

whereby transcription factors modulate HAT activity (55).  It has been demonstrated 

that the binding of NF-E2 to its recognition site within the LCR leads to the 
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disruption of nucleosomes, which then facilitates the binding of other transcription 

factors such as GATA-1 to a chromatin assembled template (8).  Taken together, 

these findings suggest that the ability of NF-E2 to stimulate nucleosome-directed 

histone acetylation is important in initiating globin gene expression in highly 

repressed chromatin environments.    

GATA-1.  GATA-1 is a hematopoietic specific-transcription factor that is 

essential for normal erythroid development and globin gene expression.  Inactivation 

of GATA-1 in mice leads to an arrest of erythroid maturation at the pro-erythroblast 

stage resulting in embryonic lethality at about 10.5 days gestation (229, 235). GATA-

1 binding sequences ((T/A)GATA(A/G)) are present in the globin gene promoters, 

the HS sites (5’HS1-5) of the LCR, and in other erythroid cell-specific genes (34, 

159).  However, ChIP analyses of the mouse β-globin locus revealed that GATA-1 

discriminates among these many sites in vivo and only occupies regions which 

contain a small subset of conserved GATA motifs (141, 149).  DNA binding by 

GATA-1 is mediated by two Cys-X2-Cys-X17-Cys-X2-Cys zinc fingers (282).  The C-

terminal zinc-finger is essential for high-affinity sequence-specific DNA binding, 

while the N-terminal zinc finger mediates interactions with Friend of GATA-1 (FOG-

1) and stabilizes GATA-1 binding, especially on a small subset of GATA elements 

(283).  GATA-1 has been shown to function as both an activator and repressor, with 

respect to globin gene expression, depending on the binding sequence and 

interactions with other transcription factors (247).  For example, when bound to the γ-

globin promoter or to the 5’HS2 core element, GATA-1 acts as an activator.  
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Conversely, when it binds to the ε-globin silencer located in the distal promoter, it 

represses transcription along with the ubiquitous transcription factor YY1 (240).   In 

addition, a region located near the 5’HS5 site in the boundary area of the LCR 

contains seven tandem GATA repeats which when bound by GATA-1, strongly 

represses activity of the 5’HS2 enhancer (242). 

GATA-1 interacts with many other transcription factors to either repress or activate 

transcription of the globin genes (Figure 6) (204). The zinc finger DNA-binding 

domain of GATA-1 mediates a direct physical interaction with the Krüppel-like zinc 

finger domains of Sp1 and EKLF allowing GATA-1 to synergize with either protein 

at the transcriptional level. These protein interactions may function to activate β-like 

globin gene expression and possibly aid in the formation or stabilization of 

chromosomal loops between distant promoter elements and the LCR (201).  The 

hematopoietic-specific Ets family transcription factor and the nuclear transcription 

factor c-Myb also directly interact with GATA-1, but instead repress GATA-1 

mediated transcriptional activation by inhibiting its DNA- binding activity (204).  

Furthermore, GATA-1 was shown to act cooperatively with NF-E2 to recruit RNA 

polymerase II (pol II) to the βmaj-globin gene promoter at the murine locus (150).  

However, recruitment of pol II to specific regions of the LCR required GATA-1, but 

was independent of NF-E2 (148, 149).  Since pol II was shown to bind to the murine 

β-globin LCR independent of its recruitment to and activation of the βmaj-globin 

promoter, a long-range pol II transfer mechanism was proposed in which pol II is first 

recruited  to the LCR, a step that is enhanced by GATA-1.  NF-E2 then allows for the  



 64

 

 

 

 

 

 

 

 

Figure 6.  The protein-protein interactions of GATA-1. 

Schematic diagram of the GATA-1 molecule.  Black boxes represent the 

two zinc fingers.  Proteins demonstrated to interact physically with GATA-

1 are labeled and their binding sites represented by horizontal black bars.  

Adapted from Morceau 2004 (204).   
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transfer of pol II from the LCR to the promoter, thereby stimulating transcription 

(150).  In addition to these interactions, GATA-1 is capable of self-association.  

GATA-1 homodimers are thought to play a role in many biological functions, such as 

regulating the β-like globin genes whose cis-acting sequences contain several GATA 

binding sites, increasing its transcriptional activation capacity by enhancing the local 

concentration, and mediating the setup of active chromatin regions through the 

formation of chromatin loops (204).   

Post-translational modifications, such as acetylation and phosphorylation have 

been shown to regulate the transcriptional activity of GATA-1.  GATA-1 associates 

in vivo with CBP/p300 and is acetylated at two lysine-rich motifs located in the C-

terminal tails of both zinc fingers (31).  Acetylation of GATA-1 directly stimulated its 

transcriptional activity from a GATA-1 dependent promoter.   In addition, acetylation 

was shown to increase the amount of GATA-1 bound to DNA and alter the mobility 

of GATA-1/DNA complexes, suggesting a conformational change in GATA-1 (35).   

It has also been demonstrated that GATA-1 and CBP/p300 are involved in 

establishing an erythroid-specific pattern of histone acetylation at the β-globin locus 

(173).  Interestingly, a recent study demonstrated that besides increasing the activity 

of GATA-1, acetylation also targets it for degradation by the ubiquitin-proteosome 

pathway (126).  However, acetylation alone was not enough to cause degradation; 

phosphorylation of GATA-1 by MAP kinases was also needed.  The requirement for 

both of these modifications suggests that acetylated, active GATA-1 can remain at 

promoters until it is targeted for degradation by phosphorylation-mediated signaling.  
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Together, these findings propose a means by which GATA-1 activity can be regulated 

in response to extracellular signals to control β-like globin gene expression during 

hematopoiesis.   

FOG-1.  Friend of GATA-1 is a 998 amino acid multitype zinc-finger protein 

that was identified in a yeast two hybrid screen for GATA-1 interacting proteins (47).  

FOG-1 contains nine predicted zinc fingers, four of which mediate interactions with 

the N-terminal zinc finger of GATA-1; however it possesses no DNA binding activity 

of its own.  FOG-1 is expressed in erythroid and megakaryocytic cells and is co-

expressed with GATA-1 during development (283).   Disruption of FOG-1 in mice 

results in embryonic death from a severe anemia with an arrest of erythropoiesis at a 

similar point seen in GATA-1-/- mice (284).  The importance of a direct physical 

interaction between GATA-1 and FOG-1 in normal erythropoiesis and β-globin gene 

expression is emphasized by the fact that patients and mice with a point mutation at a 

valine residue in the N-terminal zinc finger of GATA-1 that impairs FOG-1 binding 

suffer from a severe anemia (53, 212).  A compensatory mutation in FOG-1 that 

restores binding to the mutant GATA-1 was shown to rescue globin gene expression 

in an erythroid cell line arguing against the possibility that this mutation might disrupt 

the interaction with other GATA-1 binding proteins (204).  The exact mechanism by 

which FOG-1 assists GATA-1 in the regulation of the globin genes and genes 

involved in erythropoiesis is largely unknown.  Therefore, many of the recent studies 

have been focused on elucidating the means by which FOG-1 modulates GATA-1 

function.   
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 In 2004 Letting et al. (173) found that the interaction between FOG-1 and 

GATA-1 was necessary for the binding of GATA-1 and its induction of histone 

acetylation at the β-globin promoter, but not at 5’HS3 of the LCR.  They also showed 

that FOG-1 was required for targeting GATA-1 to select sites of the β-globin locus, 

such as to the core of 5’HS2 and the β-globin promoter, in the context of cellular 

chromatin.  In a separate study, chromosome conformation capture (3C) was used to 

demonstrate that FOG-1 binding to GATA-1 was required to catalyze loop formation 

at the β-globin locus and allow for the juxtaposition of distal regulatory elements 

(288).  Since the transcription factor complexes assemble at the active promoters and 

LCR independently of one another, the above findings suggest that FOG-1 is required 

for delivering GATA-1 bound at the LCR to a β-globin promoter by a FOG-1 

facilitated looping mechanism.   

FOG-1 has also been implicated in GATA-1-mediated repression.  Disruption 

of the interaction between FOG-1 and GATA-1 was shown to prevent GATA-1 from 

repressing genes associated with erythroid cell proliferation, such as c-myc, GATA-2, 

and c-kit.  Furthermore, FOG-1 was able to repress GATA-1 mediated activation on 

certain promoters in transfection studies by associating with the transcriptional co-

repressor CtBP2 (101).  However, mutation of the CtBP binding site only reduced the 

ability of FOG-1 to repress GATA-1 mediated activation by 50%, suggesting the 

existence of other repression mechanisms.  Recently, the role of FOG-1 during 

GATA-1-mediated gene repression was examined by Hong et al. (132).  They found 

that the nucleosome remodeling and histone deacetylase (NuRD) complex strongly 



 69

associated with FOG-1 and was required for GATA-1/FOG-1 transcriptional 

repression.  The interaction between FOG-1 and NuRD was mediated by a small 

conserved domain at the N-terminus of FOG-1 that was shown to be necessary and 

sufficient for NuRD binding.  Point mutations near the N-terminus of FOG-1 that 

disrupted NuRD binding blocked gene repression by FOG-1.  Furthermore, the ability 

of GATA-1 to inhibit expression of the GATA-2 and c-kit genes was impaired in 

elytroid cells containing mutant forms of FOG-1 that were unable to bind NuRD.  

Although multiple proteins of the NuRD complex can bind to FOG-1, MTA-1 

(metastasis associated protein-1) and RpAp48 (retinoblastoma binding protein) 

exhibited the strongest binding in pulldown experiments (132).  MTA-1 modulates 

the enzymatic activity of the histone deacetylase core (309), while RpAp48, a histone 

binding protein, mediates the interaction between the chromatin and other subunits of 

the NuRD complex (224, 239).  These results provide a mechanism for the role of 

FOG-1 in GATA-1 mediated gene repression and link GATA-1 and FOG-1 to histone 

deacetylation and nucleosome remodeling (132). 

DRED.  DRED (direct repeat erythroid definitive) is a 540 kD multi-protein 

complex that binds with high affinity to direct repeat (DR) sequence elements located 

in the promoters of the ε- and γ-globin genes.  DRED was initially described as a 

definitive erythroid stage-specific repressor that suppresses transcription of the ε-

globin gene by preventing the binding of EKLF to the CACCC sites within the ε-

globin promoter (277).  Since the γ-globin genes contain a single DR element in their 

promoters, it has been suggested that DRED is also involved in silencing of the γ-
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globin genes during adult definitive erythropoiesis.  In fact, the point mutation in the 

Aγ-globin proximal promoter which leads to the Greek form of HPFH (nucleotide-

117, G to A) disrupts a DR site (184).  In contrast to the ε- and γ-globin promoters, 

the adult β-globin gene promoter does not contain any DR sequence elements and 

therefore is not subject to silencing by DRED (218).  Based on these observations, a 

model has been proposed in which DRED, acting antagonistically with EKLF, is one 

of the principal mediators of globin gene switching.      

Purification and characterization of DRED revealed that its DR-specific DNA 

binding activity is provided by a heterodimer of two nuclear orphan receptors, TR2 

and TR4.  Both TR2 and TR4 are expressed at all stages of erythropoiesis and their 

forced expression in erythroid cells leads to the repression of human ε- and γ-globin 

gene transcription.  In addition, the TR2/TR4 heterodimer binds with 3-fold lower 

affinity to the Greek HPFH point mutation than the wild-type Aγ-globin promoter DR 

site.  This data provides further evidence that DRED is a genuine human ε- and γ-

globin repressor and that the TR2/TR4 heterodimer forms the core of the larger 

DRED complex, providing a scaffold for the assembly of the remainder of the 

repressor complex bound to DNA (274).            

Sp1.  Sp1 is a ubiquitously expressed transcription factor that is involved in 

various cellular processes such as chromatin remodeling, cell cycle regulation and the 

propagation of methylation free islands in active genes (144).  Sp1, like other 

members of the Sp1/XKLF transcription factor family, binds to GC and GT/CACC 

boxes located in tissue- specific as well as general regulatory sequences.  Although 
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Sp1 binding sites are located in the ε-, γ- and β-globin gene promoters and in the HS 

sites of the LCR, the exact role of Sp1 in human β-globin gene expression is not yet 

fully understood.  Separate studies have indicated that Sp1 functions in the activation 

and repression of the human β-globin locus.  The binding sites for Sp1 in 5’HS2 and 

5’HS3 of the LCR were shown to be essential for their enhancer and chromatin 

remodeling activities respectively. Conversely, Sp1 was shown to mediate repression 

of the γ-globin genes by competing with the stage selector protein (SSP) for binding 

to the stage selector element (SSE) in the γ-globin promoters (144, 145).  In addition, 

a recent study suggests that Sp1 plays a crucial role in inhibiting β-like globin gene 

expression during erythroid differentiation (90).  In erythroid progenitor cells, which 

do not express the globin genes, Sp1/XKLF sites are bound by Sp1.  Sp1 is a target of 

histone deacetylase 1 (HDAC1), and therefore when bound to the LCR, it recruits 

HDAC1 to deacetylate histones and keep the chromatin structure in a closed 

conformation.  During hematopoiesis, Sp1 is phosphorylated by CKII, which releases 

it from the LCR and the β-globin gene promoters and allows erythroid-specific 

factors to bind and recruit transcription factors to initiate β-like globin gene 

expression (90).  These results imply that Sp1 functions to prevent erythroid specific 

trans-acting factors, such as FKLF-2 and EKLF, from prematurely activating 

erythoid-specific gene expression.      

SATB1.  Special AT-rich binding protein 1 (SATB1) is a 98 kD nuclear 

protein, expressed predominately in thymocytes, that targets various chromatin 

remodeling complexes and histone modifying enzymes to specific genomic sites to 
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regulate chromatin structure and gene expression over long distances (45, 301).  

SATB1 binds specifically to double-stranded DNA with a specialized ATC sequence 

context where one strand consists of well-mixed As, Ts, and Cs, but no Gs.  These 

sequences have a high propensity for forming stable base-unpairing regions (BURs) 

and are often found within matrix/scaffold attachment regions (MARs/SARs) at the 

base of chromatin loops (66).  The role of SATB1 in globin gene expression was 

initially suggested by in vitro binding studies that demonstrated SATB-1 binding to 

MARs and ATC sequences within regulatory regions of the β-globin locus, including 

5’HS2-4 of the LCR, the 3’γ-globin enhancer, and 5’ regions of the ε-, γ- and β-

globin genes (64).  Recently, Wen et al. (296) screened these potential sites in vivo 

and found that SATB1 shows selective binding at the human β-globin locus to 5’HS2 

and to the ε-globin promoter.  Furthermore, overexpression of SATB1 in K562 cells 

led to an increase in ε-globin expression and a decrease in γ-globin expression 

concomitant with changes in histone modifications at 5’HS2 and at the ε-globin 

promoter resulting in the formation of a permissive chromatin structure.  In addition, 

they also found that SATB1 interacts with CBP/p300 as part of a complex that does 

not contain any erythroid specific-transcription factors and is essential for the 

activation of ε-globin expression.  These results provide evidence that SATB1 plays a 

role in the regulation of the human β-globin locus by selectively activating ε-globin 

transcription and suggests the existence of an additional mechanism for chromatin 

remodeling in erythroid cells (296). 
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SSP.  The stage selector protein (SSP) is a heteromeric protein complex 

containing the ubiquitous transcription factor CP2 and the erythroid specific factor 

NF-E4.  SSP binds to the stage selector element (SSE) in the -50 region of the γ-

globin promoters and mediates the preferential expression of the human γ-globin 

genes during the fetal stage of erythopoiesis (145).  NF-E4 displays a high degree of 

specificity, since its overexpression in K562 cells induces embryonic and fetal, but 

not adult globin gene expression and its enforced expression in cord blood 

progenitors stimulated the γ-globin gene while repressing the β-globin gene (311).  In 

2004, Zhou et al. (312) examined the consequences of enforced NF-E4 expression in 

β-YAC transgenic mice and found that all of these mice exhibited an increase in the 

γ/β ratio resulting in a delayed fetal to adult switch.  Interestingly, this increased ratio 

was initially the result of a reduction in β-globin gene expression, but as development 

proceeded and silencing of the γ-globin genes began, was mainly due to elevated 

levels of γ-globin gene expression. Therefore, it appears that the primary role of NF-

E4 is to target the LCR to the γ-globin promoter with respect to globin gene 

competition and to maintain expression of the γ-globin genes in the setting of inherent 

silencing (312). 

COUP-TFII and NF-Y.  COUP-TFII (NF-E3) is a nuclear orphan receptor that 

may be involved in the control of globin gene switching by acting as a developmental 

repressor of ε- and γ-globin genes in the adult (186).  COUP-TFII binds to the same 

direct repeat (DR) elements within the ε- and γ-gene promoters as the DRED complex 

and therefore may mediate repression in the same manner.  Observations from 
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transgenic experiments, as well as genetic evidence from HPFH individuals, have 

provided evidence for the role of COUP-TFII in ε- and γ-globin gene silencing (218).  

For example, mutation of the proximal and distal DR elements within the ε-promoter 

resulted in continued expression of an ε-globin transgene in adult erythroid cells and 

several of the HPFH mutations have been shown to greatly reduce or eliminate 

COUP-TFII binding to the γ-globin promoter.  Although these HPFH mutations also 

reduce binding of the DRED complex to the γ-globin promoter, it is not currently 

known which protein, or if both, are meditaing silencing of the γ-globin gene.    The 

level of COUP-TFII expression in mice peaks at the time of the switch from 

embryonic to adult globin expression, further supporting its role in ε-globin silencing 

(93).   

NF-Y is a ubiquitous heteromeric CCAAT-binding protein composed of three 

evolutionary conserved subunits (A,B,C), two of which contain putative histone-like 

domains that facilitate interaction with DNA (185).  Although CCAAT boxes are 

present in the promoters of all the β-like globin genes, NF-Y binds with highest 

affinity to those located within the proximal human and galago γ-globin gene 

promoters (186).  More specifically, NF-Y is recruited to a unique duplicated 

CCAAT box, only present in the γ-globin gene promoters, which is required for 

expression of the γ-globin genes.  Mutation of this duplicated CCAAT sequence not 

only disrupted the binding of NF-Y, but it also affected the assembly of the basal 

transcription apparatus and influenced the recruitment of GATA-1 and CBP/p300 to 

the LCR (78).  Therefore, these findings suggested that NF-Y binding to the 
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duplicated CCAAT box may play a role in chromatin remodeling and communication 

between the γ-globin promoter and the LCR.  The binding of NF-Y to CCAAT boxes 

within the γ-globin genes has also been shown to bend the double helix by angles of 

62-82° through its contacts with the minor groove (248).   Such protein-mediated 

distortions are thought to be the rate limiting steps in assembling a competent 

transcription complex (305). 

COUP-TFII binds to the ε-globin promoter at two sites, the more downstream 

site overlaps with a CCAAT box that binds NF-Y.  This prompted a study to examine 

whether these two factors act in concert with one another to influence globin gene 

expression.  It was shown that when bound to the 5’ site, COUP-TFII cooperated with 

NF-Y and enhanced expression of the ε-globin gene.  At the 3’ site, COUP-TFII 

competed with NF-Y for binding and either directly or indirectly decreased ε-globin 

gene activity.  A similar situation was seen with respect to the γ-globin promoter as 

the COUP-TFII site overlaps the distal part of the duplicated CCAAT box and 

competed with NF-Y for binding.  Therefore, COUP-TFII and NF-Y binding appears 

to be either mutually exclusive or cooperative depending on the particular site being 

used (186).  Furthermore, COUP-TFII may act to modulate ε-globin gene expression 

by interfering with and/or aiding NF-Y binding to the promoter.     

CBF1(HS2NF5).  HS2NF5 was originally identified in MEL cells as a DNA-

binding protein that binds with high affinity to a conserved recognition sequence 

(TGTTCTCA) within 5’HS2 of the LCR.  In transient and stable transfection assays, 

mutations within this sequence that prevented HS2NF5 binding resulted in a 
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reduction in the enhancer activity of HS2 (168).  Purification of HS2NF5 revealed it 

to be identical to CBF1, the mammalian homolog of Su(H) (suppressor of hairy wing) 

in Drosophila.  Su(H) and CBF1 are downstream targets of the Notch signaling 

pathway and are important developmental regulators involved in neurogenesis and 

myogenesis.   In addition, another high affinity, conserved binding site for CBF1 has 

been identified within 5’HS4 of the LCR.  Therefore, the notch signaling pathway 

may be involved in modulating the activity of the LCR during hematopoiesis (167). 

 Id2.  Id2 is a basic helix-loop-helix transcription factor that enhances γ-globin 

expression in K562 cells.  Functional assays demonstrated that the enhancement of γ-

globin expression by Id2 required an E-box element within HS2.  Furthermore, Id2 

was capable of enhancing globin gene expression only from target promoters that 

were transcriptionally active in K562 cells.  Id2 was unable to induce transcription of 

the silent adult β-globin gene in these cells suggesting that it may act downstream of 

other transcription factors (131). 

YY1.  YY1 is ubiquitously expressed GLI-Krüppel-like transcription factor 

that can act as both an activator and repressor of eukaryotic promoters, and in certain 

instances, mediate the switch between activation and repression of transcription.  

YY1 has been shown to participate with multiple proteins, including GATA-1, in the 

formation of a repressor complex that is thought to silence the ε-globin gene by 

interfering with the interaction between the LCR and the ε-promoter in definitive 

erythroid cells (240).  Phylogenetic footprinting analyses of the 5’ region flanking the 

human γ-globin genes  led to the identification of an evolutionarily conserved YY1 
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binding site located at -1086 upstream of the γ-globin genes.  Transient transfection 

studies indicated that this region may be one of the cis elements involved in γ-globin 

gene silencing in the adult (118).  However, examination of Aγ-globin expression in 

transgenic mice carrying an HS2εγ construct with a mutation in the conserved YY1 

binding site suggested that this site might function to activate transcription of the γ-

globin gene during the fetal stage of development (313).  The discordance between 

the two studies above could be the result of chromatin effects, since transient 

transfections, unlike transgenic assays, do not involve chromatin integration of the 

expression plasmid.  Alternatively, the apparent contradiction may be due to the fact 

that the transient transfection assays used only minimal promoter constructs, whereas 

the transgenic studies utilized other sequences of the distal γ-globin promoter as well.        

TFII-I and USF.  TFII-I and USF are ubiquitously expressed helix-loop-helix 

proteins involved in the transcriptional regulation of genes that contain E-box or 

initiator sequences.  USF and TFII-I can act as activators or repressors of gene 

expression, depending upon the sequence context of the promoter and their 

interactions with other proteins (200).  A 2004 report by West et al. (297) 

demonstrated that USF is an essential component of the chicken HS4 (cHS4) 

insulator complex.  USF was shown to interact with cHS4 in vivo and recruit several 

histone-modifying enzymes that may be involved in separating active and inactive 

chromatin domains.  In addition, USF interacts with a conserved E-box within HS2 of 

the LCR and mutation of this E-box greatly diminishes the enhancer activity of HS2 

(37).  Both TFII-I and USF have be reported to interact with the core promoter of the 



 78

β-globin gene in vivo and in vitro, with TFII-I interactions being more pronounced in 

erythroid cells that do not actively express β-globin (171).  Recently it was 

demonstrated that the reduction of TFII-I activity in erythroid cells led to the 

derepression of the β-globin gene (63).  Furthermore, TFII-I formed a complex with 

histone deacetylase 3 (HDAC3) and both of these proteins together interacted with 

the β-globin core promoter.  On the other hand, reduction of USF activity resulted in 

a decrease in the recruitment of RNA polymerase II and other cofactors to the globin 

gene locus and therefore, repression of β-globin gene transcription.  These results 

suggested that USF and TFII-I act antagonistically to regulate the chromatin 

accessibility and transcription factor recruitment at the β-globin locus to ensure the 

stage-specific expression of the adult β-globin gene (63).   

AHSP.  Coordinated expression of the α- and β-globin chains is essential 

during erythropoiesis to produce high concentrations of hemoglobin and to prevent 

accumulation of either chain in excess.  Disruption of normal gene expression 

patterns can lead to serious human diseases such as β-thalassemia, a disorder caused 

by mutations within the β-globin locus that result in the decreased production or 

absence of β-globin chains.  Many of the symptoms associated with this disorder 

seem to be consequences of the cytotoxic build-up of free α-globin chains.  Free α-

globin is unstable, prone to oxidation, and readily precipitates, causing damage to 

membrane structures and triggering apoptosis of erythroid precursors (163).  Since 

most cells produce a variety of molecular chaperones which bind and stabilize newly 

synthesized proteins that would otherwise be toxic, it was postulated that erythroid 
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cells utilize chaperone-like molecules to assist in processing free globin chains.  In 

2002, Kihm et al. (155) identified such a protein termed α-hemoglobin stabilizing 

protein (AHSP).  AHSP, also known as erythroid differentiation-related factor 

(EDRF) is an abundant, erythroid-specific 102-residue protein that binds specifically 

to free α-globin, stabilizes its structure, and prevents it from precipitating in solution 

and in live cells (91).  Thus, AHSP is critical for normal erythropoiesis, where 

synthesis of α-globin chains exceeds that of β-globin chains.  This differential is 

exacerbated during pathogenic states of globin chain imbalance (107).  Loss of AHSP 

in mice reduces the lifespan of circulating erythrocytes and increases apoptosis of 

erythroid precursors.  Mutant erythrocytes contain excessive reactive oxygen species 

(ROS), show oxidative damage to endogenous proteins, and are hypersensitive to 

oxidant induced stress, suggesting one of AHSP’s functions is to inhibit ROS that are 

produced from free α-globin (163).  Furthermore, loss of AHSP in β-thalassemic mice 

worsened the severity of the disease, indicating that altered AHSP expression or 

function may modify thalassemia phenotypes in humans (295).  Recombinant AHSP 

was shown to bind free α-globin, but not free β-globin or tetrameric hemoglobin.  

AHSP binds to free α-globin with moderate affinity as to sequester and limit its 

toxicity, but not interfere with the formation of hemoglobin.  In addition, this 

moderate binding affinity allows β-globin to competitively displace AHSP to form 

hemoglobin.  Once αβ complexes are formed, binding of AHSP is effectively 

excluded, a finding which supports the role of AHSP as an α-globin specific 

chaperone (108).     
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 AHSP is present throughout primitive and definitive erythropoiesis, with its 

expression pattern following that of the α-globin genes.  AHSP was initially identified 

through studies with the essential erythroid transcription factor GATA-1 and was 

shown to be highly and rapidly indunced by GATA-1 (155).  The AHSP gene 

contains several conserved motifs that bind GATA-1 in vivo, suggesting that its 

transcription is directly regulated by GATA-1.  Identification and characterization of 

the AHSP gene promoter demonstrated that GATA-1 and Oct-1 binding proteins are 

required for high AHSP expression levels in erythroid cells in vitro (107).  Oct-1 is a 

ubiquitously expressed transcription factor known to regulate numerous tissue-

specific and ubiquitous genes as a transcriptional activator or repressor (127).  

Recently, Oct-1 was demonstrated to play a role in embryonic development and 

erythropoiesis.  Oct-1 deficient embryos exhibited decreased numbers of mature 

erythrocytes and reduced levels of β-globin mRNA in erythroid cells (293).  In 

transgenic mice, the human minimal AHSP promoter, -170 to +262 directed 

expression of a reporter gene exclusively in erythroid cells, indicating that this region 

contains the sequences necessary for expression of AHSP in erythroid cells (107).     

Mechanisms of globin gene activation by the LCR. 

Numerous studies using both native β-globin loci and constructs in transgenic 

mice have provided definitive evidence for the absolute requirement of the LCR for 

high-level expression of all the β-like globin genes.  However, how the LCR 

functions to enhance the rate of transcription of the globin genes or influence 

chromatin structure over such a long distance is still not clear.   Therefore, four non-
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exclusive models have been proposed to account for the long-range effects of the 

LCR (Figure 7).         

The looping model (Figure 7A.) states that the upstream LCR and the globin 

gene promoters communicate through direct interaction by mechanisms that loop out 

the intervening DNA.  In this model, the 5’HS sites of the LCR fold to form a specific 

three-dimensional structure, termed the holocomplex, with the HS core elements 

forming an active site and the core-flanking sequences functioning to constrain the 

holocomplex in the correct conformation.  Once formed, the holocomplex then 

physically loops so that the LCR can interact directly with the appropriate globin 

gene promoter (38, 40, 81, 180, 203).  Since the HS site cores contain numerous 

transcription factor binding sites, this 3D structure results in a high concentration of 

transcription factors in a small region, which would allow for highly efficient 

transcription once these LCR-bound proteins are delivered to the basal transcription 

apparatus assembled at the promoter.  Evidence to support the concept of a LCR 

holocomplex has been obtained from numerous studies.  The LCR is only able to 

interact with one of the downstream globin genes at any given time, suggesting that 

the LCR functions as a single entity (298). This idea is further supported by deletion 

studies of individual HS sites at the endogenous mouse locus and at the human β-

globin locus in transgenic mice (43, 209, 210, 233).  Each HS site has a unique 

contribution to globin gene expression.  When an individual HS site, including its 

core and flanking sequences, is deleted, expression of the affected globin gene is 

reduced  by  about  20%  to  30% (22, 87, 92, 134).    However,  if only the HS core is  



 82

 

 

 

 

 

 

 

Figure 7.  Models of LCR function. 

A globin gene is represented by a blue rectangular box with its associated    

promoter shown in green. The cores of the four erythroid specific HSs are 

shown as colored boxes. Transcription factors are indicated by colored 

circles and ovals. (A) Looping model. (B) Tracking model. (C) Facilitated-

tracking model. (D) Linking model – see text for descriptions of models.  

Adapted from Harju 2002 (123). 
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deleted, the effects on affected globin gene expression are catastrophic (43, 44, 209, 

210).  For example, deletion of the core of 5’HS3 in human β-YAC transgenic mice 

resulted in the elimination of ε-globin gene expression in the yolk sac and γ-globin 

gene expression in the fetal liver.  In addition, expression of the adult β-globin gene 

was significantly reduced and subject to chromosomal position effects in these mice 

(209).  In contrast, a larger 2.3 kb deletion of 5’HS3, lead to a moderate decrease in ε-

globin expression, but no reduction in γ- or β-globin expression during definitive 

erythropoiesis (233).  Although these results seem contradictory at first, they can be 

reconciled by hypothesizing that the LCR forms a holocomplex.  When a large 

segment of a 5’HS is removed, the remaining 5’HS sites can adopt a different 

conformation with a slightly less functional active site comprised of the remaining 

5’HS cores.  Therefore, the effect on globin gene expression is moderate.  However, 

when only a 5’HS core is removed, the active site of the holocomplex is destroyed 

resulting in a dominant negative mutation.  The LCR is unable to adopt a new 

conformation because the core-flanking sequences remain intact to maintain the 

conformation of the holocomplex.  As a result, the impact on globin gene expression 

is severe (71, 196). 

Recently, Fang et al. (71) studied the LCR holocomplex in the context of 

5’HS3 mutant β-YAC transgenic mice.  Like the previous studies, a large 2.3 kb 

deletion of HS3 had only a mild effect on expression of the embryonic, fetal, and 

adult globin genes, whereas a small 234-bp HS3 core deletion had a much more 

profound impact.  Furthermore, it was also shown that the effects of the HS3 core 
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deletion on the chromatin structure were not only found at the HS sites and 

intervening sequences between them, but were locus-wide.  Removal of the core 

element of HS3 impaired the formation of the remaining HS sites of the LCR, 

abolished histone acetylation throughout the locus, and reduced the recruitment of 

RNA polymerase II (pol II) at the LCR and β-globin gene promoter to basal levels.  

The larger 2.3 kb deletion of HS3 also affected the chromatin structure and the 

recruitment of pol II at the locus but to a much lesser extent.  Therefore, these results 

support the hypothesis that the LCR forms a specific three-dimensional chromatin 

structure and acts a single structural entity.  In addition, the data reported in this study 

allowed for a more detailed description of the chromatin architecture of the LCR 

holocomplex (Figure 8).  It should be noted that this model for the structure of the 

holcomplex differs from previous ones that suggested the intervening sequences 

between the HSs cores determined and stabilized the conformation of the 

holocomplex.   

Recenly, the results from the above transgenic studies have been disputed by 

observations from a study by Hu et al. (133).  They found there to be no differences 

in globin expression levels and formation of remaining HS sites in core versus larger 

deletions of 5’HS2 sequences at the endogenous murine β-globin locus.  It is 

uncertain whether the markedly different phenotypes are the result of inherent 

differences between the murine and human β-globin LCR or whether they reflect 

species specificity or the difference in the chromosomal locations of the deletions i.e.,  
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Figure 8.  Putative chromatin architecture of the LCR  holocomplex.   

(A) Wild type.  The chromatin of the HS cores of HS sites 1-5 is heavily 

acetylated and therefore very flexible in erythroid cells. Thus, the HSs are 

able to fold in close contact with one another, with the less acetylated, 

stiffer intervening sequences looping out between the cores.  Since the 

cores contain numerous transcription factor binding sites, this structure 

results in a high concentration of transcription factors in a small region, 

termed the LCR core, which allows for highly efficient transcription. (B)  

Large 2.3 kb 5’HS3 deletion.  When a large segment of a 5’HS site is 

deleted, the length of intervening sequences or stiffness of chromatin 

between the adjacent remaining HS sites does not change considerably.  

The LCR core is maintained and only a mild decrease in globin gene 

expression is observed due to the reduced concentration of transcription 

factors from deletion of the HS site. (C)  234 bp 5’HS3 core deletion.  

When the core sequence of an individual HS site is deleted, the length of 

intervening sequence between the two adjacent HS sites is doubled.  As a 

result, the longer, stiffer chromatin between the adjacent cores impedes the 

folding of the remaining HS cores and increases the dimension of the LCR 

core. This decreases the concentration of transcription factors in the LCR 

core by about 10-fold, which causes the dramatic reductions in globin gene 

expression observed.  Adapted from Fang 2005 (84). 
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ectopic versus chromosomal (72).  Differences in regulatory elements between the 

mouse and human have also been observed at the α-globin locus where deletion of 

HS-40 at the murine locus results in a minimal phenotype (6), while in humans, a HS-

26 deletion results in a form of α-thalassemia (107). 

The tracking model (Figure 7B) hypothesizes that erythroid-specific and 

ubiquitous transcription factors and cofactors bind to their cognate recognition 

sequences within the LCR to form an activation complex that moves or tracks linearly 

along the chromatin of the β-globin locus until it encounters the developmental-stage-

correct promoter (269).  At this point, the activation complex interacts with the basal 

transcription machinery assembled at the promoter to generate a complete 

transcription apparatus and initiate transcription of that globin gene.  If tracking does 

occur at the human β-globin locus, one would expect that some aberrant transcripts 

would be generated from cryptic start sites located along the locus.  In fact, erythroid- 

and nuclear-specific transcripts have been detected throughout the LCR and 

intergenic regions (12).  These intergenic transcripts are developmentally-stage 

specific and are thought to delineate active chromatin domains within the locus (113).  

However, it has also been proposed that the function of intergenic transcription is to 

deliver proteins of the activation complex to the globin gene promoters by means of 

the tracking mechanism (180). 

The facilitated-tracking model (Figure 7C) incorporates features of both the 

looping and tracking models (269).  Sequence-specific transcription factors and co-

activators assemble at the LCR and this activation complex then loops to contact 
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downstream DNA proximal to the globin gene promoter.  The activation complex is 

then released and tracks along the chromatin until it contacts the correct promoter and 

associated bound proteins.  Transcription of the globin gene ensues and a stable loop 

structure is established, which is progressively enlarged as tracking proceeds (180).    

A facilitated-tracking mechanism has been proposed to account for activation of 

genes at the HNF4α locus by a distant enhancer.  Analysis of the distribution of 

various DNA-binding proteins along different regulatory regions at this locus in vivo 

showed that activators specifically bound at the enhancer could be cross-linked to the 

intervening DNA separating the enhancer and promoter.  Cross-linking to the 

intervening DNA was only detected after activation of the enhancer but before 

transcription of the gene.  Since the activators remain detectable at the enhancer, 

these results suggest that the activators bound at the enhancer scan the 6.5 kb of 

intervening chromatin in search of the promoter.  Furthermore, because the activators 

do not leave the enhancer implies that a loop structure is formed which gets 

prossively larger as the enhancer tracks toward the promoter (150).  

The linking model (Figure 7D) proposes that globin gene activation occurs as 

a result of the sequential stage-specific binding of transcription factors and chromatin 

“facilitator” proteins throughout the locus to form a collection of chromatin elements 

that initially define the domain to be transcribed.  Thus, the proteins bound to the 

LCR and globin gene promoter to be transcribed are linked to one another by a 

continuous chain of non-DNA binding facilitating factors (77).  This model was 

initially proposed to explain the properties of the Drosophila Chip protein (74).  Chip 
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is a ubiquitous nuclear protein that associates with numerous sites on all 

chromosomes and is required for maximal activity by diverse remote enhancers.  

Chip does not bind to DNA directly, but interacts with numerous transcription factors 

to facilitate their action over a distance in vivo (81).   It has been speculated that a 

mammalian protein complex homologous to the Drosophila Chip protein may 

function as a facilitator for transcription initiation by associating with transcription 

factors bound to the globin gene promoters and targeting them for interaction with the 

LCR (37).  One can envision that developmental stage-specific expression of the β-

like globin genes could be the result of this Chip-like protein complex allowing 

expression of one globin gene at a time, while simultaneously blocking transcription 

outside of the region.  At the time of the switch in globin gene expression, Chip-like 

proteins would then dissociate from the promoter to which they are bound and move 

to another promoter to target it for LCR interaction (153).           

Among the four models of LCR function discussed above, the looping model 

has received the most support from recent studies using two newly developed 

techniques, chromatin conformation capture (3C) and a modified RNA fluorescence 

in situ hybridization (FISH) method called RNA tagging and recovery of associated 

proteins (RNA TRAP) (48, 68).  3C involves the quantification of cross-linking 

frequencies between any two DNA fragments as a measure of their frequency of 

interaction or close proximity in the nuclear space (68).  Using this technique, it was 

shown that the HS sites of the murine LCR interacted with the active globin genes (β-

major and β-minor), with the intervening sequences containing the inactive εγ- and βh1-
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globin genes presumably looped out.  Furthermore, the upstream HS site (HS-60/-62) 

and the downstream 3’HS1 also participated in these interactions, again through 

looping out of the intervening DNA containing the transcriptionally silent OR genes, 

between HS-60/-62 site and the LCR.  Conversely, in nonexpressing brain tissue, the 

locus adopted a seemingly linear conformation with no interactions or looping 

observed (280).  Similar conclusions were reached by a different group using a 

completely different methodology, RNA TRAP (48).  RNA TRAP involves the 

targeting of horseradish peroxidase-labeled oligonucleotide probes to nascent RNA 

transcripts, which are associated with an actively transcribed gene.   The horseradish 

peroxidase-conjugated antibodies are then used to localize HRP activity to the labeled 

oligonucleotide probes.  The horseradish peroxidase then catalyzes the covalent 

deposition of a biotin tag to electron-rich moieties on chromatin proteins in the 

immediate vicinity of the active gene.   Using this technique on isolated 14.5 days 

post conception (dpc) fetal livers, it was demonstrated that 5’HS sites 1-4 of the LCR 

were in close spatial proximity to the actively transcribed adult β-major and β-minor 

globin genes located over 50 kb away in vivo, with 5’HS2 exhibiting the most 

intimate interaction (48).  Together, the results obtained from the above experiments 

were considered the first direct evidence that the LCR functions in close proximity to 

the active globin genes in vivo, thus suggesting direct interactions between regulatory 

elements and that looping occurs during transcription at the β-globin locus.  These 

results also led to the proposal that the β-globin locus forms an erythroid-specific 

spatial structure that is composed of the LCR, the distant 5’ and 3’ HS sites and the 
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actively expressed globin gene, termed the active chromatin hub (ACH) (67).  In 

mouse erythroid progenitors that do not yet express the globin genes only 3’HS1, HS-

60/-62 and the HS sites at the 5’ side of the LCR (5’HSs 4, 5, and 6) form stable 

interactions and generate a substructure of the ACH, called the chromatin hub (CH), 

that is not associated with transcription.  Upon differentiation, the remaining HS sites 

of the LCR and the active globin genes are looped into the hub forming the full ACH, 

which is dedicated to RNA polymerase II transcription (225).  During development 

the globin genes will switch their interaction with the ACH concurrent with the 

changes in their transcriptional activity. 

The formation of an ACH at the β-globin locus results in a high local 

concentration of binding sites for transcription factors.  The local accumulation of 

cognate binding factors and associated chromatin-modifying proteins, such as histone 

acetyltransferases (HATs), leads to the highly efficient transcription of the globin 

genes (67).   Furthermore, all of the elements that participate in the formation of the 

ACH exhibit high levels of histone acetylation (98, 100, 255).  Local hyperacetylation 

of histones has been shown to prevent the linear spreading of heterochromatic histone 

modifications as well as DNA methylation at the chicken β-globin locus (207).  

Therefore, by maintaining a high concentration of HATs and other chromatin 

modifying factors at the ACH, the locus may be protected against the repressive 

effects of surrounding chromatin.  The observation that the globin genes are 

alternatively transcribed; that is, only one gene is transcribed at any given time (298), 

suggests that there is only one position of interaction within the ACH that allows for 
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the initiation of transcription (67).  This implies that the transcriptional activity of the 

globin genes depends on the outcome of promoter competition for interaction with the 

ACH.  Thus, changes in the distance between the LCR and globin genes or gene order 

can determine the ability of a specific promoter to compete for interaction with the 

ACH.  In fact, the effects of proximity to the LCR and gene order on globin gene 

expression have been well documented for the human β-globin locus (see later 

section) (38, 124, 231, 278).     

Recent studies have focused on further defining the elements and/or factors 

that are critical for the formation or stabilization of the human β-globin ACH.  In one 

study, 3C technology was utilized to examine the effects of the large and core 5’HS3 

deletions on the spatial chromatin structure of the human β-globin locus in transgenic 

mice (85).  The small 234-bp core deletion, but not the large 2.3 kb deletion, 

disrupted the spatial interactions among all the HS sites of the LCR, the active β-

globin gene, and 3’HS1.  As discussed earlier, the large HS3 deletion barely 

perturbed the structure of the LCR holocomplex, while the structure was considerably 

disrupted by the HS3 core deletion (84).  Taken together, these results suggest that 

formation of the ACH is dependent upon a largely intact LCR structure.  Futhermore, 

the data led to the proposal that the cooperation between a minimum number of cis-

regulatory elements is required for stabilizing the spatial conformation of the ACH 

and when on of the essential components is missing, the ACH collapses (85).  This 

idea is consistent with the observations from recent study by Patrinos et al. (228).  

They found that either a 1.2 kb 5’HS3 or β-globin promoter deletion from the human 
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β-globin locus alone did not significantly alter the structure of the ACH in transgenic 

mice.  However, the subsequent combination of the two deletions resulted in the 

significant reduction in histone acetylation throughout the locus, loss of all DNase I 

hypersensitivity (including 5’HS5) and destabilization of the ACH, thereby producing 

a structure similar to that observed in non-expressing tissues (228).  

Since expression of the β-globin genes is dependent on erythroid-specific 

transcription factors such as EKLF, GATA-1 and FOG-1, there was interest in 

determining if these factors play a role in the formation and/or stabilization of the 

ACH.  Analysis of the three dimensional conformation of the mouse β-globin locus in 

the absence of EKLF by 3C demonstrated that the formation of a fully functional 

ACH was dependent upon the presence of EKLF during definitive erythropoiesis 

(77).  In a separate study, it was shown that GATA-1 and its cofactor FOG-1 were 

required for the direct physical interaction between the LCR and the βmajor-globin 

gene promoter as well as for the induction of a tissue-specific chromatin loop 

containing the silent embryonic genes (288).  Together, these studies indicate that 

transcription factors can play essential roles in the proper spatial organization of the 

active β-globin locus.  As was mentioned earlier, a substructure of the ACH, termed 

the chromatin hub, is present in erythroid progenitors that do not yet express the β-

globin genes.  Interestingly, the three sites involved in this structure, 3’HS1, 5’HS-

60/-62, and 5’HS5 of the LCR, have all been shown to bind the vertebrate insulator 

protein CTCF (225).  Conditional deletion of CTCF as well as targeted disruption of 

the 3’HS1 CTCF-binding site disrupted these long-range interactions at the 
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endogenous murine locus, but did not affect globin gene expression at any 

developmental stage.  Although the presence of CTCF was critical for the looped 

conformation observed in erythroid progenitor cells, it was dispensable for contacts 

between the LCR and globin genes established during differentiation (266).      

Collectively, these findings and those involving EKLF and GATA-1 help to define 

the factors that act sequentially in the formation of a functional ACH at the β-globin 

locus. 

Although the results from the studies above provide evidence that chromatin 

looping at the β-globin locus is responsible for the juxtaposition of distal regulatory 

elements with the globin genes, the mechanism that mediates the formation of 

chromatin loops is poorly understood.  It has been proposed that the probability of 

loop formation between two points in a linear fiber is determined by three factors: 1) 

the relative size of the chromatin section 2) the distance between the two points (i.e. 

LCR and active globin gene) and 3) the flexibility of the chromatin fiber (179).  At 

the β-globin locus the distance between the LCR and a given promoter is fixed, as is 

the size of the chromatin section since it is anchored by the nuclear matrix.  

Therefore, it is has been hypothesized that the major determinant that controls the 

probability of interaction between the LCR and the globin genes, and thus the 

formation of loops, is chromatin flexibility.  The flexibility of the chromatin fiber is 

thought to be modulated by histone acetylation, as well as other histone 

modifications.  Several biophysical studies have provided evidence supporting this 

idea (95, 257, 285).  Thus, hemoglobin switching would be the result of changes in 
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the preferential looping sites between the LCR and the globin genes due to alterations 

in the distribution of histone acetylation during development.  Histone acetylation 

patterns have been extensively characterized for the murine and human β-globin loci 

(see later section).  During fetal definitive erythropoiesis, the region containing the  ε-

globin gene is hypoacetylated and therefore the chromatin flexibility is low.  As a 

result, this less flexible region constrains the chromatin to form a small loop and 

allow for the preferential interaction between the LCR and nearest γ-globin gene.  In 

adult erythroid cells, the region containing the ε- and γ-globin genes is lightly 

acetylated, which forces the chromatin to form a large loop which then results in  

activation of the δ- and β-globin genes.  This model for formation of chromatin loops 

predicts that a change in either the distance between the LCR and the globin genes or 

in gene order will influence expression patterns.  As is evidenced in the next section, 

the effects of proximity to the LCR and gene order in the human β-globin locus have 

been well documented to affect switching (38, 124, 231, 278).     

Molecular control of globin gene switching 

One of the most examined aspects of the human β-globin locus is hemoglobin 

switching, the suppression of ε- or γ-globin gene expression accompanied by the rise 

in the expression of the previously silent γ- or β-globin gene.  Understanding this 

process has many therapeutic implications for the treatments of β-thalassemia and 

sickle cell disease.  Since the γ-globin gene can substitute for the defective β-globin 

gene in either of these diseases, any advancement in the knowledge of hemoglobin 

switching will most likely lead to therapies based on the reactivation of the γ-globin 
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gene.  Analyses of LCR function and the temporal expression pattern of the human β-

like globin genes in transgenic mice have resulted in the proposal of two mechanisms 

in the control of hemoglobin switching: gene competition and autonomous silencing.  

These studies have also demonstrated the importance of gene order and proximity to 

the LCR in ensuring correct developmental expression of the β-like globin genes.   

 Gene Competition.  The concept of gene competition was initially proposed 

for the chicken globin locus to account for the mutually exclusive expression of the 

adult βA- and ε-globin genes, which are developmentally regulated by a shared 

enhancer located between them (59).  Strong evidence supporting a competitive 

mechanism of human β-like globin gene switching was obtained from early 

experiments in transgenic mice.  When either the γ- or β-globin gene was linked to 

the LCR alone, they did not display proper developmental regulation (19, 82).  

Transgenic mice carrying a LCRγ construct expressed the γ-globin gene in embryonic 

and fetal erythroid cells, but also at a low level in the adult.  When the β-globin gene 

was linked to the LCR, it was expressed at all stages of development, with expression 

in embryonic cells equal to that seen in the adult blood.  However, when the γ- and β-

globin genes were linked tandemly to the LCR (LCR-γ-β), correct developmental 

regulation was restored (82, 231). These observations were thought to be the result of 

competition between the γ- and β-globin genes for interaction with the LCR.  It was 

demonstrated that the probability the LCR would interact with the γ- or β-globin 

promoter was primarily determined by the trans-acting environment.  During the fetal 

stage of erythropoiesis the presence of fetal stage-specific factors would favor 
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interaction of the γ-globin genes with the LCR and therefore the β-globin gene is 

turned off competitively.  Alternatively, during definitive erythropoiesis the presence 

of adult-stage specific factors would favor the interaction between the LCR and β-

globin gene, resulting in silencing of the γ-globin genes (Figure 9) (267).  Consistent 

with this idea, in transgenic mice carrying a LCR-β-γ construct, γ-globin expression 

was two- to three-fold higher in embryonic cells than β-globin expression despite the 

fact that the β-globin gene promoter was 4 to 6 kb closer to the LCR than the γ-globin 

gene promoter (231).  The distal γ-globin gene effectively competed with the β-globin 

gene for interaction with the LCR in an embryonic setting suggesting that promoter 

competition plays a role in the developmental expression of the globin genes.  

Additional support for the role of gene competition in the control of globin gene 

expression was derived from RNA FISH experiments in early fetal cells derived from 

transgenic mice carrying a single copy of a 70-kb human β-globin locus construct 

(298).  At this stage of development nearly all of the cells co-express both the γ- and 

β-globin genes as shown by immunofluorescent detection of γ- and β-globin 

polypeptides (104).  However, RNA FISH detected only one globin gene primary 

transcript per locus in the majority of the cells.  Primary transcripts have a very short 

half-life and therefore their presence is indicative of recent or ongoing transcription 

(52).  Interestingly, many of the homozygotic cells exhibited γ-globin gene 

transcription on one allele and β-globin gene transcription on the other, indicating that 

each locus was capable of responding differently as well as independently to the same  
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Figure 9.  The competitive mechanism of globin gene switching. 

(A)  Early experiments in transgenic mice provided evidence for the role of 

gene competition in human γ- to β-globin gene switching.  Temporal 

regulation is lost when either the γ- or β-globin gene is individually linked 

to the LCR.  However, when both the γ- and β-globin genes are linked to 

the LCR in their normal chromosomal positions, regulation is restored.  

That is, the γ-globin gene is expressed only in the fetal stage and the β-

globin gene only in the adult stage.  (B)  The concept of gene competition.  

The γ- and β-globin genes compete for interaction with the LCR.  During 

fetal definitive erythropoiesis, the transcription factor environment (red 

circle) favors the interaction between the LCR and the γ-globin genes and 

as a result, the β-globin gene is silenced.  Conversely, during adult 

definitive erythropoiesis, the transcriptional environment (blue square) 

now favors the interaction between the LCR and the β-globin gene, thus 

silencing γ-globin gene expression.  Adapted from Stamatoyannopoulos 

2005 (267). 
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transcription factor milieu.  Furthermore, cells that had only γ-globin gene primary 

transcripts also contained large amounts of mature β-globin mRNA in the cytoplasm, 

demonstrating that gene expression alternates or “flip-flops.”  These results support 

the gene competition hypothesis and suggest that the LCR can interact with only one 

globin gene promoter in cis at any given moment (228).   

Gene competition in globin gene switching guarantees that the amount of β-

like globin chains lost as the result of silencing of the earlier stage genes is 

immediately replaced by an equal amount of globin chains from the next 

developmental stage.  Experimental evidence demonstrates that competition by the 

upstream ε- and γ-globin genes is required to prevent premature β-globin gene 

expression during primitive erythropoiesis (19, 80, 103).  Transgenic mice carrying a 

β-YAC in which the human globin genes were inverted with respect to the LCR, 

placing the β-globin gene in the proximal position, expressed the β-globin gene at all 

developmental stages (278).   A similar phenotype was observed ε-globin gene and 

flanking sequences were deleted and replaced by a marked β-globin gene (βm); the 

βm-globin gene was expressed in embryonic and fetal erythroid cells and comprised 

the majority of β-globin expression in the adult (71).      

Autonomous gene silencing.  Transgenic mice containing only the ε-globin 

gene linked to the LCR exhibit abundant ε-globin gene expression that is specifically 

restricted to the cells of the embryonic yolk sac (241).  This finding led to the 

proposal of the autonomous silencing concept, whereby all the elements responsible 

for silencing gene expression are located within the gene or flanking sequences.  
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Numerous experiments have sought to identify the elements in the ε-globin gene 

promoter responsible for the autonomous silencing of ε-globin expression.  

Experiments in transgenic mice that investigated the effects of deleting various 

promoter sequences on ε-globin gene expression led to the identification of silencing 

elements in both the proximal and distal ε-globin gene promoter (175).  An element 

located between -182 and -467 upstream of the mRNA cap site functions as a 

classical silencer in transient transfection assays and shares homology with yeast and 

chicken silencers.  This silencer element contains binding sites for GATA-1, YY1, 

and Sp-1 (240).  Mutation of any of these sites results in continued ε-globin 

expression in adult erythroid cells, suggesting that silencing is the result of the 

combined action of several transcription factors participating in the formation of a 

repressor complex.  The proximal ε-globin promoter contains two direct repeat 

elements which bind with high affinity to a high molecular weight protein complex 

named DRED (274).  Mutation of the DR elements in transgenic mice inhibits DRED 

binding and results in ε-globin expression in adult mice (277).  Therefore, the 

autonomous silencing of the ε-globin gene appears to be a complex process which 

involves sequences in both the proximal and distal promoter as well as the 

participation of multiple repressor complexes.  During definitive erthropoiesis, 

repressor complexes silence ε-globin gene expression by preventing either the ε-

globin gene from interacting with the LCR or the binding of the transcription 

initiation complex to the promoter (Figure 10).   
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Figure 10.  The autonomous silencing of the ε-globin gene during development 

All sequences required for silencing are located in the gene-proximal  

regulatory sequences and silencing does not involve competition by 

another globin gene.  This figure illustrates the concept with respect to the 

autonomous silencing of the ε-globin gene.  Transcription factors bind to 

silencer elements located within the proximal and distal ε-globin gene 

promoter and form a repressor complex that disrupts the interaction 

between the LCR and the gene or prevents binding of the transcription 

initiation complex, turning off ε-globin synthesis during definitive 

erythropoiesis.  Adapted from Stamatoyannopoulos 2005 (267). 
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Competition and autonomous silencing are responsible for repressing the γ-

globin genes during adult definitive erythropoiesis.  Transgenic mice carrying a DNA 

fragment composed of the entire γ-globin gene, but no LCR sequences express the γ-

globin gene solely in embryonic erythroid cells (267).  Even though expression of the 

γ-globin gene was not observed in the fetal liver, these results were considered 

evidence that the γ-globin gene contains sufficient information for silencing during 

definitive erythropoiesis.  In addition, the γ-globin gene is completely silenced in 

adult transgenic mice that carry a human β-YAC (232).  The elements involved in 

silencing the γ-globin gene have been mapped to the proximal and distal γ-globin 

gene promoter.  To determine the sequences within the proximal promoter that 

contribute to γ-globin silencing, transgenic mice were produced in which the human 

γ-globin gene was driven by either the human or galago γ-globin promoter (183).  In 

contrast to the human γ-globin gene, expression of the galago γ-globin gene is 

restricted to embryonic erythropoiesis and this restriction is mediated by sequences in 

the proximal promoter (120).  Findings from these studies suggested that the CACCC 

box was the main element within the proximal γ-globin promoter that participates in   

γ-globin silencing (183).  Like the ε-globin promoter, the Aγ-globin promoter also 

contains DR elements that bind with high affinity to the DRED complex and mediate 

adult-stage repression of the Aγ-globin gene (218).   

A recent publication by Harju et al. (124) has provided solid evidence that the 

Aγ-globin gene is autonomously silenced.  Transgenic mice were produced in which a 

marked Aγ-globin gene (Aγm) was placed upstream of the ε-globin gene in the context 
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of a β-YAC.  The Aγm-globin gene was expressed as expected during the embryonic 

and fetal stages of erythropoiesis, but was silenced during the adult stage.  Gene 

competition for the LCR can not account for what was observed, since the Aγm-globin 

gene was silenced even in transgenic lines carrying a β-YAC in which the adult β-

globin gene had been deleted (124).  Previous studies in transgenic mice with γ-

globin promoter truncations localized a silencing element to the -378 to -730 region 

upstream of the Aγ-globin gene promoter (269).  When this region was deleted from 

the Aγm-globin gene in its location upstream of the ε-globin gene in β-YAC transgenic 

mice, expression of the gene was detected at low levels in adult mice (K. Peterson, 

personal communication).  Furthermore, this region contains a GATA site that, when 

mutated in humans, gives rise to a HPFH phenotype, thus providing additional 

evidence that it contributes to γ-globin gene silencing in vivo (153). 

 In an effort to investigate the control of γ-globin gene expression during 

development, transgenic mice were produced in which sequences within the β-globin 

gene promoter were replaced by equivalent sequences of the γ-globin gene promoter 

in the context of a β-YAC and the effects on globin gene expression were analyzed 

(303).  The γ-globin promoter reduced the expression of the β-globin gene to1.7% of 

the murine α-globin gene in adult blood, thus providing further evidence that γ-globin 

gene silencing in the adult is an intrinsic property of the γ-globin promoter.  

Interestingly, these experiments also indicated that gene competition also plays a role 

in controlling γ-globin gene expression.  In the hybrid γ-globin promoter/β-globin 

gene β-YAC transgenic mice, expression of the wild-type γ-globin genes was much 
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higher in embryonic erythroid cells than the γ-globin promoter/β-globin gene even 

though the β-globin gene was driven by the γ-globin promoter.  A plausible 

explanation for this observation is that competition by the upstream Gγ- and Aγ-globin 

genes decreased the probability of interaction between the LCR and hybrid γ-globin 

promoter/β-globin gene.  In fact, deletion of the upstream wild-type γ-globin genes 

restored the expression of the β-globin gene driven by the γ-globin promoter.  In 

summary, while autonomous silencing is the main mechanism involved in controlling 

γ-globin gene expression in the adult, the combination of autonomous silencing and 

gene competition controls the switch from γ- to β-globin gene expression during the 

transition from the fetal stage of development to adult erythropoiesis (303). 

Gene order and proximity to the LCR.  Since the temporal expression pattern 

of the β-like globin genes reflects the order in which they are arranged on the 

chromosome, it has been suggested that gene order or proximity to the LCR is 

involved in determining the order of globin gene activation during development.  

Similar correlations between the spatial arrangement of genes and their temporal 

expression pattern during development are also observed in other multi-gene loci, 

such as the mammalian α-fetoprotein and albumin genes, as well as the homeobox 

genes of Drosophila and mammals (56, 124, 198).  Various approaches have been 

utilized to elucidate the role of either gene order or distance from the LCR in the 

developmental regulation of the globin genes.  Hanscombe et al. (119) demonstrated 

the importance of proximity to the LCR by producing transgenic mice with the 

human γ- and β-globin genes linked at various distances to the LCR.  They found that 
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when the genes were closer to the LCR, they exhibited higher levels of expression, 

and therefore proposed that proximity to the LCR increased the probability the genes 

would interact with the LCR.  Furthermore, when two globin genes from the same 

developmental stage were tandemly linked to a μLCR (μLCRγγ or μLCRββ), the 

gene that was more proximal to the LCR was expressed preferentially throughout 

development, suggesting that proximity to the LCR is a determinant of globin gene 

expression (231).  Such an arrangement of structurally identical genes is seen 

naturally within the human β-globin locus with respect to the two γ-globin genes (Gγ-

globin and Aγ-globin).  The ratio of Gγ- to Aγ- globin expression early in fetal 

erythropoiesis is 3:1; however, as development proceeds, this ratio changes to 2:3 

(135).  

The role of distance from the LCR was further analyzed in transgenic mice 

carrying a 70 kb human β-globin locus construct in which the ε-globin gene and 

flanking sequences were deleted and replaced with a marked β-globin (βm) gene (71).  

In these mice, the βm-globin gene was expressed at all developmental stages and 

comprised approximately 98% of total β-globin expression in the adult; the βwt-globin 

constituted less than 2%.  In addition, γ-globin gene expression was partially 

suppressed in embryonic cells and completely silenced in fetal cells.  Conversely, 

when the βm-globin gene was placed upstream of the δ-globin gene in the 70 kb 

construct, βm accounted for 75% of the total β-globin synthesis, whereas βwt 

contributed only 25% (71).  Futhermore, the effects of inverting the human β-globin 

genes with respect to the LCR in β-YAC transgenic mice was investigated (278).  In 
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these mice, the β-globin gene was most proximal to the LCR and was expressed 

constitutively throughout development, while the ε-globin gene, now relocated to the 

3’ end of the β-globin locus, was transcriptionally silent at all developmental stages.  

Expression of the γ-globin genes was restricted to cells of the embryonic yolk sac, 

however, the ratio of Gγ- to Aγ-globin gene expression in the inverted locus was 

reversed compared to the wild-type locus; that is, Aγ-globin and Gγ-globin contributed 

70% and 30% respectively to the total amount of γ-globin gene expression (278).  

Collectively, these results provided further evidence that proximity to the LCR is 

involved in controlling globin gene expression. 

 To further investigate the role of gene order in globin gene expression, Harju 

et al. (124) utilized a 213 kb β-YAC.  Transgenic mice produced with this β-YAC 

display proper developmental- and tissue-specific expression of the human β-like 

globin genes (232).  In these experiments, mutant β-YACs were generated, each 

having one additional marked globin gene (εm, Aγm, or βm), integrated at different 

locations within the locus.  Placement of a marked β-globin gene upstream of the ε-

globin gene produced similar results as the study in which a βm-globin gene replaced 

the ε-globin gene (71).  During primitive erythropoiesis in the yolk sac, expression of 

the βm-globin gene predominated, γ-globin expression was reduced by 50%, 

compared to a wild type β-YAC γ-globin gene control, and there was no detectable ε-

globin expression.  In definitive erythropoiesis, only βm-globin gene expression was 

detected in the fetal liver and adult erythroid cells.  When a marked Aγ-globin gene 

(Aγm) was placed in the same location upstream of the ε-globin gene, it was expressed 
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in the embryonic yolk sac and fetal liver, but was turned off during adult definitive 

erythropoiesis, thus allowing the switch from γ- to β-globin gene expression to occur.  

In addition, the ε-globin gene, as well as the downstream wild-type γ-globin genes, 

was not expressed.  When a marked ε-globin (εm) gene was placed between the δ- and 

β-globin genes, it remained silent at all stages of development and only the wild-type 

ε-globin gene located it its LCR-proximal position was expressed.  Lastly, placement 

of a βm-globin gene upstream of the Gγ-globin gene resulted in ε-, βm-, and γ-globin 

gene expression in embryonic cells, but no distal βwt-globin expression was observed 

in these cells.  Furthermore, during fetal or adult definitive erythropoiesis, the distal 

βwt-globin gene was expressed at 1/10th the level of the upstream βm-globin gene 

(124). 

The expression patterns observed in these experiments highlight the 

importance of distance from the LCR, an intrinsic property of spatial gene order, in 

determining the temporal pattern of expression of the globin genes during 

development.  Any gene located near the LCR was preferentially expressed 

throughout development, unless it possessed an autonomous silencing mechanism.  

Because the β-globin gene promoter lacks any well-defined developmentally 

regulated silencing elements, when a βm-globin gene was placed upstream of the ε-

globin gene it was expressed at all stages and abolished any globin gene switching. 

Conversely, when the Aγm-globin gene, which contains silencer elements, was placed 

in this location, it was turned off during adult definitive erythropoiesis, thus allowing 

the switch from γ- to β-globin gene expression to occur.  In addition, these results 
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provide further evidence that the γ-globin genes are autonomously silenced during 

development and demonstrate that both gene order as well as gene-proximal 

regulatory elements are important for correct developmental expression of the β-like 

globin genes.  Interestingly, in the experiments in which a βm-globin gene was placed 

upstream of either the ε- or Gγ -globin gene, a steady decrease in βm-globin gene 

expression was observed as development proceeded that resulted in the total β-globin 

synthesis in adult cells being significantly lower than what was seen in embryonic 

cells.  Since changes in the transcriptional environment cannot account for this 

decline in β-globin expression, it was suggested that the chromatin structure of the 

human β-globin locus changes during development.  In fact, previous studies have 

indicated that the human β-globin locus can be divided into developmentally 

regulated chromatin sub-domains (will be discussed in detail later) (100, 113, 141).  

The chromatin structure of the embryonic/fetal sub-domain may be modified during 

adult definitive erythropoiesis so that the interaction between the LCR and the βm-

globin gene placed in that domain is affected, thereby leading to the observed 

decrease in expression.  The fact that an εm -globin gene was not expressed during 

primitive erythropoiesis when it was placed in the active adult sub-domain, between 

the δ- and β-globin genes, further supports the concept of chromatin sub-domains 

within the human β-globin locus.   

The role of the LCR in chromatin remodeling 

The β-globin LCR is required for high-level transcription of all the β-like 

globin genes.  The LCR may also be involved in regulating the chromatin structure of 
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the locus.  Numerous transient and stable transfection assays, as well as studies in 

transgenic mice in which the human β-globin transgenes are located at ectopic sites 

have shown that the LCR possesses a positive chromatin opening activity.  In fact, 

even the extremely repressive effects of pericentric heterochromatin can be overcome 

by the presence of a complete LCR (102, 203).  The most convincing evidence that 

the LCR plays a role in chromatin remodeling of the locus comes from the analysis of 

mutations that give rise to various forms of human β-thalassemia.  The English, 

Hispanic, and Dutch forms of thalassemia all involve deletions encompassing the 

LCR and some upstream sequences (65, 76, 97, 158).  In these patients, the entire β-

globin locus exists in a closed, DNase-I resistant conformation and is transcriptionally 

silent, suggesting that in addition to activating the globin genes, the LCR functions to 

open chromatin.  However, deletion of the entire LCR from the endogenous mouse β-

globin locus in embryonic stem cells did not alter the general sensitivity of the locus 

to DNase-I, change the histone hyperacetylation pattern, or affect chromatin 

remodeling at the β-globin promoter (83).  In addition, deletion of 5’HS2-5 from the 

human β-globin LCR in DT40-MEL cell hybrids demonstrated that the LCR was 

necessary for activation of globin gene expression, but not for maintenance of an 

open chromatin state (245).  Together, these results suggest the LCR activates 

transcription only after the establishment of an open chromatin domain at the 

promoter.  It is unclear whether the observed discrepancy between the studies at the 

endogenous mouse locus versus those with human transgenes or β-thalassemia 

patients is a result of species specificity or a functional difference between the murine 



 113

and human β-globin locus LCR.  Therefore, further studies are needed to characterize 

the in vivo role of the LCR.   

A 2003 study by Sawado et al. (253) sought to gain insight into the 

transcriptional events that are influenced by the LCR at its endogenous location in 

mice.  Using ChIP assays, they found that histone acetylation and methylation at the 

β-globin promoter as well as the recruitment of NF-E2, RNA polymerase II, and other 

general transcription factors was independent of the LCR.  In addition, they 

demonstrated that the primary role of the LCR was to enhance the transition from 

transcription initiation to elongation at the β-globin promoter (253, 254).  Consistent 

with these findings, the LCR enhanced globin gene expression by increasing the rate 

of transcription as opposed to increasing the probability of initiating transcription at 

the murine β-globin locus (256).  Finally, it has also been proposed that the human β-

globin LCR may function to maintain an open chromatin conformation at the β-like 

globin promoters in order to facilitate the binding of additional transcription factors to 

further remodel chromatin or initiate globin gene transcription (128).  To address this, 

a 101-bp erythroid-specific hypersensitive-site forming element (HSFE) from the 

core of the human 5’HS4 was inserted immediately upstream of a minimal β-globin 

promoter.  This element contained binding sites for NF-E2, Sp1, and GATA-1 and 

was shown to enhance β-globin gene expression three-fold as well as prevent its long-

term silencing.  DNase-I hypersensitivity assays demonstrated that the HSFE 

increased the amount of accessible chromatin at the promoter and increased the 

proportion of promoters in an accessible chromatin conformation (140).   
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Role of chromatin structure and remodeling in transcriptional control of globin 

gene expression 

Globin gene activation requires the remodeling of chromatin to facilitate the 

formation of an active transcription complex at the globin gene promoters.  ATP-

dependent nucleosome remodeling complexes, such as SWI/SNF and complexes that 

covalently modify histones, such as histone acetyltransferases (HATs) and 

methyltransferases, each play unique and interdependent roles to bring about changes 

in chromatin structure (156).  Analysis of the DNase I hypersentivity of the human β-

globin locus suggests that large regions of chromatin may be opened or maintained in 

the open state, by a process known as intergenic transcription (12, 113, 142, 286).  

Studies of intergenic transcription at the β-globin locus revealed that the locus can be 

divided into three differentially regulated chromatin sub-domains based on the 

abundance of intergenic transcripts.  The chromatin of the LCR domain is open 

throughout all stages of development.  The embryonic/fetal (ε/γ) sub-domain is open 

during embryonic/fetal erythropoiesis, but closed during adult definitive 

erythropoiesis; the opposite is true for the adult (δ/β) sub-domain (113). 

Chromatin remodeling complexes.  Regulatory elements of numerous genes 

exhibit hypersensitivity to DNase I indicating that the disruption of nucleosomes at 

these sites is necessary to relieve the repressive effects of chromatin (89).  Many 

studies have led to the identification of large multimeric complexes which facilitate 

gene activation by disrupting nucleosomes positioned over the regulatory regions of 

genes in eukaryotic cells.  For example, genetic studies in Saccharomyces cervisiae 
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identified a 2-MDa multisubunit complex called SWI/SNF that binds DNA and 

disrupts nucleosomes (17).  Homologs of the yeast SWI/SNF complex have been 

discovered in higher eukaryotes which are also capable of remodeling nucleosomes 

(105).  ATP-dependent chromatin remodeling complexes like SWI/SNF function as 

molecular machines, utilizing the energy from the hydrolysis of ATP to disrupt 

chromatin structures by destabilizing and displacing histone-DNA contacts (32).  

These complexes are thought to act indirectly as coactivators by altering repressive 

chromatin structures thereby facilitating the binding of activators and the transcription 

initiation apparatus to DNA regulatory sequences within enhancer and promoter 

regions.  Mammalian SWI/SNF complexes contain a SNF2 helicase-ATPase subunit, 

either BRM or BRG1, which is essential for their ATP-dependent chromatin 

disruption activity, along with BRG1-associated factors (BAFs), actin-related 

proteins, and β-actin (9).  These complexes are found in association with chromatin 

and have been shown to bind DNA structures resembling nucleosomes.  Conversely, 

other chromatin-remodeling complexes that contain both nucleosome-remodeling and 

histone deacetylase activities, such as NuRD, have also been described, and are 

thought to function in chromatin-mediated gene repression (306).  Much evidence has 

accumulated which indicates that SWI/SNF complexes play important roles in a 

variety of transcriptional processes and therefore numerous studies have sought to 

determine how they are targeted to specific genes for activation.  From these studies, 

several mechanisms have been proposed to be responsible for SWI/SNF recruitment.  

First, SWI/SNF complexes can be recruited to specific promoters through interaction 
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with sequence-specific transcription factors.  Second, the SWI/SNF complex is 

targeted to promoters through interaction with the RNA polymerase II holoenzyme, 

although some studies have not been able to detect this interaction.  Finally, it has 

also been suggested that gene-selective expression is regulated by SWI/SNF stage-

specific inactivation and/or relocalization (105). 

Two hematopoietic-specific SWI/SNF complexes have been identified that 

regulate the chromatin structure within the human β-globin locus, E-RC1 (EKLF co-

activator remodeling complex 1) and the PYR complex (9, 215).  E-RC1 was initially 

purified from MEL cells and contains homologs of yeast SWI/SNF subunits, BRG-1, 

BAF170, BAF155 and INI1, as well as a subunit unique to higher eukaryotes, 

BAF57.  E-RC1 remodeled chromatin at the human β-globin promoter and enhanced 

the activity of the promoter in an EKLF-dependent manner (9).  Since the activity of 

ERC-1 was evident only at the adult β-globin promoter and it cannot remodel 

chromatin in vitro without EKLF, it was proposed that SWI/SNF-like complexes, 

such as ERC-1, were targeted specifically to promoters by selectively interacting with 

promoter-bound transcription factors like EKLF.  In 1999, this hypothesis was tested 

using the ProteIN Position Identification with Nuclease Tail (PIN*POINT) assay 

(172).  The BRG-1 and BAF170 subunits of E-RC1 were recruited to the transcription 

initiation sites of the β-globin promoter, and this recruitment required an intact 

EKLF-binding site and a TATA box.  Furthermore, the LCR strongly enhanced the 

recruitment of ERC-1 to the promoter while the cytomegalovirus (CMV) enhancer 

did not, suggesting recruitment of ERC-1 is not a general property of enhancers.  
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These findings are consistent with the role of the LCR in enhancing transcription by 

selectively remodeling the chromatin at the β-globin promoter rather than globally 

remodeling the chromatin at the human β-globin locus (83).  Subsequent studies on 

the various subunits of ERC-1 revealed a direct protein-protein interaction between 

BRG-1, the critical ATPase component of ERC-1, and the zinc finger DNA binding 

domain of EKLF that was sufficient for the in vitro remodeling of a chromatinized β-

globin template (39).   

The other SWI/SNF complex, the PYR complex, is a hematopoietic cell- and 

stage-specific chromatin remodeling complex that binds to a 250-bp polypyrimidine 

(PYR)-rich DNA sequence located 1 kb upstream of the human δ-globin gene.  This 

complex was initially discovered while searching the human β-globin locus for 

sequences homologous to the globin switching region previously described in 

chickens (216).  The PYR complex is present in murine fetal liver as well as MEL 

cells and in human adult megakaryocytic and T- and B-cell lines.  In contrast, it is 

absent in mouse yolk sac cells and the human fetal-embryonic erythroid cell line 

K562, suggesting the complex may function in globin-switching (15).  Consistent 

with this idea, deletion of a 511 bp region of DNA upstream of the δ-globin gene that 

encompassed the PYR binding site led to delayed human γ-globin-to-β-globin 

switching in transgenic mice containing a human β-globin locus cosmid (215).  The 

zinc finger transcription factor Ikaros, which is predominately expressed in adult 

hematopoietic cells, is the DNA-binding and core assembly subunit of the PYR 

complex (217).  Mice that do not express Ikaros lack the PYR complex, exhibit 
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multiple hematopoietic defects including anemia and megakaryocytic abnormalities, 

and have a delay in murine embryonic to adult β-globin switching.  Furthermore, 

when these mice are crossed with transgenic mice that carry the human β-globin 

locus, they exhibit delayed human γ-globin-to-β-globin switching as well (161, 193).  

Biochemical characterization of the PYR complex in MEL cells revealed that it is a 

single complex that contains at least four positive-acting mammalian SWI/SNF 

subunits; BAF57, INI1, BAF60a, and BAF170, as well as repressive subunits of the 

nucleosome-remodeling deacetylase (NuRD) complex, including HDACs and the 

ATPase-helicase subunit Mi-2 (14).  A model has been proposed for the role of the 

PYR complex in globin gene switching (Figure 11).  At the time of the switch from 

fetal to adult globin production, the PYR complex is recruited to and assembled at its 

binding site upstream of the δ-globin gene and functions to repress γ-globin 

transcription and alter the conformation of the locus so that the LCR preferentially 

activates the β-globin gene (15).   

Much of the research involving the recruitment of chromatin remodeling 

complexes to the human β-globin locus has focused on the β-globin promoter and the 

pyrimidine-rich sequence in the Aγ-δ intergenic region.  However, a recent study 

described the structural and functional properties of a biochemically purified human 

β-globin LCR-associated chromatin remodeling complex (LARC) (196).  LARC is a 

homogeneous single complex that consists of the SWI/SNF and NuRD/MeCP1 

chromatin remodeling complexes and the heterogeneous ribonucleoprotein (hnRNP) 

C1/C2.  Like  the  PYR  complex,  LARC  consists  of  factors that are involved in the  
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Figure 11.  Proposed role for the PYR complex in hemoglobin switching. 

Globin genes are represented by colored boxes and the LCR cores are 

indicated by red circles.  In fetal embryonic cells, there is little or no PYR 

complex, and the LCR, along with erythroid-specific transcription factors 

and chromatin remodeling complexes (teal shapes) are associated with the 

γ-globin genes.  In adult erythroid cells, the presence of the PYR complex 

and its binding to the PYR site, via Ikaros, 1 kb upstream of the δ-globin 

gene, leads to the repression of the γ-globin genes.  The LCR, as well as 

erythroid-specific transcription factors and other chromatin remodeling 

complexes now associate with and activate the β-, and to a lesser extent, 

the δ-globin genes.  Adapted from Bank 2006 (14). 
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promotion of transcription (SWI/SNF), as well as factors that are associated with 

repression (NuRD).  Therefore, during hematopoiesis, LARC could be recruited to 

the transcriptionally inactive, heterochromatic LCR by its NuRD/MeCP1 component, 

at which point the SWI/SNF complex may facilitate the formation of an active 

chromatin structure and aid in the recruitment of other transcription factors.  LARC 

binds in a sequence-specific manner to the Maf recognition element (MARE) within 

5’HS2 of the LCR.  Disruption of the LARC-binding sequences inhibited the 

enhancer activity of 5’HS2 in transient transfection assays.  hnRNP C1/C2, 

previously defined as a general RNA binding protein, was shown to contain a 

sequence-specific DNA recognition element for LARC.  ChIP assays using antibodies 

to the various component of LACR demonstrated that LARC was recruited to the 

active γ-globin gene promoters and inactive β-globin gene promoter as well as the 

5’HS2 in K562 cells in vivo.  However, EMSAs with the MARE of 5’HS2 or γ- and 

β-globin promoter regions showed that in comparison with the globin promoters, 

LARC bound with higher affinity and specificity to 5’HS2 of the LCR.  Therefore, 

5’HS2 is the primary binding site for LARC, with a subsequent transfer to its cognate 

β-like globin promoters.  Furthermore, the fact that LARC contains hnRNP C1/C2 

suggests that the nascent intergenic RNA initiated in or close to 5’HS2 could be 

important in its binding and/or transfer to the globin promoters (196). 

Histone Modifications.  The post-translational modification of core histones in 

nucleosomes, by acetylation, methylation, phosphorylation, and ubiquitination plays 

an important role in chromatin remodeling.  These modifications affect lysine 
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residues within the amino-terminal tails of core histones H3 and H4, thereby 

neutralizing their net positive charge and disrupting the higher order folding of 

nucleosome arrays (300).  Furthermore, the distinct combinations of these histone 

modifications generates a “histone code” that is recognized by a variety of different 

regulatory proteins, some of which catalyze further chromatin modification and 

interact with components of the transcription initiation machinery (146).  Histone 

acetylation is the best characterized of the histone modifications and is associated 

with transcriptional activation in eukaryotic cells.  The structural effects of histone 

methylation, however, are less characterized and have been associated with activating 

as well as silencing genes.  In general, methylation of histone H3 at lysine-9 (H3-

meK9) is associated with condensed and inactive chromatin while methylation of 

histone H3 at lysine-4 (H3-meK4) is associated with active chromatin and colocalizes 

with hyperacetylated histones H3 and H4 (24, 189).  In addition, H3K4 methylation 

has been shown to disrupt the binding of the nucleosome remodeling and deacetylase 

(NuRD) repressor complex to histone H3 N-terminal tails, thereby suggesting a de-

repressive mechanism by which H3K4 methylation might stimulate transcription 

(306).       

 Histone modifications have been shown to play an important role in 

hematopoiesis (33).  Changes in the activity of enzymes involved in the covalent 

modifications of histones, such as histone acetyltransferases (HATs) and histone 

deacetyltransferases (HDACs), are seen in chromosomal translocations associated 

with several forms of leukemia (244).  In chicken erythroid cells, the 33 kb of DNase 
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I-sensitive chromatin containing the genes and LCR of the β-globin locus is 

uniformly hyperacetylated, suggesting that histone acetylation is essential in 

activating and/or maintaining an active globin locus (125).  In a 2001 study, 

antibodies to a range of acetylated and methylated histone isoforms were used to 

examine the pattern of acetylation and methylation of the chicken β-globin locus and 

the neighboring folate receptor (FR) gene during erythroid differentiation (188).  

Developmentally inactive genes as well as condensed chromatin exhibited the lowest 

levels of acetylation and were marked by H3K9 methylation.  In contrast, 

transcriptional activation was associated with a large increase in methylation at 

H3K4, which paralled acetylation of histone H3 and H4 (188).  An erythroid-specific 

and developmentally dynamic pattern of histone modifications has also been observed 

for both the murine and human β-globin loci (100, 255).  Chromatin 

immunoprecipitation (ChIP) analysis of the murine β-globin locus in adult erythroid 

cells revealed that rather than having uniform acetylation, like the chicken β-globin 

locus, histones H3 and H4 were hyperacetylated over the LCR and the active βmajor- 

and βminor-globin gene promoters.  Conversely, the region containing the silenced 

embryonic β-globin genes (εy- and βh1-globin) was hypoacetylated (100).  Similar 

results were observed in the human β-globin locus.  In 2000, Schübeler et al. (255) 

analyzed the pattern of histone H3 and H4 acetylation of the human β-globin locus in 

MEL cells that contained human chromosome 11.  They demonstrated that histones 

H3 and H4 were acetylated throughout the locus, while peaks of histone H3 

hyperacetylation were observed at the LCR and the transcriptionally active β-globin 
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promoter.  This pattern in the wild-type locus was then compared to the patterns in a 

mutant locus containing either the Hispanic deletion, which removes the entire LCR 

along with an additional 27 kb of upstream sequence, or a 5’HS2-HS5 deletion.  In 

the Hispanic deletion, besides being transcriptionally inactive and having a closed 

chromatin conformation, as measured by general DNase I-sensitvity, the locus was 

hypoacetylated and localized closer to the heterochromatic centromere.  In the 5’HS2-

HS5 deletion, the locus was also transcriptionally inactive, but had an open chromatin 

conformation and exhibited similar general levels of histone H3 and H4 acetylation as 

the wild-type locus.  However, both mutant loci lost the localized histone H3 

hyperacetylation at the active β-globin promoter that was observed in the wild-type 

locus.  These results suggested that broad histone H3 and H4 acetylation 

corresponded with open chromatin and did not required 5’HS2-5 of the LCR or 

transcription.  In constrast, histone H3 hyperacetylation at the active globin gene 

promoter seems to be dependent on the presence of 5’HS2-5 and could be either a 

consequence of, or essential for, activation of the globin genes (255).   

A 2003 study by Bottardi et al. (33) sought to gain insight into the epigenetic 

regulation of the human β-globin locus by investigating the patterns of histone 

acetylation in multipotent hematopoietic progenitor cells (HPC) derived from both 

humans and transgenic mice in comparison to erythroid cells in vivo. Both the γ- and 

β-globin genes are   Using ChIP assays, they found that the human β-globin LCR was 

acetylated in both HPC and erythroid cells.  Activation of the β-globin gene in either 

humans or transgenic mice HPC was preceded by a wave histone H3 hyperacetylation 
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at the promoter and within the gene.  In adult erythroid cells, when the β-globin gene 

is fully active, expression of the β-globin gene was associated with histone H3 and 

H4 hyperacetylation within the gene, and, interestingly, a local histone H3 

deacetylation at promoter.  The γ-globin gene promoters were not acetylated in adult 

human or mouse bone marrow HPC, but were acetylated in HPC derived from 11.5 

dpc fetal livers i.e., where the γ-globin genes are transcribed in erythroid cells.  These 

findings suggest that histone acetylation at the human β-globin promoters is regulated 

in a gene- and stage-specific manner during hematopoiesis, and may to be involved in 

transcriptional potentiation mechanism HPC (33).  Finally, the histone modifications 

at the LCR and the ε-globin gene during the embryonic stage of development were 

recently analyzed in human erythroid K562 cells that do not express the adult β-

globin gene (157).  Using ChIP analyses and real-time PCR it was shown that histone 

H3 and H4 acetylation along with H3K4 methylation were continuous over a 17 kb 

region of the human β-globin locus including the LCR and the active ε-globin gene.  

Furthermore, the levels of these histone modifications were directly related to the 

amount of ε-globin gene expression.  Conversely, this region in non-erythroid HeLa 

cells lacked both histone H3 and H4 acetylation as well as  H3K4 methylation, but 

instead was marked with widespread H3K9 methylation.  Therefore, the human β-

globin locus is characterized by distinct differences in chromatin modification during 

embryonic (ε-globin gene is active) and adult (β-globin gene is active) stages of 

development (157). 



 126

The exact mechanism of how complex histone modifications patterns are 

established and maintained within native chromatin domains is not fully understood.  

It is possible that histone acetlytransferases and methytransferases could be recruited 

to a chromatin template by a single activator, or alternatively, multiple activators may 

be required to recruit both enzymes.  In the murine β-globin locus low levels of 

histone acetylation are maintained by the coordinate actions of histone 

acetyltransferases (HATs) and histone deacetyltransferases (HDACs) (141).  

However, it has been shown that this level of acetylation is not dependent upon the 

presence of erythroid-specific transcription factors such as EKLF, GATA-1, and NF-

E2 (209).  The fact that GATA-1 and NF-E2 work cooperatively to recruit RNA 

polymerase II to the murine adult β-globin promoters prompted a study to investigate 

whether these two factors induce identical or distinct histone modifications at the 

promoters and nearby chromatin (154).  Using murine CB3 and G1E cells lines, 

which lack NF-E2 and GATA-1 respectively, it was demonstrated that both activators 

induced acetylation of histone H3 at the adult β-globin promoters upon activation of 

transcription.  However, only NF-E2 strongly induced H3 K4 methylation at and near 

the promoters, indicating that NF-E2 and GATA-1 differentially regulate chromatin 

modifications at the adult murine β-globin gene promoters.  Thus, establishment of a 

complex pattern of histone modifications requires transcription factors with distinct 

activities (154).      

In addition to methylation and acetylation, the covalent modification of 

histones by phosphorylation and ubiquitination has also been shown to disrupt higher 
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order folding of nucleosome arrays.  However, the effects of these two modifications 

with respect to the human β-globin locus are not well documented.  The p42/p44 

mitogen-activated (MAP) kinase pathway and stress-activated p38 pathway can 

induce phosphorylation of histone H3.  Phosphorylation of H3 occurs at serine 10 of 

the N-terminal tail and corresponds with the expression of the immediate-early genes, 

suggesting that this modification is linked to transcription activation.  Both the p38 

and MAP kinase pathways have been shown to play a role in erythropoiesis.  For 

example, p38 null mice usually die in utero due to the failure of angiogenesis and any 

mice that survive are anemic from a lack of adult βmaj-globin gene expression (273).   

DNA Methylation.  In higher eukaryotes, DNA methylation at the cytosine of 

CpG dinucleotides plays an important role in several cellular processes such as X-

chromosome inactivation, genomic imprinting, tissue-specific gene repression, and 

the silencing of parasitic sequences (276).  Changes in methylation have been 

implicated in malignant transformations, and genetic disorders have been linked to 

defects in genes involved in the maintenance of methylation and methylation-induced 

repression (255)  The main result of DNA methylation is transcriptional repression, 

which can be mediated directly by blocking the binding of transcription factors to 

CpG containing binding sites, or indirectly through proteins that bind specifically to 

methylated DNA via a methyl CpG-binding domain (MBD).  Several MBD-

containing proteins have been described and are thought to modulate chromatin 

structure by recruiting factors with HDAC activity to methylated DNA and 

generating a repressive nucleosomal structure.  In general, regions of active 
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chromatin are usually hypo-methylated, whereas DNA methylation of CpG islands 

within the promoter regions of genes correlates with the loss of DNase I 

hypersensitivity (144).  Therefore, when methylated, the chromatin of a locus is in a 

repressive conformation and is transcriptionally inactive.   

Although DNA methylation is involved in globin gene regulation, its role in 

the remodeling of the chromatin structure at the human β-globin locus is not fully 

understood.  The observation that the γ-globin gene is reactivated in the adult upon 

treatment with the demethylating agent 5-azacytidine, suggested that CpG 

methylation was involved in the control of globin gene expression (82).  During the 

fetal stage of development, the γ-globin genes are hypomethylated and become fully 

methylated once the genes are silenced; the opposite is true for the β-globin gene 

(197).  Thus, DNA methylation could influence the chromatin structure as to ensure 

correct silencing and activation of these genes during the switch from γ- to β-globin 

gene expression.  Furthermore, it has recently been shown that the methyl-CpG 

binding protein MBD2 is involved in the repression of γ-globin expression during 

adult definitve erythropoiesis.  Human β-YAC containing mice that do not express 

MBD2, inappropriately expressed the γ-globin gene in the adult at a level similar to 

mice treated with 5-azacytidine.  In addition, loss of MBD2 delayed the silencing of 

the γ-globin gene during embryonic development (249). 

Intergenic Transcription.  Intergenic transcripts were first described in the β-

globin locus in 1973 as long RNA species encompassing both intergenic and gene 

sequences (142).  These large transcripts were interpreted as examples of eukaryotic 
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polycistronic pre-mRNAs, similar to the prokaryotic polycistronic RNAs that had 

recently been discovered (52).  Characterization of β-globin primary transcripts and 

intron splicing led to the rejection of this polycistronic transcript theory, and 

intergenic transcripts were for the most part considered artifacts.  However, in the 

1990s, interest in β-globin intergenic transcripts re-emerged and they were shown to 

be rare, long, erythroid specific, nuclear-restricted RNA molecules that encompassed 

both the LCR and intergenic regions and were transcribed by RNA polymerase II in 

the same direction as gene transcription (12, 286).  Subsequent studies using RNA 

FISH showed that intergenic transcripts in the human β-globin locus were 

developmentally stage-specific and that the locus can be divided into three 

differentially regulated chromatin sub-domains based on the abundance of these 

transcripts (Figure 12) (113).  The LCR sub-domain, which does not possess any 

genes, is transcribed throughout development, while transcription of the 

embryonic/fetal sub-domain, which contains the ε- and γ-globin genes, is five- to ten- 

fold higher in embryonic cells than adult cells.  Transcription of the adult domain, 

containing the δ- and β-globin genes is very low in embryonic cells but five- to ten-

fold higher in fetal and adult cells. Interestingly, the pattern of intergenic transcription 

observed correlated with areas of elevated sensitivity to DNase I digestion.  

Furthermore, intergenic transcripts were shown to specifically delineate the active 

domains at crucial cell cycle points associated with changes in chromatin structure 

(113).  Therefore,  intergenic  transcription  suggests  the  existence  of  a  progressive  
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Figure 12.  Intergenic transcription at the human β-globin locus during     
                   development. 

      (A) Map of the human β-globin locus.  Functional β-like globin genes are         

       shown as black boxes, and the psuedogene as an open box.  The position      

of HS sites 1-5 of the LCR are indicated by vertical arrows.  The colored     

boxes (a-g) below the locus represent restriction fragments used as probes 

for RNA FISH in panel B.  (B) Analysis of intergenic transcription during 

development in erythroid tissues from transgenic mice containing a single-

copy insert of the human β-globin locus.  RNA FISH was performed with 

gene-specific intron probes for γ- and β-globin primary transcripts and 

individual intergenic probes (b-g) at indicated time points, E10.5, E12.5, 

E16.5, and adult.  These results demonstrate that intergenic transcripts are 

developmentally regulated and delineate large regions of 15-30 kb 

surrounding the globin genes.  Similar profiles of intergenic transcripts at 

the LCR during all developmental stages were obtained using probes a and 

b, but only the results using probe b were used for the graph.  Adapted 

from Gribnau 2000 (113). 
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mechanism for opening and closing domains within the human β-globin locus during 

development.   

Much of the current research involving intergenic transcription at the human 

β-globin locus has focused on defining the start sites for these transcripts.  The 

initiation site for the adult sub-domain was found using 5’ RACE and is located in a 

region roughly 3 kb upstream of the human δ-globin gene that corresponds to a 

putative chromatin boundary between εγ and δβ expression domains (113).  This 

region, referred to as the δβ promoter, does not contain any typical gene promoter 

elements and when linked to an eGFP reporter gene behaved like a weak promoter in 

transfection assays (221).  However, a 2.5 kb deletion of this element from a β-YAC 

in transgenic mice resulted in the loss of all intergenic transcription throughout the 

entire adult sub-domain and reduced the general DNaseI sensitivity of the sub-domain 

to a level similar to that of the silent embryonic domain.  As a result, the expression 

of the human β-globin transgene in fetal and adult cells was variegated and reduced to 

approximately 50% of wild-type (46, 113).  In contrast, expression of the ε- and γ-

globin genes and the DNase-I sensitivity of the εγ sub-domain in embryonic erythroid 

cells was normal, indicating that the deletion was specific for the adult sub-domain.  

In addition, the adult sub-domain did not obtain the developmentally specific histone 

modifications that are normally observed across the intergenic and gene regions. 

Furthermore, a 300-bp deletion that included the minimal δβ promoter resulted in the 

exact same phenotype as the 2.5 kb deletion (52).  These results suggest that 



 133

intergenic transcripts initiated from the δβ promoter are essential for β-globin gene 

expression as well as chromatin remodeling within the adult sub-domain.   

An intergenic promoter has not yet been identified within the εγ sub-domain 

and multiple sites within the LCR sub-domain are capable of initiating transcription.  

In K562 cells both human HS2 and HS3 have been shown to generate intergenic 

transcripts (170).  Furthermore, the enhancer activity of HS2 appears to be dependent 

on its ability to produce intergenic transcripts (286).  Approximately 1 kb upstream of 

5’HS5 of the LCR is a human endogenous retroviral long-terminal repeat (LTR) 

element in which intergenic transcripts are also initiated.  Transient transfection 

assays demonstrated that the LTR initiated the synthesis of long non-coding 

transcripts through the intervening 5’HS5 site into a downstream ε-globin gene 

promoter and coupled GFP gene.  Synthesis of these transcripts correlated with the 

transcription of high levels of GFP mRNA from the ε-globin promoter.  Reversing the 

direction of intergenic transcription away from the globin genes by inverting the LTR 

drastically reduced the activity of the ε-globin promoter, indicating that the LTR 

possesses intrinsic, directional, enhancer-like activity (192).  Consistent with this 

conclusion, β-YAC transgenic mice in which the LCR is inverted with respect to the 

globin genes exhibited a severed reduction in expression of all the human β-like 

globin genes (278).  It should be noted however, that the imposition of an insulator 

could also be responsible for the effects on globin gene expression when the LCR is 

inverted. 

 



 134

γ-globin gene reactivation 

The regulation of the human γ-globin genes is of particular interest to many 

research groups because of the ameliorating effects the synthesis of fetal hemoglobin 

(HbF) has on patients with sickle cell disease and β-thalassemia syndromes. 

Therefore much of the current research has been focused on further defining the 

molecular mechanisms behind the dynamic process of γ-globin gene regulation in an 

effort to develop potential therapies that will enhance fetal hemoglobin expression in 

individuals with these disorders.   

The human γ-globin genes are mainly expressed in the fetal liver and then 

silenced when the switch from fetal to adult globin gene expression occurs, 

concomitant with the establishment of the bone marrow as the main site of 

erythropoiesis.  However, in some individuals with mutations at the human β-globin 

locus, this switch in globin expression is incomplete, and γ-globin expression persists 

in adult erythroid cells, leading to conditions such as hereditary persistence of fetal 

hemoglobin (HPFH) or β-thalassemia (169, 272).  Many studies in patients carrying 

these mutations have provided valuable information on the mechanisms of γ-globin 

gene regulation and prompted numerous studies in transgenic mice.  For example, the 

characterization of point mutations in individuals with non-deletion forms of HPFH 

has lead to the identification of many gene-proximal regulatory elements involved in 

the developmental silencing of the γ-globin genes in the adult (see previous section).  

The structural mapping of naturally occurring mutations downstream of the γ-globin 

gene that result in deletion forms of HPFH and β-thalassemia, has indicated that there 
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are also regulatory elements in the Aγ-δ intergenic region that are involved in 

regulating expression of the γ-globin genes (88).   

Transient transfection assays were performed with various elements within the 

Aγ-δ intergenic region to identify possible sequences that may be involved in either 

silencing or activating expression of the γ-globin genes.  These studies demonstrated 

that sequences in regions upstream of the δ-globin gene may play a role in silencing 

the γ-globin genes during development (1, 106).  Specifically, two regions, termed O, 

an 800 bp region located approximately 3.4 kb upstream of the δ-globin gene, and P, 

a 1.7 kb region located approximately 2.6 kb upstream of the δ-globin gene were 

implicated as silencers of γ-globin gene expression (Figure 13).  Therefore, we sought 

to characterize the function of these two regions in the regulation of β-like globin 

gene expression in the context of the entire human β-globin locus in vivo.  To 

accomplish this, the O and P regions were deleted from a 213 kb human β-globin 

locus yeast artificial chromosome (β-YAC) by homologous recombination.  

Subsequently, transgenic mice were generated with the modified β-YAC (ΔOP-β-

YAC) and the effects of this OP deletion on expression of the human β-like globin 

genes were analyzed.  We hypothesized that if the O and P regions do in fact function 

to silence the γ-globin genes during development, then the deletion of these regions 

would result in the persistence of γ-globin in the adult erythroid cells of ΔOP-β-YAC 

mice.  Furthermore, it was also postulated that by deleting these regions, a delay in 

the switch from γ- to β-globin gene expression might also be observed, due to the 

interference with normal γ-globin silencing at the end of the fetal stage of 



 136

erythropoiesis.  However, we found that the ε-globin gene was not expressed at any 

stage of development and expression of the β-globin gene was significantly reduced 

during adult definitive erythropoiesis.  Conversely, expression of the γ-globin genes 

was only slightly affected during fetal definitive erythropoiesis.  In addition, although 

β-globin expression was severely affected, deletion of the O and P regions did not 

appear to affect the time of the switch from γ- to β-globin gene expression.   

Therefore, these studies provide insight into the role of the O and P regions in the 

regulation of human β-like globin gene expression.          

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 137

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13.  Schematic representation of the Aγ-δ intergenic region showing the    

relative locations of the O and P regions located upstream of the δ-       
globin   gene. 

  
The region indicated by the dashed lines is an enlarged view of the Aγ-δ       

intergenic region.  The 800 bp O and 1.7 bp P regions are represented by 

red and blue ovals, respectively.  The colors of the globin genes in the 

enlarged view at bottom correspond to those shown at top in the full 

human β-globin locus.     
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Materials and Methods 

Materials 

All general laboratory chemicals used were obtained from Fisher Scientific 

(Fairlawn, NJ) or Sigma Aldrich (St. Louis, MO).  Restriction enzymes used were 

purchased from New England Biolabs (NEB, Beverly, MA), Promega Corporation 

(Madison, WI), or Roche Biochemicals (Nutley, NJ).  Radionucleotides (α-32P-dCTP, 

α-32P-UTP) for RNase Protection Assays and YAC structural/copy number analyses 

were obtained from Amersham Pharmacia (Piscataway, NJ) or ICN Radiochemicals 

(Irwine, CA). 

Animals 

 Mice used in the transgenic experiments described below were housed at the 

University of Kansas Medical Center (KUMC) Laboratory Animal Resources Facility 

(LAR) in accordance with the “Guide for Care and Use of Laboratory Animals,” and 

with the consent of the Institutional Animal Care and Use Committee (IAUCUC).  

ΔOP-β-YAC transgenic mice were produced at the KUMC Transgenic and Gene 

Targeting Institutional Facility (TGIF).  Transgenic mice that were to be sacrificed at 

various gestational stages for collection of conceptus hematopoietic tissue or blood 

samples were anesthesized with metafane (Pittman Moore, Mondelein, Il) or 

halothane (Sigma Aldrich, St. Louis, MO), and sacrificed by cervical dislocation prior 

to sample collection.  Blood and tissue samples from adult mice were obtained six 

weeks post-partum or later. 
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Yeast Methodology 

Yeast cultures were maintained according to the methods described in Current 

Protocols in Molecular Biology (13).   When I entered the laboratory in 2001, the 213 

kb ΔOP-β-YAC had already been generated and one transgenic line produced.  I will 

therefore, briefly describe the experiments in yeast performed by Dr. Kenneth 

Peterson, but will focus on the experiments that I performed while in the laboratory. 

Introduction of O and P deletion into the wild-type β-YAC 

 Simultaneous deletion of the 800 bp O region and 1.7 kb P region from a 213 

kb human β-globin locus containing yeast artificial chromosome (β-YAC) was 

accomplished by homologous recombination using a yeast integrating plasmid (YIP).   

This β-YAC was previously estimated to be 248 kb, but due to the almost complete 

sequencing of the human genome, a more accurate size was determined.  The YIP 

was constructed in the lab of Dr. Nick Anagnou using standard molecular cloning 

protocols.  Derivatives of the Saccharomyces cerevisiae AB1380 yeast strain were 

used to host the 213 kb β-YAC since it lacks genes for lysine-, tryptophan- and 

uracil-biosynthesis, thus allowing those markers to be used to select the modified 

YAC.     

 Briefly, the YIP construct obtained from Dr. Nick Anagnou was linearized 

and transformed into spheroplasted yeast cells containing the 213 kb β-YAC as 

previously described (110).  Transformants with uracil prototrophy were selected for 

on complete media lacking uracil and correct integration of the YIP in isolates 

containing YACs was determined by Southern blot hybridization analysis.  
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Spontaneous excision of the YIP via homologous recombination in yeast was induced 

by overnight growth in non-selective rich media.  Aliquots of the culture where then 

plated on 5-fluoroacetic acid (5-FOA) to select for loss of the URA3 gene due to 

excision of the YIP vector.  Yeast that contain the URA gene metabolize 5-FOA into 

a toxic substance and therefore, only yeast in which the YIP construct has been 

excised are able to grow on these plates.  Deletion of the O and P regions was then 

determined by Southern blot hybridization analysis.  All yeast genomic DNA 

isolations were performed as described previously by using the “smash and grab” 

protocol for yeast genomic DNA preparation (130).        

Purification of ΔOP-βYAC for microinjection   

The protocol for this YAC purification utilizes pulsed-field gel electrophoresis 

(265).  In order for the YAC to be purified, yeast high molecular weight preparative 

agarose plugs had to be made first.  Yeast containing the ΔOP-βYAC were streaked 

out on a complete media lacking lysine (CM-LYS) (0.17% yeast nitrogen base, 0.5% 

ammonium sulfate, 2% dextrose, 1.3% amino acid dropout powder) plate that had 

been supplemented with 1% cysteine and incubated 48 hours at 30°C.  After an initial 

48 hour incubation in CM-LYS, the yeast was then grown in 200 ml YPD (1% yeast 

extract, 2%, Bacto peptone, 2% dextrose) at 30°C overnight with shaking to 

saturation and cells counted using a hemocytometer.  The 200 ml culture was spun 

down at 600 x g for five minutes and the pellet washed twice with 80 ml of 50 mM 

EDTA (ph 8.0).  Solution I [(1 M sorbitol, 20 mM EDTA (pH 8.0), 14 mM β-

mercaptoethanol, 2 mg/ml zymolyase T20)] was added to the cells in a 15 ml conical 
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tube to adjust the yeast concentration to 6-8 x 109 cells/ml.  An equal volume of a 

solution containing low-melting point agarose [(1M sorbitol, 20 mM EDTA (pH 8.0), 

2% SeaPlaque low-melting point agarose Fisher Scientific, Fairlawn, NJ), 14 mM β-

mercaptoethanol)] was added, the mixture was vortexed quickly, and pipetted into 

plug molds (Bio-Rad, Hercules, CA) that had been chilled on ice.  The plugs were 

incubated on ice for 10 minutes to solidify and then transferred to a 50 ml conical 

containing 8 ml of solution III [(1 M sorbitol, 20 mM EDTA (pH 8.0), 14 mM β-

mercaptoethanol, 10 mM Tris-HCl (pH 7.5), 2 mg/ml zymolyase T20)] per 1ml of 

plug.  The plugs were incubated for two hours at 37°C at which point, solution III 

was replaced with an equal volume of LDS (solution IV) [(1% lithium dodecyl 

sulfate, 100 mM EDTA (pH 8.0), 10 mM Tris-HCl  (pH 8.0)].  After an hour 

incubation at 37°C, the LDS was replaced with fresh solution and incubated at 37°C 

overnight.  The following day, the plugs were washed with 10% NDS [(0.2% N-

lauroylsarcosine, 100mM EDTA, 10mM Tris, (pH adjusted to 9.0 with sodium 

hydroxide)] twice for two hours each at room temperature with gentle agitation and 

then washed twice for thirty minutes each at room temperature with TE (pH 8.0).  

The plugs were stored at 4°C in TE (ph 8.0) until purification. 

 The plugs were cut into seven millimeter slices with a cover slip and loaded 

onto a 1% Seakem GTG agarose (Fisher Scientific, Fairlawn, NJ) gel in .5X TBE 

(44.5 mM Tris, 44.5 mM boric acid, 1 mM EDTA).  The plugs were loaded side by 

side in a six-well wide continuous preparative well that was made by taping 

individual wells together with scotch tape.  To aid in the identification of the correct 
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YAC band, a 3mm slice of yeast plug, in addition to yeast genomic PFG and lambda 

concatemer markers were placed on either side of the wide preparative well.  The 

DNA was separated by pulsed-field gel electrophoresis (Chef DRII, Bio-Rad, 

Hercules, CA) in .5X TBE at 6 V/cm with a switching time of 14 seconds for 24 

hours at 14°C.  The marker wells flanking the preparative well were cut off and 

stained with 0.5 μg/ml ethidium bromide for 30 minutes, after which they were 

visualized by ultraviolet light and a notch was cut on both slices to indicate the 

location of the ΔOP-βYAC band.  The gel was then reassembled and the unstained 

ΔOP-βYAC YAC containing gel slice was excised using the notch as a guide.  A 

control gel containing one of the yeast chromosomes was also excised from the 

unstained portion.  The control and YAC-containing gel slices were placed in a mini-

gel electrophoresis rig perpendicular to the direction of electric current.  A 4% 

NuSieve (Fisher Scientific, Fairlawn, NJ) low melting point agarose solution was 

poured into the mini-gel rig to surround the two gel slices.  Once solidified, the gel 

was electrophoresed at 65V for 22 hours to elute the DNA out of the PFGE gel matrix 

into the concentrated NuSieve and concentrate it into a smaller volume.  The control 

slice was cut out of the 4% gel and stained with .5μg/ml ethidium bromide to measure 

the extent of DNA migration into the NuSieve gel.  A corresponding sized piece was 

cut out of the unstained YAC slice and transferred to a 50ml conical tube containing a 

high-salt injection buffer [(10 mM Tris-HCl (pH 7.5), 250 μM EDTA (pH 8.0), 100 

mM NaCl)] where it was equilibrated by gentle rocking for two hours at room 

temperature.  The YAC piece was transferred to a pre-weighed microcentrifuge tube 



 144

where it was weighed, melted at 65°C for 10 minutes and then placed in a 42.5°C 

waterbath for five minutes.  From this point on wide-bore pipette tips were used to 

prevent shearing of the YAC DNA.  The agarose was digested with 2 units of β-

agarase (NEB, Beverly, MA) per 100 mg of melted YAC agarose overnight at 

42.5°C.  The next day, complete digestion of the agarose was confirmed by placing 

the YAC DNA on ice for 10 minutes.  The YAC solution was filtered through a 0.22 

μM Acrodisc filter (Gelman, Ann Arbor, MI) that had been washed several times with 

high-salt injection buffer.  Once filtered, the concentration of the YAC solution was 

measured using a Hoefer DynaQuant 200 Fluorometer (Hoefer-Pharmacia, San 

Francisco, CA) and by gel electrophoresis.  The ΔOP-βYAC was kept on ice until 

microinjection the on same day.  

Mouse methodology 

Production of ΔOP-βYAC transgenic mice 

Purified ΔOP-βYAC DNA was injected into fertilized mouse oocytes, which 

were subsequently transferred into psuedopregnant foster mothers to produce 

transgenic mice (C57B6/SJL) at the KUMC Transgenic and Gene-targeting 

Institutional Facility (TGIF).   

Three weeks after birth, transgenic mice were identified by PCR analysis of 

DNA isolated from the tails using primers for the ε-, γ-, and β-globin genes.  

Founders identified were bred with nontransgenic mice to produce F1 progeny.  F1 

mice were then bred to obtain developmentally-staged embryos, fetuses, and adults.  
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All structure-function analyses described below were carried out beginning with the 

F2 generation.  

Single cell liver suspension and agarose plug preparation 

 High molecular-weight genomic DNA embedded in agarose was prepared 

from transgenic mouse livers as described previously for subsequent transgene 

structural anaysis (209).  Briefly, livers extracted from adult transgenic mice were cut 

up with a razor blade then suctioned through successively smaller injection needles 

until a single cell suspension was obtained.  The liver cells were pelleted, washed 

twice with phosphate buffered saline (PBS), and resuspended at a concentration of 3 x 

107 cells/ml.  An equal amount of solution containing PBS and 2% SeaPlaque low 

melting point agarose (FMC Bioproducts, Rockland ME) was added to the 

resuspended cells.  The solution was pipetted into plug molds that had been chilled on 

ice and allowed to solidify for 10 mintues.  After solidified, the plugs were incubated 

at 37°C for one hour in 8ml of LDS for every 1ml plug volume at which point a fresh 

solution of LDS was added and the plugs were incubated overnight at 37 °C.  The 

following day, the plugs were washed twice for 30 minutes each at room temperature 

in 20% NDS and then twice for 30 minutes each at room temperature in TE (ph 8.0).  

The plugs were stored until needed at 4°C in TE (ph 8.0). 

Structural analysis of transgene integrity 

Structural analysis of transgene integrity was performed as described 

previously (209, 234).  Standard Southern blot analyses evaluate DNA fragments that 

are 20 kb or smaller and therefore do not definitively show whether individual β-
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globin loci contained in YACs are contiguous as the locus is approximately 70 kb in 

size.  The method for performing transgene structural analyses outline below, allows 

for the integrity of individual copies of the whole locus to be determined.  The 

majority of the β-globin locus is located on a 115 kb SfiI fragment that spans between 

5’HS4 and 3 to about 65 kb 3’ of the β-globin gene, including 3’HS1. 

  High-molecular weight genomic DNA agarose plugs contained in single-cell 

liver suspensions were cut into 7 mm slices and digested overnight at 50°C with SfiI-

enzyme.  The digested DNA plugs were loaded onto a 1% Seakem GTG agarose gel 

and DNA fractionated by pulse-field electrophoresis for 24 hours at 6 V/cm and 

14°C, with a switching time of 14 seconds.  The separated DNA was transferred to a 

Zeta-probe charged nylon membrane (Bio-Rad, Hercules, CA) by capillary blotting 

overnight.  The membrane was cut into strips representing the individual lanes of the 

gel and each strip was hybridized with 1 x 106 of one of eleven radiolabled probes 

spanning the human β-globin locus from LCR 5’HS3 to HPFH breakpoint 6.  The 

probe fragments used were labeled with a DecaPrime II random primer labeling kit 

(Ambion, Austin, TX) and are listed in Table 1.  After overnight hybridization and 

washing, the strips were reassembled and 32P-signals were captured by 

audoradiography on Kodak X-AR film (Kodak Corporation, Rochester, NY) or by 

phosphorimaging with a Packard Cyclone (Packard Instrument Company, Meriden, 

CT) or a Molecular Dynamics phosphorimager (Company, Meriden, CT).  

Conformation of the presence of the enhancer downstream of the β-globin gene was 

carried  out  using  a  standard  Southern  blot  as  described  in  “Current  Protocols in  
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Table 1.  DNA probe templates for ΔOP-βYAC transgene structural analysis. 
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1.8 kb BamHI-BglII in BamHI site of pUC18. The BamHI site is 
from another plasmid sequence, the insert is only from EcoRI to 
BglII (340269-341740).

43 kb 3’ of 3’HS11115 bpEcoRI-BglI HPFH6

490 bp HindIII in pAT 153 (orientation unknown)12 kb 3’ of HPFH3, 7 kb 
5’ of HPFH 6

490 bpHindIII 500H

5.5 kb HindIII (318479-323993) subcloned into HindIII in 
pUC19

10 kb 3’ of 3’HS11870 bpBglII HPFH3

Fleenor and Kaufman: 2138-3462 (94)3’HS11324 bpXbaI DF10

pβBglII sense: 5.0 BglII (60577-65558)end of exII to exIII917 bpBamHI-EcoRI β

5’δ(2.1): 2.1 PstI subcloned into pUC195’ of δ exI2147 bpPstI 5’δ

pΨβ-1(+): 4.0 kb PstI subcloned into pUC195’ of Ψβ887 bpEcoRV Ψβ

pUC19 Aγ(+)0.5 kb 3’ of Aγ exIII2350 bpEcoRI 3’Aγ

pε3.7: 3.7 kb EcoRI (17482-2123333) subcloned into EcoRI in 
pBSKS(-)

ε-pr-exI-intI 652 bpBamHI ε

pII(4.2): 4.2 kb KpnI-HpaI (7768-11978) subcloned into 
HindIII/KpnI in pUC18

5’HS21924 bpHindIII 5’HS2

pIII(4.4): 4.4 kb HpaI-KpnI (3375-7768) subcloned into 
HindIII/KpnI in pBSKS(-)

5’HS3784 bpPstI 5’HS3

SourceLocation SizeProbe

All numbers were obtained  from GenBank (Accession number: U01317) or the the Globin Gene Server (41).
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Molecular Biology (13), using a 711-bp EcoRI-PstI probe that extended from the 3’ 

end of the β-globin gene throught the enhancer (209). 

Transgene copy number analysis 

 Transgene copy number for the one intact ΔOP-βYAC line was determined y 

Southern blot hybridization analysis using LCR 5’HS3, γ-, and β-globin gene 

fragment probes co-radiolabeled with a mouse Thy 1.1 gene as described previously 

(209).  Transgene copy numbers were calculated from Southern blots by comparing 

the hybridization signal intensities between human globin transgenes and the  

endogenous diploid mouse housekeeping gene, Thy1.1.  32P-signals were captured 

using the same method as in the structural analysis and quantified using OptiQuant 

analysis software (Packard Instruments, Meriden, CT).  Probes used are listed in table 

2.      

RNA isolation 

 Total RNA was isolated from yolk sac, fetal liver, and blood of 

developmentally staged ΔOP-β-YAC transgenic F2 mice by the method of 

Chomczynski and Sacchi (60) using the RNAgents total RNA isolation kit from 

Promega (Promega Corp., Madison, WI).  Briefly, lysis buffer was added to tissue 

and blood samples and the solution was vortexed vigorously.  DNA, proteins, and 

lipids were removed from the solution by acid phenol:chloroform extraction.  RNA 

was precipitated from the aqueous phase with isopropanol and pellets were washed 

with 70% ethanol.  The purified RNA was vacuum dried for 15 minutes at 60°C using 

a LabConco vacuum dryer (LabConco, Kansas City, MO) and resuspended in sterile   
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Table 2.  DNA probe templates for ΔOP-βYAC transgene copy number analysis. 
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Probe Digest Size Location Sequence 
 
Thy1.1/5’HS3 

 
1.3 kb 
XhoI-XbaI 

784 bp 5’HS3 (PstI) 
 
544 bp Thy1.1 (BamHI) 

 
5’HS3 

 
4348-5132 

 
Thy1.1/3’ Aγ 

 
1.3 kb 
XhoI-XbaI 

753 bp 3’Aγ (HindIII)  
 
544 bp Thy1.1 (BamHI) 

 
3’ of Aγ 

 
41634-42117 

 
Thy1.1/βHpaI 10.6 

 
1.3 kb 
XhoI-XbaI 

627 bp β (HpaI) 
 
544 bp Thy1.1 (BamHI) 

 
0.9 kb 5’of  
β exI 

 
60695-61322 

All numbers were obtained from GenBank (Accession number: U01317)  
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RNase-free water.  RNA concentrations were assessed using a Perkin Elmer MBA 

2000 spectrophotometer (Perkin Elmer, Norwalk, CT).  RNAs were stored at -80°C. 

RNase Protection Assay (RPA)  

Analysis of human and murine globin transcripts levels in the tissues and 

blood of transgenic mice were assessed using an RNase protection assay (RPA) as 

previously described (122).  Antisense RNA probes were synthesized using the 

Ambion T7 polymerase Maxiscript II kit (Ambion, Austin, TX) in the presence of α-

32P-UTP.  Template DNAs used to prepare the RNA probes are listed in Table 3.  

Mini Quick Spin RNA columns (Roche Molecular Biochemicals, Indianapolis, IN) 

were used to remove unicorporated nucleotides.  Appropriate amounts of RNA (see 

table 4 for amounts) were mixed with 106 cpm and the mixture was vacuum-dried and 

resuspended in 20 μl of RNA hybridization buffer [(80% formamide, 400 mM NaCl, 

40 mM PIPES (pH 6.4), 1 mM EDTA (pH 8.0)].  The solution was then heated for 10 

minutes at 90°C to denature the RNA and then incubated overnight at 47°C.  The 

following day, the samples were placed on ice and 50 μl of RNase digestion buffer 

[(10 mM Tris (pH 7.5), 5 mM EDTA (pH 8.0), 300 mM NaCl)] containing RNase 

cocktail [20 μg/ml RNAse A and 400 U/ml RNAse T1, final concentration (Ambion, 

Austin, TX) (Ambion, Austin, TX)] and 640 μg/ml glycogen (Roche Diagnostics, 

Mannheim, Germany) was added.   The samples were vortexed and incubated at 37°C 

for 30 minutes after which 570 μl RNA inactivation/precipitation solution [(1.75 M 

guanidine isothiocyanate, 0.22% n-lauroyl sarcosine, 11 mM sodium citrate (pH 7.0), 

0.44   M   β-mercaptoethanol,   56%   isopropanol)]   was  added.  The  samples  were  
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Table 3.  Template DNAs for RNase Protection Assay probes. 
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Probe Enzyme used  
to linearize 

Protected 
Fragments 

Ref. 

PT7Moα HindIII 128 bp (176) 

PT7Moζ EcoRI 151 bp (176) 

PT7Huε(188) BglII 188 bp ε exII (177) 

PT7HuAγm ClaI 170 bp Aγ exII (246, 269) 

PT7Huβm HindIII 205 bp β exII (246, 269) 
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Table 4.  Amounts (in nanograms) of RNA used per RPA reaction 
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DAY (post conception) Blood  Yolk Sac Liver 
8  2000 ng  
9 500 ng 1000 ng  
10 200 ng 1000 ng  
11 150 ng 1500 ng 1500 ng 
12 80 ng 3000 ng 500 ng 
13 80 ng  500 ng 
14 70 ng  500 ng 
15 60 ng  200 ng 
16 50 ng  400 ng 
17 50 ng  450 ng 
18 80 ng  500 ng 
Adult 50 ng   
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vortexed and precipitated at -20°C for at least 20 minutes.  Precipitated RNAs were 

centrifuged  at  14,000  rpm  for 15 minutes at 4°C and supernatants were removed by 

aspiration with a pulled Pasteur pipette.  To ensure complete removal of the 

supernatant, the samples were flash-spun and aspirated again.  8 μl of RNA loading 

dye [(80% (v/v) formamide, 2 mM EDTA (pH 8.0), 0.01% (w/v) bromphenol blue, 

0.01% (w/v) xylene cyanol)] was added to each of the samples, and after vigorous 

vortexing, the samples were heated to 90°C for 10 minutes.  The samples were flash-

spun and loaded onto a 6% polyacrylamide-8 M urea gel in 1 x TBE [90 mM Tris-

Borate, 1 mM EDTA (pH 8.0).  Once fractionated, 32P-signals were captured using a 

Packard Cyclone or Molecular Dynamics phosphorimager.  Individual human β-like 

globin gene expression levels were quantitated as percentages of total human β-like 

globin gene expression or as percentages of murine α- and ζ-globin gene expression 

using OptiQuant analysis software.  For the latter, expression levels were corrected 

for transgene and endogenous murine gene copy number.  All data calculations were 

done with Microsoft Excel using mean and standard deviation functions.         

RT-PCR 

 cDNA was synthesized from 10-day yolk sac/blood, 12-day fetal liver/blood, 

14-day fetal liver/blood, or adult mouse blood total RNA using an oligo(dT) primer 

(Promega, Madison, WI) and Superscript II reverse transcriptase (Invitrogen, 

Carlsbad, CA).  1 μg of total RNA was combined with 0.5 μg oligo(dT) in a total 

volume of 11 μl and preheated at 70°C for 10 minutes.  The reaction mixture was 

then cooled rapidly on ice followed by the addition of 4 μl of 5X first strand buffer, 2 
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μl of 0.1 M dithiothreitol, 1 μl of 10 mM dNTP mix, and 1 μl of RNasin (Promega, 

Madison, WI).  The reaction mixture was heated to 42°C for 50 2 minutes, at which 

point 1 μl Superscript II RT was added, and the reaction was incubated at 42 °C for 

50 minutes.  The RT enzyme was heat-inactivated by incubation at 70°C.   

PCR was performed using the following four sets of primers in a single 

reaction: mouse α-globin, 5’-GATTCTGACAGACTCAGGAAGAAAC-3’ 

(forward), 5’-CCTTTCCAGGGCTTCAGCTCCATAT-3’ (reverse), human ε-globin, 

5’-CTTTGGAGATGCTATTAAAAACATG-3’(forward), 5’-CCAGAATAATCAC-   

CATCACGTTAC-3’ (reverse), human γ-globin, 5’-GACCGTTTTGGCAATCCA- 

TTTC-3’ (forward), 5’-TATTGCTTGCAGAATAAGCC-3’ (reverse), human β-

globin 5’-ACACAACTGTGTTCACTAGCAACCTCA-3’ (forward), 5’-GGTTGCC- 

CATAACAGCATCAGGAGT-3’ (reverse).  Each reaction contained 5 μl of 10X 

NH4 buffer, 2 μl of 50 mM MgCl2, 0.5 μl of 25 mM dNTP mix, 25 pmol of forward 

primers, 25 pmol reverse primers, 2 μl cDNA, and 1 unit of Biolase Taq polymerase 

(Bioline, Randolph, MA).  PCR was carried out with initial denaturation at 95°C for 7 

minutes, 25 cycles of 1 minute steps at 95°C, 58°C, and 72°C followed by a final 

extension at 72°C for 10 minutes.   
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RESULTS: THE ROLE OF THE O AND P REGIONS IN β-LIKE 
GLOBIN GENE EXPRESION 

 
Transgene structural analysis and copy number determination of ΔOP-βYAC  
transgenic mice 

  
Previous studies have demonstrated that YAC transgenes are frequently 

subject to various deletions of 5’ and 3’ sequences during microinjection upon 

integration into the mouse genome, thereby necessitating a detailed structural analysis 

of the integrated YAC DNA (177, 197).  The identification of transgenic mice 

bearing intact β-globin loci is an essential prerequisite to performing functional 

studies to ensure the presence of all cis-regulatory elements essential for β-like globin 

gene expression.   Before entering the laboratory in 2001, one ΔOP-β-YAC mouse 

founder had been established and identified by PCR.  Structural analysis of the ΔOP-

β-YAC transgene was determined as described in the Materials and Methods section 

and is shown in Figure 14.  Eleven probes were used that spanned the locus from 

5’HS3 of the LCR through the HPFH6 breakpoint.  Copy number of the ΔOP-β-YAC 

transgene was analyzed by Standard Southern blotting for 5’HS3, γ-, and β-globin 

sequences, with the murine diploid Thy1.1 functioning as a reference.  The ΔOP-β-

YAC line contained one intact copy of the SfiI-fragment spanning 5’HS3 through the 

adult β-globin gene.  The sequences located downstream of the β-globin gene were 

missing, including 3’HS1.  However, these sequences do not contribute to β-like 

globin gene expression as long as the β-globin enhancer element located 400 bp 3’ to 

the gene was not deleted as well.  Therefore, to ensure the presence of a fully intact β-

globin  gene,  an   additional   Standard   Southern  blot  was  performed  as  described  
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Figure 14.  Structural analysis of the ΔOP-β-YAC transgene. 

The human β-globin locus is shown in the schematic diagram.  Lines    

drawn below the locus link the relative locations of the probes to the 

phosphorimage of the ΔOP-β-YAC line.  Eleven probes were used to 

assess the integrity of the ΔOP-β-YAC transgene by Southern Blotting of 

the pulsed-field gel.  Information of each probe used may be found in 

table 1.  The ΔOP-β-YAC line contains one intact copy of the locus 

extending from 5’HS3 through the β-globin gene.   
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previously (209) using a 711-bp EcoRI-PstI probe that encompassed the 3’ end of the 

β-globin gene through the enhancer element.  This additional Southern blot confirmed  

the presence of the β-globin enhancer (data not shown), which then allowed for 

functional studies on the one ΔOP-βYAC line to proceed.  Copy number analysis 

indicated that the ΔOP-β-YAC line had only one copy of the SfiI-fragment extending 

from 5’HS3 to the β-globin gene.   

Expression profile of ΔOP transgenic mice during development. 

To analyze expression of the human β-like globin genes in the ΔOP-β-YAC 

transgenic mice, total RNA was isolated from the blood and hematopoietic tissues of 

developmentally staged fetuses and subjected to RNase protection assays (RPAs).  

RPAs were carried out with antisense RNA probes for human ε-, γ-, and β-globin 

mRNA’s as well as for mouse α- and ζ-globin mRNA’s, which served as internal 

controls in the tissue RPAs.  Figures 15 shows a representative RPA of the blood 

from the ΔOP-β-YAC mouse line.  A representative RPA of the hematopoietic tissues 

is not shown due to the fact that the results were ambiguous.  Therefore only the data 

obtained from the blood RPA will be presented and discussed.   The presence of 

human β-like globins in the yolk sac, fetal liver, and adult blood is a direct reflection 

of actual globin gene expression during embryonic, fetal definitive, and adult 

definitive erythropoiesis respectively.  The β-like globin gene expression pattern in 

the embryonic/fetal blood, however, is a reflection of the expression in all circulating 

erythrocytes, including those cells remaining from the previous hematopoietic stage.  

For example, in transgenic mice carrying the wild-type human β-YAC, ε-globin gene  
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Figure 15.  Representative RNase Protection assay of the blood from ΔOP-YAC   
        transgenic mice 
   

Human β-like globin gene expression in the blood of developmentally 

staged fetuses from ΔOP-β-YAC transgenic mice. The days after 

conception are shown at the top of the figure.  The numbers indicate 

individuals of the same developmental stage.  Protected β-like fragments 

are displayed to the right of the images.  The probes used are listed in 

table 3. Protected fragment sizes are: human ε, 188 bp; human Aγ, 170 

bp; human β, 205 bp. (+) positive controls from wild-type 213 kb β-YAC 

transgenic mouse line 4 (124) 
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expression in 12 day blood is the result of primitive, nucleated erythrocytes that are 

still in circulation (234).   

Individual expression levels of the human β-like globin genes in the blood 

from ΔOP-βYAC mice were calculated as percentages of total human globin gene 

expression from the type of data shown in figure 15 and are displayed in Figure 16.  

Since all of the human globin genes are present in only one copy in these mice, no 

corrections for copy number were needed when calculating expression levels.   No ε-

globin gene expression was detected during primitive or definitive erythropoiesis.  

Conversely, near normal levels of γ-globin expression, as compared to wild-type β-

YAC mice, were detected starting at day 10.  γ-globin expression continued into day 

12 and 14, with the peak of expression observed at day 12.  However γ-globin 

expression was slightly lower than what was observed for the wild-type β-YAC at 

days 12 and 14.  Finally, expression of the β-globin gene in the blood began at day 12 

and continued throughout definitive erythropoeisis, although a much lower levels 

than that measured in β-YAC mice.  It should be noted that similar results were 

obtained through RT-PCR of the blood samples from ΔOP-βYAC mice (data not 

shown).   

Collectively, these data suggest that deleting the O and P regions from the 

human β-globin locus had an impact on β-like globin gene expression.  Interestingly, 

while a concomitant abolishment of ε-globin gene expression and reduction in β- 

globin gene expression was observed in the blood, levels of γ-globin expression 

appeared to be only slightly affected.   
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Figure 16.  Developmental profile of γ-, and β-globin expression in ΔOP-  
        βYAC transgenic mice.   
 

Blood was collected from fetal samples at developmental days indicated     

on the X axis.  The Y-axis represents human β-like globin expression as a 

percentage of total human globin expression.  The colored lines represent 

γ-globin (red) and β-globin (blue).   
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Discussion 

The globin genes of the human β-globin locus are among the most extensively 

characterized in the human genome and therefore have become a classical model for 

studying regulation of gene expression in eukaryotes.  Extensive studies over the past 

years have enhanced our understanding of the many mechanisms of developmental 

regulation that are required to coordinately ensure a highly specialized, tissue- and 

stage-specific transcription pattern of the β-like globin genes.  These studies 

identified the key components at the human β-globin locus; 1) the cis-acting 

regulatory elements involved in establishing and maintaining specific chromatin 

conformations and histone modification patterns throughout the locus; 2) elements, 

such as the LCR and gene-proximal regulatory sequences, involved in transcription 

through long-range interactions; and 3) the trans-acting factors, both erythroid-

specific and general.  In addition, the two basic mechanisms that control globin gene 

activity during development, autonomous silencing and gene competition, were also 

delineated through these studies.  Studies involving hemoglobin switching have also 

provided major insights on the mechanism behind the regulation of other gene loci by 

distant regulatory elements (268, 269).  Much of the current research has been 

focused on determining methods to enhance the expression of fetal hemoglobin in 

adult erythroid cells in an effort to treat individuals with various hemoglobinopathies 

such as sickle cell disease and β-thalassemias.  

Central to the development of potential therapies or cures for sickle cell 

disease and β-thalassemia is gaining a better understanding behind the molecular 
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events that control expression of the fetal γ-globin genes.  In order to address this, the 

role of two regions, O and P, that had been previously implicated as silencers of the γ-

globin genes in transient transfection assays were investigated (3, 106).  Transgenic 

mice carrying a human β-YAC with the O and P regions deleted were utilized to 

assess the effects of deleting these sequence elements on human β-like globin gene 

expression. 

 Deletion of the O and P regions from the human β-globin locus had an impact 

on the expression of the ε-, γ-, and β-globin genes.  However, the ε-globin gene 

appeared to be affected the most by the deletion, as it was not expressed in the blood 

at any stage of development.  The γ-globin genes were expressed at near normal 

levels in the blood starting at day 10 and continuing through at least day 14 and 

possibly longer.  The β-globin gene displayed correct developmental patterns of 

expression, although at much lower levels than what was observed in wild-type 

βYAC mice.  Therefore, it appears that deletion of the O and P regions disrupted the 

normal expression patterns of the locus. 

A plausible explanation to account for the lack of ε-globin expression in ΔOP-

β-YAC mice is that this deletion allowed for the preferential interaction of the LCR 

with the γ-globin genes during embryonic erythropoiesis. The fact that a slight 

reduction in γ-globin expression was observed in ΔOP-β-YAC mice suggests that 

regulatory elements involved in γ-globin expression during fetal definitive 

erythropoiesis may have been deleted.  Expression of the β-globin gene was first 



 170

detected at day 12 in the blood.  Various explanations could account for this finding 

along with the observation that β-globin expression was so weak during development.   

The O and P regions are located approximately 3.4 kb and 2.6 kb upstream of the δ-

globin gene respectively.  Recently, the function of the region upstream of the δ-

globin gene has been assessed in a number of studies using transgenic mice.  Detailed 

analysis of this region has indicated the presence of a chromatin boundary located 

approximately 3 to 4 kb upstream of the δ-globin gene, that defines two 

developmentally regulated chromatin subdomains, fetal and adult (113).  

Furthermore, an intergenic transcription start site has been mapped near the chromatin 

boundary 3.3 kb upstream of the δ-globin gene.  The intergenic δβ promoter is active 

only in adult definitive erythropoiesis, where β-globin gene transcription occurs, and 

concurrent with the remodeling of chromatin in the adult subdomain.  A 2.5 kb 

deletion encompassing the δβ promoter in β-transgenic mice resulted in the loss of all 

intergenic transcription throughout the entire adult sub-domain and reduced the 

general DNaseI sensitivity of the sub-domain to a level similar as is seen in the silent 

embryonic domain.  As a result, the expression of the human β-globin transgene in 

fetal and adult cells was variegated and reduced to approximately 50% of wild-type 

(113).  This data suggested that the region upstream of the δ-globin gene is involved 

in controlling the chromatin structure of the adult subdomain (51).  Since the O 

region is located approximately 3.4 kb upstream of the δ-globin gene, when the O and 

P regions were deleted, the δβ intergenic promoter as well as the chromatin boundary 

were also deleted.  As a result, the adult subdomain failed to open leading to the 
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drastic reductions in β-globin gene expression that were observed in the ΔOP-βYAC 

transgenic mice.  However, in order to further investigate this possibility, additional 

experiments will need to be carried out that assess the intergenic transcription and 

general DNase I sensitivity of the adult subdomain in ΔOP-βYAC mice. 

Additional evidence to support a role of sequences upstream of the δ-globin 

gene in controlling β-like globin expression has been obtained in a recent study by 

Chackalova et al. (51).  In their study, erythroid cell cultures were analyzed from two 

patients homozygous for the Corfu δβ thalassemia mutation.  The Corfu δβ 

thalassemia mutation is a naturally occurring 7.2 kb deletion removing part of the δ-

globin gene and approximately 6 kb of upstream sequence, including the O and P 

regions.  Similar to the ΔOP-β-YAC mice, individuals homozygous for the Corfu 

deletion exhibit very reduced levels of β-globin.  Conversely, the fetal γ-globin genes 

were expressed at very high levels in these individuals, thereby negating the need for 

transfusions.  These results were considered to be direct evidence that sequences in 

the Aγ-δ intergenic region are involved the reactivation of fetal hemoglobin and 

perhaps normal globin gene switching.  The fact that the γ-globin genes were not 

reactivated in the adult ΔOP-β-YAC mice suggests that sequences outside of the O 

and P regions, but included in the Corfu deletion are involved in silencing of the fetal 

globin genes during development.  

 It should be noted that in a 2003 study by Gaensler et al. (106) the effects of 

two deletions within the Aγ-δ intergenic region were analyzed and considerably 

different findings were observed in comparison to the data from the ΔOP-βYAC mice 



 172

and the results from the two studies discussed above.  They demonstrated that the 

deletion of either a 12.5 kb fragment encompassing most of the Aγ-δ intergenic 

region or 3.2 kb upstream of the δ-globin gene encompassing the δβ intergenic 

promoter, did not affect the normal stage-specific sequential expression of the ε-, γ- 

and β-globin genes.       

  A final explanation to account for the low levels of β-globin gene expression 

in ΔOP-β-YAC mice is that deletion of the O and P regions disrupts the interaction 

between the β-globin gene and the LCR.  Many recent studies have demonstrated that 

the LCR comes in close proximity to the actively transcribed globin gene by various 

mechanisms that loop out the intervening DNA (48, 280).  These studies have also 

indicated that the β-globin locus forms a specific erythroid-specific spatial structure 

composed of the HS sites of the LCR, the active globin gene, as well as upstream HS 

sites and 3’HS1, termed the active chromatin hub (ACH) (67).  Deletion of the O and 

P regions could disrupt the structure of the locus in such a way as to prevent the 

formation of a fully functional ACH including the β-globin gene. 

  Although the data obtained from the ΔOP-β-YAC mice do not indicate that 

the O and P regions are involved in silencing the γ-globin genes during development, 

as was previously reported, it does provide some insight into the role of these regions 

in the regulation of the β-like globin genes.  In the future, additional ΔOP-βYAC 

transgenic lines will need to be established to confirm the results that were observed 

in these studies.  In addition, analysis of the globin expression patterns in the tissues 

will need to be repeated in order to fully assess the effects of this deletion on human 



 173

globin gene expression patterns during the embryonic, fetal, and adult stages of 

erythropoiesis.  Furthermore, studies on the existing and future ΔOP-βYAC 

transgenic lines to assess the effects of the O and P deletions on the chromatin 

structure of the locus will help to further elucidate the roles of these regions in the 

developmental regulation of the human β-globin locus. 
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