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Abstract. Hemoglobin and globin genes are important models
for studying protein and gene structure, function and regulation. We
reviewed the main aspects of regulation of human α-globin synthesis,
encoded by two adjacent genes (α2 and α1) clustered on chromosome 16.
Their expression is controlled mainly by a regulatory element located
40 kb upstream on the same chromosome, the α-major regulatory
element, whose activity is restricted to a core fragment of 350 bp, within
which several regulatory protein binding sites have been found. Natural
deletions involving α-major regulatory element constitute a particular
category of α-thalassemia determinants in which the α-globin genes
are physically intact but functionally inactive.
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Hemoglobin and Globin Genes
Human hemoglobin is a globular protein that consists of two α-like and two β-like globin
polypeptide chains. Each globin chain is associated with a heme group, which is capable of reversibly binding a molecule of oxygen and transporting it from the lungs to the peripheral tissues (Perutz
et al., 1960; Bunn and Forget, 1986). The cluster of genes coding for β-like globin chains, on the
short arm of chromosome 11 (11p15.5), includes the embryonic ε-globin gene, fetal globin genes Gγ
and Aγ, pseudogene ψβ, and the adult δ- and β-globin genes (Fritsch et al., 1980) (Figure 1A). The
α-globin gene cluster, located in the telomeric region of the short arm of chromosome 16 (16p13.3),
includes an embryonic gene (ζ), two minor α-like genes (αD, also called µ, and θ), two pseudogenes
(ψα1 and ψζ) and two α genes (α2 and α1) (Higgs, 1993; Hughes et al., 2005) (Figure 1B).

Figure 1. A. β-cluster and its regulatory sequence on the short arm of chromosome 11. B. α-cluster and its
regulatory sequence on the short arm of chromosome 16. The black boxes represent the genes, and the arrows
represent the regulatory sequences (adapted from Beutler et al., 2001). β-LCR = β-locus control region; α-MRE =
α-major regulatory element.

Regulation of Globin Gene Expression
The globin genes are regulated in a tissue- and developmental stage-specific manner
to produce different hemoglobins. This complex expression pattern of two physically separate
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loci depends on local cis-acting sequences, such as the promoter sequences, and remote cisacting sequences, such as the locus control region (LCR) of the β-globin gene cluster and the
major regulatory element (MRE) of the α-globin gene cluster (Forrester et al., 1987; Grosveld
et al., 1987; Higgs et al., 1990; Jarman et al., 1991).
In the β-cluster, the regulatory sequences are associated with five erythroid-specific
DNase I hypersensitive sites (named HS-1 to HS-5) distributed over a region 4-20 kb upstream
of the ε-gene. The entire segment of DNA that includes these sites is referred to as the β-LCR
(Forrester et al., 1987; Grosveld et al., 1987) (Figure 1A).
Similarly, in the α-globin cluster, four erythroid-specific DNase I hypersensitive
sites, located 10 (HS-10), 33 (HS-33), 40 (HS-40), and 48 (HS-48) kb upstream of the
ζ-globin mRNA cap site, have been identified (Higgs et al., 1998). Characterization of natural deletions, analysis of interspecific hybrids and stable transfectants, and studies of transgenic mice indicate that only the regulatory sequence located 40 kb upstream of the α-cluster
(HS-40) has a significant effect on α-gene expression (Hatton et al., 1990; Liebhaber et al.,
1990; Wilkie et al., 1990; Romao et al., 1991, 1992; Sharpe et al., 1992; Flint et al., 1994,
1996; Higgs et al., 1998; Anguita et al., 2002; Harteveld et al., 2005; Viprakasit et al., 2003,
2006). This sequence was later termed the α-MRE (Jarman et al., 1991; Figure 1B).
Because the α- and β-clusters have a common ancestry, coordinated expression and similar organization, it was assumed that regulation of globin gene expression by β-LCR and α-MRE
was similar. However, experimental evidence from in vivo and in vitro studies suggests different
roles for the β-LCR and α-MRE in β-globin and α-globin gene expression, respectively (Vyas et
al., 1992; Craddock et al., 1995). Transgenic mice carrying constructs with the β-globin gene under
the control of β-LCR show expression levels proportional to the number of gene copies integrated,
irrespective of the positions at which they are integrated into the mouse genome (Grosveld et al.,
1987). In contrast to β-LCR, α-MRE does not confer position independence or copy-number dependence on transgenic α-globin gene expression (Sharpe et al., 1992; Gourdon et al., 1994).
These differences in the regulation of gene expression could be explained by chromatin effects at the integration site. It has been suggested that β-LCR, in addition to its activity as
an enhancer, mediates a transition from “closed” chromatin to “open” transcriptionally active
chromatin in a tissue-specific manner. Even though α-MRE has some ability to form “open”
chromatin in transgenic mice, it does not appear to be required for organization of the chromatin structure of the α-globin locus, which is located in a constitutively “open” chromatin
environment (Vyas et al., 1992; Craddock et al., 1995).
Studies on the chromatin structure of the β-globin cluster showed that β-LCR interacts
with promoters of active β-like genes through looping, forming a nuclear compartment dedicated to RNA polymerase II transcription, termed active chromatin hub (ACH). The formation
of this erythroid-specific structure is also developmentally regulated (Tolhuis et al., 2002;
Patrinos et al., 2004). Transcription factors seem to be essential for its spatial organization.
Drissen et al. (2004), using chromatin conformation capture (3C) technology to investigate the
mouse β-globin locus, demonstrated that erythroid Krüppel-like transcription factor, required
for adult β-globin gene expression, is also necessary for complete β-ACH formation.
Investigating the α-globin cluster in mouse erythroid cells, Zhou et al. (2006)
suggested that it could also be regulated through recruitment of active α-like gene promoters
and regulatory elements to an ACH-like structure, occupied by flanking co-localized housekeeping genes. In nonerythroid cells, the housekeeping genes would be still co-localized, but
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α-globin genes would be excluded from α-ACH. More recently, Vernimmen et al. (2007),
employing a quantitative form of the 3C approach and chromatin immunoprecipitation
(ChIP) assays, proposed a detailed model to explain mouse α-globin locus activation during
erythroid differentiation. In erythroid precursors that do not yet express the globin genes,
multiprotein complexes containing transcription factors initially bind the remote regulatory
sequences, progressing along the chromosome until all elements, including the α-globin promoters, are bound and the associated chromatin is modified (Anguita et al., 2004). At the
next stage of erythropoiesis, as proerythroblasts undergo terminal differentiation to form
intermediate and late erythroblasts, the α-globin genes are activated. The general transcriptional machinery, including RNA Polymerase II, is first recruited to the upstream regulatory
elements, while the α-globin promoters are occupied by the SP/X-Krüppel-like transcription
factors. Only late in the differentiation process, the transcriptional machinery is recruited
to the α-globin promoters, with looping occurring between the regulatory elements and the
α-globin genes (Vernimmen et al., 2007). There seem to be two purposes for looping between
regulatory elements and α-globin promoters: to deliver the general transcriptional machinery
(Johnson et al., 2003; Szutorisz et al., 2005a,b) and to relocate the promoter into the ACH
structure (Vernimmen et al., 2007).
De Gobbi et al. (2007) investigated gene activation in human erythropoiesis. Using ChIP-chip technology, they analyzed the pattern of transcription factor binding and
the epigenetic modifications across a 220-kb telomeric region of chromosome 16 in primary erythroid and nonerythroid cells. All known cis-acting regulatory elements in the
human α-globin cluster were identified and no additional erythroid-specific regulatory
elements were found. The authors then constructed a humanized mouse model containing
the human and mouse α-cluster orthologous regions coexpressing in the same animal.
Some significant differences were observed in transcription factor binding and histone
modification in the human and mouse clusters, showing that they are regulated in different ways. These orthologous sequences play different roles in these two species, and an
additional species-specific element (HS-12) seems to be recruited in the mouse cluster,
emphasizing that some caution is required when the mouse is used as a model to investigate human gene regulation.

The Human α-Major Regulatory Element
The regulatory element α-MRE behaves as a classical enhancer; its main function in the
normal chromosomal environment is to activate and enhance expression from the ζ-globin and the
α-globin promoters (Zhang et al., 1993).
The functional domain of this element is restricted to a 350-bp core fragment, in which several well-conserved nuclear protein binding sites have been identified. These include four potential
binding sites for the erythroid-specific factor GATA-1, four CACC boxes and two binding sites for
the erythroid-factor NF-E2 (Jarman et al., 1991) that are occupied in vivo in an erythroid lineagespecific and developmental stage-specific manner. In vivo, three of four GATA-1 sites, both NF-E2
sites and one CACC box are occupied in erythroid cells, but not in nonerythroid cells (Strauss et al.,
1992). De Gobbi et al. (2007), using ChIP-chip technology, demonstrated the binding pattern of
the GATA-1/SCL complex and the entire pentameric erythroid complex (GATA-1, SCL, E2A,
LMO2 and Ldb-1), along with both p45 and p18 NF-E2 subunits across the α-MRE.
Genetics and Molecular Research 7 (4): 1045-1053 (2008)
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Table 1. Alpha-major regulatory element (α-MRE) haplotypes.
Positions of the α-MRE polymorphic sites
in the 16p13.3 region
(UCSC Genome Browser)
in the cloned α-MRE fragment
(Harteveld et al., 2002)

103,564

103,597

103,625

103,666

103,675

103,678

+96

+130

+158

+199

+209

+212

C
C
C
C
C
A

G
A
A
G
G
G

C
C
C
T	
C
C

G
A
A
G
G
G

G
G
A
G
G
G

G
G
G
G
C
G

Haplotypes
A
B
C
D
E
F

Bold letters indicate the nucleotide substitutions in relation to the A haplotype.
Table 2. Alpha-major regulatory element (α-MRE) haplotype frequencies in the population groups studied.
Populations			
A
Dutch (35)
Italian (53)
Indian (39)
Chinese (23)
Indonesian (34)
African (32)
Pygmy (60)
Parakanã (70)
Xikrin (95)
a

0.43
0.56
0.67
0.74
0.78
0.73
0.76
0.70
0.87

B

Haplotype
C

0.57
0.43
0.01
0.32
0.01
0.26
0.22
0.11		
0.16		
0.30
0.13

D

E

F

0.16
0.04

0.02

0.02

Source: Harteveld et al., 2002; Ribeiro et al., 2003.
a
Number of individuals studied.

The α-MRE is genetically polymorphic; this polymorphism was first studied by
Harteveld et al. (2002) in seven population groups from Africa, Europe and Asia. Six different
α-MRE haplotypes, named A to F, were found (Table 1). These haplotypes were also studied
in native Indians from two non-miscegenated tribes (the Parakanã and Xikrin) in Amazonia, in
northern Brazil (Ribeiro et al., 2003). The α-MRE haplotype frequencies in these population
groups are shown in Table 2.
Most of these polymorphisms are not expected to interfere with regulation of α-gene
expression, since they are between binding sites for nuclear factors or in sites considered not
to be active in vivo, except for haplotype D, in which the base substitution at position 158
changes the first consensus binding site of factor NF-E2 (Andrews et al., 1993). However, no
experimental studies have been made to evaluate whether the polymorphisms responsible for
the different α-MRE haplotypes are able to influence its enhancer activity.

Alpha-Thalassemia
Thalassemias are inherited hemoglobin disorders characterized by a quantitative reduction
of the α- or β-globin chains (Weatherall and Clegg, 1981). Alpha-thalassemias result from underGenetics and Molecular Research 7 (4): 1045-1053 (2008)
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production of the α-globin chains of fetal and adult hemoglobin. Down-regulation of one or two
of the four α-globin genes leads to mild alterations in red blood cells. When three α-genes are involved, excess β-globin chains form tetramers (β4 - Hb H), causing a moderate to severe hemolytic
anemia called Hb H disease. Inactivation of the four α-genes results in tetramerization of γ-chains
(γ4 - Hb Bart’s) and in the Hb Bart’s hydrops fetalis syndrome (Weatherall and Clegg, 1981). Most
α-thalassemia determinants are deletions that remove the α-genes; inactivating point mutations are
a less common cause of this type of thalassemia, but they may occur at high frequencies in certain
areas under selective pressure by malaria (Higgs, 1993).
Deletions involving the regulatory element α-MRE are sporadic but characterize a particular category of α-thalassemia determinants in which the α-globin genes are physically intact but
functionally inactive (Romao et al., 1991). At present, about 15 deletions that remove the α-MRE
and cause α-thalassemia have been found, 11 of which have been fully characterized (Hatton et
al., 1990; Liebhaber et al., 1990; Wilkie et al., 1990; Romao et al., 1991, 1992; Flint et al., 1994,
1996; Harteveld et al., 2005; Viprakasit et al., 2003, 2006) (Figure 2). These patients inherited chromosomes with deletions that removed from 35 to 160 kb of the region upstream of the α-cluster,
while the linked α-genes remained intact, with entirely normal DNA sequences. All these patients
had α-thalassemia and their phenotypes were consistent with severe down-regulation (<1-2%) of
α-gene expression from the affected chromosome (Higgs et al., 1998). The hematological findings
in the patients showed that simple heterozygotes for an α-MRE deletion [(αα)/αα] have low mean
corpuscular volume (<80 fentoliters) and low mean corpuscular hemoglobin (<25 picograms)
and are indistinguishable from patients with only two α-genes (--/αα). Compound heterozygotes
[(αα)/-α] have the clinical phenotype of Hb H disease and are indistinguishable from patients who
inherit a single functional α gene (--/-α) (Viprakasit et al., 2003, 2006).

Figure 2. Diagram of upstream deletions of the α-cluster. The black boxes above the line represent the genes,
and the α-major regulatory element (α-MRE) is shown as an arrow. The black boxes below the line represent the
deletions (adapted from Viprakasit et al., 2003 and Harteveld et al., 2005).
Genetics and Molecular Research 7 (4): 1045-1053 (2008)
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A recent study demonstrated the existence of an additional mechanism causing
α-thalassemia, namely, a single nucleotide polymorphism in a non-genic region between the
α-globin genes and their regulatory element. This polymorphism creates a new promoter-like
element that interferes with normal activation of all downstream α-like genes and disrupts
α-gene expression, probably as a result of its preferential interaction with the regulatory element α-MRE, outcompeting the endogenous α-globin promoters (De Gobbi et al., 2006).
Deletions of α-MRE have also been found in the Brazilian population. In 2002, Wenning et al. described a patient with Hb H disease resulting from a combination of the -α3.7
rightward deletion (the most common α-thalassemic determinant) with the (αα)MM deletion,
which removes the regulatory element α-MRE, abolishing α-gene expression from the affected chromosome. The (αα)MM deletion was first characterized by Romao et al., in 1991, in
a patient from the Azores Islands, Portugal. The Brazilian case is the first description of this
type of α-thalassemia in the Latin-American continent. A number of other cases have yet to
be characterized. Awareness concerning these deletions in populations is important because
heterozygotes present reduced red cell indices in the absence of iron deficiency, β-thalassemia
or α-globin gene alterations.
Regulation of α-globin gene expression by α-MRE is an important model for understanding the control systems of other eukaryotic genes and for investigating the interplay between gene
transcription and modifications to chromatin structure related to gene function (Higgs and Wood,
2008). Future studies should focus on achieving a better understanding of human α-cluster regulation during erythroid differentiation, since most of the research in this field has been carried out
in mice; it is also important to establish exactly how this cis-activating element interacts with the
α-gene promoters, and to evaluate whether α-MRE variability influences enhancer activity.
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