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                                                                                                                        Abstract

                                                            Synthesis of α-globin and α-globin subunits of hemoglobin occurs at high levels during erythrocyte differentiation in a tightly controlled and coordinated fashion. Expression of α-globin is a fascinatingly complex process which has been meticulously defined in several recent studies, from chromatin modifications to Pol II recruitment. Following this, α-globin transcripts are processed and stabilized by a protein complex which binds the 3’ untranslated region. Transcription and stabilization contribute to high level expression of α-globin. However, translation of α-globin at levels exceeding α-globin expression damages cellular membranes and results in β-thalassemia. It is, therefore, crucial that α-globin proteins are properly folded and stabilized, processes which are dependent on the presence of haem and AHSP. The exceedingly well-characterized process of α-globin expression elegantly illustrates the complex interaction of factors which are required to balance necessary high expression against the negative impacts of overexpression.
                                                            
                                                            Introduction
Hemoglobin is the major oxygen carrying component in blood and is vital to the survival of most multicellular animals. In higher order vertebrates, this essential protein is a tetramer composed of two related though distinct globin chains. The β-globin gene family is located on human chromosome 11 in a region which is tightly condensed and transcriptionally silent in all non-erythroid cells. In contrast, the α-like genes are located on human chromosome 16 in a region which encodes many housekeeping genes.1 Though segregated onto separate chromosomes and located in distinctly different chromosome environments, both gene clusters nonetheless display the same, strictly regulated pattern of expression during whole organism development and individual erythrocyte differentiation. Both clusters are arrayed 5’ to 3’ in order of developmental expression and both are synthesized in a co-ordinated fashion at extremely high levels during erythroid differentiation.2
It is crucial to erythrocyte formation that the two globin chains are produced at balanced levels since any disruptions resulting in an excess of either chain has significant, deleterious effects on red cell survival, a situation which is most clearly illustrated by the thalassemias.2 The thalassemias are commonly inherited hemoglobinopathies characterized by reduced hemoglobin synthesis and affects an estimated 7% of the world population. β-thalassemia arises due to mutations which result in reduced β-globin expression and excess, unbound α-globin chains. When both copies of β-globin are defective, excess α-globin chains form large insoluble precipitates in the cell causing membrane damage and resulting ultimately in premature cell death.3
Reduced expression of α-globin in the context of β-thalassemia can lead to considerable phenotypic improvements and α-globin is the most well-defined modifier gene known to impact on severity of β-thalassemia.2 In addition, the regulation and expression of α-globin has been closely examined at all levels, from genes to protein. The combination of these factors makes this protein an attractive target for potential therapeutic interventions and gaining a comprehensive overview of α-globin and its interacting partners is essential to this process.
α-globin gene locus
The human α-globin cluster is located near the telomeric end of the short arm of chromosome 16. This cluster spans 26 kb and includes 3 functional α-like protein coding genes (ζ, α2 and α1), 2 expressed genes with unknown function (μ and θ1) and 3 pseudogenes (ψζ1, ψα1 and ψρ) (Figure 1A).1 The three pseudogenes all carry inactivating mutations and are, therefore, not expressed. Until recently, the μ-globin gene was erroneously classed as a pseudogene (ψα2). However, Goh et al. were able to demonstrate transcription of this gene from a microarray analysis of adult reticulocytes and cord blood samples.4 Expression of μ-globin was higher than θ or ζ but much lower than α-globin. Like θ-globin, μ-globin demonstrates a highly regulated pattern of expression with no detectable transcription in non-erythroid tissues. Both transcripts also yield no detectable protein product and deletions of θ or μ have no reported effects on clinical phenotypes so their function remains undefined.4 Of the highly expressed functional α-genes, ζ-globin constitutes the embryonic α-gene while α2 and α1 are the dominant α-genes throughout all other stages of development.5 Expression of ζ-globin is limited to the yolk-sac of primitive erythroblasts then silenced in the foetal liver concordant with the selective induction of α-globin expression.5 This globin switch is dependent on two major factors; the transcriptional inactivation of ζ-globin6 and the selective destabilization of ζ-globin mRNA in fetal and adult erythroblasts.7,5 Though α2 and α1 encode an identical protein, α2 is expressed at levels 2-3 times higher than α1 at both the transcriptional and translational level.8,9 The embryonic and adult α-genes share 58% homology at the amino acid level1 and it appears that ζ-globin can be exchanged for α-globin in an adult organism without significant deleterious effects.10 Interestingly, exchanging ζ-globin for α-globin in mice expressing an abnormal sickle β-globin gene, prevents erythrocyte sickling and improves the phenotype.10
α-globin regulatory elements
The α-globin regulatory elements include four conserved DnaseI HS sites which lie between 10 and 50 kb upstream from the start of the ζ-globin gene (Figure 1A).11,12 A recent study by De Gobbi et al. utilized tiled microarrays to analyze a 220 kb region surrounding the α-like genes.1 The study confirmed that the four known DnaseI HS sites bind erythroid-specific transcription factors and found no additional erythroid-specific regulatory elements in this region. Of these four sites (HS-10, HS-33, HS-40 and HS-48),13,14 HS-40 forms the major regulatory element15-17 and is the only element capable of directing high level expression of the α-globin gene.18 Deletion of HS-40 from the human α-globin cluster leads to severe reductions in α-globin expression to <5% of normal.17,19
Analysis of the other elements in transgenic mice indicate that combinations of HS-10, HS-33 and HS-48 in small constructs are able to direct tissue and developmental stage specific expression but are unable to drive substantial levels of α-globin expression.20 This has been further confirmed in a newly identified mutation in the enhancer which resulted in an α-thalassemia phenotype.19 The mutation involved the deletion of a 16 kb region including the HS-40 and HS-48 while leaving HS-33 and HS-10 intact. Analysis of the affected chromosome indicated that α-globin expression was reduced to <1% of normal thus demonstrating that HS-33 alone or in combination with HS-10 has little or no positive effect on α-globin expression.19 Furthermore, transgenic mice created with a human BAC containing only HS-48 but lacking all other conserved HS sites did not express any detectable levels of human α-globin at any stage during development, strongly indicating that HS-48 alone is also unable to drive substantial expression of α-globin.21
It is interesting that though these four HS sites are conserved between mouse (HS-31, HS-26, HS-21 and HS-8) and human, the deletion of the mouse HS-26 (homologous to human HS-40) only results in a 50% reduction in mouse α-globin expression.22 Analysis of the mouse α-globin locus revealed the presence of an additional HS-12 element capable of binding the pentameric erythroid complex essential for activating α-globin transcription while the human homologous region lacks these critical binding sites.13 In addition, the mouse α-globin promoter also binds GATA1, a crucial erythroid regulator, while the human promoter which lacks the consensus binding site, does not (Figure 1B).13
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Figure 1.Schematic representation of the α-globin cluster. (A) Human α-globin cluster. The four conserved DnaseI hypersensitive sites known to bind erythroid transcription factors are located between 10–50 kb upstream of the start of the ζ-globin gene. The genes (and pseudogenes) of the α-globin cluster are arranged 5’ to 3’ in the order of developmental expression. (B) Murine α-globin cluster. Locus contains an additional DnaseI hypersensitive site (HS-12) which contributes to regulation of murine α-globin expression.
Transcriptional activation of α-globin
The binding of transcription factors in the pentameric erythroid complex to HS sites in the α-globin locus is essential for high level expression of α-globin.13,23 This complex (GATA-1, SCL, E2A, LMO-2 and Ldb-1) and other factors such as NF-E2, is thought to recruit Pol II to the α-globin locus then facilitate the transfer of Pol II to the promoters.23 This is the final step in the activation of α-globin transcription which begins with a range of chromatin modifications. Priming of the α-globin cluster begins in multipotent hematopoietic progenitor cells.24 In mouse cells, the four main erythroid specific HS sites appear at this stage of differentiation concurrent with initiation of histone H3 and H4 acetylation. As cells differentiate further down the erythroid lineage, a number of other sites also become hypersensitive to DNaseI, including the α-globin promoter, while the domain of acetylation extends to become fully developed in mature erythroblasts.24
In primary human erythroblasts, GATA-1, SCL and the entire pentameric erythroid complex were found bound to all four HS sites.13 In addition to this, both subunits of the NF-E2 transcription factor were also enriched at HS-40 and to a lesser extent at HS-48.13 Maximal binding of all transcription factors were detected in basophilic and polychromatophilic erythroblasts, coinciding with maximal levels of histone H3 and H4 acetylation.13 At the onset of transcription, the promoter then becomes bound by SP/X-Kruppel-like transcription factors (Sp/X-KLF).23 These factors behave as activators in erythroid cells and are known to interact with GATA-1. At this stage, the pre-initiation complex (PIC), which includes general transcription factors and Pol II, is also detectable at the remote HS sites and is highly enriched at the promoter.23
In the absence of upstream HS elements, PIC binding to α-globin promoter is greatly reduced suggesting that recruitment of the full PIC to the promoter is heavily dependent on upstream elements.23 Studies on the β-globin locus indicate that Pol II is transferred to the promoter in an NF-E2 dependent manner, though the mechanism of transfer is unknown.13 However, in cells expressing α-globin, there is a detectable increase in interactions between upstream regulatory elements and the α-globin genes.23 These results seem to suggest that there is a change in chromosome conformation which results in physical interaction between the HS elements and the α-globin promoter, and this interaction facilitates the delivery of activated Pol II from the enhancer elements to the promoter.
α-globin mRNA
Once the enhancer regions have co-ordinated the positioning of Pol II on the promoter, transcription of α-globin begins and transcripts rapidly accumulate. Active transcription occurs mainly in the basophilic erythroblast, the first committed erythroid precursor, and in the polychromatophilic erythroblast.25 By the next stage of differentiation, in orthochromatophilic erythroblast, the cellular chromatin has completely condensed and transcription has ceased as the cell prepares to extrude its nucleus prior to full maturation. It is interesting that although transcription of α-globin occurs only during the early stages of erythroid cell maturation, α-globin protein is synthesized for an additional 4-6 days after transcriptional silencing of erythropoietic progenitor cells.25 This phenomenon is dependent on the high level stability of α-globin mRNA transcripts, with half-life of α-globin mRNA estimated to be greater than 24 hours in erythroid cells.5,25,26
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Figure 2.Disruption of α-globin mRNA stability. (A) Ribosomes extend past the WT stop codon in anti-termination mutants (e.g. αCS) and trigger destruction of α-globin transcripts. (B) Ribosomal displacement of αCP RNP complexes expose an ErEN cleavage site and result in premature cleavage of transcripts. (C) Ribosomes extending into codon 14–19 past the WT stop codon trigger a second destabilization event resulting in accelerated deadenylation via an unknown mechanism.
The importance of α-globin mRNA stability can be illustrated in cases of α-thalassemia resulting from α-Constant Spring (α) mutations. The α mutation occurs in the dominant α2 gene and involves the substitution of the translational stop codon to a glutamine codon (UAA→CAA).25,27 This results in translation of an additional 31 codons of the 3’ untranslated region (UTR) and produces low levels (3% of WT) of a structurally abnormal α-globin chain.25,27 Experiments in transgenic mice indicated that the α mRNA was four-fold less stable than α mRNA and this appeared to be linked to a shortened poly(A) tail in α transcripts.28 It appears that there are two independent mechanisms, both erythroid specific, which reduce stability of α mRNA. The first involves the ribosomal displacement of an RNA-protein (RNP) complex, bound to the α-globin 3’UTR, which stabilizes α-globin transcripts.29–33 In the second, it appears that ribosome extension far into the 3’UTR triggers accelerated deadenylation of the α transcript (Figure 2).34
This new mechanism, termed ribosome-extension mediated decay (REMD) is thought to be related to more general mRNA surveillance machinery such as nonsense mediated decay or the non-stop decay pathway.34 Transcripts harboring the α mutation are translated past the WT stop codon and into the 3’ UTR before terminating at the poly(A) signal.35 When a series of constructs which allowed the ribosome to extend incrementally into the α-globin 3’UTR were tested, Kong et al. discovered a second destabilization event occurred when the ribosome extended between 14–19 codons past the WT stop codon.34 They postulated that this could be due to interference with cytoplasmic functions of the AAUAAA determinant or disruption of crucial RNP complexes at 3’ terminus of mRNA important in maintenance of poly(A) tails, therefore resulting in accelerated deadenylation. Interestingly, this REMD pathway did not appear to be active in transfected non-erythroid HeLa cells stably expressing α-globin, perhaps reflecting a bias towards only highly stable transcripts in erythroid cells. Alternatively, it may also be possible that ribosomal extension disrupts a second erythroid stabilizing complex, not unlike the α-complex.
The α-complex binds to three C-rich regions located at position 29–70 in the 3’UTR and deletions or mutations in this region which prevent α-complex formation significantly reduce the half-life of α-globin transcripts. The selective binding of the α-complex is mediated by two distinct but similar poly(C) binding proteins, αCP1 and αCP2.31 The αCP proteins are ubiquitously expressed in human and mouse cells but appear to have different roles in other cell types.25 In erythroid cells, αCP nucleates the formation of an α-complex which protects the α-globin transcript from premature degradation by an erythroid enriched endoribonuclease36 and helps stabilize the poly (A) tail thus prolonging the half-life of the transcript.24 In addition to stabilizing mRNA, αCP also appears to have a nuclear role in the splicing of pre-mRNA α-globin transcripts. It was recently discovered that αCPs are loaded onto α-globin transcripts in the nucleus and in addition to the 3’UTR, also bind a C-rich region in intron 1.37 In HeLa cells selectively depleted of αCP, splicing efficiency of a truncated α-globin construct (comprising exon 1, intron 1 and exon 2) was increased approximately four-fold from 15% to 58%. Thus, it appears that nuclear αCP binding to intron 1 represses splicing of the α-globin transcript. Conversely, nuclear binding of αCP to the 3’UTR appears to enhance splicing of the α-globin pre-mRNA.37 Experiments were conducted in HeLa and MEL cells comparing WT α-globin and a mutated transcript with a modified 3’UTR which does not bind αCP (αΔPR). In both cell types, it was found that WT transcripts were spliced with higher efficiency than mutated αΔPR transcripts.37 Given the apparently contradictory roles of αCP binding in different regions of α-globin transcripts, it may be interesting to determine if the affinity of αCP for each site varies with stages of cell differentiation. It is tempting to speculate that late in differentiation, αCP bound to the 3’UTR enhances splicing and stabilizes α-globin transcripts in preparation for high levels of hemoglobin synthesis. However, in early stages of α-globin expression, αCP may bind to intron 1 and repress splicing and expression until the appropriate time. This could then potentially represent another level of control at the transcriptional stage, preventing inappropriate expression of α-globin which would be deleterious to the developing erythrocyte.
The α-globin protein
The transcriptional process gives rise to an estimated 10,000–20,000 mature, stabilized transcripts which are utilized repeatedly to generate an estimated 280 million molecules of complete hemoglobin molecules per cell.24 In adults, each hemoglobin molecule comprises four subunits, two β-globin chains and two chains of α-globin, each coordinating one molecule of haem. The ferrous iron of the haem is linked to proximal (F8) histidine while the porphyrin ring is wedged in place by a phenylalanine on the α-globin (or β-globin) chain. In functional hemoglobin, oxygen slips freely between a second, distal (E7) histidine in the haem pocket and the ferrous iron during oxygenation and deoxygenation. Occasionally, the ferrous iron binds spontaneously to the distal histidine and is oxidized to ferric iron forming methemoglobin (metHb) which is without value as a respiratory pigment. This reaction occurs in an estimated 1% of total circulating haemoglobin every day but a series of protective mechanisms exist to reconvert the pigment back to functional hemoglobin.
Role of haem in protein folding
The correct co-ordination of the haem molecule is, of course, essential to the function of hemoglobin but in addition to this, haem binding also appears to stabilize the globin chains and promote proper folding of the polypeptide.38 In vitro studies using a wheat germ cell-free translation system demonstrated that nascent α-globin chains with as few as 86 amino acid residues are able to associate co-translationally with haem during its synthesis on the ribosome.38 This suggests that haem binding to nascent α-globin chain may stabilize the growing polypeptide on the ribosome and promote the formation of the native tertiary structure of α-globin.
Interestingly, α-globin has been demonstrated to have a ten-fold greater ability to bind haem compared to β-globin38 and may actually facilitate haem integration into apo-β-globin (and γ-globin) chains. In a separate set of in vitro experiments, Adachi et al. utilized an assay system capable of distinguishing between haem-incorporated and apo-globin monomers, dimers or heterotetramers to assess the effects of haem addition on hemoglobin formation. The authors demonstrated that in the absence of any additional haemin, the addition of haem-containing α-globin (α) to newly synthesized apo-β-globin chains resulted in formation of approximately 50% haem-containing αβ heterodimers.39 In contrast, in the reverse reaction, where haem-containing β-globin (β) were added to newly synthesized apo-α-globin chains, the majority of heterodimers formed were semi-haem containing αβ and only trace amounts of αβ heterodimers were observed.39
It is also interesting to note that apo-γ-globin appears to be more dependent on the presence of haem-containing α-globin compared to apo-β-globin. Addition of α chains to newly synthesized apo-γ-globin led to the formation of haem-containing heterodimers αγ but co-translation of α-globin and γ-globin in the presence of haemin did not result in any detectable αγ dimers. This suggests that the presence of properly folded haem-containing α-globin chains are critical to the formation of αγ dimers.39 Overall, these results suggest that haem-containing α-globin associates with nascent apo-β-globin (or γ-globin) chains leading to stabilization and promoting haem incorporation in the β-globin or γ-globin chain.39,40 This hypothesis is further supported by the detection of αβ intermediates prior to the formation of αβ dimers in vivo41 and by the presence of unbound α-globin chains known to exist in erythroid cells.42,43
α-hemoglobin stabilizing protein
As free α-globin is an unstable, reactive molecule capable of destroying erythroid progenitor cells, this small pool of excess α-globin chains must be stabilized to limit its reactivity. This is achieved by the binding of an abundant erythroid-expressed protein known as α-hemoglobin stabilizing protein (AHSP). This protein was identified in a screen for proteins regulated by GATA-1 and was found to bind to α-globin specifically.44 AHSP is able to interact with multiple forms of α-globin including apo-, ferrous and ferric states bound to a variety of ligands45 and reduces oxidant-induced precipitation of α-globin in solution.44,45 AHSP binds α-globin at the α1β1 dimer interface, opposite the haem binding pocket, with lower affinity than β-globin and is easily displaced by β-globin binding.45
The initial binding of AHSP to free oxy-α-globin results in a number of structural changes including displacement of the proximal F8 histidine and co-ordination of the ferrous iron by the distal E7 histidine.45–47 The oxygen molecule also binds to the proximal side of the haem group resulting in an overall structure which exposes the oxygen binding site.46,47 This initial interaction is fully reversible and β-globin can readily displace AHSP to generate functional HbA under reducing conditions.46
However, if oxy-α-globin remains bound to AHSP, the exposure of the oxygen molecule predisposes it to the spontaneous loss of HO2 and rapid auto-oxidation of the haem iron occurs. This reaction was shown to be oxygen dependent46 and results in a formation of a second, discrete, ferric bishistidyl complex.47 In this state, the haem iron is oxidized to Fe(III) and becomes coordinated by both the proximal and the distal histidines.45,48 This hemichrome structure is more resistant to denaturation and haemin loss compared to oxidized free α-globin and inhibits the reaction of Fe(III) α-globin with oxidants such as hydrogen peroxide.46
Both the ferrous and the ferric form of AHSP bound α-globin are capable of binding to oxy-β-globin to form adult hemoglobin (HbA) tetramers, but the ferric form results in HbA products with reduced electrophoretic mobility.46 In addition, HbA containing Fe(III) α-globin was rapidly converted to cyanomet Hb upon exposure to cyanide while HbA generated from AHSP modified α-globin was resistant.46 Together, these findings suggest that the AHSP-mediated rearrangement of α-globin to the bishistidyl structure is retained upon binding to β-globin and the α-subunits retained a hemichrome formation which inhibits cyanide binding and alters the electrophoretic mobility. However, this alteration appears to be reversible as the AHSP-induced hemichrome formation can be reduced back to ferrous iron under appropriate conditions, generating functional hemoglobin capable of binding oxygen.46 Therefore, AHSP can sequester α-globin in a reversible inert state if β-globin is unavailable or, alternatively, it can bind α-globin transiently during normal HbA formation.
In fact, it appears that AHSP binding to α-globin actually facilitates the formation of HbA tetramers in vitro. Using a wheat germ-derived transcription and translation to express α-globin, it was found that addition of β-globin with AHSP augmented the formation of HbA in a dose-dependent fashion.49 This is consistent with previous observations that soluble haem-containing α-globin chains associate with apo-β-globin to promote formation of HbA,39 and AHSP maintains the newly synthesized α-globin in a soluble state to facilitate this interaction.48 In addition, similar to haem, AHSP also acts as a molecular chaperone to promote folding of nascent apo-α-globin. AHSP was shown to stabilize α-globin in vitro, rendering it resistant to protease digest in a haem-independent manner.49 Consistent with the role of AHSP as a molecular chaperone, AHSP is also able to promote refolding of denatured α-globin.49 As AHSP and haem bind α-globin at different sites, the two molecules most likely synergize to stabilize the native structure to facilitate interaction with β-globin.
AHSP functions in vivo
These roles for AHSP are supported by the in vivo effects of AHSP loss. AHSP (−/−) homozygous knockout mice exhibit mild hemolytic anemia, shortened erythrocyte lifespan and high levels of reactive oxygen species (ROS) consistent with the presence of unstable α-globin.44 These erythrocytes also display prominent eosinophilic inclusions (Heinz bodies) which contain both α-globin and β-globin precipitates.44,48,50 It was originally hypothesized that reduction of α-globin synthesis may ameliorate the AHSP phenotype since there would be lower levels of excessive toxic α-globin. However, surprisingly, the loss of a single α-globin gene (−+/++) in a AHSP (−/−) null background resulted in significantly more anemic phenotype.49
The compound AHSP (−/−) α-KO (−+/++) mice were found to have significantly higher levels of both α-globin and α-globin lodged in erythrocyte membranes compared to heterozygous α-KO mice.49 This finding supports the role of AHSP in stabilizing the free α-globin pool and therefore facilitating integration with α-globin prior to formation of HbA tetramers. The loss of AHSP reduces the pool of stable α-globin chains available for HbA formation. Under these conditions, further reduction of α-globin expression would result in even fewer α-globin chains, which would be unstable, and therefore increased free α-globin.
These results imply that mutant α-globin chains unable to bind AHSP may exhibit a more severe phenotype than simple loss of α-globin alone. At least two α-globin termination mutants, the previously described α mutation27 and α (stop codon→tyrosine substitution),51 result in low levels of structurally abnormal α-globin products.35,51 When tested in a yeast two-hybrid system, a β-galactosidase assay detected reduced α and α interaction with AHSP compared to WT α-globin.52 Further testing may be required to confirm this reduced interaction but if proven correct, it may help explain some of the features associated with α or α related α-thalassemia. Both α- and α- globins have been detected in the cell membrane and found associated with the membrane skeleton,35,53 consistent with a reduced ability to bind AHSP. It also appears that this abnormal interaction results in more severe anemia35 than in deletional α2 thalassemias, similar to the AHSP (−/−) α-KO (−+/++) mice.
Predictably, the loss of AHSP in thalassemic heterozygous α-KO mice also results in a poorer phenotype and increased α-globin precipitation.50 AHSP-KO, β-thalassemic mice had significantly impaired intrauterine survival and were approximately 20% more anemic than heterozygous α-KO mice with normal AHSP expression.48,50 These studies in mice indicate that AHSP may be a possible modifier gene in human β-thalassemias. However, mutations which ablate AHSP in humans are rare49,54 and investigations into possible effects of reduced AHSP expression in β-thalassemia have so far been largely inconclusive. Preliminary reports indicate that AHSP may be a modifier in the human population48,55–57 but as yet, there has been little definitive evidence that this is the case.
Phenotypic effects of α-globin in β-thalassemia
In contrast to the situation with AHSP, a protein where function has only recently been defined, the interaction of α-globin mutations with β-thalassemia are exceedingly well characterized.2,58-62 Though β-thalassaemia arises from reduced expression of β-globin leading to decreased formation of functional hemoglobin tetramers, this plays a relatively minor role in contributing to the severely anemic phenotype.2,58,63 Instead, it is the damage caused at the cellular level by excess, improperly paired α-globin chains which leads to premature cell death and accounts for the majority of the pathology.64
Cellular consequences of excess α-globin chains
In the absence of normal β-globin production, it is likely that α-globin is synthesized at levels which exceed the binding capacity of available AHSP. Under these conditions, free α-globin is able to accumulate in red blood cells and precursors leading invariably to a variety of deleterious alterations. As previously noted, free α-globin is a highly unstable molecule and when devoid of stabilizing binding partners, forms large insoluble aggregates which can be visualized by light microscopy in an estimated one third of erythroid progenitor cells.65
Much of the excess α-globin undergoes auto-oxidation to produce equal molar ratios of metHb and super-oxide66 which can lead to an autocatalytic oxidative process in the cell. The oxidized ferric iron is bound more loosely to α-globin compared to the ferrous form which results in degradation of haem67 and ultimately the release of iron which lodges in the cell membrane.66,68 In addition, oxidized haem-containing α-globin is also found bound to the cytoskeleton.64,69,70 In this unstable conformation, both the haem group and the iron are able to participate in redox reactions leading to generation of ROS which can then oxidize adjacent membrane proteins.65 Several critical membrane proteins including Band 4.1, spectrin and transmembrane Band 3 have been found to be oxidised in β-thalassemic erythroid precursors, leading to severe membrane abnormalities and eventual hemolysis.65,69
The high levels of ROS production in these affected cells may also trigger apoptotic pathways leading to premature cell death in as many as 60–80% of erythroid progenitor cells.71 In thalassemic erythroid precursor cells, this response appears to be mediated by the cell surface interactions of FAS with FAS-ligand, the death receptor pathway, since all Annexin V positive apoptotic cells were also FAS positive.71 In addition, erythrocytes in peripheral circulation also bind increased levels of IgG.66 Under normal conditions, IgG typically binds senescent cell antigens to signal macrophage removal,72,73 but in β-thalassemia, this process appears accelerated by the accumulated oxidative stress and subsequent haem degradation and membrane damage.66
Thus, the excess α-globin in β-thalassemia generates high levels of ROS in an autocatalytic process which most likely leads to premature apoptosis in the bone marrow and ineffective erythropoiesis. In addition, red cells which survive to reach the circulation continue to be subjected to high levels of oxidative stress leading to structural abnormalities of the cytoskeleton and hemolysis or alternatively, accelerated senescence and macrophage clearance.
Co-inheritance of α-globin mutations in β-thalassemia
Given that excess production of α-globin leads to widespread detrimental effects in β-thalassemia, it logically follows that reduction of α-globin synthesis improves the β-thalassemic phenotype. Since the first report of α-globin as a potential modifier gene in β-thalassemia by Fessas et al. in 1961, innumerable studies have detailed the interactions of almost all theoretical possibilities for different combinations of α- and β-thalassemia genes.2,58–60,74–78 However, most of these patient groups were relatively small and therefore wide-ranging conclusions about phenotypic effects for particular genotypes are not possible. Nevertheless, the overall picture which has emerged is quite clear; co-inheritance of α-thalassemia with β-thalassemia invariably improves clinical outcomes. The extent to which α-thalassemia alleles improves phenotype is dependent on the number of inactivated α-globin genes, the severity of β-globin mutations and most importantly, the degree to which globin imbalance is corrected. The clearest phenotypic improvements are generally observed where there is residual β-globin synthesis, as in cases of homozygous or compound heterozygous β mutations. In these situations, inactivation of one α-globin gene has somewhat unpredictable outcomes but mutations in two α-globin genes tends to lead to a mild intermedia phenotype.2 Inactivation of three α-globin genes has been known to completely balance globin synthesis ratios, even on a background of severe β-thalassemia alleles, and can confer transfusion independence.79
Conversely, the inheritance of extra copies of α-globin can also convert the normally clinically silent phenotype of heterozygous β-thalassemia to a clinically significant anemia.55,80–85 In extreme cases where homozygous triplicated or quadruplicated α-globin are present, a relatively severe transfusion-dependent phenotype can emerge.80 Hence, alterations in α-globin synthesis have considerable effect on β-thalassemic phenotypes; increased α-globin expression in heterozygous β-thalassemia leads to greater imbalance and converts a silent carrier state to a clinically significant anemia while reduced α-globin synthesis in homozygous β-thalassemia reduces the severity of anemia by restoring globin balance.
Conclusions and future directions
The disrupted interactions between α-globin and β-globin in cases of thalassemia clearly illustrate the importance of correctly co-ordinated gene expression. In order to facilitate the survival and growth of a healthy organism, it is essential that large amounts of hemoglobin are synthesized in red blood cells yet this process must also be carefully controlled to prevent accumulation of excess chains. Defects in any one of these complex interactions invariably leads to impaired red cell survival and adverse phenotypic outcomes as illustrated by the thalassemias. In cases of β-thalassemia, the damage caused by unpaired α-globin chains is quite remarkable and clearly accounts for much of the pathology. As such, reducing α-globin gene expression may help ameliorate the phenotype of β-thalassemia.
A number of recent studies have attempted to use the RNA interference (RNAi) pathway to achieve this goal with some success.86–88 It appears though, that delivery of effector molecules may prove problematic and given that α-globin mRNA is highly expressed, this may not represent the ideal target. However, there are certain key differences between α-globin and β-globin expression which may reveal other avenues of intervention. Most notably, α- and β-globin reside in distinct chromatin environments and are most likely marked with different epigenetic modifications. At least one protein is known to interact in trans, either directly or indirectly, with the α-globin but not the β-globin locus.
ATRX is a large nuclear localizing protein widely expressed throughout development which when mutated, results in an α-thalassemia-like phenotype in addition to a number of other defects.89 ATRX belongs to the SWI/SNF2 protein family of chromatin remodelers and appears to play a role in DNA methylation.90 This protein also seems to have a role at heterochromatin where it is possible that its presence may prevent silencing of α-globin during terminal differentiation of erythroid cells. However, the recent set of investigations at the α-globin gene locus using pioneering technologies failed to detect ATRX at this locus.
It seems that as thorough as these studies were, many other details remain to be discovered. In particular, it would be most interesting to discover the exact functions of epigenetic modifications at this locus and the role of ATRX or other factors in mediating these modifications. At the transcriptional level, the multifunction-al roles of αCP have only recently been discovered and the regulation of αCP binding as well as the repertoire of interacting proteins remain undefined. Given the importance of α-globin stability in proper protein expression, developing a deeper understanding of regulating elements will doubtless prove invaluable in any attempts to manipulate gene expression.
At the protein level, the relatively recent discovery of AHSP has led to a number of highly insightful studies regarding the role of this crucial interacting partner though unsurprisingly, there remain many issues to be addressed. Of these, perhaps the subject of greatest interest is the role of AHSP in β-thalassemia as a potential modifier. However, mutations which ablate AHSP appear quite rare, a situation which might suggest that either heterozygous AHSP mutations, unlike the thalassemias, provide negligible selective advantage against malaria or that these mutations are highly deleterious.
Nonetheless, these combined studies have produced a clear outline of the control of α-globin expression, as well as an exceptional model for general mammalian gene expression. Hopefully, future studies will help to generate finer details leading to a more comprehensive understanding and potentially reveal novel avenues for therapeutic interventions.
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