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1. HEMATOPOIESIS 

 

Hematopoiesis is a continuous process in which stem/progenitor cells 

develop into mature blood cells. Hematopoietic stem cells (HSCs) are 

self-renewing, multipotent progenitors that give rise to all types of mature 

blood cells. HSCs are thought to reside in a quiescent state in specialized 

stromal cells containing niches (Wilson et al., 2007). Through 

mechanisms that are only partially understood, the integrity of stem cells 

is maintained throughout life. Hematopoietic cells can be broadly 

classified as transiting through three compartments: (1) stem cell 

compartment, (2) committed progenitor cells, and (3) mature functional-

end cells (Fig. 1.1). The cells in each succeeding compartment are the 

progeny of, and more numerous than, the cells of the preceding 

compartment. 

The stem cell compartment is composed of very rare cells with specific 

properties mainly they maintain competence to self-renew and to generate 

progenitors capable of making billions of blood cells each day (Wilson 

and Trumpp, 2006). Several physical characteristics have been ascribed to 

stem cells, and these have aided both their purification and the assay used 

to define them in different transplantation systems (Morrison et al., 1995). 

Lineage markers are absent from these cells, and they normally are found 

in a quiescent state or are turning over very slowly. Stem cells are also 

equipped with a regimen of critical transcription factors that are important 

in the execution of their fundamental cellular functions of cell renewal 

and multilineage differentiation. 
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The progenitor cell compartment contains cells that are found at a higher 

frequency than the stem cell pool and, like the stem cell, are not 

morphologically distinguishable. Their existence is revealed by their 

ability to give rise to differentiated progeny in vitro in well-defined 

functional assays. The progenitor cell compartment is derived from stem 

cells trough a process of commitment to different lineage pathways. 

Transition of stem cells to cells of the committed compartment is 

achieved not by acquisition of new characteristics or new proteins but by 

enhancement of certain molecular pathways, already primed in these 

cells, and abrogation of others (Hu et al., 1997). Within each lineage, a 

spectrum of progenitor cells exists, and these are hierarchically 

categorized on the basis of their proliferative potential, maturation time, 

Figure 1.1. Development of mature blood cells through the sequential 
restriction of the cell fate potential of oligopotent progenitor cells derived from 
multipotent HSC. 
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response to a set of cytokines and type of differentiated progeny as 

revealed through in vitro clonogenic cultures. For example, multilineage 

progenitors giving rise to multiple lineages in vitro (e. g., colony-forming 

unit- granulocytic, erythroid, eosinophil, macrophage, megakariocyte 

[CFU-GEMM]) are presumed to be more primitive than unilineage 

progenitors committed only to a single lineage. As progenitor cells 

differentiate, they acquire more distinctive features characteristic of each 

lineage and move away from shared primitive progenitor characteristics: 

they show the enhancement of lineage-specific features, with a 

diminished or absence of expression of multilineage properties. 

Progenitor cells of each lineage are internally programmed to ensure their 

own survival, but external cues are frequently impinged on these internal 

program that control differentiation, maturation, survival and migration 

(Wagers et al., 2002). 

The precursor cell compartment, in contrast to stem and progenitor 

compartments, is defined by morphological criteria and contains cells at 

different maturation stages; the cells may be capable of undergoing a few 

rounds of cell division, or they may be end-stage, non-mitotic cells with a 

finite life span. The morphological characteristics of these cells reflect the 

accumulation of lineage-specific proteins, and organelles and the decline 

of nuclear activity, which gives them a unique appearance. Furthermore, 

precursor cells for each lineage follow a unique maturation sequence; for 

example, in erythroid cells, the end product is an enucleated red cell, as 

the nuclei are expelled before terminal maturation. By contrast, terminally 

mature white cells remain nucleated. Also, cells of megakaryocytic 
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lineage undergo unique endoreduplication cycles, forming large cells with 

multilobulated nuclei. The maturation sequence for each lineage requires 

a specific time frame, but there is enough plasticity to allow for faster 

than normal production of end-stage effector cells. Such deviations from 

the normal sequence are dictated by stress, which demands quick delivery 

of specialized (mainly white) cells into the periphery. 

 

1.1 The Hematopoietic Stem Cell 

Hematopoietic Stem Cells (HSCs) are probably the best characterized 

stem cell population. The properties that define these cells are the 

capacity to generate differentiated progeny of multiple blood cell lineages 

and the potential to produce more stem cells through a process known as 

self-renewal. It is this capacity to self-renew that enables the stem cell 

population to sustain hematopoiesis over extended periods of time 

(perhaps indefinitely) in vivo and, in fact, distinguishes them from 

virtually all other cells within the hematopoietic system (Jordan and 

Lemischka, 1990; Keller and Snodgrass, 1990; Morrison et al., 1996). 

The theory of HSCs was first put forward in 1964 (Till and McCulloch, 

1964), but to date it has not been comprehensively identified and isolated. 

Indeed, the only means of assaying stem cells is by their ability to 

reconstitute the bone marrow of an irradiated host and give rise to the 

hematopoietic system (radioprotection assay). This has been 

demonstrated primarily in humans undergoing bone marrow 

transplantation and also in experimental animal models, where the 

endogenous hematopoietic system was ablated by a lethal dose of 
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radiation (Aguila et al., 1997). The frequency of HSCs in the bone 

marrow is argued to be 1x10-4 to 1x10-5 (Murray et al., 1994). Due to its 

rarity, a robust effort has been dedicated to enrich HSCs to allow further 

characterization studies. HSCs have been enriched using a variety of 

techniques, including density centrifugation, activation and/or cell-cycle 

status and surface antigen expression, but no unique characteristics have 

been found to identify these elusive cells specifically.  

Although CD34+ cells represent a large section of the hematopoietic 

microenvironment, they have been demonstrated to possess reconstitution 

potential (Peault et al., 1991). CD34+ cells injected into a SCID-hu 

(thymus model) mouse gives rise to engraftment and generation of CD3, 

CD4, CD8 and T cells and they are routinely used for humans, thus 

confirming their potential.  

CD34+ Thy-1+ Lin-, CD34+ Thy-1+, CD34+ HLA-DR- and CD34+ CD38+ 

CD33+ cells have all been demonstrated to reconstitute mice and sheep. 

The CD34+/HLA-DR- cell population was demonstrated to reconstitute 

sheep, giving rise to virtually all the hematopoietic lineages over at least 7 

months. The CD34+/Thy-1+ cell population is routinely used for SCID 

and SCID-hu experiments, giving rise to both myeloid and B-lymphoid 

cells. The CD34+ CD38+ CD33+ cell population has obtained popularity 

for reliably reconstituting NOD/SCID mice (Larochelle et al., 1996). 

However, all of these phenotypes are rare, and it is difficult to plan 

extensive experiments employing these cell types, due to the difficulty 

and low efficiency in obtaining them. 
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The most widely used phenotype for animal experiments, believed to 

represent the repopulating stem cell, is the CD34+/CD38- cell, which has 

been used extensively for the reconstitution of mice (Verfaillie et al., 

2002).  

 

1. 2 Molecular control of Hematopoiesis 

The complex orchestration of hematopoiesis to produce the elaborate 

array of blood cells requires three physiological components, each of 

which is essential. These are: (1) the stem cell pool itself; (2) 

hematopoietic cytokines, that regulate hematopoiesis through both 

endocrine and paracrine mechanisms; and (3) the hematopoietic inductive 

microenvironment, which is made up of the bone marrow stroma and 

vasculature. In addition to these extracellular cues, it is evident that 

critical steps in the control of HSC fate, from the very earliest swiching of 

mesenchymal cells to the hematopoietic lineage to differentiation into the 

various lineages, are transcriptionally regulated. Most studies of HSC fate 

determination focus on the choice between stem cell self-renewal or 

differentiation. Over the years, several models have been advanced 

proposing that hematopoietic lineage determination is driven extrinsically 

(through growth factors, stroma or other external influences), intrinsically 

(as described in stochastic models), or both. While several studies support 

an instructive role for cytokines in the maturation of terminally 

differentiated cells from progenitor and precursor cells (Kaushansky et 

al., 1995; Kondo et al., 2000; Metcalf and Burgess, 1982) the initial 

divisions of HSC are likely to involve stochastic fate choices (Ogawa, 
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1993; Ogawa et al., 1999). In fact, it has been postulated that stochastic 

determination of HSC cell fate may be important for HSC function, in 

that this scheme allows for the maintenance of production of all blood cell 

lineages even in the face of substantial demand for one particular lineage 

(Enver and Greaves, 1998). Moreover, it appears that the regulation of 

hematopoiesis is the result of multiple processes involving cell-cell and 

cell-extracellular matrix interactions, the action of specific growth factors 

and other cytokines, as well as intrinsic modulators of hematopoietic 

development. 

 

1.2.1 Role of the microenvironment in HSC fate determination 

In nature HSC are located mainly in the bone marrow where they interact 

within a specific microenvironment called the stem cell niche, which 

regulates their fate in terms of quiescence, self-renewal and 

differentiation (Calvi et al., 2003; Scadden, 2006). Recent data suggest 

that quiescent HSC are located in the trabecular endosteum (the 

osteoblastic niche) whereas dividing ones reside in sinusoidal 

perivascular areas (the vascular niche) of the bone marrow (Kiel and 

Morrison, 2006) (Fig. 1.2). An orchestra of signals mediated by soluble 

factors and/or cell-to-cell contact regulates the balance and homeostasis 

of self-renewal, proliferation, and differentiation in vivo (Blank et al., 

2008) by determinig cell cycle status and gene expression profile. This 

complexity is due in large part to the fact that HSCs do not grow as 

independent autonomous units. Rather, these cells are surrounded in all 

dimensions by the marrow microenvironment, the so-called “stem cell 
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niche” (Fig. 1.2). The hypothetical function of the HSC niche is to 

provide HSC survival and self-renewal factors, either through direct 

contact with HSC or through secreted factors. HSC niches are formed 

from a subset of mesenchymal cells within the bone marrow. These so-

called “stromal cells”, which include specialized fibroblasts, endothelial 

cells, osteoblasts, and perhaps adipocytes, may play a further role in 

“translating” external signals to influence HSC developmental decisions 

(Deryugina et al., 1995) (Fig. 1.2). 

 

 

 
 

 

 

HSC are exposed in situ to many different growth factors, some soluble, 

some bound to extracellular matrix (ECM) and others bound to adjacent 

Figure 1.2. Dormant and self-renewal HSCs in their specif microenvironments 
called “stem-cell niche”. 
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cells. Due to the inherent difficulty in studying these cells in their 

microenvironment, most of what we know about how different soluble 

growth factors control HSC fate has been deduced from in vitro studies 

(Ema et al., 2000; Goff et al., 1998). The primary question that has been 

addressed is whether we can simulate in vitro the conditions that tell the 

HSC to self-renew. Unfortunately, the expansion of HSC in vitro is 

difficult to achieve because as the cells proliferate they tend to 

differentiate (Sorrentino, 2004). This is presumably caused by a lack of 

appropriate cues that are provided in vivo by the microenvironment. 

Within the context of a supportive microenvironment, cell adhesion and 

extracellular matrix molecules also play an important role in HSC 

development. Within the adult bone marrow, these molecules mediate 

interactions between stromal and hematopoietic cell components that in 

turn regulate cell proliferation, differentiation and migration. Extracellular 

matrix (ECM) is composed of three major classes of molecules: structural 

proteins such as collagen and elastin, specialized proteins such as 

fibronectin and laminin, and proteoglycans which consist of a protein 

core to which is attached long chains of repeating disaccharide units, 

termed glycosaminoglycans (GAGs). The ECM acts in concert with cell-

cell interactions and soluble factors to regulate the HSC. In general, 

adhesion of hematopoietic stem and progenitor cells to the marrow ECM 

inhibits cellular proliferation and prevents apoptosis, both of which lead 

to long-term survival of quiescent hematopoietic stem cells. Clues are 

beginning to emerge regarding how these effects are mediated. For 

example, binding of integrins on hematopoietic stem or progenitor cells 
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has been shown to lead to increased p27 expression, and p27 halts 

progression of the cell cycle by inhibiting a cyclin dependent kinase 

(Cheng et al., 2000). 

 

1.2.2 Transcriptional regulation of HSC fate 

Transcription factors represent a nodal point of hematopoietic control 

through the integration of the various signaling pathways and subsequent 

modulation of the transcriptional machinery. Transcription factors can act 

both positively and negatively to regulate the expression of a wide range 

of hematopoiesis-relevant genes including growth factors and their 

receptors, other transcription factors, as well as various molecules 

important for the function of developing cells. It is the alternative 

expression of specific combinations of transcription factors that 

determines the survival, proliferation, commitment, and differentiation 

responses of hematopoietic progenitors to such signals, whether they arise 

from extrinsic or intrinsic regulatory factors. Increasing evidence suggests 

that different families of transcription factors regulate the developmental 

program of stem cells (Shivdasani and Orkin, 1996) and when their 

expression is disrupted, leukaemic proliferation is initiated (Rabbitts, 

1994). 

Since purifying and biochemically investigating very rare HSC 

populations is so difficult, knowledge of the role of specific transcription 

factors in HSC fate decisions has been derived largely from genetic 

strategies, primarily gene-targeting (knockout) and retroviral 

infection/overexpression experiments. From this growing body of 
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literature, several transcription factors have been found to play critical 

roles in HSC physiology, and some of them are described in the sections 

below depending on the time and the influence of their expression during 

different steps of HSC development. 
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2. THE ERYTHROPOIESIS 

Erythropoiesis is the process by wich mature red blood cells 

(erythrocytes) differentiate from hematopoietic cells occurring in the bone 

marrow and provides aboutb 2 x 1011 new erythrocytes daily to replace 

the 1% of old cells removed from the circulation.  

 
Figure 2.1 : ERYTHROPOIESIS. Erythroid cells begin as pluripotential stem cells. 
Cell that is recognizable as specifically leading down the red cell pathway is the 
proerythroblast. As development progresses, the nucleus becomes somewhat smaller 
and the cytoplasm becomes more basophilic, due to the presence of ribosomes. In this 
stage the cell is called a basophilic erythroblast. The cell will continue to become 
smaller throughout development. As the cell begins to produce hemoglobin, the 
cytoplasm attracts both basic and eosin stains, and is called apolychromatophilic 
erythroblast. The cytoplasm eventually becomes more eosinophilic, and the cell is 
called an orthochromatic erythroblast. This orthochromatic erythroblast will then 
extrude its nucleus and enter the circulation as a reticulocyte. Reticulocytes are so 
named because these cells contain reticular networks of polyribosomes. As 
reticulocytes loose their polyribosomes they become mature red blood cells.  
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Like all blood cells, erythroid cells begin as pluripotential stem cells. The 

earliest erythroid progenitor, the BFU-E (burst forming unit-erythroid), is 

small and without distinguishing histologic characteristics. BFU-Es 

express the cell surface antigen, CD34, as do all other early hematopoietic 

progenitors allowing for its isolation using anti-CD34 antibodies. The 

stage after the BFU-E, right before hemoglobin production begins is the 

CFU-E (colony forming unit-erythroid), which is larger than the BFU-E.  
The first cell that is well recognizable as specifically leading down the red 

cell pathway is the proerythroblast characterized by the presence of a 

euchromatic nucleus and visible nucleoli. As development progresses, the 

nucleus becomes somewhat smaller, due to the progressive chromatin 

condensation and the cytoplasm becomes more basophilic, due to the 

presence of ribosomes. In this stage the cell is called a basophilic 

erythroblast. The cell will continue to become smaller throughout 

development. As the cell begins to produce hemoglobin, the cytoplasm 

attracts both basic and eosin stains, and is called a polychromatophilic 

erythroblast. The cytoplasm eventually becomes more eosinophilic, and 

the cell is called an orthochromatic erythroblast. This orthochromatic 

erythroblast will then extrude its nucleus and enter the circulation as a 

reticulocyte. Reticulocytes are so named because these cells contain 

reticular networks of polyribosomes. As reticulocytes lose their 

polyribosomes they become mature red blood cells (Fig. 2.1). 
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2.1 THE ERYTHROBLASTIC ISLAND 

Erythroblastic islands are specialized niches composed of erythroblasts 

surrounding a central macrophage niches in which erythroid precursors 

proliferate, differentiate, and enucleate (Chasis and Mohandas, 2008) 

(Fig. 2.2). For several decades the importance of erythroblastic islands 

remained unrecognized as erythroid progenitors were shown to possess an 

autonomous differentiation program with a capacity to complete terminal 

differentiation in vitro in the presence of erythropoietin but without 

macrophages. However, as the extent of proliferation, differentiation, and 

enucleation efficiency documented in vivo could not be recapitulated in 

vitro, a resurgence of interest in erythroid niches has emerged. We now 

have an increased molecular understanding of processes operating within 

erythroid niches, including cell-cell and cell-extracellular matrix 

adhesion, positive and negative regulatory feedback, and central 

macrophage function. 

 

 
 

 
Figure 2.2.  An erythroblastic island with a centered macrophage. There is 
evidence of large areas of closely opposed erythroblat and macrophage membranes. 
At the conclusion of terminal differentiation, expelled nuclei were phagocytosed by 
the central macrophage. 
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Bone marrow contains a heterogeneous population of 

monocytes/macrophages at various differentiation stages with diverse 

phenotypes. Island macrophage, derived from monocyte precursors, are 

likely to be a subset of resident macrophages in hematopoietic tissue. 

Central macrophages harvested from human bone marrow islands express 

CD4, CD11a, CD11c, CD18, CD31, HLA-DR and FcRI, FcRII, FcRIII 

(Lee et al., 1988). 

During definitive erythropoiesis, erythroblasts are known to express a 

diverse array of adhesion molecules that undergo dynamic variation 

during differentiation. These proteins mediate both 

erythroblast/erythroblast and erythroblast/macrophage interactions, as 

well as attachments to extracellular matrix components such as 

fibronectin and laminin. Historically, Emp (erythroblast macrophage 

protein) was the first molecule identified in both erythroblast and 

macrophage membranes that appears capable of forming 

macrophage/erythroblast attachments via homophilic binding (Hanspal 

and Hanspal, 1994).  

The second receptor/counterreceptor identified as mediating cell-cell 

interactions within erythroid islands were α4β1 integrin in erythroblasts 

and VCAM-1 in central macrophages (Sadahira et al., 1995). More 

recently are discovered another set of adhesion molecules that contribute 

to island integrity; erythroid intercellular adhesion molecule-4 (ICAM-4) 

and macrophage αV integrin. ICAM-4S, a novel secreted isoform of 
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mouse ICAM-4, is up-regulated late in terminal differentiation (Lee and 

Juliano, 2004). A currently postulated function for ICAM-4S is to enable 

young reticulocytes to detach from central macrophages, thereby allowing 

them to enter the circulation. 

A number of additional macrophage surface proteins have been identified 

as receptors for erythroblasts, although their counterreceptors remain 

uncharacterized and future studies will identify additional attachments 

between cells within erythroid islands. 

A protective macrophage function intimately tied to phagocytosis of 

extruded nuclei has only recently been delineated; in mice DNase II in 

macrophages degrades the ingested nuclear DNA (Kawane et al., 2001). 

Another important role originally proposed for central macrophages is 

transfer of iron directly to attached erythroid progenitor (Bessis and 

Breton-Gorius, 1962). A very recent report suggests ferritin is synthesized 

by macrophages, secreted via exocytosis, and subsequently taken up by 

erythroblasts. After endocytosis, iron, released from ferritin by 

acidification and proteolysis, is used by erythroblasts for heme synthesis 

(Leimberg et al., 2008). Although the attractive hypothesis of transfer of 

iron from central macrophages to erythroblasts has not yet been 

conclusively proven, with the exciting advances in our knowledge of iron 

metabolism and iron transporters answers should soon be forthcoming. 

Abnormalities in macrophage differentiation can lead to perturbations in 

the function of the erythroid niche. One important factor regulating 

macrophage differentiation is retinoblastoma tumor suppressor (Rb) 

protein (Iavarone et al., 2004) a nuclear protein that functions in 
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regulating the G1-to-S-phase transition of the cell cycle. A second 

protein affecting central macrophage function is cytoskeletal-associated 

protein paladin (Liu et al., 2007). This protein, localizing in focal 

adhesions of stress fibers along with alpha-actin, regulates actin 

cytoskeleton dynamics and cell attachment to extracellular matrix. 

 

2.1.1 Regulatory factors in erythroid niche 

Erythropoiesis is driven by the balance between positive and negative 

feedback mechanisms operating within the island niche involving both 

cell-cell interactions and soluble factors. The concentration of Epo is a 

predominant regulator of erythroid progenitor numbers by preventing 

apoptosis of cells in the colony-forming unit erythroid (CFU-

E)/proerythroblast stages of differentiation (Koury and Bondurant, 1990). 

However, cell-cell interactions within islands also play crucial roles. 

Indeed, erythroblasts interacting with one another function to regulate 

erythroid lineage output. In a study of human erythropoiesis, Fas/Fas 

ligand binding appears to contribute to regulation of apoptosis of 

immature erythroblasts (De Maria et al., 1999a). Although Fas is 

expressed on human erythroblasts at all stages of terminal differentiation, 

only in immature erythroblasts does Fas crosslinking transduce a death 

signal. Fas ligand is not expressed until late in differentiation and 

orthochromatic erythroblasts demonstrate a Fas-based cytotoxicity against 

immature erythroblasts. However, in vitro, increased Epo consistent with 

levels measured in anemia, provides protection to early erythroblasts from 

Fas-induced cytotoxicity by late erythroblasts. By enabling more 
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immature erythroblasts to terminally differentiate, this mechanism 

effectively up-regulates erythropoiesis in the presence of elevated Epo. 

Moreover, there is a role for Fas/Fas ligand binding as an active regulator 

of apoptosis within erythroblastic islands (Niho and Asano, 1998). 

Erythroid progenitor can be regulated not only by protection from 

apoptosis but also by a direct contact that established with macrophages 

(cell-cell interactions) that is important to enhance erythroblast 

proliferation (Rhodes et al., 2008).  

Two potential candidate interactions have been identified as enhancing 

erythroblast proliferation at the CFU-E stage. Macrophage membrane 

protein Ephrin-2 (HTK ligand) interacting with its erythroid receptor 

EphB4 (HTK)54,55 and the c-kit ligand transmembrane protein binding 

c-kit on erythroid progenitor (Muta and Krantz, 1995). 

Erythroblast-erythroblast attachments also regulate cell proliferation. It 

has long been recognized that the level of transcription factor GATA-1 is 

crucial to completion of normal differentiation (Gutierrez et al., 2004) and 

its activity and hence, gene expression, are regulated by intercellular 

signaling between erythroblasts. 

Soluble factors secreted by macrophages add another layer of positive 

regulation within erythroblastic islands. Macrophage cytokines, including 

burst-promoting activity and insulin-like growth factor-1, induce growth 

of both burst forming unit-erythroid (BFU-E) and CFU-E (Kurtz et al., 

1985; Sawada et al., 1989). 

Soluble factors secreted by erythroblasts also have relevant functions 

within the erythroid niche. A very recent discovery is that Gas6, a 
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secreted protein that enhances proliferation and survival in nonerythroid 

cells, is released by erythroblasts in response to Epo. Secreted Gas6 binds 

its erythroblast receptor, and by activating PI3K and its effector Akt, 

enhances Epo receptor signaling (Angelillo-Scherrer et al., 2008). 

Differentiating erythroblasts also secrete angiogenic factors, vascular 

endothelial growth factor A (VEGF-A) and placenta growth factor (PIGF) 

(Tordjman et al., 2001). Erythroblasts have no receptors for VEGF-A or 

PIGF, hence these secreted angiogenic factors may serve as paracrine 

effectors, mediating crosstalk between receptor-expressing macrophages 

and developing erythroblasts that regulates island structure and/or 

localization. In addition, by affecting endothelial cell junctional integrity 

these secreted proteins may facilitate reticulocyte movement into bone 

marrow sinusoids. 

Within erythroid niche there are elevated levels of circulating cytokines, 

chemokines, and interleukins, including interleukin 6 (IL6), transforming 

growth factor-β (TGF-β), tumor necrosis factor-α (TNF-α), and 

interferon-γ (INF-γ) because of direct secretion by central 

macrophages (Fig. 2.3). TNF-α inhibits erythropoiesis either by caspase-

mediated cleavage of the major erythroid transcription factor GATA-1 

resulting in apoptosis (De Maria et al., 1999b) and/or by retarding 

proliferation (Dai et al., 2003); the precise mechanism(s) remains 

somewhat controversial. TGF-β also perturbs erythropoiesis in various 

ways. It inhibits erythroblast proliferation by reducing the number of 

progenitors in cycle via a mechanism other than apoptosis and accelerates 
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differentiation of noncycling erythroid progenitors (Zermati et al., 2000). 

TGF-β triggers activation of Rho and Rac GTPases and could have 

effects on various cytoskeletal functions including membrane stability. 

Elevated levels of INF-γ induce both macrophages and erythroblasts to 

secrete soluble TRAIL (TNF-related apoptosis inducing ligand), which 

inhibits erythroblast differentiation (Zamai et al., 2000) mediated by 

activation of the intracellular ERK/MAPK pathway (Secchiero et al., 

2004). Finally, IL6 up-regulates hepcidin expression, which inhibits iron 

export from macrophages by binding to the iron exporter ferroportin and 

inducing its internalization and degradation, thereby blocking availability 

of iron for erythropoiesis (Nemeth and Ganz, 2006). 

Another negative feedback loop regulating erythropoiesis within islands 

involves a lesser known soluble factor secreted by bone marrow 

macrophages termed RCAS1, receptor binding cancer antigen expressed 

in SiSo cells (Matsushima et al., 2001). The binding of RASC1 to its 

receptor expressed on immature erythroblasts activates proapoptotic 

caspases 8 and 3. Hence, RASC1 represents another regulator of 

apoptosis of erythroid progenitors.  

In sum, there are myriad means by which elevated levels of circulating 

cytokines, chemokines, and interleukins can disorder erythropoiesis and 

there is a pressing need to dissect out the various molecular mechanisms 

and their potential interplay to design novel therapies to stimulate 

effective erythropoiesis. 

 

 



 35 

2.1.2 Extracellular matrix role in erythroid niche 

Currently 2 extracellular matrix proteins, fibronectin and laminin, are 

strong candidates for regulating processes in terminally differentiating 

erythroblasts and reticulocytes. Fibronectin influences growth, 

differentiation, adhesion, and migration of multiple cell types, including 

hematopoietic cells. Erythroblasts express 2 integrins that bind 

fibronectin, α4β1 and α5β1 (Hanspal, 1997) (Fig. 2.3). However α5β1 

expression is down-regulated during terminal differentiation and late-

stage erythroblasts express almost exclusively α4β1 on their surface 

(Rosemblatt et al., 1991). α4β1 mediates adhesion to several sites on the 

fibronectin glycoprotein (Fig. 2.3). A recent exciting finding is that 

proliferation appears to be regulated by an early Epo-dependent phase 

followed by an α4β1 integrin/fibronectin-dependent phase (Eshghi et al., 

2007). Both Epo and fibronectin promote proliferation by protecting cells 

from apoptosis, partly through antiapoptotic bcl-xL. Late in terminal 

differentiation Lutheran (Lu) glycoproteins that bind extracellular matrix 

laminin appear on the erythroblast surface (El Nemer et al., 1998; Zen et 

al., 1999). Lu is a specific, high-affinity receptor for laminins and various 

laminins localize to different regions of extracellular matrix (Chasis and 

Mohandas, 2008). 
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2.2 REGULATION OF ERYTHROPOIESIS 

The appropriate regulation of erythropoiesis is essential for both 

embryonic development and adult red cell production 

The regulation of red blood cell production involves three basic processes 

in erythroid progenitor and precursor cell population: (1) proliferation, (2) 

differentiation and (3) survival. Although they act in concert from the 

earliest cell committed to erythropoiesis, the burst-forming unit-erythroid 

(BFU-E), through the last cell division of erythroblasts, each of these 

three processes can be regulated independently of another. After blood 

loss or hemolysis, stem cell factor (SCF/Kit-ligand) and glucocorticoids 

Figure 2.3. The principal regulatory entities within the HSC niche in the bone 
marrow microenvironment. Stromal fibroblasts, osteoblasts and endothelial cells as 
well as cell–extracellular matrix (ECM) components present growth regulatory 
signals to hematopoietic stem cells (HSCs). External signals from the BM 
microenvironment can be mediated by cell–cell interactions, cell–extracellular 
matrix (ECM) interactions (integrins) and by soluble growth factors 
. 
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increase proliferation of cells in the BFU-E to colony-forming unit-

erythroid (CFU-E) stages. However, SCF and glucocorticoids have little 

effect on survival or differentiation of these erythroid progenitor cells. 

Erythopoietin (EPO), the major physiologic regulator of erythropoiesis, is 

regulated by hypoxia at the level of its transcription (Koury, 2005). EPO 

promotes the survival of erythroid cells in the CFU-E through basophilic 

erythroblast stages without affecting their proliferation or differentiation. 

Contact with macrophages in erythroblastic islands regulates proliferation 

of these EPO-dependent cells without affecting their survival or 

differentiation (Rhodes et al., 2005). Differentiation of late-stage 

erythroblasts is characterized by the synthesis and accumulation of 

hemoglobin, the most abundant and major functional protein of mature 

erythrocytes. Accumulation of heme and globin chains, which is finely 

regulated to assure erythroblast survival (Chen et al., 2006; Weiss and 

Goodnough, 2005), has no effect on cellular proliferation, which has 

largely ceased by this stage of differentiation. In the last decade, utilizing 

genetic and biochemical approaches, several key intracellular as well as 

extracellular factors have been identified that regulate erythropoiesis. 

Cytokines and transcription factors have been extensively characterized 

as key players in regulating this process.  

 

2.2.1 THE ROLE OF CYTOKINES DURING ERYTHROPOIESIS 

It is clear that c-Kit/SCF and Epo-R/Epo signaling events are necessary 

for erythropoiesis, the signaling mechanisms by which these two 

receptor/ligand pairs regulate cellular responses in erythroid cells remain 
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poorly defined. However, there are recent advances made towards 

understanding the role of signaling pathways that regulate red cell 

production via c-Kit and Epo-R. The signaling events initiated by the 

binding of erythropoietin (Epo) to the Epo-receptor (Epo-R) induce 

proliferation, survival, as well as, differentiation of erythroid progenitors. 

Likewise, c-Kit and stem cell factor (SCF) signaling pathway also plays 

an essential role in erythroid cell development (Nocka et al., 1989; 

Russell and Cosimi, 1979). 

 

c-kit/SCF signaling 

In order to understand the importance of c-Kit/SCF interaction in 

erythroid linear two mutant mice are generated: White spotting (W) and 

Steel (Sl). These mice demonstrate erythroid and other lineage-specific 

defects due to inherited mutations within the c-Kit and SCF genes, 

respectively. The phenotypic abnormalities in mice with mutations 

affecting the Dominant White Spotting (W) and Steel (Sl) loci (reduction 

in pigment cells, sterility, and macrocytic anemia with mast cell 

deficiencies) demonstrate the critical nature of the proteins encoded by 

these loci in the normal development of hematopoietic stem and 

progenitor cells, melanocytes, and germ cells (Broudy, 1997; Nocka et 

al., 1989; Russell and Cosimi, 1979). The W locus encodes the receptor 

tyrosine kinase c-Kit (Chabot et al., 1988; Geissler et al., 1988), and the 

Sl locus encodes the soluble (S) and the membrane-associated forms of its 

ligand, known as stem cell factor (also called mast cell growth factor 
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[MGF], Kit ligand [KL], and Steel factor [SF]) (Copeland et al., 1990; 

Huang et al., 1990; Zsebo et al., 1990).  

Similar to the mutants of W, the severity of the phenotype in Sl mutant 

varies considerably. Like the W mutant, a complete deletion of the Sl 

gene coding sequences results in death in utero due to severe anemia. On 

the other hand, Sl mutants encoding some form of SCF protein are 

compatible with life, but manifest varying degrees of abnormalities in the 

affected lineages, including red cell deficiency, mast cell deficiency, coat 

color abnormalities, and sterility (Galli et al., 1994; Russell and Cosimi, 

1979). 

Mice and humans encode two distinct isoforms of SCF as a result of 

mRNA splicing (Anderson et al., 1990; Brannan et al., 1991; Flanagan et 

al., 1991; Huang et al., 1990). A glycoprotein of 248 (SCF248) amino 

acids is rapidly cleaved from the cell to release a biologically active 

soluble protein of 164 aa. In contrast, a glycoprotein of 220 aa (SCF220), 

which lacks the proteolytic cleavage site encoded by differentially spliced 

exon 6 sequences, remains predominantly membrane associated. This 

isoform can also be slowly released from the cell surface via the use of an 

alternate proteolytic cleavage site in exon 7. The physiologic role of these 

isoforms in blood cell development is not completely understood. 

However, studies performed on naturally occurring mutants of Sl, as well 

as using transgenic and knock-in mice have revealed distinct functions of 

soluble versus membrane associated (MA) SCF isoforms in regulating 

blood cell development. Moreover, membrane form of SCF would appear 
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to be critical for normal function in the affected lineages (Russell and 

Cosimi, 1979). 

Studies performed on transgenic mice that express an obligate membrane-

restricted form of SCF in Sld or Sl17 mutant background have 

demonstrated a significant correction in both hematocrits and total red 

cell numbers compared with mutants expressing the soluble form of SCF 

as a transgene (Kapur et al., 1998). Further, studies performed in mice 

expressing only the slowly secreted form of SCF (SCF220) have also 

suggested an essential role for membrane presentation of SCF in normal 

erythroid cell development (Tajima et al., 1998). Moreover in vivo 

evidence, confirmed by in vitro studies, suggest that MA SCF may be an 

important regulator of c-Kit activation in vivo.  

c-Kit plays a role in multiple hematopoietic lineages, the role of 

individual signaling pathways in regulating cellular responses in primary 

hematopoietic cells thus far has been characterized predominantly in the 

mast cell lineage (Serve et al., 1995; Tajima et al., 1998). The signaling 

pathways utilized by c-Kit in mast cells may not play a significant role in 

regulating c-Kit-induced functions in other hematopoietic lineages, 

including erythroid progenitor (Huddleston et al., 1995). Thus, it is likely 

that other signaling pathways play a more prominent role in regulating c-

Kit functions in erythroid cells or additional signaling pathways might 

compensate for deficiency of these molecules in erythroid progenitors. To 

this end it is important to know that the binding of SCF to c-Kit results in 

dimerization and autophosphorylation of the receptor on several distinct 

cytoplasmic tyrosine residues which become binding sites for a variety of 
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Src homology 2 domain-containing enzymes and adaptor proteins such as 

phospholipase Cγ (PLC-γ), phosphatidylinositol 3-kinase p85 subunit (PI-

3Kinase), Ras GTPase activating protein, SHP2 phosphatase, Src kinases, 

Grb2, Grb7, and Shc (Boissan et al., 2000; Gommerman et al., 2000; 

Lennartsson et al., 1999; Linnekin et al., 1997). In this manner, the 

phosphorylated tyrosine residues initiate signal transduction via several 

distinct early signaling pathways. 

Studies in multiple cell types have shown that c-Kit carrying tyrosine to 

phenylalanine mutations at the critical residues fail to bind the associated 

signaling molecules and consequently fail to activate these pathways 

(Boissan et al., 2000; Linnekin et al., 1997). It is really difficult to 

perform functional and biochemical studies. Further, very few erythroid 

progenitor cell lines have been described that faithfully mimic c-Kit 

functions in primary erythroid progenitor cells. To this end, Weiss et al. 

and Gregory et al. have described an erythroid cell line G1E-ER2 that 

mimics primary pro-erythroblasts and is dependent on SCF and Epo for 

cell survival, proliferation and differentiation. These cells have been 

utilized extensively to study the role of c-Kit and various mutant isoforms 

of SCF in erythroid cell proliferation and survival (Kapur et al., 2002; 

Kapur et al., 1998; Kapur and Zhang, 2001).  

In addition to a role for c-Kit in normal hematopoiesis, nearly 30 gain-of-

function mutations of c-Kit have been identified which are associated 

with highly malignant tumors in humans. Most of the activating 

mutations in the juxtamembrane region of c-Kit (V560G) are associated 

with gastrointestinal tumors (GIST) and sinonasal NK/T cell lymphomas. 
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The activating mutations (D816V, D816Y, and D816F) in the second half 

of the kinase domain of c-Kit are associated with human mastocytosis and 

acute myeloid leukemia (AML) (Heinrich et al., 2002).  

 

Epo-R/ Epo signaling 

In addition to c-kit, erythropoiesis is controlled to a large extent by 

signals derived from erythropoietin and erythropoietin receptors. Epo-R 

belongs to the class I cytokine receptor family, and initiates signaling by 

activating Janus kinase (JAK) 2, which binds to Epo receptor dimers at a 

conserved Box 1 motif (Witthuhn et al., 1993). Activated JAK2 

phosphorylates the Epo-R at multiple cytoplasmic tyrosine residues, 

which results in the recruitment of Src homology (SH)-2 domain-

containing proteins to the receptor. Studies utilizing truncated and 

tyrosine to phenylalanine mutated murine Epo receptors have mapped the 

binding sites for several SH2 containing adaptor proteins as well as 

enzymes to phosphotyrosine sites within the Epo-R. These include, 

Stat5a/b, SHP1, SHP2, SHIP, p85α regulatory subunit of PI-3Kinase, 

Grb2, Lyn tyrosine kinase, and suppressor of cytokine signaling (SOCS) 

3. In addition to these signaling molecules, other signaling molecules that 

bind Epo-R have also been identified, including tyrosine kinases Syk, 

Tec, PLC-γ, and adaptor proteins Shc, Cbl, Crkl, IRS-2, and Gab1/2, and 

the nucleotide exchange factors Sos and Vav (Klingmuller, 1997). In spite 

of the identification of binding sites for various signaling molecules, the 

physiologic role(s) of the signaling cascade initiated via the 

phosphorylation of these tyrosines in Epo-R remain poorly understood. 
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Activation of PI-3Kinase, Akt, and FKHRL1 forkhead transcription factor 

have been implicated as critical downstream effectors induced via 

tyrosine 479 in the Epo-R (Uddin et al., 2000). On the other hand, 

tyrosine 343 has been shown to primarily activate Stat5 and induce the 

expression of Bcl-xL (Pircher et al., 2001; Socolovsky et al., 1999). 

Studies utilizing mice deficient in Bcl-xL expression have demonstrated a 

critical role for this protein in the survival and terminal differentiation of 

committed erythroid progenitors (Motoyama et al., 1996). In some 

studies, induction of Bcl-xL expression by Epo has been shown to be 

dependent on Stat5 activation (Socolovsky et al., 1999). However, in 

other studies impaired binding of Stat5 in vivo did not result in an 

erythroid defect (Quelle et al., 1998), while a marked reduction in the 

number of CFU-E progenitors as well as embryonic anemia due to Stat5 

deficiency has been reported (Damen et al., 1997; Pircher et al., 2001).  

Moreover, the role of various tyrosine residues in the distal region of the 

Epo-R in proliferation, survival, and/or differentiation of erythroid 

progenitors is also poorly understood. In vivo expression of a truncated 

Epo-R (lacking the distal half) showed little defects in steady-state levels 

of erythropoiesis, suggesting that tyrosine residues in the distal half of the 

Epo-R may have only a minimal role in regulating Epo-R functions in 

vivo (Zang et al., 2001). Mutations of the human Epo-R that lack 

approximately 70–90 amino acids of the distal region are associated with 

erythrocytosis (Arcasoy et al., 1997; de la Chapelle et al., 1993; Li et al., 

2003; Sokol et al., 1995). A truncation mutant of Epo-R that only retains 

one tyrosine residue at position 343 (Y343) in the distal region of the 
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receptor also demonstrates a significant increase in Stat5 activation, 

suggesting that perhaps the distal region of the Epo-R may negatively 

influence Stat5 activation.  

Several potential mechanisms of action of JAK2 have been proposed for 

the cells expressing the truncated Epo-R that consist in the activation of 

PI-3Kinase or in the induction of c-Myc. In addition to these possibilities, 

it is conceivable that the truncated Epo-R mutant causes hyper-activation 

of JAK2 in these cells leading to the activation of downstream pathways 

in the absence of phosphotyrosine binding sites. Examples of activation 

of downstream signaling pathways in the absence of tyrosine binding sites 

in the receptor have been described previously in other cells systems.  

To further elucidate the intracellular mechanisms by which Epo-induces 

the differentiation of human erythroid progenitors, Kubota et al. have 

analyzed the roles of Src and PI-3Kinase (Kubota et al., 2001). They 

demonstrated that Epo-induced differentiation is dependent on the 

cooperation between the Src and the PI-3Kinase pathways and argued that 

Src kinase likely provides the binding site(s) for the p85α subunit of PI-

3Kinase in Epo-R by tyrosine phosphorylating the receptor.  

Indeed, recent studies by Boudot et al. showed that Lyn Src family kinase 

binds to the unphosphorylated mouse Epo-R, and that its SH2 domain 

binds directly to the mouse Epo-R through its interaction with 

phosphorylated tyrosine 464 or 479 after Epo stimulation. In humans, Src 

may bind directly to these phosphorylated tyrosine residues in Epo-R 

through its SH2 domain, after Epo stimulation.  
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Studies have shown that Lyn pre-associates with Epo-R and is rapidly 

activated after Epo binding to its receptor. Therefore, Lyn may function 

as a critical protein tyrosine kinase in regulating erythroid development 

like JAK2. Taken together, cooperation between Src/Lyn kinase and PI-

3Kinase may play a prominent role in regulating murine and human 

erythroid cell differentiation. 

Huddleston et al. have recently demonstrated that PI-3Kinase have an 

essential role in erythroid cell differentiation and the deficiency of p85α 

subunit of PI-3Kinase results in defective fetal liver erythropoiesis, 

including reduced CFU-E and BFU-E production in response to Epo 

(Huddleston et al., 2003). Klingmuller et al. showed that tyrosine 479 is 

the binding site for p85α subunit of class IA PI-3Kinase, these results 

suggest that PI-3Kinase is involved in the erythroid differentiation of 

hematopoietic cells (Klingmuller, 1997). 

The mechanisms by which Epo-R balances positive and negative signals 

in response to Epo depend in part on its ability to tyrosine phosphorylate 

and dephosphorylate the receptor. Tyrosine phosphorylation in response 

to Epo is transient and returns to basal levels within 30min of stimulation, 

suggesting that negative regulation dephosphorylates Epo-R rather 

quickly (Klingmuller et al., 1995; Linnekin et al., 1992; Miura et al., 

1991; Quelle and Wojchowski, 1991). To this end, recruitment of a 

negative regulator of Epo-R signaling; SHP-1 phosphatase appears to 

play an essential role in terminating proliferative signals through 

dephosphorylation and inactivation of Jak2. Consistent with these 

observations, CFU-Es derived from mice lacking the expression of SHP-1 
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(motheaten) or those that are impaired in SHP-1 phosphatase activity 

(motheaten viable) are also sensitive to lower concentrations of Epo, and 

demonstrate increased numbers of splenic CFU-E in vivo (Van Zane et 

al.,1989). In humans, expression of a truncated Epo-R that lacks the C-

terminal 70 amino acids cause erythrocytosis, elevated hematocrit and 

increase in the concentration of hemoglobin in the blood. Interestingly the 

receptor lacking the binding site for SHP-1 and erythroid progenitors 

from these patients hyper-proliferate at lower concentrations of Epo. 

Other mutations in the Epo-R gene that eliminates the binding of SHP-1 

resulting in increased sensitivity of erythroid progenitors to Epo (Sokol et 

al., 1995). Collectively, these studies suggest an essential role for SHP-1 

in the negative regulation of Epo-R functions. In addition to SHP-1, the 

SOCS family of negative regulators of cytokine signaling have also been 

described (Starr et al., 1997; Yoshimura et al., 1995). Expression of 

SOCS genes is rapidly modulated in response to a variety of cytokines 

and the SOCS family act via a negative feedback loop to suppress 

cytokine-induced signal transduction. CIS, the initial SOCS family 

member, was identified as an Epo-inducible molecule (Yoshimura et al., 

1995). Expression of CIS is elevated upon activation of JAK2 and Stat5 

(Matsumoto et al., 1995; Verdier et al., 1998). SOCS-1 has been shown to 

inhibit the activation of Jak2 (Endo et al., 1997; Naka et al., 1997). 
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SOCS-3 is tyrosine phosphorylated in response to Epo stimulation and 

has been shown to suppress Epo signaling by associating with the Epo 

Figure 2.4. Signal transduction mediated by erythropoietin and stem-cell factor in 
erythroid progenitor cells. 
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receptor and JAK2 (Cacalano et al., 2001; Cohney et al., 1999; Sasaki et 

al., 2000).  

Three SOCS genes have been associated with erythropoiesis, including 

SOCS-1, CIS, and SOCS-3. Recruitment of CIS to the Epo-R via the SH2 

domain represses proliferation. In addition, the SOCS box may be 

responsible for mediating apoptotic effects of CIS in fetal liver erythroid 

progenitors. Interestingly, however, CIS-/- mice show no detectable 

erythroid phenotype (Marine et al., 1999). In contrast, SOCS-1-/- mice 

demonstrate mild anemia and elevated numbers of nucleated erythroid 

cells in the spleen (Metcalf, 1999). This has been attributed to enhance 

sensitivity of SOCS-1-/- progenitors to Epo. In contrast, deletion of 

SOCS-3 results in embryonic lethality because of erythrocytosis and 

accumulation of nucleated erythroid cells in the fetal liver. Furthermore, 

transgene-mediated over-expression of SOCS-3 suppresses fetal liver 

erythrocytosis (Marine et al., 1999). Although it is not entirely clear why 

the deletion of one SOCS family member results in only mild anemia 

where as another leads to embryonic lethality; this may in part be due to 

the differential regulation of these genes during different stages of 

erythroid cell maturation.  

 

Cooperation between c-kit and Epo-R 

Although SCF has been shown to induce some growth and survival of 

erythroid progenitors, its response is profoundly amplified in combination 

with Epo. This type of synergy between c-Kit and Epo-R has been 

described in experiments attempting to enumerate BFU-E and CFU-E 
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formation in vitro as well as in vivo upon co-administering SCF and Epo. 

However, the basis for this synergism is poorly understood. To this end, 

biochemical studies have provided evidence for physical association 

between c-Kit and Epo-R via the box 2 region cytoplasmic domain of the 

Epo-R. SCF supports proliferation only in cells that co-express c-Kit and 

the Epo-R (Wu et al., 1997; Wu et al., 1995) and Wu et al. utilizing 

various truncation mutants of Epo-R have demonstrated that c-Kit 

stimulation by SCF does not activate the Epo-R by inducing its 

dimerization, but by phosphorylating tyrosine residues in the cytoplasmic 

domain of the Epo-R (Fig. 2.4). Recent studies by Tan et al. have 

demonstrated that the tyrosine residues 567 and 569 in the c-Kit receptor 

play an important role the synergy between c-Kit and Epo-R  and the 

phosphorylation of Epo-R in erythroid cells. Other studies suggest that 

tyrosine residues within the Epo-R cytoplasmic tail may not be involved 

in contributing to the observed synergy between c-Kit and Epo-R. To this 

end, a truncated Epo-R (Y343F) lacking all the tyrosine residues in the 

Epo-R was able to synergize with c-Kit. Thus, although these results 

suggest that an Epo-R tyrosine-independent mechanism could contribute 

to Epo-R/c-Kit cooperation, one cannot rule out the possibility that 

compensation by other signaling pathways in a truncated Epo-R may 

contribute to the synergy between a truncated Epo-R and c-Kit. 

Additional studies will address this issue. 

Sui et al. utilizing human erythroid colony-forming cells showed that 

although SCF induces the phosphorylation of Epo-R in purified human 

erythroid cells, it is not sufficient to transduce signals via Epo-R and 
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support cell growth (Sui et al., 1998). These authors demonstrated that 

SCF and Epo synergistically activate MAP kinase (Erk1/2) (Fig 2.4), 

which correlates with cell growth and thus may be responsible for the 

synergistic effects observed in response to SCF and Epo co-stimulation in 

erythroid cells. They further demonstrated that inhibiting MAP Kinase 

and the PI-3Kinase pathways inhibits the synergistic activation of MAP 

Kinase as well as erythroid cell growth. Kapur and Zhang utilizing an 

erythroid progenitor cell line G1E-ER2 cells demonstrated that c-Kit 

stimulation by SCF may play an essential role in the maintenance of Epo-

R and Stat5 protein expression, which leads to increased expression of 

Bcl-xL and survival of erythroid progenitors in response to Epo 

stimulation (Fig. 2.4). Sato et al. have shown that SCF can activate the 

human Epo-R promoter containing the GATA and Sp1 binding sites, and 

mutations in the Sp1 binding site results in the abrogation of Epo-R 

mRNA in response to SCF stimulation. More recently, Boer et al. have 

shown that SCF can enhance Epo-mediated transactivation of Stat5 via 

the PKA/CREB pathway. They showed that Epo induces transactivation 

of Stat5, which is enhanced by SCF treatment. SCF pre-treatment prior to 

Epo stimulation leads to a significant increase in Stat5 transactivation, 

however SCF stimulation alone did not affect Stat5 transactivation. 

Recent studies also provide evidence for a role of cytoplasmic tyrosine 

kinase Bruton's tyrosine kinase (Btk) in c-Kit/Epo-R co-signaling. Btk 

gets phosphorylated by Jak2 and activated Btk phosphorylates Epo-R as 

well as downstream signaling molecules such as PLCγ and Stat5 (Von et 

al., 2004). In sum, there are several distinct mechanisms of synergy 
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between c-Kit and Epo-R in regulating normal erythroid cell development 

and remains to be determined whether these mechanisms are cell line 

specific or operational in primary erythroid progenitors. 

 
2.2.2 THE TRANSCRIPTION FACTOR CONTROL OF 

ERYTHROPOISIS  

The differentiation of hematopoietic stem cells (HSCs) into specific 

progenitor cells, and ultimately into diverse blood cell types, is intricately 

controlled by intercellular and intracellular signaling mechanisms 

(Kaushansky, 2006; Mikkola and Orkin, 2006). These mechanisms 

commonly target transcriptional regulators, which in turn establish 

complex transcriptional networks. Since a host of transcriptional 

regulators and signaling pathways that control erythropoiesis have already 

been identified, major efforts are focused on elucidating the underlying 

molecular mechanisms. Canonical transcriptional mechanisms involve 

sequence-specific binding of transcription factors to DNA motifs termed 

cis-elements in chromatin, followed by recruitment of additional 

regulatory proteins (coregulators) via direct protein–protein interactions 

(Kadonaga, 2004). Coregulators typically exist as large multiprotein 

complexes and either mediate activation (coactivators) or repression 

(corepressors) (Bresnick et al., 2006; Lee and Workman, 2007). Certain 

coregulator complexes mediate both activation and repression in a 

context-dependent manner (Crispino et al., 1999; Rogatsky et al., 2002). 

It is instructive to classify coregulators as chromatin remodeling or 

chromatin modifying enzymes, based on whether they lack or have the 
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capacity, respectively, to post-translationally modify histones that form 

the octameric core of the nucleosome. Since chromatin can be a 

formidable impediment to transcription factor access to nucleosomal 

DNA (Hager et al., 1993), remodeling enzymes regulate transcription 

factor access to chromatin. In addition, as nucleosomal filaments 

condense into higher-order structures (Felsenfeld and Groudine, 2003), 

remodeling enzyme-dependent chromatin structure transitions almost 

certainly regulate higher-order chromatin folding. 

In contrast to remodeling enzymes, chromatin modifying enzymes 

catalyse a plethora of histone post-translational modifications, including 

acetylation, methylation, phosphorylation, ubiquitination, sumoylation 

and ADP ribosylation, which are termed epigenetic marks (Allfrey et al., 

1964; Fischle et al., 2003). In addition to the canonical mechanisms noted 

above, certain transcription factors retain functionality upon disabling 

their sequence-specific DNA binding activity, indicating the importance 

of DNA binding-independent mechanisms in certain contexts (Porcher et 

al., 1999; Reichardt et al., 1998; Tuckermann et al., 1999). Given that 

transcriptional complexes assembled at promoters and distal regulatory 

elements, such as enhancers and locus control regions (LCRs), often 

contain a large cohort of factors that engage in a multitude of protein–

protein interactions (Bresnick et al., 2006), it seems reasonable that 

certain transcription factors can integrate into such complexes without a 

critical DNA binding activity requirement. Important principles 

underlying transcriptional control in higher eukaryotes have regularly 

emerged from mechanistic studies on the regulation of the beta-like 
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globin gene cluster, a commonly used model system to elucidate cell 

type-specific and developmental-stage specific transcriptional 

mechanisms (Bresnick et al., 2006). Many works with the beta-globin 

system has provided important insights into perhaps the most 

fundamental aspect of transcriptional control, how trans-acting factors 

recognize and occupy functional sites in chromatin (Bank, 2006; Bresnick 

et al., 2006) (see Section 2.5.2). Extensive analyses of chromatin 

occupancy by the hematopoietic zinc-finger protein GATA-1, which is 

discussed below in detail (see Section 2.5.2), revealed that only a small 

fraction of high-affinity GATA motifs are occupied in chromatin (Grass 

et al., 2003; Grass et al., 2006; Im et al., 2005; Johnson et al., 2007; 

Johnson et al., 2002; Martowicz et al., 2005; Pal et al., 2004). 

Intriguingly, the cell type-specific coregulator Friend of GATA-1 (FOG-

1), which mediates certain biological functions of GATA-1 (Tsang et al., 

1998; Tsang et al., 1997), facilitates GATA-1 occupancy at certain, but 

not all, chromatin target sites (Letting et al., 2004; Pal et al., 2004). We 

refer to this FOG-1 activity as chromatin occupancy facilitator (COF) 

activity. Thus, mechanisms responsible for the selective recognition of a 

small subset of motifs represent a crucial primary mode of transcriptional 

control, and specific protein–protein interactions influence this decision-

making process. Subsequent to transcription factor occupancy of 

chromatin, a multitude of regulatory events, including coregulator 

recruitment, coregulator-dependent chromatin structure transitions, 

dynamics of transcription factor and coregulator interactions with the 

template, and interactions between these components and RNA 
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Polymerase II (Pol II) dictate the magnitude and kinetics of the 

transcriptional response (see Section 2.5.2). 

 

2.3  ERYTHROPOIESIS AND GLOBIN GENE EXPRESSION 

During differentiation, mammalian red blood cells synthesize enormous 

quantities of hemoglobin, which consist of tetramer of 2 α-globin and 2 

ß- globin. Both the α- and ß-globins are encoded by multiple genes, 

which are organized into distinct α- and ß-globin clusters; expression 

from within these clusters is developmentally controlled. 

As reported more than 20 years ago by Nienhuis and Stamatoyannopoulos 

(Nienhuis and Stamatoyannopoulos, 1978), the phrase hemoglobin 

switching represents “the gradual replacement, in the blood stream, of red 

cells containing predominantly one hemoglobin with red cells which 

contain predominantly another”. Their definition articulates the now 

classic correlation among changes in red cells, their site of production and 

their globin content during human ontogeny. This switching paradigm is 

illustrated in Figure 3.1 (Wood et al., 1976). 

In humans, two gene clusters direct the synthesis of hemoglobins: the α 

locus, which contains the embryonic ζ gene and the two adult α genes 

encoded on chromosome 16; and the β locus, which consists of the ε, Gγ, 
Aγ, δ, and β genes that are arranged in a linear array on chromosome 11 

and are expressed in a developmental stage-specific manner in erythroid 

cells (Fig. 2.5). While for the human alpha globin genes only one switch 

occurs, from the embrional zeta-globin to the fetal/adult α1 (25%) e α2 

(75%) chains, two globin gene switches occur for the human beta globin 
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genes during development: the embryonic to fetal globin switch, which 

coincides with the transition from embryonic (yolk sac) to definitive (fetal 

liver) hematopoiesis and the fetal to adult switch, which occurs at the 

perinatal period (Fig. 2.5).  
 

 

 

The switches from ε to γ and from γ to β globin gene expression are 

controlled exclusively at the transcriptional level (Stamatoyannopoulos, 

Figure 2.5  Genomic organization of human and murine globin genes (upper part). 
Hemoglobin synthesis and sites of hematopoiesis during human and murine fetal 
development (lower part). 
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2005). The ζ to α switch is controlled predominantly at the transcriptional 

level, although posttranscriptional mechanisms also play a role.  

Differently, during the murine erythroid development, the switching from 

the embryonic (epsilon-y and beta-h1) to the beta chains (beta major and 

beta minor) occurs early before birth (Fig. 2.5). For this reason, mice 

lacking both copies of b1 and b2 globin genes are not viable (Yang et al., 

1995). Genetic information governing the stage-specificity for all ß-like 

globin genes is located in gene proximal regions. These elements 

represent transcription factor-binding sites that recruit proteins or protein 

complexes in a stage-specific manner. Examples exist for the presence of 

both positive and negative acting factors that turn genes on or off at a 

specific developmental stage. 

The complex program of transcriptional regulation leading to the 

differentiation and developmental stage-specific expression in the globin 

locus is mediated by DNA-regulatory sequences located both proximal 

and distal to the gene-coding regions. The most prominent distal 

regulatory element in the human ß-globin locus is the locus control region 

(LCR), located from about 6 to 22 kb upstream of the epsilon-globin gene 

(Forrester et al., 1987; Grosveld et al., 1987a). The LCR is composed of 

several domains that exhibit extremely high sensitivity to DNase I 

digestion in erythroid cells (called hypersensitive, or HS, sites), and is 

required for high-level globin gene expression at all developmental stages 

(Higgs, 1998). 

The LCR confers lineage-specific expression on the globin genes; it acts 

as the major enhancer of the ß-locus and insulates the locus from 
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surrounding inactive chromatin. Moreover, on the basis of finding in 

transgenic mice, it was proposed that the LCR is responsible for opening 

the ß-locus chromatin domain. 

 

2.4 HEMOGLOBINOPATHIES 

Hemoglobinopathies are a group of inherited disorders characterized by 

the absence of functional α-like or β-like globin chains. Sickle cell 

disease (SCD) and ß-thalassemias are two of the most common categories 

of hematopoietic diseases. SCD include sickle cell anemia, sickle cell-

hemoglobin C disease and sickle cell-ß-thalassemia. Millions worldwide 

are affected; one of 400 African Americans, over 70,000 victims, is 

afflicted. These diseases are major health problems, associated with 

severe morbidity, lower-than-average life expectancy and serious, long-

term disability. Clearly, it is of interest to combat these deadly diseases.  

In the circulatory system, erythrocytes (red blood cells) transport oxygen 

to bodily tissues and carbon dioxide to the lungs for exhalation. Within 

erythrocytes, this process is mediated by hemoglobin, a molecule that 

consists of two α-like and two β-like globin chains and four iron-

coordinated heme moieties. As mentionated above, the human α-like and 

β-like globin loci, located on chromosomes 16 and 11 respectively, 

encode these protein chains. During development, different α- and β-

globin genes are expressed to produce a developmental stage-specific 

hemoglobin molecule that meets the oxygen demand of the developing 

fetus (Fig. 2.5). Naturally occurring mutations within these loci cause the 
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production of abnormal hemoglobins and anemia. Abnormal hemoglobins 

appear in one of three basic circumstances: 

1. Structural defects in the hemoglobin molecule. Often, mutations in the 

gene for one of the two hemoglobin subunit chains, α- or β, change a 

single amino acid building block in the subunit. Most commonly the 

change is innocuous, perturbing neither the structure nor function of the 

hemoglobin molecule. Occasionally, alteration of a single amino acid 

dramatically perturbs the behavior of the hemoglobin molecule and 

produces a disease state. Sickle hemoglobin exemplifies this 

phenomenon. 

2. Diminished production of one of the two subunits of the hemoglobin 

molecule. Mutations that produce this condition are termed 

“thalassemias”. Equal numbers of hemoglobin α- and β-chains are 

necessary for normal function. Hemoglobin chain imbalance damages and 

destroys red cells thereby producing anemia. Although there is a dearth of 

the affected hemoglobin subunit, with most thalassemias the few subunits 

synthesized are structurally normal. 

3. Abnormal associations of otherwise normal subunits. A single subunit 

of the α chain (from the α-globin locus) and a single subunit from the β-

globin locus combine to produce a normal hemoglobin dimer. With 

severe α-thalassemia, the ß-globin subunits begin to associate into groups 

of four (tetramers) due to the paucity of α-chain partners. These tetramers 

of ß-globin subunits are functionally inactive and do not transport 

oxygen. No comparable tetramers of α globin subunits form with severe 

ß-thalassemia. α subunits generate aggregates (Heinz bodies) and 
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increase ROS production that damage erythroid cell precursors in the 

absence of a partner from the ß-globin gene cluster (gamma, delta, beta 

globin subunits) (see section 4.2). 

 

The Thalassemias 

The thalassemias are defined as a heterogenous group of inherited 

disorders of hemoglobin synthesis, all characterized by the absence or 

reduced output of one or more of the globin chains of hemoglobin. They 

are most prevalent in the Mediterranean region, the Middle East, the 

Indian subcontinent and South-East Asia, representing a serious health 

problem in certain areas where gene frequencies reach 3-10% of the 

population (Weatherall and Clegg, 1996). They can be classified at 

several levels. First, there is a clinical classification, which simply 

describes the degree of severity. Second, the thalassemias can be defined 

by the particular globin chain that is synthesized at a reduced rate (genetic 

classification). Finally, it is now often possible to subclassify them 

according to the particular mutation that is responsible for defective 

globin chain synthesis (molecular classification). 

Based on clinical features, the thalassemias are divided into the major 

forms of the illness, which are severe and transfusion-dependent and the 

symptomless minor forms, which usually represent the carrier state, or 

trait. Thalassemia major results either from the homozygous inheritance 

of a particular mutation or from the compound heterozygous state of two 

different mutations. Thalassemia intermedia describes conditions that are 

associated with a more severe degree of anemia than the trait, although 
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they are not as severe as the major forms. Finally, there are some forms of 

thalassemia trait that are clinically and hematologically completely silent; 

they are designated as a silent carrier state. 

According to their genetic basis the thalassemias are classified into α, ß, 

γ, ∂ and εγ∂ß varieties, depending on which chain or chains are 

synthesized at a reduced rate. 

As their molecular pathology has been ascertained, it is now feasible to 

develop a more accurate approach to the designation of different types of 

thalassemias. For example, in many cases, it is possible to describe the 

genotype of a patient with the clinical picture of ß-thalassemia major 

according to the particular mutations at the homologous pairs of ß-globin 

chain loci. 

In particular, the ß-thalassemias are the most intensively studied 

monogenic disorders in man. Over 200 different mutations that giving 

rise to the clinical phenotype of ß-thalassemia have been identified 

(Olivieri, 1999). These mutations can be classified in two distinct 

categories: ß0 mutations, in which no ß-globin chains are produced and ß+ 

mutations, in which some ß chains are produced but at a reduced rate. The 

deficiency or absence of ß-globin chains reflects the action of mutations 

that affect every level of ß-globin gene function; that is, transcription, 

mRNA processing, translation and post-translational stability of the ß-

globin chain product. These mutations are classified according to the 

mechanism by which they affect ß-globin gene expression. 

In most cases, beta thalassemia is caused by point mutations affecting the 

beta globin gene or the flanking regions. Large deletions are extremely 
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rare. Mutations in the 5’UTR often determine a reduction of beta globin 

synthesis (beta+ phenotype), while only large deletions in 5’ region can 

cause a complete transcriptional inactivation (beta0 phenotype). The most 

frequent mutations affect the splicing sites or activating cryptic splicing 

sites. Single base substitutions or small deletions in the 3’UTR, in the 

polyadenilation signal, have usually only a moderate effect on the beta 

globin expression level. Around 50% of all the mutations affecting the 

beta globin gene interfere with the translation process. These are 

frameshift mutations or single base substitutions that introduce stop 

codons and cause an early termination of the protein synthesis and a beta0 

phenotype.  

The pathophysiology of ß-thalassemia is directly linked to the degree of 

imbalance in the production of alpha and beta-globin chains (Weatherall, 

2001). In fact, the alpha chains in excess form aggregates and precipitate 

causing membrane damage of the erythroid bone marrow precursors that 

undergo apoptosis (ineffective erythropoiesis) (see 4.2). Red blood cells, 

which escape from apoptosis are sequestered and destroyed in the spleen. 

In the most severe form of ß-thalassemia, the anemia induces 

erytropoietin secretion leading to bone marrow erythroid hyperplasia. 

This marrow espansion can cause bone deformations and increased iron 

absorption. 

In the most severe form of ß-thalassemia found in homozygotes and 

compound heterozygotes, ß-thalassemia major, the profound anemia 

requires regular lifelong blood transfusions; without treatment, the 

condition is lethal within the first year of life. In ß-thalassemia 



 62 

intermedia, the anemia is less profound and may only require occasional 

transfusions. Chronic transfusions aimed to correct the anemia, suppress 

massive erythropoiesis and inhibit increased gastrointestinal absorption 

of iron. However, transfusion therapy leads to iron overload, which 

primarily affects the liver, heart and endocrine tissues. The iron overload 

is lethal if untreated and its prevention is the major goal of current patient 

management. At present, the only means to cure the disease definitively 

is through allogeneic bone marrow transplantation (Lucarelli et al., 

2001). 

 

2.5 THE ß-GLOBIN LOCUS CONTROL REGION  

The ß-globin LCR (locus control region) is composed of five HS sites 

(HS1, HS2, HS3, HS4 and HS5) located upstream of the epsilon gene 

within a 20 kb region (Fig. 3.1). HS5 was found in different cell types, 

whereas the first four HS site (1-4) are erythroid-specific. The presence 

of HS indicates that trans-acting factors are binding to these regions and 

displacing or destabilizing nucleosomes. Expressed genes are located in 

an “open” chromatin context more accessible to trans-acting factors and 

in general containing nucleosomes with highly acetylated histones. In 

contrast, “closed” chromatin generally has deacetylated histones and is 

bound by the linker histone H1, is less accessible to DNA binding factors 

and genes in these regions are not expressed.  

In transgenic mice, human ß-globin transgenes are silent at most 

integration sites or transcribed to about 1% of the endogenous mouse ß-

major level. In contrast, addition of the LCR including all four erythroid 
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specific HSs sites (HS1, HS2, HS3 and HS4) to the ß-globin transgene 

results in expression to about 100% levels at all integration sites, and 

expression is copy number-dependent (Ellis et al., 1996a; Grosveld et al., 

1987b; Talbot et al., 1989) (Ellis et al., 1996b; Grosveld et al., 1987a; 

Talbot et al., 1989). This copy number-dependent, position-independent 

transgene expression is the defining feature of LCR activity.  

 

 

 

 
 
 
 
 
 
 
  

  

 

Further investigation demonstrated that individual HS2, HS3 and HS4 

elements and their smaller “cores” of approximately 200-300 bp, 

containing binding sites for ubiquitous and erythroid-specific 

Figure 2.6  Proposed models for LCR-globin interaction. Green rectangular box 
represented the globin gene and the box lighter green indicated the promoter region. 
Transcription factors are shown as colored ovals and circe. The four erythroid 
hypersensitive site cores (HSs) are indicated by small colorated boxes. The flanking 
DNA sequences of the HSs are depicted as loops between the HS cores. Transcripts 
are denotated by wavy arrows. 
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transcription factors such as GATA-1 and NF-E2 (Talbot and Grosveld, 

1991), also direct copy number-dependent transgene expression but to 

lower levels (10-25%) (Philipsen et al., 1993; Talbot and Grosveld, 

1991). The LCR is often referred to as an enhancer, but does not have 

classic enhancer activity because it does not function equally well in 

either orientation (Tanimoto et al., 1999). Rather, it appears that complete 

LCR activity requires all HS, and these have some distinct roles (Fraser 

et al., 1993) but at the end the HS function together as a unit, making the 

LCR sufficient to open chromatin and enhance full expression of ß-

globin transgenes. The mechanism by which the LCR controls ß-globin 

gene expression has been extensively studied and four models of LCR 

function have been proposed: looping, linking tracking, and facilitated 

tracking (Li et al., 2006). Available data neither strongly support nor 

preclude any of them.  
The looping model was first proposed to explain the interaction between 

the LCR and individual genes in the ß-globin locus. In this model, the ß-

globin LCR acts as an integral unit (a “holocomplex”) to stimulate the 

transcription of individual globin genes by looping through the 

nucleoplasm (Bungert et al., 1995; Choi and Engel, 1988; Wijgerde et al., 

1995). Once open chromatin has been established, it is proposed that 

each of the HS then interacts with each other by DNA looping mediated 

via the bound factors to form an LCR holocomplex (Fig. 2.6 A). The 

holocomplex would then interact with a single globin gene in the cluster, 

and switching during development would be accomplished by stage-

specific silencer elements associated with the ε- and γ-globin gene 
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promoters. In the linking model (Fig. 2.6 D) the function of the LCR is 

not required for chromatin opening at the endogenous ß-globin locus but 

is important to enhance ß-globin expression by ensuring that factors are 

bound at intervals across the cluster and that the gene is localized to the 

right nuclear compartment. Sequential binding of transcription factors 

along the DNA directs changes in chromatin conformation and defines 

the transcriptional domain. The transcription factors are linked  to one 

another from the LCR to the gene promoter by non-DNA-binding 

proteins and chromatin modifiers. In the tracking, or scanning, model, 

erythroid-specific and ubiquitous transcription factors and cofactors bind 

recognition sequences in the LCR, forming an activation complex that 

migrates, or tracks, linearly along the DNA helix of the locus (Fig. 2.6 B) 

(Blackwood and Kadonaga, 1998; Tuan et al., 1992). 

When this transcription complex encounters the basal transcription 

machinery located at the correct (according to the developmental stage) 

promoter, the complete transcriptional apparatus is assembled and 

transcription of that gene is initiated. The facilitated-tracking model 

incorporates aspects of both the looping and tracking models (Blackwood 

and Kadonaga, 1998; Tuan et al., 1992). A LCR bound transcription 

factor and coactivator complex loops to contact downstream DNA in 

promoter-distal regions, where the transcription factor complex is 

released. This complex then tracks in small steps along the chromatin 

until it encounters the appropriate promoter with its associated bound 

proteins. A stable loop structure is established and gene expression 

proceeds. 
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2.6 Regulation of the ß-globin genes 

2.6.1 The beta globin gene: proximal elements 

The ß-globin gene is a relatively small gene comprising three coding 

exons and two introns. The exons code for 146 amino acids and 

correspond to functional domains in the protein. Each globin gene has 

a number of regulatory elements (promoter, enhancer, or silencers) 

that are important for its precise developmental regulation. These 

elements are thought to interact with the more distant ß globin LCR to 

achieve high levels of gene expression. Each regulatory element is 

composed of binding motifs for multiple erythroid restricted and 

ubiquitously expressed transcriptional activators or suppressor. These 

factors interact and synergize with each other and other cofactors 

resulting in the formation of multimeric complexes that change 

chromatin structure to allow complex interactions giving rise to the 

action of the basic transcription machinery and the formation of an 

initiation complex. 

The proximal part of the ß-globin gene contains an initiator sequence, 

a TATA box at -30, a G-rich sequence at -50, a CAAT box at -75, and 

two CACCC boxes at -90 to -110. The initiator element was 

discovered through in vitro analysis (Antoniou et al., 1995; Lewis and 

Orkin, 1995), the G-rich sequence called “ß DRE repeats” at -50 is 

highly conserved during evolution (Stuve and Myers, 1990). The 

CAAT box region is important for promoter function in erythroid cells 

(Antoniou and Grosveld, 1990), and has been shown to bind several 

different factors: the erythroid-specific protein GATA-1, the 
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ubiquitous CAAT-binding protein CP1 (also called NF-Y) and a DNA 

binding activity that was denoted DSFr (Delvoye et al., 1993). The 

CACCC box binds several factors in vitro, but the functional protein 

in vivo is the transcription factor EKLF. The ß-globin CACCC box 

has a higher binding affinity for EKLF than the ε or γ-globin CACCC 

boxes and mutations that substantially decrease the binding affinity of 

the CACCC box for EKLF produce a thalassemic phenotype (Donze 

et al., 1995). 

The ß-globin gene has been reported to contain two enhancer 

elements, one located near the junction of the second intron and the 

third exon and another a 6 hundred base pairs downstream from the 

poly-A site of the gene (Antoniou et al., 1995; Behringer et al., 1987; 

deBoer et al., 1988; Wall et al., 1996). 

 

2.6.2 Genetic regulation of ß-globin genes during erythropoiesis: 
transcription factors 

The tissue- and developmental-specific expression pattern of the 

individual globin genes is achieved through the action of transcription 

factors on regulatory sequences that immediately flank the individual 

genes and on more distant sequences that are important for the 

regulation of all the genes of the locus. The factors that regulate globin 

genes are either tissue restricted or ubiquitous with respect to their 

expression pattern. Only a few factors have been studied in detail for 

their direct role in the transcription of the globin genes, these factors 
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bind to elements within the LCR and to β-globin gene promoters, 

although their functions are not necessarily the same in both contexts. 

 
2.6.2.1  Transcriptional activator 

A great deal of attention has been given to the genetic basis of the 

tissue- and developmental-specific expression of b-globin genes. 

Several transcriptional activators, limited in their own expression to 

erythroid cells and closely related myeloid cell types, have been 

identified and shown to be important for high-level β-globin 

expression; these factors bind to elements within the LCR and to β-

globin gene promoters, although their functions are not necessarily the 

same in both contexts. 

 

GATA-1 

GATA-1 is a zinc finger transcription factor that is involved in the 

development of the megakaryocyte and mast cell lineage and plays a 

central role in erythroid development. It was first identified by its ability 

to bind functionally important DNA regulatory sequences found in globin 

genes (deBoer et al., 1988; Evans and Felsenfeld, 1989). Following the 

recognition that a common sequence motif [(A/T)GATA(A/G)] (GATA 

motif) exists within transcriptional regulatory regions at most, if not all, 

erythroid cell-specific genes (Evans and Felsenfeld, 1989), a dual zinc-

finger transcription factor, GATA-1, that binds this motif (Ko and Engel, 

1993; Merika and Orkin, 1993) was purified and cloned (Evans and 

Felsenfeld, 1989; Tsai et al., 1989) (Evans and Felsenfeld, 1989; Tsai et 
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al., 1989). This founding member of the GATA transcription factor 

family is expressed in erythroid, megakaryocytic, eosinophil, and mast 

cell lineages (Cantor and Orkin, 2005).  

 

 

GATA sites were also identified in the GATA-1 locus where DNase I 

hypersensitivity mapping of erythroid cell chromatin identified at least 

three regions (HS1-2-3). In particular, HS2 contains two high affinity 

GATA site, suggesting that GATA-1 protein plays an autoregulatory role 

in its own expression. Targeted disruption of Gata1 in mice provided 

evidence for its essential function in stimulating erythropoiesis (Pevny et 

al., 1991,1995; Simon et al., 1992; Weiss et al., 1994). GATA-1 

Figure 2.7  Developmental swiching and cofactors involvement at the human locus. 
The β-globin gene in human is depicted as black box, and arrows at the LCR (locus 
control region) represent DNase I hypersensitive sites. Binding sites that are occupied 
by transcriptional activator (white ovals, triangles, and rectangles) are represented at 
some of their know location. Gene loci and relative expression levels are not to scale.  
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hemizygous male knock-out mice (GATA-1 is located on the X-

chromosome) die at mid-embryonic gestation (E10.5) from severe 

anemia with arrest in erythroid maturation at a proerythroblast-like stage 

(Fujiwara et al., 1996. GATA-1 arrests cellular proliferation {Rylski, 

2003 #193; Munugalavadla et al., 2005), and GATA-1-mediated survival 

of erythroid precursors involves induction of Bcl-xL expression (Gregory 

et al., 1999; Weiss and Orkin, 1995a). Differentiated in vitro GATA-1- 

ES cells likewise fail to mature past the proerythroblast stage and 

undergo rapid apoptosis, indicating a role for GATA-1 in cell survival as 

well as maturation (Weiss and Orkin, 1995b). Loss of GATA-1 

expression in megakaryocytes also leads to defects in maturation 

characterized by impaired endoreduplication and granule formation, 

disorganized platelet demarcation membrane synthesis and 

hyperproliferative growth (Shivdasani et al., 1997). In primitive erythroid 

cells, GATA-1 expression is regulated by a 5' enhancer, whereas its 

expression in definitive erythroid cells requires an additional element 

located in the first intron. Together, these two elements form the GATA-

1 locus hematopoietic regulatory domain (HRD) (Shimizu et al., 2001). 

GATA-1 contains two zinc fingers, both of the Cys-X2-Cys-X17-Cys-

X2-Cys configurations. The C-terminal GATA-1 zinc finger (CF) 

recognizes GATA motifs (Martin and Orkin, 1990), whereas the N-

terminal zinc finger (NF) enhances the specificity and stability of binding 

of the two-finger DNA binding domains to palindromic GATA 

recognition sequences (Trainor et al., 1996). Therefore, CF is necessary 

for GATA-1 function, while NF is required for definitive but not for 
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primitive erythropoiesis. This suggests that different GATA-1 functional 

domains are requires for target gene activation in primitive and definitive 

erythropoiesis (Shimizu et al., 2001). Thus, both transcriptional 

regulatory elements and protein functional domains may ensure proper 

lineage specification in primitive and definitive erythropoiesis. 

Binding of erythroid-specific transcription factors, such as GATA-1, to 

enhancers of erythroid-specific genes early in development or 

differentiation could be a key factor in initiation and maintenance of 

active chromatin structures (Martin et al., 1996). GATA-1 orchestrates 

multiple programs of erythroid development, including control of the cell 

cycle and apoptosis, as well as differentiation. At the biochemical level, 

GATA-1 is thought to recruit critical proteins to target sites. The N-

terminal zinc finger also directly binds FOG-1 (Crispino et al., 1999) and 

TRAP220 (Stumpf et al., 2006). GATA-1 also binds CBP/p300 (Blobel 

et al., 1998) (Blobel et al., 1998) and several transcription factors 

including PU.1 (Nerlov et al., 2000; Rekhtman et al., 1999), Sp1 (Merika 

and Orkin, 1995) and erythroid Kruppel-like factor (EKLF) (Merika and 

Orkin, 1995) (Fig 2.7). Furthermore, proteomics analysis of GATA-1 

interactors identified diverse GATA-1-containing multiprotein 

complexes (Rodriguez et al., 2005). The interaction of GATA-1 with 

CBP/p300 suggests at least one mechanism by which histone acetylases 

might be brought to specific site (Blobel, 2000; Blobel et al., 1998). By 

modifying chromatin-bound histones or perhaps by modification of 

GATA-1 itself, acetylases could enhance transcriptional activity of 

erythroid-specific loci (Boyes et al., 1998). 
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Friend of GATA (FOG) 

The FOG (Friend of GATA) family of proteins comprises a novel class 

of multi-type zinc finger nuclear polypeptides that interact physically 

with GATA factors and likewise serve essential functions in 

development. FOG-1, the founding member of this family, was identified 

through a yeast two-hybrid screening in which the amino zinc finger of 

GATA-1 was employed as bait (Tsang et al., 1997). The gene for FOG-1 

encodes a 998-amino-acid polypeptide with nine predicted zinc fingers. 

Four of these zinc fingers (fingers 1, 5, 6, and 9) individually are able to 

mediate an interaction with GATA-1 (Fox et al., 1999). FOG-1 is 

expressed abundantly in erythroid and megakaryocytic cells and co-

expressed with GATA-1 during embryonic development (Tsang et al., 

1997). FOG-1-/- mice die in mid-embryonic gestation (10.5 to 11.5 days 

postcoitum) from severe anemia with an arrest in erythroid maturation at 

a stage similar to that observed with the GATA-1-null mice (Tsang et al., 

1998). This has provided genetic evidence that FOG-1 and GATA-1 

function through a common pathway in erythroid development. However, 

unlike the GATA-1- mice, FOG-1 null mice failed to produce any 

megakaryocytes, suggesting that FOG-1 also has a GATA-1-independent 

role in early megakaryopoiesis. Point mutations of GATA-1 resulting in 

markedly reduced affinity for FOG-1 (but normal DNA binding activity), 

fails to rescue erythropoiesis in a GATA-1-deficient cell line (Crispino et 

al., 1999). A similar point mutation in humans leads to severe congenital 

dyserythropoietic anemia and thrombocytopenia (Nichols et al., 2000). 

Such patients have an overabundance of abnormal megakaryocytes 
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resembling GATA-1- megakaryocytes. Taken together, these findings 

demonstrate that a direct physical interaction between GATA-1 and 

FOG-1 is critical for normal erythropoiesis as well as late stages of 

megakaryopoiesis. 

A second mammalian member of the FOG family (FOG-2) is expressed 

predominantly in heart, brain, lung, and gonadal tissues (Tevosian et al., 

1999). FOG-2-/- mice die during embryogenesis from cardiac defects 

characterized by thin ventricular myocardium, Tetralogy of Fallot 

malformation, common atrioventricular valve and defective coronary 

vasculature (Tevosian et al., 1999). All GATA family members are 

capable of interacting with either FOG-1 or FOG-2 through conserved 

residues in their amino zinc fingers. Knock-in of a FOG non-interacting 

point mutation into the GATA-4 gene, one of the cardiac expressed 

GATA factors, results in embryonic death and a constellation of heart 

defects similar to that observed in the FOG-2-/- mice (Crispino et al., 

2001). This indicates that interactions between GATA and FOG proteins 

are critical for multiple developmental processes. 

Efforts have now been focused on understanding the mechanism by 

which FOG proteins influence GATA-mediated processes. Virtually all 

erythrocyte- and megakaryocyte-expressed genes contain GATA DNA-

binding sites in both their promoters and enhancer elements (Orkin, 

1992). Since a single FOG-1 molecule can potentially bind more than one 

GATA-1 molecule, FOG-1 might function as a molecular bridge between 

distant GATA-1-DNA complexes (Fox et al., 1999). This could bring 

distal enhancer elements into proximity of the promoter through DNA 
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looping, a mechanism invoked in models of enhancer-promoter 

interactions and also in the activity of the ß-globin LCR (Bulger and 

Groudine, 1999). However, mutants of FOG-1 that are capable of binding 

only a single molecule of GATA-1 rescue erythroid maturation from a 

FOG-1 deficient cell line as well as the wild type molecule, providing 

evidence against such a model in its simplest form (Cantor et al., 2002). 

Another possibility is that FOG provides a transcriptional activation 

domain either by itself or via interaction with another transcriptional 

coactivator. This predicts that protein domains outside of the GATA-

binding zinc fingers would be required for its activity. However, FOG-1 

molecules containing extensive and overlapping deletions spanning the 

entire molecule (but retaining at least one GATA-binding zinc finger) are 

also able to rescue erythroid maturation of a FOG-1-/- cell line (Cantor et 

al., 2002). This suggests that a simple interaction between FOG-1 and 

GATA-1 is by itself sufficient to activate GATA-1. This could occur 

through an allosteric change in GATA-1 or perhaps by the displacement 

of a repressor protein bound to GATA-1. 

 

Nuclear Factor-erythroid 2 (NF-E2) 

Nuclear Factor-erythroid 2 (NF-E2) was the second erythroid specific 

protein that was identified through DNA-binding studies in vitro. It was 

discovered through its binding to an AP-1 motif in the promoter of the 

porphobilinogen deaminase gene (Mignotte et al., 1989), and was 

somewhat ignored until it was shown that this factor could bind to the 

HS2 region of the ß-globin LCR (Ney et al., 1990). NF-E2 is expressed 
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in several hematopoietic lineages, including erythroid, mast, and 

megakaryocytic cells. It is also expressed in the intestine of anemic mice 

and may be involved in iron metabolism (Andrews et al., 1993). NF-E2 

is a 45 kDa protein with a basic DNA-binding domain, an adjacent leucin 

zipper domain, an N-terminal proline-rich domain, and a cap’n collar 

(CNC) domain necessary for transcriptional activation (Bean and Ney, 

1997). NF-E2 heterodimerizes with members of the family of small, 

ubiquitously expressed 18 kDa Maf proteins, which themselves have no 

transcriptional activation domain but which are essential for binding site 

recognition (Motohashi et al., 1997). 

NF-E2 has been shown to play a vital role in ß-globin expression by 

facilitating the assembly of the preinitiation complex (Sawado et al., 

2003; Sawado et al., 2001). In addition, NF-E2 is required to obtain the 

normal pattern of histone hyperacetylation and methylation of histone H3 

lysine 4 (H3K4) at the active ß-globin promoter; the establishment of 

these modifications within the LCR, however, is independent of NF-E2 

(Johnson et al., 2001). The overall stimulatory activity at the HS2 of the 

LCR in the chromatin environment of transgenic mouse or in stably 

integrated constructs in cells appears to depens on NF-E2 motifs 

(Caterina et al., 1994a; Caterina et al., 1994b; Ellis et al., 1993; Talbot 

and Grosveld, 1991). In particular, at HS2 of the LCR, NF-E2 

participates in  dynamic pattern of factor binding during erythroid 

differentiation. Prior to ß-globin gene activation and terminal erythroid 

differentiation, the MAREs (Maf responsive element or NF-E2 binding 

site) within HS2 are associated with a distinct factor composed of a small 
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Maf protein associated with the transcription factor Bach1. Bach1 may be 

able to maintain the locus in an open chromatin environment by serving 

as a ‘‘place-holder’’ for subsequent NF-E2 binding, but alone, it is not 

sufficient for ß-globin gene activation. As erythroid differentiation 

proceeds, the cell begins to synthesize large quantities of heme, which, in 

turn, associate with Bach1, leading to its ubiquitination and subsequent 

degradation. This would appear to be the basis by which NF-E2 is 

swapped for Bach1 at HS2, transforming a ‘‘potentiated’’ state into an 

active one (Fig. 3.3) (Igarashi et al., 1998; Zenke-Kawasaki et al., 2007). 

Furthermore, NF-E2 is critically involved in remodeling the nucleosome 

structure over the HS2 region, where it interacts with the tandem MARE 

sites (Armstrong and Emerson, 1996; Gong et al., 1996). In contrast with 

the study supporting a role for NF-E2 in ß-globin gene expression, p45 

NF-E2-null mice had nearly normal levels of ß-globin protein, and 

deletion of HS2 had no significant effect on the timing or extent of 

expression of the gene (Fiering et al., 1995). Disruption of one of the 

genes coding for one of the Maf subunits shows no phenotype, most 

likely because of compensation by one of the other Maf proteins 

(Kotkow and Orkin, 1996). 

 

Erythroid Kruppel-like factor (EKLF) 

Erythroid Kru¨ppel-like factor (EKLF) is a transcription factor that was 

identified in a screen for erythroid-specific messenger RNA (Miller and 

Bieker, 1993)  and is the most extensively studied stage-specific activator 

which is crucial for human ß-globin gene expression. EKLF interacts with 
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the ß-globin LCR and adult ß-globin gene promoter by binding to 

CACCC elements (Fig. 2.7), which are mutated in certain thalassemias. 

EKLF is required for the regulation of adult erythropoiesis, and is 

uniquely required for expression of adult ß-globin. It is, nevertheless, also 

expressed in primitive erythroid cells, where it has been shown to 

function in primitive erythropoiesis, activation of additional gene targets, 

and repression of megakaryopoiesis (Hodge et al., 2006; Lohmann and 

Bieker, 2008; Sengupta et al., 2008). EKLF is also required for nuclear 

colocalization of the LCR and the adult ß-globin genes; such 

colocalization is commonly thought to underlie the ability of the LCR to 

activate ß-globin transcription, despite its physical location far from the 

ß-globin gene promoters (Drissen et al., 2004). Targeted disruption of the 

EKLF gene in mice also results in lethal ß-thalassemia. EKLF knock-out 

mice die from severe anemia at the fetal stage due to failure of adult ß-

globin gene activation. EKLF-/- mice containing a complete human ß-

globin locus transgene have reduced levels of ß-globin, but elevated 

levels of γ-globin expression, compared to wildtype mice containing the 

same transgene (Perkins et al., 1996; Wijgerde et al., 1996). Taken 

together, these experiments suggest that EKLF participates in the switch 

from embryonic/fetal globin to adult ß-globin expression in humans. 

Moreover, loss of EKLF leads to the lost of the nuclease HSs that mark 

HS3 of the LCR and the adult ß-globin promoter. An erythroid-specific 

SWI/SNF-like chromatin remodeling complex, termed E-RC1, can be 

recruited by EKLF via direct interaction between EKLF and the 

SWI2/SNF2-like ATPase BRG1, which may be the basis for HS 
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formation (Armstrong et al., 1998; Kadam et al., 2000). The molecular 

basis for the stage-specific activation of the adult ß-globin gene by EKLF 

is unclear, especially given that the factor is present and functional in 

other contexts in primitive erythrocytes, but it has been proposed that 

these post-translational modifications are a possible mechanism by which 

such specificity might be achieved (Fig. 2.7). Reintroducing EKLF into 

an EKLF-null erythroid cell line, which harbors a copy of the human ß-

globin locus, resulted in enhanced differentiation and hemoglobinization, 

as well as reduced proliferation. This may point to a role for EKLF in cell 

cycle regulation and hemoglobinization, in addition to regulation of ß-

globin gene expression (Coghill et al., 2001). 

 

The Fli-1 oncogene 
A member of the Ets family of transcription factors, Fli-1, was identified 

in Friend virus-induced erythroleukemia and affects the self-renewal of 

erythroid progenitor cells (Howard et al., 1993). In pluripotent human 

hematopoietic cells, differentiation is followed by reduced Fli-1 

expression and over expressing Fli-1 inhibits erythroid differentiation, 

impairs the cells’ ability to respond to specific erythroid inducers such as 

hemin, and reduces the levels of GATA-1 (Athanasiou et al., 2000). In the 

erythroblastic cell line HB60, Fli-1 expression is downregulated by 

erythropoietin (Epo), which induces terminal erythroid differentiation. 

Constitutive expression of Fli-1 blocks Epo-induced differentiation and 

enhances cell proliferation in HB60 cells, suggesting that Fli-1 targets 

erythroid cells to either proliferation or differentiation, in response to Epo 
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(Tamir et al., 1999). Fli-1 binds a cryptic Ets consensus site within the 

retinoblastoma (Rb) gene promoter, repressing Rb expression, which 

results in impaired terminal erythroid maturation and continuous presence 

of nucleated erythrocytes in peripheral blood (Lee et al., 1992). Negative 

regulation of Rb by Fli-1 could destine erythroid progenitors to self-

renewal, while Epo-induced repression of Fli-1 expression will enable 

differentiation (Tamir et al., 1999). 

 

PU.1 

The putative oncogene Spi-1 (PU.1) protein product is a hematopoietic-

specific Ets factor, promoting differentiation of lymphoid and myeloid 

lineages (Scott et al., 1994a) (Scott et al., 1994b). PU.1 expression in 

erythroid progenitors can induce erythroleukemia in mice. Like Fli-1, 

PU.1 blocks erythroid differentiation and restoration of terminal erythroid 

differentiation in murine erythroleukemia (MEL) cells requires PU.1 

suppression (Rekhtman et al., 1999). 

PU.1 can interact directly with GATA-1 and repress GATA-1 mediated 

transcriptional activation. Both the PU.1 DNA binding domain and 

transactivation domain are required for GATA-1 suppression and for 

blocking terminal differentiation in MEL cells. PU.1 does not seem to 

affect binding of other factors, such as FOG, to GATA-1, nor does it 

prevent GATA-1 DNA binding (Rekhtman et al., 1999). It is likely that 

PU.1 binds to assembled, DNA-bound GATA-1 complexes and represses 

their activity. Ectopic expression of PU.1 in Xenopus embryos blocks 

erythropoiesis. Exogenous GATA-1 is able to relieve this blockage of 
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erythroid differentiation in MEL cells as well as in Xenopus embryos and 

explants, suggesting that lineage commitment decisions are regulated by 

their relative levels. 

 

2.6.2.2 Transcriptional repressor 

In transgenes in mice, consisting of human embryonic ε-globin or fetal γ-

globin genes linked individually to the human ß-globin LCR, 

developmental silencing occurs normally (Dillon and Grosveld, 1991; 

Raich et al., 1990). This demonstrates that promoter-proximal sequences 

alone are sufficient for silencing, and suggests that silencing is an active 

process. The identities of trans-acting factors involved in the 

developmental silencing of ε- and γ-globin genes have been elusive, 

however, until recently. 

 

BCL11A 

BCL11A is a multizinc finger transcription factor with known roles in 

lymphocyte development, which functions at the human ß-globin locus as 

a transcriptional repressor. This factor was originally linked to γ-globin 

levels in humans by a genome-wide association strategy (Thein et al., 

2009); subsequently, it was found that sequence variants in the BCL11A 

gene directly influence the levels of fetal hemoglobin in adult humans 

(Lettre et al., 2008)). In adult erythroid cells, BCL11A is expressed in 2 

major isoforms, and it has been shown to associate with the erythroid 

transcription factors GATA-1 and FOG-1, as well as the chromatin 

remodeling NuRD complex (Sankaran et al., 2008). The induction of fetal 
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hemoglobin in the human embryonic/fetal cell line K562 correlates with 

reduced levels of BCL11A, and the overexpression of BCL11A in this 

cell line results in an approximately 50% reduction in fetal hemoglobin 

transcription (Chen et al., 2009). Small interfering RNA knockdown of 

BCL11A results in an increase in γ-globin RNA, without affecting the 

expression of other erythroid-specific proteins, such as GATA-1, FOG-1, 

NF-E2, and EKLF. BCL11A was not detected at the γ- or ß-globin 

promoters by ChIP, but was significantly enriched at HS3 of the LCR and 

at 2 sites between the Aγ- and δ-globin genes that were previously 

implicated in γ-globin gene silencing (Sankaran et al., 2008). A 

chromosome conformation capture (3C) assay shows that BCL11A 

reconfigures  the ß-globin cluster by modulating chromosomal loop 

formation. BCL11A and the HMG-box-containing transcription factor 

SOX6 interact physically and functionally during erythroid maturation 

(Xu et al.). 

 

Sox6 

Sox6 is a member of a family of sry-related transcription factors, and was 

recently found to function during erythroid development. Sox6 is 

expressed at high-levels in skeletal and cardiac muscle, cartilage, testis, 

and neuronal tissue, and Sox6-null mice die perinatally due to heart 

defects (Hagiwara et al., 2000). More recently, however, it has been 

shown that Sox6 is expressed specifically in definitive erythroid cells, not 

in yolk-sac-derived primitive erythrocytes, and that Sox6-null mice 

exhibit elevated levels of the embryonic ε- and γ-globin (Yi et al., 2006). 
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Sox6 has been shown to bind to the εγ-globin gene promoter and to 

repress transcription from this promoter in reporter assays. Mice that were 

irradiated and then engrafted with embryonic liver stem cells from Sox6-

deficient mice had high-levels of εγ-globin in their bone marrow, spleen, 

and circulating blood (Cohen-Barak et al., 2007). Moreover, Sox6-null 

mice exhibit an erythroid phenotype characterized by anemia and altered 

red blood cell morphology and maturation (Dumitriu et al., 2006a). Taken 

together, these results imply that Sox6 is a crucial factor involved in 

definitive erythropoiesis, and is required for the silencing of the 

embryonic εγ-globin gene in the adult. Recently Orkin et al., 

demonstrated that BCL11A and SOX6 co-occupy the human ß-globin 

cluster along with GATA-1, and cooperate in silencing γ-globin 

transcription in adult human erythroid progenitor (Xu et al.). (See 2.7.4) 

 

2.6.2.3 Putting the puzzle together: a model for ß-globin gene 
regulation 

A four-step model for human ß-globin gene regulation has been suggested 
(Levings and Bungert, 2002). The first step involves partial unfolding of 

globin chromatin structure and generation of a highly accessible LCR. It 

is mediated by erythroid-specific proteins, which bind to sequences 

throughout the globin locus. GATA-1, which is known to associate with 

histone acetyl-transferases, may be involved in this step. The disruption 

of the LCR chromatin structure allows binding of transcription factors 

such as EKLF, GATA family members and the HLH proteins to the LCR 

HS sites, and the recruitment of chromatin-remodeling complexes and 
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coactivators. In the third step, chromatin domains permissive for 

transcription are being established. Intergenic transcription was suggested 

to modify chromatin structure of an active gene domain, distinguishing it 

from an accessible but inactive one, that way separating the globin genes 

into developmental stage-specific chomatin domains. Finally, 

transcription complexes are being transferred from the LCR to individual 

globin gene promoters within transcriptionally permissive domains, 

allowing the developmental stage-specific pattern of globin gene 

expression. 

 

2.7 THE SOXD subfamily: SOX5, SOX6 and SOX13 

2.7.1 Structure and molecular function  

The Sox family is comprised of 20 genes. These genes encode 

transcription factors with a high-mobility-group (HMG) box DNAbinding 

domain highly similar to that of the sex-determining region (Sry) protein. 

According to sequence identity inside and outside this domain, the Sox 

genes are classified into 8 groups, A to H. The SoxD group is composed 

of 3 genes – Sox5, Sox6, and Sox13 – in most vertebrates, and 1 gene in 

the D. melanogaster fly (Sox102F) and other invertebrates. They are 

highly conserved in the family-specific high-mobility-group (HMG) box 

DNA-binding domain and in a group-specific coiled-coil domain. The 

SoxD genes have overlapping expression and cell-autonomously control 

discrete lineages. Their gene and protein structures are highly identical to 

each other, but they are related to other Sox genes and proteins only in the 

HMG box. The human SOX5 and SOX6 genes are located in paralogous 
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chromosomal regions on 12p12.1 and 11p15.3–15.2, respectively, and are 

more closely related to each other than to SOX13, located on 1q32. The 3 

genes have 12–16 coding exons. They are spread across 300–400 kb of 

genomic DNA in the case of SOX5 and SOX6, but across 12 kb only in 

the case of SOX13. With molecular weights of 48–89 kDa, the SoxD 

proteins are among the largest Sox proteins. They harbor two highly 

conserved functional domains. The family-specific HMG box DNA 

binding domain is located in the C-terminal half of the proteins. It is 87% 

identical among all human and mouse SoxD proteins, and less than 60% 

identical to that of other Sox proteins. The other domain is a group-

specific coiled-coil; it is located in the N-terminal half of the proteins, and 

is 76% identical among all human and mouse SoxD proteins. The proteins 

display only short stretches of identity outside these two domains. Both 

Sox5 and Sox6 are expressed as short transcripts (2 and 3 kb, 

respectively) in adult testis and as long transcripts (6 and 8 kb, 

respectively) in other tissues. Both Sox6 transcripts appear to encode the 

full-length protein, but the short Sox5 transcript encodes a protein 

isoform that lacks the Nterminal half of the full-length protein. This 

protein was the first to be discovered, and was thus named Sox5. The full-

length protein was originally named L-Sox5 or Sox5-L (Hiraoka et al., 

1998; Lefebvre et al., 1998), but for simplicity most authors have referred 

to it as Sox5 because this long Sox5 isoform is structurally and 

functionally equivalent to Sox6 and Sox13. 

The SoxD HMG box domain preferentially binds DNA sequences 

featuring an AACAAT motif in electrophoretic mobility shift assay 
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(EMSA) in vitro (Connor et al., 1994). The coiled-coil domain mediates 

homodimerization as well as heterodimerization of the SoxD proteins 

with each other (Lefebvre et al., 1998). It blocks binding of the full-length 

proteins to single recognition sites (Roose et al., 1998; Takamatsu et al., 

1995), but strongly enhances binding to pairs of recognition sites 

(Lefebvre et al., 1998). The proteins efficiently bind in vitro and in vivo 

to sites harboring one or two mismatches in the preferred site. Moreover, 

they have little predilection for the relative orientation of the paired sites 

and for the length of the intervening sequence, from 0 to at least 19 bp 

(Han and Lefebvre, 2008).  

 

 

 

They are thereby more flexible than Sox9 and other Sox proteins in 

choosing DNA sequences. Taking such flexibility into account, putative 

SoxD-binding sites can be found in virtually any promoter or DNA 

regulatory region. It is therefore mandatory that solid experimentation be 

Figure 2.8  Sox5 and Sox6 cooperate with Sox9 in transactivating chondrocyte-
specific genes. They bind to recognition sites nearby, but distinct from those of Sox9. 
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performed to ascertain such sites as actual targets of SoxD proteins in 

vivo. The SoxD proteins have no known transactivation or transrepression 

domain, but they do participate in transcriptional activation and 

repression (Fig. 2.8). For instance, Sox5 and Sox6 synergize with Sox9 in 

activating many chondrocyte-specific extracellular matrix genes (Han and 

Lefebvre, 2008; Lefebvre et al., 1998). They bind to sites distinct from 

those of Sox9 on enhancers in these genes, and facilitate Sox9 DNA-

binding through an as yet unknown mechanism. In contrast, Sox5 and 

Sox6 interfere with the activation of myelin genes by Sox9 and Sox10 in 

oligodendrocytes and with the activation of the Mitf and Dct marker 

genes by Sox10 in melanocytes (Stolt et al., 2008; Stolt et al., 2006) (Fig. 

2.9). They do so by competing with these proteins for binding to Sox 

recognition sites in the promoter of differentiation markers, and they 

thereby block transactivation. Sox5 and Sox6 have been shown in vitro to 

be able to induce transrepression by directly binding to the CtBP2 

corepressor (Iguchi et al., 2007; Stolt et al., 2008).  

Sox6 and Sox13 have also been shown in vitro to be able to block 

canonical Wnt signaling in T cells and pancreatic beta-cells, respectively, 

but through different mechanisms (Iguchi et al., 2007)  (Fig. 2.9). While 

Sox6 can physically interact with beta-catenin, Sox13 can physically 

interact with the Tcf1 transcription factor. These data thus show that the 

SoxD proteins can act as either positive or negative modulators of 

transcription and might do so through various mechanisms. In vivo 

confirmation of some of these mechanisms and additional biochemical 

studies are needed to fully uncover the mechanisms underlying these 
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activities. Additional studies are also needed to elucidate whether the 

differential activities of the SoxD proteins are dictated primarily by the 

nature of each specific target gene or by the molecular context 

characterizing each specific cell lineage. 

 

 

 

2.7.2 Expression and regulation 

Like most Sox genes, each SoxD gene is expressed in a limited subset 

of cell types. Both Sox5 and Sox6 are highly expressed in spermatids, 

neurons, oligodendrocytes, and chondrocytes (Connor et al., 1995; 

Denny et al., 1992; Lefebvre et al., 1998; Stolt et al., 2005). Sox5 and 

Sox13 are co-expressed in pancreatic epithelial cells (Lioubinski et al., 

2003). Sox5 alone is expressed in melanoblasts (Stolt et al., 2008) (Stolt 

et al., 2008), Sox6 in erythroid cells (Dumitriu et al., 2006a; Yi et al., 

2006)  and skeletal myoblasts (Shirai et al., 2005), and Sox13 in arterial 

Figure 2.9  SoxD proteins repress transcription through various mechanisms. 
They compete with SoxE proteins in binding to recognition sites on 
oligodendrocyte- and melanocyte-specific genes, and recruit co-repressors. Sox13 
interacts with Tcf1 in T cells, thereby preventing it from binding to target genes.  
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walls, kidney, and liver (Roose et al., 1998). The mechanisms 

underlying these specific expression patterns of the SoxD genes are 

virtually unknown. Sox5 and Sox6 are co-expressed with SoxE genes in 

chondrocytes, oligodendrocytes, and melanocytes, and require these 

genes for expression, but it is not known whether the SoxE proteins 

directly activate the SoxD genes. Similarly, data regarding the 

possibility that the SoxD proteins are controlled at the translational and 

post-translational levels are still missing. The proteins are nuclear in all 

cells that expressed their RNA, ruling out all but little regulation at the 

translational and nuclear translocation levels. Important directions of 

future research are thus to uncover themechanisms whereby the SoxD 

genes and their protein products are regulated. 

 

2.7.3 Biological function 

Key biological functions for the SoxD genes have been revealed  

through gene inactivation in the mouse. The first function to be 

discovered was that of Sox5 and Sox6 in chondrogenesis (Smits et al., 

2001). Inactivation of Sox5 causes respiratory distress leading to death 

upon birth due to a cleft secondary palate and small thoracic cage, 

whereas inactivation of Sox6 is only occasionally lethal at birth, and 

skeletal defects are limited to a short sternum. Double inactivation of 

the genes, in contrast, is lethal 3 days before birth, apparently due to 

circulatory failure. The embryos have chondrocytes, but the cells fail to 

overtly differentiate and proliferate. Skeletal growth and ossification are 

thus severely impaired. As mentioned earlier, a main function for Sox5 
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and Sox6 in chondrocytes is to boost the ability of Sox9 to activate 

major chondrocyte markers. Sox5 and Sox6 also have redundant roles 

in oligodendrocytes, but their roles are very different from those in 

chondrocytes, as they repress specification and terminal differentiation, 

and influence migration patterns (Stolt et al., 2006). Their mechanism 

of action is also different, as they directly interfere with, rather than 

enhance, SoxE-mediated gene activation.  

As expected from their expression pattern, each SoxD gene also has 

non-redundant functions. Sox5 is dispensable for melanogenesis, but its 

loss partially rescues the strongly reduced melanoblast generation and 

marker gene expression occurring in Sox10 heterozygous mice. Sox5 

recruits CtBP2 and HDAC1 and binds to the regulatory regions of 

Sox10 target genes, thereby directly inhibiting Sox10 activity. Sox5 

also ensures proper development of specific neuronal cell types by 

controlling the timing of critical cell fate and differentiation decisions 

(Kwan et al., 2008; Lai et al., 2008). It acts at least in part by directly 

binding and downregulating such genes as Fezf2 and Bcl11b. Finally, 

Sox5 overexpression studies in the chick embryo have suggested that 

Sox5 may also promote generation of the neural crest (Perez-Alcala et 

al., 2004). 

Sox13-null mice are born alive and show no overt defects, but they 

rapidly develop severe growth abnormalities (Melichar et al., 2007). 

The reason is yet unknown. The analysis of fetuses with Sox13 gain-of-

function and loss-of-function mutations has revealed that Sox13 plays a 

critical role in the emergence of gammadelta T cells in the thymus, 
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while opposing alphabeta T cell differentiation. It acts at least in part by 

inhibiting canonical Wnt signaling. 

 

2.7.4 Sox6  

Sox6 is known to be highly expressed in neuronal cells, chondrocytes, 

notochord and spermatid cells, and weakly in muscle cells (Connor et 

al., 1995; Hagiwara et al., 2000; Lefebvre et al., 1998; Takamatsu et al., 

1995). Sox5-/- Sox6-/- fetuses develop severe skeletal dysplasia 

(Lefebvre et al., 1998; Smits et al., 2004; Smits and Lefebvre, 2003; 

Smits et al., 2001) as Sox5 and Sox6 redundantly promote chondrocyte 

proliferation, differentiation, and maturation and also promote 

notochord cell survival and maturation. Sox6-/- mice have mild skeletal 

defects. About half die at birth and the others fail to thrive after 

postnatal day 7 (P7) and die at approximately P14. The cause of death 

remains unclear. Mice with a chromosomal inversion (p100H) 

disrupting Sox6 have the same gross phenotype as Sox6-/- mice. They 

were shown to develop cardiac and skeletal myopathy, suggesting that 

Sox6 might promote myocyte maturation (Hagiwara et al., 2000; 

Hagiwara et al., 2005).  

It has been also demonstrates that Sox6 is an important in 

erythropoiesis. Sox6-/-  fetuses had many nucleated RBCs and liver 

hyperplasia and that Sox6 likely controlled erythropoiesis directly. 

Nucleated RBCs indeed are often a sign of anemia or hypoxia, but 

Sox6-/- fetuses were not pale or cyanotic. Sox6-/- pups had high RDW 

(Red blood cell Distribution Width) even though they compensated for 
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anemia, suggesting an intrinsic RBC problem. Finding high expression 

of Sox6 in proerythroblasts and erythroblasts and weak or no 

expression in erythroid precursors and other erythropoietic tissue cells 

strengthened this notion. The erythroid-specific inactivation of Sox6 

provided definitive demonstration that Sox6 has cell-autonomous roles 

in erythroid cells. Sox6 acts in erythroid cells after activation of EpoR, 

thus after commitment to the erythroid lineage. Thus, in contrast to such 

factors as Gata-1 and Fog-1, Sox6 does not control lineage 

commitment. Sox6 was found similarly expressed in fetal liver, 

neonatal spleen, and bone marrow, which is consistent with roles in 

definitive erythropoiesis throughout life. 

Inactivation of Sox6 did not block erythropoiesis because Sox6 works 

in erythroid cells with other proteins (Dumitriu et al., 2006a). Sox5, the 

closest relative of Sox6, is coexpressed with Sox6 in many cells but was 

not found expressed in erythropoietic tissues.  

Accordingly, Sox5-/- mice had normal RBCs and Sox5-/-Sox6-/- mice 

had the same erythroid phenotype as Sox6-/- mice.  

 

2.7.4.1 Sox6 and EPO  

The functions of Sox6 in erythroid cells thus resemble those of 

Sox5/Sox6 in chondrocytes and notochord cells (Roose et al., 1998; 

Smits and Lefebvre, 2003) in that it is not required for lineage 

commitment but boosts development along the cell differentiation 

pathway. So Dumitriu et al. demonstrated that Sox6 acts along the 

erythroid pathway by promoting proerythroblast survival, which is one 
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of Epo’s primary functions, and found that Sox6 enhances this Epo 

function (Dumitriu et al., 2006a). Sox6-/-  proerythroblasts were dying at 

the same rate as controls without Epo, not at a higher rate as would be 

expected if Sox6 and Epo were acting independently (Dumitriu et al., 

2006a). Moreover, Sox6-/- proerythroblasts responded less efficiently 

than control cells to Epo, thus demonstrating that Sox6 enhances Epo’s 

function by modulating expression of genes involved in Epo signaling 

and acting as targets (gene and/or protein) of Epo signaling. Therefore, 

Sox6 stimulates proerythroblast and erythroblast proliferation, acting 

here in parallel with Epo. Sox6-/-  cells were indeed proliferating more 

slowly than controls without Epo and increased their proliferation rate 

in parallel with controls in response to Epo.  

 

2.7.4.2 The role in erythroid cells 

Sox6 has also a critical role for Sox6 in erythroid cell maturation but 

molecular mechanisms involved in this process remain largely 

unknown (Dumitriu et al., 2006a).  

This role was suggested in vivo by the abundance of nucleated RBCs in 

Sox6 -/- fetuses, abnormal maturation and reduced survival of Sox6-/- 

RBCs, and high proportion of erythroblasts in Sox6-/- erythropoietic 

tissues. It was proven in vitro by showing that Sox6-/- erythroblasts 

started to differentiate as early as control cells but, in contrast to control 

cells, maintained a high proliferation rate and RNAlevel of erythroblast 

markers (Dumitriu et al., 2006a). No evidence of increased cell death 

was found in mutant erythroblasts, confirming that the increased ratio 
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of early/late erythroid cells in mutant cultures was due to a maturation 

delay or block.  

Moreover,  Sox6 controls erythroid maturation at least in part through 

F-actin. actin is important in  cellular processes, including proliferation, 

transcription, and chromatin remodeling (Rando et al., 2000); erythroid 

cell enucleation (Koury and Bondurant, 1990); and RBC cytoskeleton 

integrity. Sox6-/- cells did not accumulate as much F-actin at the 

proerythroblast stage as controls and maintained less F-actin during 

erythroblast maturation. F- Similar levels of F-actin RNA were found in 

control and Sox6-/- cells, suggesting that Sox6 may control genes 

involved in F-actin assembly or stability (Dumitriu et al., 2006a). 

In conclusion, Sox6 has key roles in definitive erythropoiesis. Sox6 

amplifies the function of erythropoietin in promoting erythroid cell 

survival and stimulating cell proliferation. It also facilitates terminal 

maturation. It thereby enhances the rate, quantity, and quality of red 

blood cell production. Therefore, Sox6 could be involved in some 

forms of erythroleukemias and inherited anemia diseases and that Sox6 

could be used as a new tool to stimulate erythropoiesis in the treatment 

of various diseases with anemia. Despite Sox6  promotes cell survival 

and proliferation in synergy with erythropoietin signaling and acts 

beyond erythropoietin signaling to facilitate erythroid maturation, the 

Sox6-/- cultures were hemoglobinizing slowly. Erythroid cells continue 

to accumulate hemoglobin actively after condensation and enucleation, 

it is likely that the slow hemoglobinization of Sox6-/- erythroid cells 

primarily reflects their maturation defect (Dumitriu et al., 2006a). There 
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is higher ratio of embryonic/adult globin chains in Sox6-/- RBCs than in 

controls. It seems that Sox6 represses expression of embryonic globin 

genes in erythroid cells at transcriptional level by binding to consensus 

sites in their proximal promoter (Yi et al., 2006) (Yi et al., 2006). The 

observation that Sox6-deficient mice ectopically express εγ genes  in 

liver, where definitive erythroid cells mature, suggests that Sox6 has 

key roles in definitive erythropoiesis, directly contributes to repress 

embryonic globin genes (Yi et al., 2006) (Yi et al., 2006). A recent 

work in human erythroid progenitors suggests that variation in the level 

of Sox6 correlates with γ-globin gene expression (Sripichai et al., 

2009). 

While a precise role for Sox6 in hemoglobin switching remains to be 

determined, Sox6 appears to act as either an activator or a repressor, 

depending on its interacting proteins and promoter context (Lefebvre et 

al., 1998; Murakami et al., 2001). In addition, Sox transcription factors 

bind to the minor groove of DNA and cause a drastic bend of the DNA 

that leads to local conformational changes (Ferrari et al. 1992; Connor 

et al. 1994). Therefore, it has been suggested that Sox6 may perform 

part of its function as an architectural factor by organizing local 

chromatin structure and assembling other DNA-bound transcriptional 

factors into biologically active, sterically defined multiprotein 

transcriptional complexes (Yi et al., 2006). 

Sox6 is coexpressed with BCL11A during erythroid development, 

interacts physically with BCL11A and GATA1. The coexpression of 

BCL11A and SOX6 during erythroid differentiation suggests  that these 
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factors, both of which have been described previously as mediators of 

hemoglobin switching and silencing of mouse embryonic globin gene 

expression (Sankaran et al., 2009; Yi et al., 2006), may function 

together in regulating globin switching in a protein complex. Moreover, 

Sox6 interacts directly with BCL11A and Gata-1 under physiological 

conditions and cooccupies the human β-globin cluster in vivo in human 

erythroid progenitors. In particular, Sox6 interacts with BCL11A 

through multiple domains, likely through multiple zinc fingers, similar 

to the interactions between Gata-1 and Fog1 (Cantor and Orkin, 2005). 

Importantly, Sox6 strongly binds the Aγ and Gγ proximal promoters, 

reminiscent of the role of Sox6 in silencing mouse εγ-globin expression 

by association with its proximal promoter (Yi et al., 2006). In contrast, 

BCL11A does not detectably bind to γ-promoters. Furthermore, these 

two proteins physically interact and likely associate within a protein 

complex (or complexes) and this suggest that Sox6 may act as a partner 

of BCL11A in silencing γ-globin expression. These data also suggest 

that Sox6, by interacting with γ-proximal promoters, may help recruit 

BCL11A to the proximal regions of the γ-genes during hemoglobin 

switching and they may function collaboratively in their silencing 

(Sankaran et al., 2009; Yi et al., 2006). Moreover, depleting the 

expression of both SOX6 and BCL11A leads to substantial derepression 

of mouse embryonic β-like globins in MEL cells and reactivation of g-

globins in adult human erythroid precursors. These results suggest that 

involvement of both BCL11A and Sox6 is preserved during mammalian 



 96 

evolution; however, their exact roles in cellular function, such as 

silencing of the embryonic or HbF expression, can be divergent. 

 

 

 

 

Moreover it seems that some evolutionarily conserved transacting factors 

may perform divergent regulatory functions among different species. 

While the precise role of Sox6 in repressing mouse embryonic β-like 

globins and human γ-globins merits further study, Sox6 can act as either 

an activator or a repressor, depending on its interacting proteins and 

Figure 2.10  Model of BCL11A-mediated silencing of γ-globin genes. The diagram 
illustrates the physical interaction between BCL11A and the Mi-2/NuRD complexes, 
erythroid transcription factors GATA1 and FOG1, and the HMG-box protein SOX6. 
Rather than binding to the promoters of the g-globin or β-globin genes as these latter 
factors do, BCL11A protein occupies the upstream LCR and γδ-intergenic regions of 
the b-globin cluster in adult human erythroid progenitors. Our study suggests that 
transcriptional silencing of γ-globin expression by BCL11A involves long-range 
interaction within the β-globin cluster and local interactions with the chromatin 
associated SOX6 proteins at the proximal promoters of the γ-globin genes. (Xu et al., 
2010). 
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promoter context (Lefebvre et al., 1998; Murakami et al., 2001). The 

physical interaction between BCL11A and Sox6 may help recruit 

BCL11A and NuRD repressor complexes to the proximity of γ-globin 

genes. Thus, Sox6 may act as an important cofactor of BCL11A in 

mediating globin switching and silencing of γ-globin transcription. 

BCL11A mediates silencing of γ-globin genes through both long-range 

interaction within the human β-globin cluster and local interactions with 

the chromatin-associated Sox6 proteins at the proximal promoters of the 

γ-globin genes (Fig. 2.10). 
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3. α-GLOBIN GENE EXPRESSION DURING ERYTHROPOIESIS 

3.1 The α-globin gene locus 

The human α-globin locus locates very close to the telomere of the short 

arm of chromosome 16 and lies immediately adjacent to several 

ubiquitously expressed genes. 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 3.1) (Higgs, 1998).  The three pseudogenes all carry inactivating 

mutations and are, therefore, not expressed. 

 

 

 

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 

Figure 3.1  Structure of the human (upper part) and murine (lower part) α-globin 
locus. The genes are depicted as boxes and the  DNase I hypersensitive sites (HSs) are 
shown as vertical arrows. In the the human α-globin locus four conserved DnaseI 
hypersensitive site 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. 
The murine a-globin locus contains an additional DnaseI hypersensitive site (HS-12) 
which contributes to regulation of murine α-globin expression. 
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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 (Goh et al., 2005). 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. 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 (Liebhaber and Russell, 1998). This globin switch is 

dependent on two major factors; the transcriptional inactivation of ζ-

globin (Liebhaber, 1997) and the selective destabilization of ζ-globin 

mRNA in fetal and adult erythroblasts (Liebhaber and Russell, 1998; 

Russell et al., 1998). 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 (Albitar et al., 1992; Liebhaber et al., 1986). The 

embryonic and adult α-genes share 58% homology at the amino acid 

level (Hughes et al., 2005) and it appears that ζ-globin can be exchanged 

for α-globin in an adult organism without significant deleterious effects. 

Interestingly, exchanging ζ-globin for α-globin in mice expressing an 

abnormal sickle β-globin gene, prevents erythrocyte sickling and 

improves the phenotype (He and Russell, 2004). 

 

3.2 The 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 
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gene (Hughes et al., 2005; Tufarelli et al., 2004). A recent study by De 

Gobbi et al. utilized tiled microarrays to analyze a 220 kb region 

surrounding the α-like genes (Higgs et al., 1989). 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) (De 

Gobbi et al., 2007; Flint et al., 2001), HS-40 forms the major regulatory 

element15-17 and is the only element capable of directing high level 

expression of the α-globin gene (Sharpe et al., 1992). Deletion of HS-40 

from the human α-globin cluster leads to severe reductions in a-globin 

expression to <5% of normal (Higgs, 1998; Viprakasit et al., 2006). 

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 (Higgs et al., 2005). 

This has been further confirmed in a newly identified mutation in the 

enhancer which resulted in an α-thalassemia phenotype. 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 (Viprakasit et al., 

2006). Furthermore, transgenic mice created with a human BAC 

containing only HS-48 but lacking all other conserved HS sites did not 
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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 a-globin (Tang et al., 2008). 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 

a-globin expression (Anguita et al., 2002). 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. 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 (De 

Gobbi et al., 2007). 

 

3.3 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 (De Gobbi et al., 2007; Vernimmen et al., 2007). 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 (Vernimmen et al., 2007). 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 
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in multipotent hematopoietic progenitor cells (Anguita et al., 2004). 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 (Anguita et al., 2004). In 

primary human erythroblasts, GATA-1, SCL and the entire pentameric 

erythroid complex were found bound to all four HS sites. 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. Maximal binding of all 

transcription factors were detected in basophilic and polychromatophilic 

erythroblasts, coinciding with maximal levels of histone H3 and H4 

acetylation (De Gobbi et al., 2007). At the onset of transcription, the 

promoter then becomes bound by SP/X-Kruppellike transcription factors 

(Sp/X-KLF) (Vernimmen et al., 2007). 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. 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 (Vernimmen et al., 2007). 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 (De 
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Gobbi et al., 2007). However, in cells expressing α-globin, there is a 

detectable increase in interactions between upstream regulatory elements 

and the α-globin genes (Vernimmen et al., 2007). 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. Anguita et al. analyzed the 

pattern of histone acetylation across α-globin locus in cell lines and 

identified an erythroid-specific domain of acetylation within the locus 

(Anguita et al., 2001). Both murine and human α globin loci displayed a 

significantly increasing of histone modification level during globin gene 

switching, indicating that a conserved, extended chromatin opening 

occurs within the α-globin locus during development. It is well known 

that chromatin opening is a necessary step for initiating transcription. 

DNase I sensitivity and histone modification level are widely used to 

assess the status of chromatin (Tollefsbol, 2004). The  pattern of histone 

modification along the murine and human α globin loci was measured 

during globin gene switching in vivo (Fu et al., 2005). In the murine α-

globin locus, the level of histone modification, especially H3 acetylation 

and H3 K4 methylation, within the locus, with the exception of ζ-gene 

increased obviously during globin gene switching. Similarly, in the 

human locus, H3 acetylation, H4 acetylation, and H3 K79 methylation 

displayed a significant increasing during the switching. It indicates that a 

conserved, extended chromatin domain opening occurs in the α-globin 
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locus as globin gene switching proceeds. It is thought that the chromatin 

opening of the α-globin domain embodies at least three steps: potential, 

primitive, and definitive state, which coordinate with hematopoiesis. 

Firstly, the α-globin domain is characterized by a loose chromatin 

structure in hematopoietic progenitor cells (HPC), which is important for 

transcriptional potentiation. Then in primitive erythroid cells, the α-

globin domain becomes looser and displays a ‘‘primitive’’ state. Some 

stage-specific transcriptional activators, which bind to promoter-proximal 

regulatory elements, as well as enhancers, may have a role in this step (Fu 

et al., 2002; Ho et al., 2002). It is well known that high-level gene 

expression is closely related to phosphorylation of the C-terminal domain 

(CTD) of PolII (Komarnitsky et al., 2000). Recent evidence indicates that 

one major role of β-globin locus control region (LCR) is CTD 

phosphorylation at Ser5, which is required for the transition from 

transcription initiation to elongation (Sawado et al., 2003). The αMRE 

(HS-40) may possess similar role with β-globin LCR. Therefore, it is 

feasible that PolII complex is recruited to the promoters of fetal/adult α-

genes in primary cells, which display high-level active histone 

modification. However, because of gene competition, the aMRE cannot 

interact with α-genes, which makes PolII elongation inefficient and 

eventually leads to low-level expression of α-genes at this stage. Finally, 

during globin gene switching, the α-globin domain becomes much looser 

and displays a ‘‘definitive’’ state in definitive erythroid cells, which may 

be critical for high level expression of α-genes. So, the specific sequential 
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chromatin opening of α-globin locus serve as a more general model for 

the developmental activation of gene, especially for gene clusters in 

which the regulatory elements locate far from the targeted genes. 

 

3.4. 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. 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 

(Waggoner and Liebhaber, 2003). 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 

(Liebhaber and Russell, 1998; Waggoner and Liebhaber, 2003). 

It appears that there are two independent mechanisms, both erythroid 

specific, which are important for the stability of α-globin mRNA. The 

first involves the ribosomal displacement of an RNA-protein (RNP) 

complex, bound to the a-globin 3’UTR, which stabilizes α-globin 
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transcripts (Ji et al., 2003; Kiledjian et al., 1995; Wang et al., 1995; Weiss 

and Liebhaber, 1995). In the second, it appears that ribosome extension 

far into the 3’UTR triggers deadenylation of the α-globin transcript. 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 (Kong and 

Liebhaber, 2007). 

A crucial RNP complexes at 3’ terminus of mRNA important in 

maintenance of poly(A) tails and also for the deadenylation. 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 (Wang et 

al., 1995). The αCP proteins are ubiquitously expressed in human and 

mouse cells but appear to have different roles in other cell types 

(Waggoner and Liebhaber, 2003). In erythroid cells, αCP nucleates the 

formation of an α-complex which protects the α-globin transcript from 

premature degradation by an erythroid enriched endoribonuclease and 

helps stabilize the poly (A) tail thus prolonging the halflife of the 

transcript (Anguita et al., 2004). 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 Crich 
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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 (Ji et al., 2007). 

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 (αDPR). In both cell types, it was found that WT transcripts 

were spliced with higher efficiency than mutated aDPR transcripts (Ji et 

al., 2007). 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 a-globin transcripts 

in preparation for high levels of hemoglobin synthesis. However, in early 

stages of a-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. 
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4. α-HEMOGLOBIN STABILIZING PROTEIN (AHSP) IN   

ERYTHROPOIESIS  

4.1. Characteristics of AHSP 

Free α-globin is an unstable, reactive molecule capable of destroying 

erythroid progenitor cells. A small pool of excess α-globin chains must 

be stabilizes 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 

(Kihm et al., 2002). 

 

 

 

AHSP is able to interact with multiple forms of α-globin including apo- 

ferrous and ferric states bound to a variety of ligands (Feng et al., 2004) 

and reduces oxidant-induced precipitation of α-globin in solution. AHSP 

Figure 4.1  AHSP can efficiently and specifically capture free αHb. These nonoptimal 
αHb-AHSP interactions can be distrupted by incoming βHb for the formation of 
functional HbA. 
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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 (Feng et al., 2004).  

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 (Feng et 

al., 2004; Feng et al., 2005; Zhou et al., 2006). The oxygen molecule also 

binds to the proximal side of the haem group resulting in an overall 

structure which exposes the oxygen binding site (Feng et al., 2004; Zhou 

et al., 2006). This initial interaction is fully reversible and β-globin can 

readily displace AHSP to generate functional HbA under reducing 

conditions (Zhou et al., 2006).  

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 dependent (Zhou et al., 2006)  and results in a formation of a 

second, discrete, ferric bis-histidyl complex (Feng et al., 2005). In this 

state, the haem iron is oxidized to Fe(III) and becomes coordinated by 

both the proximal and the distal histidines (Feng et al., 2004; Weiss et al., 

2005). 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. 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 
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the ferric form results in HbA products with reduced electrophoretic 

mobility. In addition, HbA containing Fe(III) a-globin was rapidly 

converted to cyanomet Hb upon exposure to cyanide while HbA 

generated from AHSP modified α-globin was resistant (Zhou et al., 

2006). Together, these findings suggest that the AHSP-mediated 

rearrangement of α-globin to the bis-histidyl 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 (Zhou et al., 2006). 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 (Yu et al., 2007). This is consistent with previous 

observations that soluble haem-containing α-globin chains associate with 

apo-β-globin to promote formation of HbA (Adachi et al., 2003), and 

AHSP maintains the newly synthesized α-globin in a soluble state to 

facilitate this interaction (Weiss et al., 2005). In addition, similar to haem, 

AHSP also acts as a molecular chaperone to promote folding of nascent 
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apo-α-globin. AHSP was shown to stabilize α-globin in vitro, rendering it 

resistant to protease digest in a haem-independent manner. Consistent 

with the role of AHSP as a molecular chaperone, AHSP is also able to 

promote refolding of denatured α-globin (Yu et al., 2007). 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. 

 

4.2  In vitro role of AHSP  

The 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 (Kihm et al., 

2002). These erythrocytes also display prominent eosinophilic inclusions 

(Heinz bodies) which contain both α-globin and β-globin precipitates 

(Feng et al., 2004; Kihm et al., 2002; Kong et al., 2004; Weiss et al., 

2005). 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. The compound AHSP –/– and α-

KO (-+/++) mice were found to have significantly higher levels of both 

α-globin and apo-α-globin lodged in erythrocyte membranes compared to 

heterozygous α-KO mice (Yu et al., 2007). This finding supports the role 
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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. Predictably, the loss of 

AHSP in thalassemic heterozygous α-KO mice also results in a poorer 

phenotype and increased α-globin precipitation (Kong et al., 2004). 

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 (Kong et al., 2004; Weiss et al., 

2005). 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 rare (Viprakasit et al., 2006; Yu et al., 2007) 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 population (dos 

Santos et al., 2008; Galanello, 2003; Lai et al., 2006; Weiss et al., 2005) 

but as yet, there has been little definitive evidence that this is the case. 

 

4.3 Excess of α-globin in β-thalassemia:the role of AHSP  
         
In contrast to the situation with AHSP, the interaction of α-globin 
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mutations with β-thalassemia are exceedingly well characterized (Al 

Qaddoumi, 2006; Kulozik et al., 1993; Rund and Rachmilewitz, 2001; 

Steinberg, 1991; Thein, 2005; Voon et al., 2007; Weatherall, 2001).  

 

 

 

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 (Steinberg, 1991; Weatherall, 2001). 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 (Sorensen et al., 1990). 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 

Figure 4.2  Cellular damages caused by  free α-globin chains in β-thalassemic cells. 
α-globin is an unstable monomer that is prone to oxidation of cellular costituents and 
to precipitate and generate the inclusion bodies (Heinz bodies) and at the end 
apoptosis of the cell (ineffective erythropoisis). 
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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 (Schrier, 1997).Much of the excess a-globin undergoes 

auto-oxidation to produce equal molar ratios of metHb and superoxide 

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 haem (Nagababu et al., 

2008) and ultimately the release of iron which lodges in the cell 

membrane (Nagababu et al., 2008; Shinar and Rachmilewitz, 1990). In 

addition, oxidized haem-containing α-globin is also found bound to the 

cytoskeleton (Advani et al., 1992; Sorensen et al., 1990; Yuan et al., 

1994). 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 (Schrier, 1997). 

Several critical membrane proteins including Band 4.1, spectrin and 

transmembrane Band 3 have been found to be oxidised in b-thalassemic 

erythroid precursors, leading to severe membrane. 

 

 

 

 

 

 



 115 

SCOPE OF THESIS  
 
The aims of this thesis are the study of the erythroid differentiation and 

the factors that could have relevance during this process in physiological 

and pathological conditions. Basic research about erythropoiesis, globin 

chains transcriptional regulation, hemoglobin formation and factors that 

cooperate in this process may have a strong impact on the medical 

treatment of a great variety of blood disease, such as β-thalassemia or 

sickle cell anemia. In a part of the work we investigated how the Sox6 

transcription factor is involved in the regulation of erythroid 

differentiation, and hemoglobin switching process in a contest of normal 

erythropoiesis. In another part we focused to alpha hemoglobin stabilizing 

protein (AHSP) and their role in β-thalassemia, a genetic disorders caused 

by impaired production of the hemoglobin, in order to investigate the 

importance of this molecular chaperone in thalassemic cells. In both cases 

we utilized an over-expression approach to understand the function of the 

factors matter of interest, and, possibly, their molecular mechanism of 

action.  

 

 

• The transcription factor Sox6. Sox6 is a transcription factor of the Sry-

related HMG-box family and control cell fate specification of many cell 

types. This gene was over-expressed in a human model context (a cell 

line and a primary cells, CD34+ then differentiated towards an erythroid 

lineage) and then was measured and described the phenotypic changes 
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consequent to its enforced expression. To better clarify the results 

obtained and so explain what is the molecular mechanism of action of 

Sox6 in erythroid cells it seems interesting to look for its early target 

genes on the DNA. Bioinformatic tools help us to find possible target 

binding sites within the human genome and then molecular tools validate 

in vitro what was found in-silico.   

 

 

• The molecular chaperone Alpha Haemoglobin Stabilizing 

protein (AHSP).  Hemoglobin synthesis is coordinated by homeostatic 

mechanism to produce a balanced level of α and β subunits. The α-globin 

is stable only when make a complex with the β-globin. β-thalassemia is a 

genetic anemia characterized by a reduced or absent synthesis of β-globin 

chains with consequent α-globin accumulation. The free α-globin 

precipitate and partecipate in chimical reactions that generate reactive 

oxigen species (ROS) responsible for cellular damages. Particolar 

attention is devoted to molecular interactions between α-globin and 

AHSP in erythroid cells.  AHSP is a molecular chaperone that binds free 

α-globin chains probabily limiting their cytotoxic effect. Gene ablation 

studies in mice demonstrate that AHSP is required for normal 

erythropoiesis. AHSP-null erythrocytes are short-lived, contain Hb 

precipitates, and exhibit signs of oxidative damage and loss of AHSP 

exacerbates β-thalassemia in mice. These observation suggest that altered 

AHSP expression or function could modify thalassemic phenotype in 

human, a topic that is interesting to explore for possible clinical strategies 
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as therapheutic approach. So, our interest was to determine the effect of 

AHSP gene over-expression in experimental model of β-thalassemia in 

order to clarify if could ameliorate the pathogenic state of thalassemic 

cells. 
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ABSTRACT 
 
Sox6 belongs to the Sry-related HMG-box family of transcription factors, 

which control cell fate specification of many cell types. Here we explore 

the role of Sox6 in human erythropoiesis by its over-expression in both 

the erytholeukemic K562 cell line and in primary erythroid cultures from 

human cord blood CD34+ cells. Sox6 induces significant erythroid 

differentiation in both models: K562 cells undergo hemoglobinization 

and, despite their leukemic origin, die within 9 days after transduction; 

primary erythroid cultures accelerate their kinetic of erythroid maturation 

and increase the number of cells reaching the final enucleation step. 

Searching for direct Sox6 targets, we found SOCS3 (Suppressor of 

Cytokine signalling-3), a known mediator of cytokine response. Sox6 

binds in vitro and in vivo to an evolutionary conserved regulatory SOCS3 

element, inducing transcriptional activation. SOCS3 overexpression in 

K562 cells and in primary erythroid cells recapitulates the growth 

inhibition induced by Sox6, demonstrating that SOCS3 is a relevant Sox6 

effector. The Sox6-mediated SOCS3 induction is, in K562, accompanied 

by a decreased expression of IGF-1 gene, a known inhibitor of apoptosis 

and survival factor for hematopoietic cells. 
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INTRODUCTION  

 

Sox proteins are important transcriptional regulators of different 

developmental processes where they control the specification and 

differentiation of many cell types (Lefebvre; Schepers et al., 2002; 

Wegner, 1999). 

In particular, Sox6, originally isolated form adult mouse testis (Connor et 

al., 1995), is required for the development of the central nervous system 

(Hamada-Kanazawa et al., 2004a; Hamada-Kanazawa et al., 2004b; Stolt 

et al., 2006), for chondrogenesis (Ikeda et al., 2004), and for cardiac and 

skeletal muscle formation (Hagiwara et al., 2000; Hagiwara et al., 2005). 

Recently, Sox6 has been demonstrated to be crucial for definitive 

erythropoiesis (Cohen-Barak et al., 2007; Dumitriu et al., 2006b; Xu et 

al.; Yi et al., 2006), a process in which committed progenitors 

progressively differentiate into BFU-E and CFU-E, that in turn, give rise 

to proerythroblasts, erythroblasts and finally to mature, enucleated red 

blood cells (RBCs). These differentiation stages are accompanied by 

profound maturational changes: within few cell divisions, in parallel with 

the accumulation of erythroid-specific markers (membrane proteins, 

enzymes required for the heme biosynthesis pathway, globins), cells 

undergo chromatin condensation and enucleate (Palis, 2008; Tsiftsoglou 

et al., 2009).  

This complex spectrum of maturational steps is controlled, at the 

molecular level, by the integration of extrinsic (growth factors, oxigen 



 168 

and iron availability) and intrinsic (growth factor receptors, signalling 

mediators, transcription factors) signals. 

Several transcription factors are essential for erythroid commitment and 

for differential globins genes expression during development: their 

absence is associated with a wide spectrum of phenotypes ranging from 

mild perturbation to death due to a complete failure of erythropoiesis 

(Cantor and Orkin, 2002; Perry and Soreq, 2002). 

Among them, Sox6 has been recently shown to stimulate erythroid cell 

survival, proliferation and terminal maturation during definitive murine 

erythropoiesis (Dumitriu et al., 2006b). Sox6-null fetuses and pups mice 

are anemic and present defective RBCs. Sox6 has recently been 

implicated in the silencing of embryonic globins genes: it directly silences 

the embryonic εy-globin gene in definitive erythroid cells by binding to 

the εy promoter (Cohen-Barak et al., 2007; Yi et al., 2006) and it 

cooperates with BCL11A in silencing γ-globin, possibly via direct 

physical interaction (Xu et al.). 

In this paper we show that Sox6 over-expression in K562 and in primary 

erythroid cultures from coral blood derived-CD34+ cells induces 

enhanced erythroid differentiation in both models. In K562 cells, 

differentiation is associated with reduced proliferation, leading the culture 

to exhaustion within 9 days after transduction.  

Accordingly to the phenotypic changes observed in K562 cells, Sox6 

over-expression in human primary erythroid cultures is accompanied by 

an accelerated kinetic of maturation and an increased number of cells that 

achieve enucleation.  
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Searching for direct Sox6 targets, we found an evolutionarily conserved 

potential double Sox6 binding site lying 2.7kb 5’ to the SOCS3 

(Suppressor of Cytokine Signalling-3) transcription start site. This 

element is bound by Sox6 in vitro and in vivo and is activated by Sox6 in 

cotransfection experiments in K562 cells. SOCS3 is a negative regulator 

of the cellular response to several cytokines and plays a crucial role in 

regulating the balance between proliferation and differentiation in 

different cell types (Krebs and Hilton, 2001). When SOCS3 is over-

expressed in K562 cells and in primary cultures, cells stop growing with a 

kinetics similar to that observed upon Sox6 over-expression, suggesting 

that SOCS3 is indeed a relevant Sox6 target controlling cell proliferation. 

In K 562 cells, the Sox6-mediated SOCS3 induction is accompanied by 

decrease of IGF-1 mRNA level, suggesting that the IGF-1/IGF1R axis is 

modulated by Sox6 in erythroid cells.  
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EXPERIMENTAL PROCEDURES 

 
Plasmids preparation 

The Sox6 murine cDNA was kindly provided by Prof. Michiko Hamada-

Kanazawa, Kobe-Gakuin University, Japan. The Sox6 cDNA was 

transferred into the pCMV-Tag 4B plasmid (Stratagene, La Jolla, CA), in 

frame with a 3’ FLAG epitope, (EcoRI-EcoRV sites), to produce the 

Sox6FLAG expression vector used in transfection assays. The Sox6 

recombinant protein lacks the 49 C-ter aminoacids: this shorter molecule 

fully retains Sox6 biological properties.6 The Sox6-FLAG cassette (EcoRI 

– KpnI blunted sites) was then cloned immediately upstream to the IRES-

Emerald GFP cassette (blunted BamHI site) of the pHR SIN BX 

IR/EMW (derived from pHR SIN CSGW lentiviral vector, (Demaison et 

al., 2002)).  The TWEEN plasmid vector containing human SOCS3 

cDNA was kindly provided by Dr. M.G. Francipane (Francipane et al., 

2009). For transfection experiments, the human SOCS3 promoter region 

from nt. -393 to nt. +12 was obtained by direct amplification from 

genomic DNA with Phusion High-fidelity DNA Polymerase (Finnzymes, 

Espoo, Finland), and cloned into the pGL2 reporter vector (Promega, 

Fitchburg, WI). The 70-nt SOCS3 region (nt -2727 to nt -2678) 

containing the double Sox6 binding site (either wild type and mutated), 

was cloned (SacI-NheI restriction sites) upstream to the SOCS3 promoter. 

Amplified DNAs were sequenced to avoid undesired mutations. All 

primers used are listed in the supplemental material section. 
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Lentiviral vector production 

Viral stocks stocks pseudotyped with the VSV.G envelope were produced 

by transient cotransfection of 4 plasmids in 293T cells and titered on 

HeLa cells as previously described (Follenzi and Naldini, 2002). Cells 

supernatant was collected, ultracentrifugated at 50,000x g for 2 h at RT 

and the pellet was resuspended in PBS 1% and stored at –80°C. Viral 

titers were determined by transduction of HEL cells with serial dilutions 

of the vector stocks and transduction efficiency was evaluated by scoring 

GFP transgene expression by FACS analysis. 

 

Cell cultures and transduction  

K562 and HEL cells were cultured in RPMI medium supplemented by 

10% Fetal Bovine Serum, PenStrep and L-glutamine. Transduction (four 

independent experiments) was performed overnight, with a multiplicity of 

infection (MOI) of 30. 

CD34+ cells were purified from cord blood by positive selection from 

mononuclear cells (Migliaccio et al., 2002), using anti-CD34 microbeads 

(Miltenyi Biotech, Bergisch-Gladbach, Germany) according to the 

manufacturer’s instructions. CD34+ cells were plated at a concentration of 

0.5-1x106 cells/ml and prestimulated for 30 hours in CellGro medium 

(Cell Genix, Freiburg, Germany) supplemented with 300 ng/ml human 

stem cell factor (hSCF), 300 ng/ml human Flt-3-ligand (hFlt3-l), 100 

ng/ml human thrombopoietin (TPO) and 60 ng/ml human IL-3 (all 

PeproTech, Rocky Hill, NJ) on plates coated with retronectin (Takara 

Shuzo, Shiga, Japan). Transduction was performed overnight, with a MOI 
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of 100. Erythroblasts (d6) derived from cord blood CD34+ cells were 

transduced overnight at MOI 50. The following day cells were washed 

and grown in suspension as erythroid culture.  

CD34+ cells were cultured for 2 weeks in StemSpan (Stem Cell 

Technologies, Vancouver, Canada) containing 20% of fetal bovine serum 

(FBS, Hyclone, Logan, UT) and supplemented with hSCF (10 ng/ml), 

human erythropoietin (EPO, 1 U/ml), hIL-3 (1 ng/ml), 10-6 M 

dexamethasone (Sigma Aldrich, St Louis, MO), and 10-6M β-estradiol 

(Sigma), according to a single phase protocol, as modified from ref. 24. 

CD34+ cells were seeded at a concentration of 105 cells/ml and diluted 

over time to maintain the concentration at 1–2 x 106 cells/ml. The 

progression toward erythroid differentiation was evaluated by staining 

with PE-conjugated anti-CD235 (GlycophorinA, GpA) (Dako, 

Carpinteria, CA) and FACS analysis. Morphological analysis and 

differential counting was performed on cytospins by MayGrünwald-

Giemsa staining and microscope inspection. 

 

CFU assay for human progenitors 

CD34+ cells were plated at a density of 1000 cells/ml in methylcellulose 

medium containing hSCF, hGM-CSF, hIL3 and hEPO (GF H4434 Stem 

Cell Technologies, Vancouver, Canada). After 2 weeks, BFU-E, CFU-

GM, and CFU-GEMM colonies were counted, and single colonies (20–30 

for each experiment) were isolated. DNA and RNA were extracted by 

TRIzol REAGENT (Invitrogen, Carlsbad, CA) for molecular analysis. 
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Chromatin Immunoprecipitation (ChIP) assay 

1x106 K562 or 1x107 primary cells for each Immunoprecipitation reaction 

were fixed with 0.4% formaldehyde for 10 minutes at room temperature, 

and chromatin was sonicated to a size of about 500 bp. 

Immunoprecipitation was performed after overnight incubation with anti-

FLAG antibody (Sigma, F-7425), and subsequent incubation with protein 

A agarose (Upstate). Immunoprecipitated DNA was then analysed by 

amplifying an equivalent of DNA from 104 K562 or 105 primary 

erythroblasts. Primers are listed in Supplemental materials. 

 

RNA isolation and RT-PCR 

Total RNA from 1x105 erythroid cells was purified with TRI-Reagent 

(Applied Biosystems, Foster City, CA), treated with RQ1 DNase 

(Promega) for 30 min at 37°C and retrotranscribed (High Capacity cDNA 

Reverse Transcription Kit, Applied Biosystem cat n°4368814). Negative 

control reactions (RT-) gave no signal. Real time analysis was performed 

using ABI Prism 7500 (Applied Biosystems). Primers were designed to 

amplify 100-150bp amplicons. Specific PCR product accumulation was 

monitored by SYBR Green dye fluorescence in 25-μl reaction volume. 

Dissociation curves confirmed the homogeneity of PCR products. All 

primers are listed in supplemental materials section. 

 

Western blot 

Total and nuclear extracts from K562 cells were prepared according to 

standard protocols (Schreiber et al., 1989) and proteins were subjected to 
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SDS-PAGE separation and blotting. The Sox6FLAG protein was detected 

by the use of the anti-FLAG antibody (Sigma F7425). Protein loading 

was checked by reprobing filters with an anti beta-actin antibody (Sigma). 

Antibodies binding was detected by using appropriate horseradish 

peroxidise-conjugated IgG and revealed by ECL (LiteAblot, Euroclone). 

 

Transfection experiments  

1,5 x 105 exponentially growing K562 cells were transfected in 0,5 ml of 

Opti-MEM medium (Invitrogen), using 2µl of Lipofectamine 2000 

(Invitrogen), 800 ng of the reporter plasmid, and increasing amounts 

(from 0,2 to 1 µg) of the Sox6 expression plasmid (pCMV-Sox6Tag4B), 

per well. The pCMV-Tag4B empty vector was added to each transfection 

at the concentration required to equalize the total amount of DNA 

transfected in each reaction. After 24 h, total cellular extracts were 

prepared and Luciferase activity was measured according to the Promega 

Luciferase reporter system protocol. Transfections were repeated in 

triplicate with three independent plasmid preparations. 

 

Electrophoretic mobility shift assay (EMSA) 
 32P-labeled DNA probes were incubated with 5-10 μg of total or nuclear 

extracts, for 20 min at 15°C in a buffer containing 5% glycerol, 50 mM 

NaCl, 20 mM Tris, pH 7.9, 0.5 mM EDTA, 5 mM MgCl, 1 mM 

dithiothreitol (DTT), 100 ng/μl poly(dG-dC), and 50 ng/μl bovine serum 

albumin (BSA) in a 15-μl final volume. The reaction mixture was loaded 

onto a 8% polyacrylamide gel (29:1 acrylamide-bisacrylamide ratio) and 
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run at 4°C at 150 V for 3 h. Nuclear extracts were prepared according to 

standard protocols (Bose et al., 2006; Schreiber et al., 1989). The 

antibodies used were: anti-FLAG, (Sigma F7425); anti-GATA1 

(SantaCruz N6, sc-265).  

 

Flow cytometric analysis and FACS 

PE-conjugated anti-pSTAT5 (pY694) (BD Becton Dickinson, San Jose, 

CA) was used at 5 µg/mL. Intracellular staining was done according to 

the manufacturer’s instructions, using BD™ Phosflow Fix Buffer I. 

Propidium Iodide and AnnexinV staining were done using Annexin V 

Apoptosis Detection Kit from Santa Cruz Biotechnology. Flow cytometry 

data were acquired on a FACSCalibur (Becton Dickinson) and analyzed 

with FlowJo software (version 8.4.5; Tree Star Inc.). K562 electroporated 

with pTween SOCS3-IRES-GFP expressing plasmid were FACS sorted 

for GFP expression 48 hours after transfection. Cell sorting was 
performed on a MoFlo (DAKO-Cytomation) cell sorter and the purity 
obtained was >95%. 
 
Hemoglobin quantitation 

Total hemoglobin was quantitated by using the Human Hemoglobin-

ELISA Quantitation Set (Bethyl Laboratories Inc., Cat. No. E80-135), 

according to the Manifactures’s instruction. Hemin induction was 

obtained by growing K562 cells in the presence of 50 µM Hemin for four 

days. 
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RESULTS 
 

SOX6 overexpression strongly induces erythroid differentiation in 
K562 cells 

To get insight into the role of Sox6 in human erythropoiesis, we first 

overexpressed Sox6 by lentiviral transduction of the human 

erythroleukemic cell line K562.  

K562 cells were transduced with a vector containing a Sox6cDNA-FLAG 

expression cassette upstream to an IRES-GFP element (Sox6-GFP), and 

in parallel with a control Empty Vector (EV-GFP) lacking Sox6 cDNA 

(Figure 1A). The efficiency of transduction, assayed by monitoring GFP 

expression, was similar for both vectors (between 80 and 90%, data not 

shown). The expression of the exogenous Sox6 was verified by RT-PCR, 

Western blot, Figure 1B) and quantitated by Real Time PCR 

(Supplementary Figure 1). 

 

  

Supplementary Figure 1 (A) Real Time quantitation of Sox6 over-expression in 
K562 cells, CD34+-derived primary erythroblasts and HEL cells, relative to GAPDH 
expression (set equal to 100%) (B) Expression of endogenous Sox6 and of 
transduced Sox6 Sox6Flag) in primary erythroid cells. Histograms show the relative 
levels of expression (mean +/-SEM of at least 3 indipendent experiments) compared to 
GAPDH, considered as 1.  
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72h after transduction, K562 cells overexpressing Sox6 show a profound 

phenotypic change: Sox6-K562 form a red pellet upon centrifugation, 

indicating the accumulation of haemoglobin, also revealed by the 

increased number of O-Dianisidine positive cells on cytospin preparations 

(Figure 1C-D). ELISA detection reveals a significant increase of total 

hemoglobin content in cells overexpressing Sox6 (from about 5ng/105 

cells in EV-K562 to about 22ng/105 cells in Sox6-K562) although their 

hemoglobin content is lower than that of cells treated with Hemin (about 

75ng/105 cells) (Figure 1C, right panel). 

Moreover, FACS analysis shows a significant accumulation of a highly 

CD235+ (GlycophorinA) cell population (R6 in figure 1E). To better 

characterize the effect of Sox6 at molecular level, we analysed the 

expression of a series of genes known to vary during erythroid 

maturation, comparing EV-K562 with Sox6-K562 cells by Real Time-

PCR (Figure 1F). 

As expected on the basis of the observed increased hemoglobinization, 

among genes whose expression is strongly increased upon Sox6 

overexpression there are globin genes (see below, detailed analysis), 

together with genes encoding key enzymes of the heme biosynthetic 

pathway (ALAS-E, FECH). In these same cells, the appearance of a more 

mature erythroid phenotype, is mirrored by a reduced expression of the 

“megakaryocytic genes” GPIIB and GPIIIA. 
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Figure 1. Sox6 overexpression in K562 cells (A) Schematic representation of the lentiviral 
vector used. (B) The expression of the transduced Sox6 was assayed at mRNA and protein 
level. Upper panel: RT-PCR with primers detecting the exogenous, vector-derived Sox6 
transcript (see Mat&Met for details). Beta Actin primers were used as control. Lower panel: 
Western blot with the anti Flag antibody detects the exogenous Sox6 protein. The anti-Beta 
actin antibody was used to normalize for protein loading. Phenotipic changes of K562 cells 
upon Sox6 overexpression (C-F). Sox6-K562 cells (right panels), when compared with 
EV-K562 cells (left panels), show: (C) a reddish pellet indicating the accumulation of 
Hemoglobin chains, quantitated by ELISA in the right panel; (D) an increased number of O-
Dianisidine positive cells -brown staining- indicating hemoglobin accumulation; (E) an 
increased CD235 (GlycophorinA) positivity (compare cells in R6 gate: 28.14%, MFI of 
517.28 in Sox6-K562 versus 17.87% , MFI of 384.47 in EV-K562, FACS analysis); (F) an 
increased expression of “erythroid genes“ -globins, heme biosynthesis pathway-, 
accompanied by a downregulation of “megacaryocitic genes” –GPIIB, Real Time-PCR 
analysis. Histograms show the relative levels of expression (mean +/- SEM of at least 3 
indipendent experiments) compared to GAPDH, considered as1. (G) All globins chains 
normally expressed in K562 are upregulated in Sox6-K562 cells but the ratios of their 
expression level change significantly Left panel: fold increase of γ/ε and α/ζ ratios in EV-
K562 (set equal to 1) versus Sox6-K562 cells. Right panel: fold decrease of ε/α and γ/α 
ratios EV-K562 (set equal to 1 ) versus Sox6-K562 cells.  
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mRNA from genes encoding the major transcription factors responsible 

for the erythroid cell type specification, i.e. GATA1, GATA2, EKLF, and 

p45-NFE2, do not change significantly, suggesting that the observed 

phenotype is not mediated by a Sox6 effect on these transcription factors 

expression (not shown). 

 

 

   

Figure 2. Sox6-K562 cells stop growing and undergo apoptosis (A) 1 x 106 exponentially 
growing K562 cells were transduced at day0 either with Sox6 or the EV vector , washed and 
replated in fresh medium 24h after transduction. Sox6-transduced cells stop growing 3 days 
after transduction and the culture die within day 9. Error bars refer to 3 indipendents 
experiments. (B) 72h after transduction, FACS analysis was performed using anti Annexin 
antibody and Propidium Iodide (PI) staining to evaluate apoptosis. In Sox6-K562 cells, 
16.8% cells are AnnexinV+PI+, while only 7% of EV-K562 cells are double positive for the 
same markers. (C) Real Time-PCR on Bcl-2 and Bcl-xL expression, 72h after transduction. 
Histograms show the relative levels of expression (mean +/- SEM of at least 3 indipendent 
experiments) compared to GAPDH, considered as 1. *the difference is statistically 
significative (p<0.05). 
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Since Sox6 has been proposed to repress the ε and γ embryonic globin 

genes11-14, we carefully analysed by Real Time PCR the relative changes 

in globin genes transcription upon Sox6 overexpression, considering 

Since Sox6 has been proposed to repress the ε and γ embryonic globin 

genes11-14, we carefully analysed by Real Time PCR the relative changes 

in globin genes transcription upon Sox6 overexpression, considering 

GAPDH as internal standard. As shown in figure 1F, both β-like genes (ε 

and γ) and α-like genes (ζ and α), normally expressed by K562 cells, are 

-in terms of absolute amount of transcript-induced by Sox6 

overexpression. The internal ratio between the two α-like genes (α/ζ) and 

between the two β-like genes (γ/ε) is shifted, in Sox6-K562 cells, in 

favour of α and γ expression (α/ζ 3.68 fold and γ/ε 2.19 fold increase, 

respectively).  

 

 

Figure 2. ChIP analysis confirms the ability of Sox6 to bind the human ε  and γ-
globin promoters (A) Sequence comparison of the double Sox6 binding sites within εγ 
mouse and human ε–globin promoters. Nucleotides positions are relative to the start site. 
(B) The anti-FLAG antibody or rabbit IgG were used to immunoprecipitate chromatin 
from EV-K562 or Sox6-K562 cells. Lanes 1 and 2: input chromatins. Lanes 3 and 4: 
normal rabbit IgG. Lane 5 and 6: anti-FLAG antibody (that recognizes the Sox6FLAG 
transduced protein) Lane7: Water. 40x: PCR cycles number. 
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The increased γ/ε ratio indicates that ε-globin is less strongly induced 

than γ, in agreement with the known repressor role of Sox6 on the ε-

globin gene (Yi et al., 2006). However, ε/α and γ/α ratios are both 

decreased in Sox6-K562 vs EV-K562, suggesting a Sox6 repressive effect 

also on γ-globin, although less evident than that on ε (the ε/α ratio is 

almost 10 fold reduced, while the γ/α ratio is reduced by 5 fold (Figure 

1G). On this basis, we performed Chromatin Immunoprecipitation to test 

whether Sox6 binds to the human ε-globin promoter (where a double 

Sox6 binding site is partially conserved between mouse and man 

(Supplementary Figure 2A) and to the γ globin genes promoter regions. 

By using an anti-FLAG antibody that recognizes the vector-derived Sox6-

FLAG protein, we demonstrated that Sox6 is indeed able to bind to the 

human ε and γ globin gene promoters in vivo (Supplementary Figure 2B).  

 

The enhanced erythroid differentiation of Sox6-K562 cells, is 

accompanied by a marked reduction of proliferation, with complete 

exhaustion of the culture within day 9 after transduction (Figure 2A).  

FACS analysis, carried out 72h after transduction, shows an increased 

number of AnnexinV positive cells (34.6% in Sox6-K562 vs 8.0 % in 

EV-K562), accompanied by an increased Propidium Iodide uptake 

(45.8% vs 8.4%), suggesting increased apoptosis (Figure 2B). in addition, 

Real Time PCR analysis reveals a decreased expression the two 

antiapoptotic genes Bcl-2 and Bcl-xL (Figure 2C). Together these data 

suggest that Sox6 overexpression induces a strong erythroid 
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differentiation in K562 cells, accompanied by a dramatic reduction of cell 

proliferation.  

 

Sox6 overexpression enhances and anticipates erythroid terminal 
differentiation of CD34+ derived erythroid cultures 

Because of the profound effect on K562 induced by Sox6 overexpression, 

we moved to an in vitro model of human erythroid cells differentiation, 

starting from cord-blood derived CD34+ cells. In this culture, erythroid 

progenitors first expanded to the erythroblast stage (d0-d8) and then 

undergo terminal differentiation (d9-d14). Real time PCR analysis shows 

that Sox6 expression is absent in the most immature progenitors (d0 to 

d6), starts to be detectable at the beginning of the erythroblast 

differentiation phase (d8, corresponding to about 40% of GpA+ cells), 

reaches a peak around d12 (about 80% of GpA+ cells), and finally decline 

at the end of the culture (d14, >80% of GpA+ cells) (Figure 3A). On the 

basis of this expression pattern, we transduced the culture at d6, 

immediately prior to the onset endogenous Sox6 expression and we 

subsequently carried out the analysis on samples taken at d8, d10, d12 

and d14. The evaluation of the percentage of GFP+ cells by FACS shows 

that cells were transduced with similar efficiency by EV-GFP and Sox6-

GFP vectors (about 85%). The experiment was repeated in triplicate and 

the result of a representative experiment is shown and discussed below. 

Erythroid maturation was evaluated by measuring the proportion of 

GFP+GpA+ cells by FACS. In control EV-erythroblasts, GFP+GpA+ cells 

are about 70% at d10 and remain essentially stable until d14 (Figure 3B,  
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Figure 3. Sox6 enhances erythroid differentiation in Cord Blood-derived cell 
cultures (A) Upper panel: percentage of Gpa+ cells , estimated by FACS analysis at 
the different days of the culture. Lower panel: semi quantitative RT-PCR at the same 
days. Upper gel: Sox6 expression; Lower gel: GAPDH. (B) Experimental outline of 
the transduction experiments. (C) FACS analysis on erythroblasts transduced either 
with the Empty Vector (EV-erythroblasts) or with the Sox6 overexpressing vector 
(Sox6-erythroblasts): x axis, GFP expression; Y axis, GpA expression. (D) May 
Grünwald-Giemsa staining on cytospin preparations of the same samples as above. 
(E) Differential counts on cells from the same cells as in D. A total number of more 
than 200 cells were scored for each samples. 
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upper panels). By contrast, Sox6-erythroblasts reach the peak of 

GFP+GpA+ double positivity at d10 (74,6%) and then decline to 56.1% at 

d12 and to 40.6% at d14, suggesting a progressive loss of transduced cells 

(Figure 3B, lower panels). 

 

To better correlate these data with erythroid maturation, cells from the 

same samples as above, were cytospun, stained with May-

Grunwald/Giemsa and differentially counted to score the relative number 

of cells at the different stages of erythroid maturation (Figure 3C-D). At 

d10, in Sox6-transduced cells, many polychromatic and orthocromatic 

erythroblasts, usually appearing at later days in control cultures, are 

already present (Figure 4C-D). More strikingly, 3 to 5% of reticulocytes 

are scored, while in the control culture a maximum of 0,5-1% is observed 

at the end of the culture (d14). In parallel with the increased number of 

more mature cells (polychromatic and orthochromatic erythroblasts, and 

reticulocytes), a decrease of more immature cells (proeryhtroblasts and 

basophilic erythroblasts) is observed in Sox6 overexpressing cells at d10 

(25+3=28% vs 43+14=57%). Finally, the distribution of the different cell 

types between the two cultures returns equal at d14, when GFP+ (Sox6 

overexpressing) cells reach the minimum of their contribution to the 

culture (Figure 3B-D). The analysis of the expression of globin genes 

(α, ε, γ, β) in transduced and control cells demonstrates that Sox6 

transduction greatly stimulates α, β and γ, but not ε expression, likey 

reflecting the accelerated maturation described above (Supplemental 

figure 3A). 
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Interestingly, in  cells overexpressing Sox6, the ε/α  and γ/α ratios are 

decreased, as previously observed in K562 cells, supporting the notion 

that, beside the general induction of maturation, Sox6 specifically concurs 

to repress ε and γ is genes transcription. 

 

Sox6 induces early loss of CD34+ progenitor cells 
In a second set of experiments we directly transduced CD34+ cells with 

either the control or the Sox6 vector as above, and then a portion of 

transduced cells was either placed in the unilineage erythroid culture or 

Supplemental Figure 3. (A) Sox6 overexpression anticipates and induces the 
expression of the α ,  β  and γ  but not of the ε  globin genes in cord blood derived 
erythroid culture. Real time PCR quantification of globins mRNA expression level on 
samples taken at d8, d10, d12, d14 of the culture. Histograms represent the mean 
expression level (relative to GAPDH expression); standard deviations refer to 3 
independent experiments. Please note the different scale on the y axis: ε expression is 
marginal and does not increase upon Sox6 overexpression. (A) The ε /α   and  γ /α  ratios 
(set equal to1 in untransduced cells) are decreased in Sox6-transduced cells. 
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plated in methylcellulose medium for colony forming unit (CFU) assay 

(exp. n = 3). The proportion of GFP+ cells in the Sox6 transduced culture 

progressively declines from about 30% at d4 to 3% by d14 (Figure 4B).  

 

 

 

Figure 4. Sox6 transduction of CB-derived CD34+ cells causes early loss of 
progenitor cells (A) CD34+ cells transduced with Sox6 grow slower than EV-
transduced cells. 105 freshly purified CD34+ cells were transduced and counted 24h after 
transduction in three independent experiments. Blue bars: EV-transduced cells; Red 
bars: Sox6-transduced cells. (B) FACS analysis on CD34+ transduced cells at different 
time points after transduction. X axis: days after infection, y axis: percentage of GFP+ 
cells. Different colours in the histogram columns represent the proportion of GFP+ cells 
which are GpA- (blue) or Gpa+ (red), respectively. 
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This is in strong contrast with the high level of GFP+ cells (80-90%) 

transduced with the control vector, which remains constant during 

erythroid maturation (d14). The low level of GFP positivity in Sox6-

transduced cells, suggests an early loss of cells overexpressing Sox6 as 

also indicated by a slow proliferation kinetic of these cells in the first 24h 

after transduction (Figure 4A). Of interest, the proportion of Sox6-

transduced cells that are GPA+ is already very high (34%, red) at d4, in 

contrast to the very low GPA positivity (3,7%) of EV-transduced cells, 

suggesting that cells surviving Sox6 overexpression undergo accelerated 

erythroid differentiation (Figure 4B). 

Finally, the same transduced cells were also seeded in methylcellulose 

and no GFP+ colonies, analyzed either by FACS and by RT-PCR analysis, 

were scored at d14, indicating the loss of Sox6-transduced progenitors 

and/or of their progeny. 
 
SOCS3 is an early Sox6 target gene 
The above results prompted us to search for Sox6 direct targets possibly 

responsible for the Sox6 induced erythroid differentiation. To this aim we 

carried out a genome-wide search for evolutionarily conserved potential 

Sox6 binding sites by using the TFBScluster software (Donaldson and 

Gottgens, 2006), taking the ε-globin Sox6 binding site as a model. The in 

silico-identified candidate targets (more than 800, data not shown), were 

filtered by selecting genes whose expression is known to be enriched in 

erythroid cells, on the basis of literature and of DNA microarray data 
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comparing the expression profile of three distinct cells populations FACS 

sorted from E11.5-E13.5 mouse fetal liver: pluripotent hematopoietic 

progenitors c-kit+/TER119-; erythroid committed early progenitors c-

kit+/TER119+; more differentiated erythroblasts c-kit-/TER119++ cells 

(Cantù et al., 2010 and unpublished results). Among the remaining genes 

(Cantù et al., 2010), we focused on a double Sox6 consensus sequence 

lying 2700nt upstream to the Suppressor of Cytokine Signalling 3 

(SOCS3) gene start site (Figure 6A). SOCS3 is involved in the negative 

regulation of cytokines signalling, including Epo (Fried, 2009; Richmond 

et al., 2005) and IGF-1 (Akahane et al., 1987; Merchav et al., 1988), both 

of which regulate erythroid growth (Correa and Axelrad, 1991; Emanuelli 

et al., 2000). 

 To functionally validate the Sox6 site found upstream the SOCS3 gene, 

we set up EMSA experiments using as a probe an oligonucleotide 

containing either the wt double Sox6 consensus sequence (wt) or a 

mutated version (mut) (Figure 5B). Nuclear extracts from Sox6-K562 and 

EV-K562 were used.  

As shown in figure 5B, Sox6 binds to its consensus sequence in a specific 

manner. The band generated by the Sox6-Flag protein is correctly 

supershifetd by the anti-Flag antibody (lane 2, Figure 5B). In competition 

experiments show that increasing amounts of the wt oligonucleotide 

(lanes 4-5) and of a known Sox6 consensus sequence (Col2a1, lanes 8-9) 

efficiently compete for the Sox6 band whereas, the mutated 

oligonucleotide (lanes 6-7) does not. 
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Figure 5. SOCS3 gene is an early direct target of Sox6 (A) mapping of the SOCS3 
conserved region containing the double Sox6 binding site. UCSC map indicates a 
block of conservation of about 100nt, centred on the Sox6 site. 
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Finally, nuclear extracts from K562 cells transduced with the control 

vector generate a weak Sox6 band due to the endogenous Sox6 protein 

(lane 10) and the probe alone, in the absence of nuclear extracts, fails to 

give any retarded band (lane 11).  

To further test the ability of Sox6 to bind to this element, we performed 

Chromatin Immunoprecipitation experiments (ChIP) on K562 cells 

The double site if fully conserved in rat, mouse and man. (B) Sox6 binds in vitro to the 
SOCS3 enhancer in EMSA. Nuclear extracts from Sox6-K562 (lanes 1-9) or from EV-
K562 (lane10) were incubated with either the wt (lanes 2-10) or the mutated (lane1) 
SOCS3 labelled probes. The retarded band generated by the Sox6-Flag protein is 
supershifted by the antiFlag antibody (lane2) and competed either by the SOCS3 oligo 
itself (lanes 4-5) and by a known Sox6 consensus (lanes 8-9, Col2a148). The SOCS3 
probe mutated in the Sox6 consensus fails to give any binding (lanes 1) and to compete 
for the Sox6 band (lanes 6-7). The wt probe alone (lane 11) gives no bands. Ns: not 
specific binding. (C) ChIP on chromatins from transduced K562 cells: the Socs3 
enhancer element is Immunoprecipitated by the anti-Flag antibody (that recognize the 
Sox6 transduced protein), but not by the corresponding preimmune serum (IgG). Upper 
panel: Socs3 region; lower panel: GAPDH locus, as negative control. Lanes 1-2: input 
chromatins; Lanes 3-4: IgG; lanes 5-6: anti-Flag antibody; lane 7: water. EV: empty 
vector; Sox6: Sox6 vector. (D) The SOCS3 enhancer containing the Sox6 double site is 
activated by Sox6 in cotransfection experiments in K562 cells. A 70nt. fragment 
containing either the wt (EnhWT) or the mutated Sox6 double site (EnhMut) was cloned 
upstream to the -393 +12 region corresponding to the SOCS3 minimal promoter 
(SOCS3prom.). Mutations in the Sox6 consensus (left panel) are the same as in B, 
proved to abolish Sox6 binding in EMSA. Right panel: all constructs were cotransfected 
in K562 cells together with increasing amounts (0.2 µgrs and 1 µgrs) of a Sox6 
expressing plasmid. The EnhWT construct is activated in a dose dependent manner by 
the addition of the cotransfected Sox6 plasmid (black columns), while the 
corresponding mutated element, EnhMut, is insensitive to Sox6 cotransfection (right 
white columns). (E) Real Time quantification of SOCS3 expression upon Sox6 
transduction in K562 (3h and 72h after transduction) and primary Cord Blood derived 
erythroblasts (48h and 96h after transduction). (F) SOCS3 expression expression during 
CD34+-derived erythroblasts terminal maturation, Real Time PCR. (G) Upper panel. 
Real time quantification of Sox6 expression at d9 and d12. Lower panel: ChIP 
performed on chromatins from enhancer. *p=<0.05. IgG antibodies were used as a 
control.   
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transduced with the Sox6-vector, using an antiFlag antibody (Figure 6C). 

The antiFlag antibody specifically immunoprecipitates the SOCS3 

enhancer element in cells overexpressing Sox6 (lane 6, upper panel). No 

bands were detected performing ChIP with control IgG (lanes 3-4). 

We then cloned a region of 70 nt surrounding the Sox6 binding sites 

(either the wt or mutated within the Sox consensus), upstream to the 

SOCS3 promoter (He et al., 2003) in a luciferase reporter plasmid, that 

we co-transfected in K562 cells together with a Sox6 expressing plasmid. 

While the wt SOCS3 element is activated by Sox6, the same element 

mutated within the Sox6 consensus sequence (same mutation proved to 

abolish Sox6 binding in EMSA) is insensitive to Sox6 co-transfection 

(Figure 5D). 

Finally, Real Time PCR carried out on Sox6-K562 cells 3h and 72h after 

transduction revealed a strong early induction of SOCS3 mRNA upon 

Sox6 overexpression (Figure 5E). 

In untransduced CD34+-derived erythroid cultures, the profile of 

expression of SOCS3 shows a progressive increase in the last days of the 

culture (From day10, where its expression is at minimum, to day 14) 

(Figure 5F). to correlate this pattern with the binding of Sox6 to the 

SOCS3 enhancer in vivo, we carried out  a ChIP on chromatins from 

primary cells at day9 and day12. As shown in Figure 5G lower panel, 

whereas at d9 no significant enrichment is observed, at d12 

(corresponding to the peak of Sox6 expression, upper panel) the anti-

Sox6 antibody does immunoprecipitate the SOCS3 enhancer, suggesting 

that this element is recognized in vivo by Sox6 when Sox6 accumulates at 
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late stages of erythroid differentiation. In agreement with this, when Sox6 

is overexpressed in CD34+-derivederythroblasts at d6 it subsequentely 

induces SOCS3 mRNA expression (Real Time PCR at d8 and d10, Figure 

5E, right panel). 

These data confirm the ability of Sox6 to bind in vitro and in vivo to the 

SOCS3 conserved element and to transactivate it in a dose dependent 

manner in transfection experiments, thus confirming that SOCS3 is a 

direct Sox6 target.  

 
SOCS3 overexpression mediates growth arrest K562 and primary 

cells. 

To evaluate to what extent the Sox6-dependent SOCS3 induction could 

recapitulate the phenotype induced by Sox6 overexpression, we 

overexpressed SOCS3 in K562 cells. To this end, we transfected K562 

cells with a SOCS3-IRES-GFP vector by electroporation and 48 after 

transfection, we sorted GFP+ from GFP- cells and we tested them for 

SOCS3 overexepression by Real Time PCR. Eight days after cell sorting, 

GFP+ cells die with a kinetic resembling to that observed upon Sox6 

overexpression (Figure 6B). However, 72 hours after transfection, mRNA 

levels of α, γ and ε globin genes, chosen as prototypic erythroid markers, 

are comparable in GFP+ and GFP- cells (Figure 6A) suggesting that 

additional Sox6 targets are required to fully recapitulate the Sox6-induced 

phenotype.  
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Figure 6. SOCS3 is a relevant Sox6 target (A) SOCS3 overexpression in K562: a 
SOCS3-IRES-GFP plasmid was transfected in K562 cells and 48 hours after 
transfection GFP+ cells were FACS sorted and seeded in parallel with GFP- cells, and 
the increased expression of SOCS3 in GFP+ cells was tested by Real Time PCR. The 
increase of SOCS3 is not associated with K562 differentiation, as shown by Real-Time 
PCR on alpha, gamma and epsilon globin transcripts. (B) GFP+ K562 (SOCS3-
overexpressing) stop proliferating with kinetic similar to that observed upon Sox6 
overexpression (Figure 3A), y axis: number of cells, x axis: days after sorting.  
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To confirm these data in primary cells, we transduced CD34+-derived 

erythroblasts (at day6, as for Sox6) with a SOCS3-IRES-GFP 

overexpressing vector. As in K562 cells, SOCS3 overexpression strongly 

decreases cell proliferation (Figure 6C, right panel) but, in contrast to 

Sox6, does not strongly decreases cell proliferation (Figure 6C, right 

panel) . Infact, differential cells counts at day10 show that whereas Sox6-

transduced cultures have an increased number of more mature cells at the 

expenses of more immature populations, in SOCS3 transduced cultures 

the distribution of mature versus immature cells is similar to that of the 

control culture. This data confirms in primary cells that Sox6-induced 

SOCS3 activation is responsible for the reduced cell growth but not for 

erythroid differentiation.  

This observation raises the prediction that Sox6 overexpression, if 

achieved in a context devoid of SOCS3 functional contribution, would 

(C) SOCS3 overexpression in CD34+-derived erythoblasts. Left panel: growth curve 
of cultures infected with the empy vector (diamonds), the Sox6 overexpressing vector 
(squares) or the SOCS3 overexpressionvector (triangles). y axis: number of cells, x axis: 
days in culture (all culture were transduced at d6, with similar efficiency). Left panel: 
differential cells counts. The different colours in the colomns represent the proportion of 
mature (orthocromatic + polychromatophils, O+P) and immature 
(basophils+proerythroblasts) cells, respectively. EV- transduced cells: O+P= 43%; 
SOCS3 transduced cells: O+P= 24%. (D-F) Trabsduction experiments in HEL cells. 
(D) Neither Sox6 or SOCS3 overexpression alter cell proliferation. Growth curve (left) 
and percentage of GFP+ cells (right) of HEL cells transduced with the emptycontrol 
vector (EV-HEL), the Sox6 overexpressing vector (Sox6-HEL) and the SOCS3 
overexpressing vector (SOCS3-HEL). (E)Quantitation by Real Time PCR of SOCS3 
expression in HEL cells transduced as above, relative to GAPDH. (F) Real Time PCR: 
only Sox6 activates erythroid genes transcription.  
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lead to increased erythroid gene expression, without any change in the 

cell growth. 

To verify our prediction we took advantage of the HEL cell line. These 

cells carry the myeloproliferative disorder-associated JAK2V617F 

mutation, which makes them insensitive to SOCS3 (Quentmeier et al., 

2006). Sox6 overexpression in these cells (at a level comparable to that 

obtained in K562 and primary cells, Supplementary figure 1A) does not 

alter cell growth (Figure 6D) but significantly increases erythroid specific 

gene expression, as demonstrated by Real Time PCR quantitation of some 

prototypical erythroid genes (Figure 6F). complemental to this data, 

SOCS3 overexpression in HEL cells neither induces a block in cell 

proliferation nor erythroid specific gene expression (Figure 6D-F). 

togheter these experiments confirms the role of SOCS3 as the main Sox6 

target controlling cell proliferation. 

 

SOCS3 has inhibitory functions on several cytokines signalling, including 

the Epo-Jak-STAT and the IGF-1R pathways, both of which are required 

for survival, proliferation and differentiation of committed erythroid 

progenitor cells (Sasaki et al., 2000; Usenko et al., 2007).In particular, 

K562 cells are known to depend for their proliferation on autocrine IGF-1 

signalling induced by Bcr/abl (Lakshmikuttyamma et al., 2008).  
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Whereas STAT5 phosphorylation is not altered by Sox6 overexpression 

(Supplementary Figure 4), IGF-1 mRNA expression is reduced in K562 

cells overexpressing either Sox6 or SOCS3 (Figure 7A). 

Administration to Sox6-K562 cells of recombinat IGF-1 (20, 100 and 200 

ng/ml) does not rescue the Sox6-induced inhibition of cell proliferation 

(not shown) as expected on the hypothesis that this effect could be a 

Supplemental Figure 4. Stat5 phosphorylation does not change upon Sox6 
overexpression. STAT5 phosphorylation was monitored by FACS analysis at 1, 3 and 6 
hours after Sox6 transduction in K562, in parallel with GFP expression. x axis: Mean 
Fluorescence Intensity, y axis: Phospho STAT5. Left panels: EV-K562; Right panels, 
Sox6-K562. Gray peaks: unstained cells. Black peaks: uninfected K562. Red peaks: 
GFP- cells, not expressing the transduced vectors. Green peaks: GFP+ cells, expressing 
the transduced vector (note that GFP positivity coincides with Sox6 expression thanks 
to the bicistronic Sox6-IRES-GFP cassette). 
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consequence of the Sox6-mediated SOCS3 activation (which acts 

downstream to IGF-1R). 

 

 

 

 

 

Figure 7. SOCS3 (left panel) and Sox6 (right panel) overexpression is accompanied by 
a strong repression of IGF-1 transcription. Left panel: RT-PCR on cDNA from GFP+ 
and GFP- obtained after SOCS3 electroporation and cell sorting. Right panel: RT-PCR 
on cDNA from EV-K562 and Sox6-K562 cells. PCR cycles for IGF-1 and GAPDH 
amplifications are indicated below the figure. (D) Proposed model for the Sox6 induced 
growth arrest mediated by SOCS3: SOCS3 interferes with Epo/Jak/Stat pathway by 
binding EpoR and Jak234, and with IGF-1 signalling by binding IGF-1R.44 K562 
proliferation is sustained by an autocrine IGF-1 signalling loop activated by Bcr/Abl.36 
The SOCS3-mediated inhibition of IGF-1 transcription might be responsible for K562 
decreased proliferation and increased apoptosis downstream to Sox6. 
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DISCUSSION 
 

Sox6 is emerging as an important gene controlling different steps of 

erythropoiesis, ranging form cell differentiation to the control of globin 

genes expression (Cohen-Barak et al., 2007; Dumitriu et al., 2006b {Yi, 

2006 #12; Sankaran et al.; Sripichai et al., 2009; Xu et al.). To get insight 

to its role in human erythroid cells we overexpressed Sox6 by lentiviral 

vector-mediated transduction in the erythroleukemic cell line K562 and in 

primary erythroid cultures derived from cord blood purified CD34+ cells. 

In both cell types, Sox6 enforced expression drives a significant erythroid 

terminal maturation. Among Sox6 direct target genes we found the 

Suppressor of Cytokine Signalling (SOCS3), whose overexpression 

partially recapitulates the Sox6-induced phenotype, possibly interfering 

with the IGF-1 signalling.  

 
K562 cells overexpressing Sox6 stop growing within 72h after 

transduction and undergo terminal erythroid differentiation, as shown by 

a strong induction of the transcription of several erythroid specific genes, 

including heme-synthesis enzymes and globin chains. Of note, K562 cells 

are normally able to differentiate only upon induction with high 

concentration of chemical inducers, such as hemin (Charnay and 

Maniatis, 1983; Rowley et al., 1992). Similar results were obtained in in 

vitro cultures, from CD34+ human Cord Blood cells (Figure 3). In these 

erythroid cultures, the early peak of Sox6 expression driven by the 

lentiviral vector, causes a strong acceleration of differentiation, leading to 
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the appearance at day 10 of culture of enucleated cells which are absent in 

the control culture. This result confirms the ability of Sox6 to accelerate 

and boost erythroid terminal differentiation of human progenitors. The 

molecular mechanism of Sox6 action remains to be elucidated in terms of 

targets and interactors: Sox6 acts either as activator and as repressor of 

transcription, exerting an architectural role on chromatin organization 

(Lefebvre). Further studies are required to better study these aspects of 

Sox6 activity. 

 

Sox6 was recently reported to repress embryonic globin genes, possibly 

in cooperation with BCL11A (Xu et al.; Yi et al., 2006) and its variation 

in expression has been proposed to play a role in HbF repression in 

human erythroid progenitors (Sripichai et al., 2009). In these cells, 

knockdown of Sox6 leads only to a modest induction of HbF, which is 

greatly increased by the combined knockdown of BCL11A, suggesting 

that although these two proteins cooperate to silence γ genes, BCL11A 

has a preeminent role (Xu et al.). We show that Sox6 strongly stimulates 

the transcription -in absolute terms- of all globins genes normally 

expressed by K562 cells, including γ and ε-globin (Figure 1). This result 

is apparently in conflict with the above reports. However we suggest that 

Sox6 overexpression has two independent effects on globin synthesis: on 

one hand, by inducing cell differentiation, it increases the overall 

expression of globins genes in general; on the other hand it negatively 

modulate ε and γ-globin transcription, relatively to other globin genes. In 

fact, the ε/α and γ/α ratios are reduced by 10 and 5 times respectively in 
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Sox6-K562 when compared with EV-K562. This is supported by the 

observation that both promoters are occupied in vivo in ChIP experiments 

by Sox6 (Supplementary Figure 2). 

 

We demonstrate that SOCS3 is an early direct Sox6 target and that 

SOCS3 overexpression partially recapitulates the Sox6 effect of cell 

growth arrest in K562 and primary cells, whereas it does not affect 

proliferation in HEL cells that are insensitive to SOCS3 (Hookham et al., 

2007) (Figure 6D-F). SOCS3 is involved in the downregulation of 

different signaling pathways, and its deregulation in hematopoiesis has 

has been implicated in the ethiopathogenesis of myeloproliferative 

disorders; (Baker et al., 2006 {Hookham, 2007 #43; Fourouclas et al., 

2008; Usenko et al., 2007). 

Among pathways controlled by SOCS3, there are EPO/JAK2/STAT5 and 

IGF-1/IGF-1R, both of which are required for erythroid progenitor cells 

survival (Dey et al., 2000; Sasaki et al., 2000). Our experiments show the 

reduction of IGF-1 mRNA as a Sox6 downstream effect in K562 cells, 

where Bcr/Abl promotes autocrine IGF-1 signalling thus stimulating cell 

proliferation and protecting cells from apoptosis (Usenko et al., 2007). Of 

note, autocrine or paracrine IGF-1 signalling is required in many stages of 

hematopoisis and its inappropriate activation is an important event in 

leukemia (Usenko et al., 2007; Lakshmikuttyamma et al., 2008). 

In K562 cells, IGF-1R signalling stimulates proliferation and protects 

cells from apoptosis downstream to bcr/abl signalling, which promotes 

autocrine IGF-1 signalling. Expression of IGF-1 in hematopoietic cells 
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(Majka et al., 2001) suggests that autocrine or paracrine IGF-1 signaling 

is important in sustaining the IGF-1 pathway, which acts as a powerful 

inhibitor of apoptosis and as survival factor for hematopoietic cells and 

whose alteration is an important event in leukemia (Lakshmikuttyamma 

et al., 2008; Usenko et al., 2007). 

Together these data indicate that SOCS3 activation elicited by Sox6 

might be a relevant event in normal and pathological erythroid 

differentiation. On this basis, the fine mapping of the molecular 

mechanisms downstream to the Sox6-SOCS3 induction will be crucial to 

understanding differentiation not only in erythropoieis but also in other 

processes where Sox6 plays a central role in cell commitment and 

differentiation. 

 
 
 
 
 

 
 
 
 
 
 

 
 
 

 
 
 
 
 



 203 

REFERENCES 

 
Adachi, K., Zhao, Y., and Surrey, S. (2003). Effects of heme addition on 
formation of stable human globin chains and hemoglobin subunit 
assembly in a cell-free system. Arch Biochem Biophys 413, 99-106. 

Advani, R., Rubin, E., Mohandas, N., and Schrier, S.L. (1992). Oxidative 
red blood cell membrane injury in the pathophysiology of severe mouse 
beta-thalassemia. Blood 79, 1064-1067. 

Aerbajinai, W., Zhu, J., Kumkhaek, C., Chin, K., and Rodgers, G.P. 
(2009). SCF induces gamma-globin gene expression by regulating 
downstream transcription factor COUP-TFII. Blood 114, 187-194. 

Aguila, H.L., Akashi, K., Domen, J., Gandy, K.L., Lagasse, E., Mebius, 
R.E., Morrison, S.J., Shizuru, J., Strober, S., Uchida, N., et al. (1997). 
From stem cells to lymphocytes: biology and transplantation. Immunol 
Rev 157, 13-40. 

Akahane, K., Tojo, A., Urabe, A., and Takaku, F. (1987). Pure 
erythropoietic colony and burst formations in serum-free culture and their 
enhancement by insulin-like growth factor I. Exp Hematol 15, 797-802. 

Al Qaddoumi, A.A. (2006). Co-inheritance of alpha and beta-thalassemia 
in a Jordanian family. Clin Lab Sci 19, 165-168. 

Albitar, M., Cash, F.E., Peschle, C., and Liebhaber, S.A. (1992). 
Developmental switch in the relative expression of the alpha 1- and alpha 
2-globin genes in humans and in transgenic mice. Blood 79, 2471-2474. 

Allfrey, V.G., Faulkner, R., and Mirsky, A.E. (1964). Acetylation and 
Methylation of Histones and Their Possible Role in the Regulation of Rna 
Synthesis. Proc Natl Acad Sci U S A 51, 786-794. 



 204 

Anderson, D.M., Lyman, S.D., Baird, A., Wignall, J.M., Eisenman, J., 
Rauch, C., March, C.J., Boswell, H.S., Gimpel, S.D., Cosman, D., et al. 
(1990). Molecular cloning of mast cell growth factor, a hematopoietin 
that is active in both membrane bound and soluble forms. Cell 63, 235-
243. 

Andrews, N.C., Erdjument-Bromage, H., Davidson, M.B., Tempst, P., 
and Orkin, S.H. (1993). Erythroid transcription factor NF-E2 is a 
haematopoietic-specific basic-leucine zipper protein. Nature 362, 722-
728. 

Angelillo-Scherrer, A., Burnier, L., Lambrechts, D., Fish, R.J., Tjwa, M., 
Plaisance, S., Sugamele, R., DeMol, M., Martinez-Soria, E., Maxwell, 
P.H., et al. (2008). Role of Gas6 in erythropoiesis and anemia in mice. J 
Clin Invest 118, 583-596. 

Anguita, E., Hughes, J., Heyworth, C., Blobel, G.A., Wood, W.G., and 
Higgs, D.R. (2004). Globin gene activation during haemopoiesis is driven 
by protein complexes nucleated by GATA-1 and GATA-2. EMBO J 23, 
2841-2852. 

Anguita, E., Johnson, C.A., Wood, W.G., Turner, B.M., and Higgs, D.R. 
(2001). Identification of a conserved erythroid specific domain of histone 
acetylation across the alpha-globin gene cluster. Proc Natl Acad Sci U S 
A 98, 12114-12119. 

Anguita, E., Sharpe, J.A., Sloane-Stanley, J.A., Tufarelli, C., Higgs, D.R., 
and Wood, W.G. (2002). Deletion of the mouse alpha-globin regulatory 
element (HS -26) has an unexpectedly mild phenotype. Blood 100, 3450-
3456. 

Antoniou, M., de Boer, E., Spanopoulou, E., Imam, A., and Grosveld, F. 
(1995). TBP binding and the rate of transcription initiation from the 
human beta-globin gene. Nucleic Acids Res 23, 3473-3480. 



 205 

Antoniou, M., and Grosveld, F. (1990). beta-globin dominant control 
region interacts differently with distal and proximal promoter elements. 
Genes Dev 4, 1007-1013. 

Arcasoy, M.O., Degar, B.A., Harris, K.W., and Forget, B.G. (1997). 
Familial erythrocytosis associated with a short deletion in the 
erythropoietin receptor gene. Blood 89, 4628-4635. 

Armstrong, J.A., Bieker, J.J., and Emerson, B.M. (1998). A SWI/SNF-
related chromatin remodeling complex, E-RC1, is required for tissue-
specific transcriptional regulation by EKLF in vitro. Cell 95, 93-104. 

Armstrong, J.A., and Emerson, B.M. (1996). NF-E2 disrupts chromatin 
structure at human beta-globin locus control region hypersensitive site 2 
in vitro. Mol Cell Biol 16, 5634-5644. 

Athanasiou, M., Mavrothalassitis, G., Sun-Hoffman, L., and Blair, D.G. 
(2000). FLI-1 is a suppressor of erythroid differentiation in human 
hematopoietic cells. Leukemia 14, 439-445. 

Baker, A.F., Bellamy, W., Tate, W.R., Bair, W.B., 3rd, Heaton, R., and 
List, A.F. (2006). Suppressor of cytokine signaling-3 is overexpressed in 
erythroid precursors of myelodysplastic syndrome. Leukemia 20, 1620-
1621. 

Baltayiannis, G., Baltayiannis, N., and Tsianos, E.V. (2008). Suppressors 
of cytokine signaling as tumor repressors. Silencing of SOCS3 facilitates 
tumor formation and growth in lung and liver. J BUON 13, 263-265. 

Bank, A. (1968). Hemoglobin synthesis in beta-thalassemia: the 
properties of the free alpha-chains. J Clin Invest 47, 860-866. 

Bank, A. (2006). Regulation of human fetal hemoglobin: new players, 
new complexities. Blood 107, 435-443. 



 206 

Baudin-Creuza, V., Vasseur-Godbillon, C., Pato, C., Prehu, C., Wajcman, 
H., and Marden, M.C. (2004). Transfer of human alpha- to beta-
hemoglobin via its chaperone protein: evidence for a new state. J Biol 
Chem 279, 36530-36533. 

Bean, T.L., and Ney, P.A. (1997). Multiple regions of p45 NF-E2 are 
required for beta-globin gene expression in erythroid cells. Nucleic Acids 
Res 25, 2509-2515. 

Behringer, R.R., Hammer, R.E., Brinster, R.L., Palmiter, R.D., and 
Townes, T.M. (1987). Two 3' sequences direct adult erythroid-specific 
expression of human beta-globin genes in transgenic mice. Proc Natl 
Acad Sci U S A 84, 7056-7060. 

Bessis, M.C., and Breton-Gorius, J. (1962). Iron metabolism in the bone 
marrow as seen by electron microscopy: a critical review. Blood 19, 635-
663. 

Blackwood, E.M., and Kadonaga, J.T. (1998). Going the distance: a 
current view of enhancer action. Science 281, 60-63. 

Blobel, G.A. (2000). CREB-binding protein and p300: molecular 
integrators of hematopoietic transcription. Blood 95, 745-755. 

Blobel, G.A., Nakajima, T., Eckner, R., Montminy, M., and Orkin, S.H. 
(1998). CREB-binding protein cooperates with transcription factor 
GATA-1 and is required for erythroid differentiation. Proc Natl Acad Sci 
U S A 95, 2061-2066. 

Boissan, M., Feger, F., Guillosson, J.J., and Arock, M. (2000). c-Kit and 
c-kit mutations in mastocytosis and other hematological diseases. J 
Leukoc Biol 67, 135-148. 



 207 

Bose, F., Fugazza, C., Casalgrandi, M., Capelli, A., Cunningham, J.M., 
Zhao, Q., Jane, S.M., Ottolenghi, S., and Ronchi, A. (2006). Functional 
interaction of CP2 with GATA-1 in the regulation of erythroid promoters. 
Mol Cell Biol 26, 3942-3954. 

Boyes, J., Byfield, P., Nakatani, Y., and Ogryzko, V. (1998). Regulation 
of activity of the transcription factor GATA-1 by acetylation. Nature 396, 
594-598. 

Brannan, C.I., Lyman, S.D., Williams, D.E., Eisenman, J., Anderson, 
D.M., Cosman, D., Bedell, M.A., Jenkins, N.A., and Copeland, N.G. 
(1991). Steel-Dickie mutation encodes a c-kit ligand lacking 
transmembrane and cytoplasmic domains. Proc Natl Acad Sci U S A 88, 
4671-4674. 

Bresnick, E.H., Johnson, K.D., Kim, S.I., and Im, H. (2006). 
Establishment and regulation of chromatin domains: mechanistic insights 
from studies of hemoglobin synthesis. Prog Nucleic Acid Res Mol Biol 
81, 435-471. 

Brillet, T., Baudin-Creuza, V., Vasseur, C., Domingues-Hamdi, E., Kiger, 
L., Wajcman, H., Pissard, S., and Marden, M.C. Alpha-hemoglobin 
stabilizing protein (AHSP), a kinetic scheme of the action of a human 
mutant, AHSPV56G. J Biol Chem 285, 17986-17992. 

Broudy, V.C. (1997). Stem cell factor and hematopoiesis. Blood 90, 
1345-1364. 

Brunori, M., Falcioni, G., Fortuna, G., and Giardina, B. (1975). Effect of 
anions on the oxygen binding properties of the hemoglobin components 
from trout (Salmo irideus). Arch Biochem Biophys 168, 512-519. 

Bulger, M., and Groudine, M. (1999). Looping versus linking: toward a 
model for long-distance gene activation. Genes Dev 13, 2465-2477. 



 208 

Bungert, J., Dave, U., Lim, K.C., Lieuw, K.H., Shavit, J.A., Liu, Q., and 
Engel, J.D. (1995). Synergistic regulation of human beta-globin gene 
switching by locus control region elements HS3 and HS4. Genes Dev 9, 
3083-3096. 

Cacalano, N.A., Sanden, D., and Johnston, J.A. (2001). Tyrosine-
phosphorylated SOCS-3 inhibits STAT activation but binds to p120 
RasGAP and activates Ras. Nat Cell Biol 3, 460-465. 

Calvi, L.M., Adams, G.B., Weibrecht, K.W., Weber, J.M., Olson, D.P., 
Knight, M.C., Martin, R.P., Schipani, E., Divieti, P., Bringhurst, F.R., et 
al. (2003). Osteoblastic cells regulate the haematopoietic stem cell niche. 
Nature 425, 841-846. 

Cantor, A.B., Katz, S.G., and Orkin, S.H. (2002). Distinct domains of the 
GATA-1 cofactor FOG-1 differentially influence erythroid versus 
megakaryocytic maturation. Mol Cell Biol 22, 4268-4279. 

Cantor, A.B., and Orkin, S.H. (2002). Transcriptional regulation of 
erythropoiesis: an affair involving multiple partners. Oncogene 21, 3368-
3376. 

Cantor, A.B., and Orkin, S.H. (2005). Coregulation of GATA factors by 
the Friend of GATA (FOG) family of multitype zinc finger proteins. 
Semin Cell Dev Biol 16, 117-128. 

Caterina, J.J., Ciavatta, D.J., Donze, D., Behringer, R.R., and Townes, 
T.M. (1994a). Multiple elements in human beta-globin locus control 
region 5' HS 2 are involved in enhancer activity and position-
independent, transgene expression. Nucleic Acids Res 22, 1006-1011. 

Caterina, J.J., Donze, D., Sun, C.W., Ciavatta, D.J., and Townes, T.M. 
(1994b). Cloning and functional characterization of LCR-F1: a bZIP 
transcription factor that activates erythroid-specific, human globin gene 
expression. Nucleic Acids Res 22, 2383-2391. 



 209 

Chabot, B., Stephenson, D.A., Chapman, V.M., Besmer, P., and 
Bernstein, A. (1988). The proto-oncogene c-kit encoding a 
transmembrane tyrosine kinase receptor maps to the mouse W locus. 
Nature 335, 88-89. 

Charnay, P., and Maniatis, T. (1983). Transcriptional regulation of globin 
gene expression in the human erythroid cell line K562. Science 220, 
1281-1283. 

Chasis, J.A., and Mohandas, N. (2008). Erythroblastic islands: niches for 
erythropoiesis. Blood 112, 470-478. 

Chen, G., and Prchal, J.T. (2006). Polycythemia vera and its molecular 
basis: an update. Best Pract Res Clin Haematol 19, 387-397. 

Chen, L., Zhang, H., Shi, Y., Chin, K.L., Tang, D.C., and Rodgers, G.P. 
(2006). Identification of key genes responsible for cytokine-induced 
erythroid and myeloid differentiation and switching of hematopoietic 
stem cells by RAGE. Cell Res 16, 923-939. 

Chen, Z., Luo, H.Y., Steinberg, M.H., and Chui, D.H. (2009). BCL11A 
represses HBG transcription in K562 cells. Blood Cells Mol Dis 42, 144-
149. 

Cheng, D., Lee, Y.C., Rogers, J.T., Perkett, E.A., Moyers, J.P., 
Rodriguez, R.M., and Light, R.W. (2000). Vascular endothelial growth 
factor level correlates with transforming growth factor-beta isoform levels 
in pleural effusions. Chest 118, 1747-1753. 

Choi, O.R., and Engel, J.D. (1988). Developmental regulation of beta-
globin gene switching. Cell 55, 17-26. 

Coghill, E., Eccleston, S., Fox, V., Cerruti, L., Brown, C., Cunningham, 
J., Jane, S., and Perkins, A. (2001). Erythroid Kruppel-like factor (EKLF) 



 210 

coordinates erythroid cell proliferation and hemoglobinization in cell 
lines derived from EKLF null mice. Blood 97, 1861-1868. 

Cohen-Barak, O., Erickson, D.T., Badowski, M.S., Fuchs, D.A., Klassen, 
C.L., Harris, D.T., and Brilliant, M.H. (2007). Stem cell transplantation 
demonstrates that Sox6 represses epsilon y globin expression in definitive 
erythropoiesis of adult mice. Exp Hematol 35, 358-367. 

Cohen-Barak, O., Hagiwara, N., Arlt, M.F., Horton, J.P., and Brilliant, 
M.H. (2001). Cloning, characterization and chromosome mapping of the 
human SOX6 gene. Gene 265, 157-164. 

Cohney, S.J., Sanden, D., Cacalano, N.A., Yoshimura, A., Mui, A., 
Migone, T.S., and Johnston, J.A. (1999). SOCS-3 is tyrosine 
phosphorylated in response to interleukin-2 and suppresses STAT5 
phosphorylation and lymphocyte proliferation. Mol Cell Biol 19, 4980-
4988. 

Connor, F., Wright, E., Denny, P., Koopman, P., and Ashworth, A. 
(1995). The Sry-related HMG box-containing gene Sox6 is expressed in 
the adult testis and developing nervous system of the mouse. Nucleic 
Acids Res 23, 3365-3372. 

Constantoulakis, P., Nakamoto, B., Papayannopoulou, T., and 
Stamatoyannopoulos, G. (1990). Fetal calf serum contains activities that 
induce fetal hemoglobin in adult erythroid cell cultures. Blood 75, 1862-
1869. 

Copeland, N.G., Gilbert, D.J., Cho, B.C., Donovan, P.J., Jenkins, N.A., 
Cosman, D., Anderson, D., Lyman, S.D., and Williams, D.E. (1990). 
Mast cell growth factor maps near the steel locus on mouse chromosome 
10 and is deleted in a number of steel alleles. Cell 63, 175-183. 

Correa, P.N., and Axelrad, A.A. (1991). Production of erythropoietic 
bursts by progenitor cells from adult human peripheral blood in an 



 211 

improved serum-free medium: role of insulinlike growth factor 1. Blood 
78, 2823-2833. 

Crispino, J.D., Lodish, M.B., MacKay, J.P., and Orkin, S.H. (1999). Use 
of altered specificity mutants to probe a specific protein-protein 
interaction in differentiation: the GATA-1:FOG complex. Mol Cell 3, 
219-228. 

Crispino, J.D., Lodish, M.B., Thurberg, B.L., Litovsky, S.H., Collins, T., 
Molkentin, J.D., and Orkin, S.H. (2001). Proper coronary vascular 
development and heart morphogenesis depend on interaction of GATA-4 
with FOG cofactors. Genes Dev 15, 839-844. 

Cunningham, M.J. (2008). Update on thalassemia: clinical care and 
complications. Pediatr Clin North Am 55, 447-460, ix. 

Dai, C., Chung, I.J., Jiang, S., Price, J.O., and Krantz, S.B. (2003). 
Reduction of cell cycle progression in human erythroid progenitor cells 
treated with tumour necrosis factor alpha occurs with reduced CDK6 and 
is partially reversed by CDK6 transduction. Br J Haematol 121, 919-927. 

Damen, J.E., Liu, L., Wakao, H., Miyajima, A., Rosten, P., Jefferson, 
A.B., Majerus, P.W., Krosl, J., Humphries, R.K., and Krystal, G. (1997). 
The role of erythropoietin receptor tyrosine phosphorylation in 
erythropoietin-induced proliferation. Leukemia 11 Suppl 3, 423-425. 

De Gobbi, M., Anguita, E., Hughes, J., Sloane-Stanley, J.A., Sharpe, J.A., 
Koch, C.M., Dunham, I., Gibbons, R.J., Wood, W.G., and Higgs, D.R. 
(2007). Tissue-specific histone modification and transcription factor 
binding in alpha globin gene expression. Blood 110, 4503-4510. 

de la Chapelle, A., Traskelin, A.L., and Juvonen, E. (1993). Truncated 
erythropoietin receptor causes dominantly inherited benign human 
erythrocytosis. Proc Natl Acad Sci U S A 90, 4495-4499. 



 212 

De Maria, R., Grignani, F., Testa, U., Valtieri, M., Ziegler, B.L., and 
Peschle, C. (1999a). Gene regulation in normal and leukaemic 
progenitor/stem cells. Haematologica 84 Suppl EHA-4, 8-10. 

De Maria, R., Zeuner, A., Eramo, A., Domenichelli, C., Bonci, D., 
Grignani, F., Srinivasula, S.M., Alnemri, E.S., Testa, U., and Peschle, C. 
(1999b). Negative regulation of erythropoiesis by caspase-mediated 
cleavage of GATA-1. Nature 401, 489-493. 

deBoer, E., Antoniou, M., Mignotte, V., Wall, L., and Grosveld, F. 
(1988). The human beta-globin promoter; nuclear protein factors and 
erythroid specific induction of transcription. EMBO J 7, 4203-4212. 

Delvoye, N.L., Destroismaisons, N.M., and Wall, L.A. (1993). Activation 
of the beta-globin promoter by the locus control region correlates with 
binding of a novel factor to the CAAT box in murine erythroleukemia 
cells but not in K562 cells. Mol Cell Biol 13, 6969-6983. 

Demaison, C., Parsley, K., Brouns, G., Scherr, M., Battmer, K., Kinnon, 
C., Grez, M., and Thrasher, A.J. (2002). High-level transduction and gene 
expression in hematopoietic repopulating cells using a human 
immunodeficiency [correction of imunodeficiency] virus type 1-based 
lentiviral vector containing an internal spleen focus forming virus 
promoter. Hum Gene Ther 13, 803-813. 

Denny, P., Swift, S., Connor, F., and Ashworth, A. (1992). An SRY-
related gene expressed during spermatogenesis in the mouse encodes a 
sequence-specific DNA-binding protein. EMBO J 11, 3705-3712. 

Deryugina, E.I., Ratnikov, B.I., Bourdon, M.A., Gilmore, G.L., 
Shadduck, R.K., and Muller-Sieburg, C.E. (1995). Identification of a 
growth factor for primary murine stroma as macrophage colony-
stimulating factor. Blood 86, 2568-2578. 



 213 

Dey, B.R., Furlanetto, R.W., and Nissley, P. (2000). Suppressor of 
cytokine signaling (SOCS)-3 protein interacts with the insulin-like growth 
factor-I receptor. Biochem Biophys Res Commun 278, 38-43. 

Dickerson, R.E., Kopka, M.L., and Pjura, P. (1983). A stochastic model 
for helix bending in B-DNA. J Biomol Struct Dyn 1, 755-771. 

Dillon, N., and Grosveld, F. (1991). Human gamma-globin genes silenced 
independently of other genes in the beta-globin locus. Nature 350, 252-
254. 

Donaldson, I.J., and Gottgens, B. (2006). TFBScluster web server for the 
identification of mammalian composite regulatory elements. Nucleic 
Acids Res 34, W524-528. 

Donaldson, I.J., and Gottgens, B. (2007). CoMoDis: composite motif 
discovery in mammalian genomes. Nucleic Acids Res 35, e1. 

Donze, D., Townes, T.M., and Bieker, J.J. (1995). Role of erythroid 
Kruppel-like factor in human gamma- to beta-globin gene switching. J 
Biol Chem 270, 1955-1959. 

dos Santos, C.O., Zhou, S., Secolin, R., Wang, X., Cunha, A.F., Higgs, 
D.R., Kwiatkowski, J.L., Thein, S.L., Gallagher, P.G., Costa, F.F., et al. 
(2008). Population analysis of the alpha hemoglobin stabilizing protein 
(AHSP) gene identifies sequence variants that alter expression and 
function. Am J Hematol 83, 103-108. 

Drissen, R., Palstra, R.J., Gillemans, N., Splinter, E., Grosveld, F., 
Philipsen, S., and de Laat, W. (2004). The active spatial organization of 
the beta-globin locus requires the transcription factor EKLF. Genes Dev 
18, 2485-2490. 



 214 

Dumitriu, B., Dy, P., Smits, P., and Lefebvre, V. (2006a). Generation of 
mice harboring a Sox6 conditional null allele. Genesis 44, 219-224. 

Dumitriu, B., Patrick, M.R., Petschek, J.P., Cherukuri, S., Klingmuller, 
U., Fox, P.L., and Lefebvre, V. (2006b). Sox6 cell-autonomously 
stimulates erythroid cell survival, proliferation, and terminal maturation 
and is thereby an important enhancer of definitive erythropoiesis during 
mouse development. Blood 108, 1198-1207. 

El Nemer, W., Gane, P., Colin, Y., Bony, V., Rahuel, C., Galacteros, F., 
Cartron, J.P., and Le Van Kim, C. (1998). The Lutheran blood group 
glycoproteins, the erythroid receptors for laminin, are adhesion 
molecules. J Biol Chem 273, 16686-16693. 

Ellis, J., Talbot, D., Dillon, N., and Grosveld, F. (1993). Synthetic human 
beta-globin 5'HS2 constructs function as locus control regions only in 
multicopy transgene concatamers. EMBO J 12, 127-134. 

Ellis, J., Tan-Un, K.C., Harper, A., Michalovich, D., Yannoutsos, N., 
Philipsen, S., and Grosveld, F. (1996a). A dominant chromatin-opening 
activity in 5' hypersensitive site 3 of the human beta-globin locus control 
region. Embo J 15, 562-568. abs.html. 

Ellis, J., Tan-Un, K.C., Harper, A., Michalovich, D., Yannoutsos, N., 
Philipsen, S., and Grosveld, F. (1996b). A dominant chromatin-opening 
activity in 5' hypersensitive site 3 of the human beta-globin locus control 
region. EMBO J 15, 562-568. 

Ellis, R.J. (1993). The general concept of molecular chaperones. Philos 
Trans R Soc Lond B Biol Sci 339, 257-261. 

Ellis, R.J., and Hemmingsen, S.M. (1989). Molecular chaperones: 
proteins essential for the biogenesis of some macromolecular structures. 
Trends Biochem Sci 14, 339-342. 



 215 

Ema, H., Takano, H., Sudo, K., and Nakauchi, H. (2000). In vitro self-
renewal division of hematopoietic stem cells. J Exp Med 192, 1281-1288. 

Emanuelli, B., Peraldi, P., Filloux, C., Sawka-Verhelle, D., Hilton, D., 
and Van Obberghen, E. (2000). SOCS-3 is an insulin-induced negative 
regulator of insulin signaling. J Biol Chem 275, 15985-15991. 

Endo, T.A., Masuhara, M., Yokouchi, M., Suzuki, R., Sakamoto, H., 
Mitsui, K., Matsumoto, A., Tanimura, S., Ohtsubo, M., Misawa, H., et al. 
(1997). A new protein containing an SH2 domain that inhibits JAK 
kinases. Nature 387, 921-924. 

Enver, T., and Greaves, M. (1998). Loops, lineage, and leukemia. Cell 94, 
9-12. 

Eshghi, S., Vogelezang, M.G., Hynes, R.O., Griffith, L.G., and Lodish, 
H.F. (2007). Alpha4beta1 integrin and erythropoietin mediate temporally 
distinct steps in erythropoiesis: integrins in red cell development. J Cell 
Biol 177, 871-880. 

Evans, T., and Felsenfeld, G. (1989). The erythroid-specific transcription 
factor Eryf1: a new finger protein. Cell 58, 877-885. 

Felsenfeld, G., and Groudine, M. (2003). Controlling the double helix. 
Nature 421, 448-453. 

Feng, L., Gell, D.A., Zhou, S., Gu, L., Kong, Y., Li, J., Hu, M., Yan, N., 
Lee, C., Rich, A.M., et al. (2004). Molecular mechanism of AHSP-
mediated stabilization of alpha-hemoglobin. Cell 119, 629-640. 

Feng, L., Zhou, S., Gu, L., Gell, D.A., Mackay, J.P., Weiss, M.J., Gow, 
A.J., and Shi, Y. (2005). Structure of oxidized alpha-haemoglobin bound 
to AHSP reveals a protective mechanism for haem. Nature 435, 697-701. 



 216 

Fiering, S., Epner, E., Robinson, K., Zhuang, Y., Telling, A., Hu, M., 
Martin, D.I., Enver, T., Ley, T.J., and Groudine, M. (1995). Targeted 
deletion of 5'HS2 of the murine beta-globin LCR reveals that it is not 
essential for proper regulation of the beta-globin locus. Genes Dev 9, 
2203-2213. 

Fischle, W., Wang, Y., and Allis, C.D. (2003). Binary switches and 
modification cassettes in histone biology and beyond. Nature 425, 475-
479. 

Flanagan, J.G., Chan, D.C., and Leder, P. (1991). Transmembrane form 
of the kit ligand growth factor is determined by alternative splicing and is 
missing in the Sld mutant. Cell 64, 1025-1035. 

Flint, J., Tufarelli, C., Peden, J., Clark, K., Daniels, R.J., Hardison, R., 
Miller, W., Philipsen, S., Tan-Un, K.C., McMorrow, T., et al. (2001). 
Comparative genome analysis delimits a chromosomal domain and 
identifies key regulatory elements in the alpha globin cluster. Hum Mol 
Genet 10, 371-382. 

Follenzi, A., and Naldini, L. (2002). HIV-based vectors. Preparation and 
use. Methods Mol Med 69, 259-274. 

Forget, B.G. (1998). Molecular basis of hereditary persistence of fetal 
hemoglobin. Ann N Y Acad Sci 850, 38-44. 

Forrester, W.C., Takegawa, S., Papayannopoulou, T., 
Stamatoyannopoulos, G., and Groudine, M. (1987). Evidence for a locus 
activation region: the formation of developmentally stable hypersensitive 
sites in globin-expressing hybrids. Nucleic Acids Res 15, 10159-10177. 

Fourouclas, N., Li, J., Gilby, D.C., Campbell, P.J., Beer, P.A., Boyd, 
E.M., Goodeve, A.C., Bareford, D., Harrison, C.N., Reilly, J.T., et al. 
(2008). Methylation of the suppressor of cytokine signaling 3 gene 
(SOCS3) in myeloproliferative disorders. Haematologica 93, 1635-1644. 



 217 

Fox, A.H., Liew, C., Holmes, M., Kowalski, K., Mackay, J., and 
Crossley, M. (1999). Transcriptional cofactors of the FOG family interact 
with GATA proteins by means of multiple zinc fingers. EMBO J 18, 
2812-2822. 

Francipane, M.G., Eterno, V., Spina, V., Bini, M., Scerrino, G., Buscemi, 
G., Gulotta, G., Todaro, M., Dieli, F., De Maria, R., et al. (2009). 
Suppressor of cytokine signaling 3 sensitizes anaplastic thyroid cancer to 
standard chemotherapy. Cancer Res 69, 6141-6148. 

Fraser, P., Pruzina, S., Antoniou, M., and Grosveld, F. (1993). Each 
hypersensitive site of the human beta-globin locus control region confers 
a different developmental pattern of expression on the globin genes. 
Genes Dev 7, 106-113. 

Fried, W. (2009). Erythropoietin and erythropoiesis. Exp Hematol 37, 
1007-1015. 

Fu, X.H., Liu, D.P., and Liang, C.C. (2002). Chromatin structure and 
transcriptional regulation of the beta-globin locus. Exp Cell Res 278, 1-
11. 

Fu, X.H., Liu, D.P., Tang, X.B., Liu, G., Lv, X., Li, Y.J., and Liang, C.C. 
(2005). A conserved, extended chromatin opening within alpha-globin 
locus during development. Exp Cell Res 309, 174-184. 

Fujiwara, Y., Browne, C.P., Cunniff, K., Goff, S.C., and Orkin, S.H. 
(1996). Arrested development of embryonic red cell precursors in mouse 
embryos lacking transcription factor GATA-1. Proc Natl Acad Sci U S A 
93, 12355-12358. 

Galanello, R. (2003). A thalassemic child becomes adult. Rev Clin Exp 
Hematol 7, 4-21. 



 218 

Galli, S.J., Wershil, B.K., Costa, J.J., and Tsai, M. (1994). For better or 
for worse: does stem cell factor importantly regulate mast cell function in 
pulmonary physiology and pathology? Am J Respir Cell Mol Biol 11, 
644-645. 

Geis, I. (1983). Visualizing the anatomy of A, B and Z-DNAs. J Biomol 
Struct Dyn 1, 581-591. 

Geissler, K., Hinterberger, W., Jager, U., Bettelheim, P., Neumann, E., 
Haas, O., Ambros, P., Chott, A., Radaszkiewicz, T., and Lechner, K. 
(1988). Deficiency of pluripotent hemopoietic progenitor cells in 
myelodysplastic syndromes. Blut 57, 45-49. 

Gell, D., Kong, Y., Eaton, S.A., Weiss, M.J., and Mackay, J.P. (2002). 
Biophysical characterization of the alpha-globin binding protein alpha-
hemoglobin stabilizing protein. J Biol Chem 277, 40602-40609. 

Goff, J.P., Shields, D.S., and Greenberger, J.S. (1998). Influence of 
cytokines on the growth kinetics and immunophenotype of daughter cells 
resulting from the first division of single CD34(+)Thy-1(+)lin- cells. 
Blood 92, 4098-4107. 

Goh, S.H., Lee, Y.T., Bhanu, N.V., Cam, M.C., Desper, R., Martin, B.M., 
Moharram, R., Gherman, R.B., and Miller, J.L. (2005). A newly 
discovered human alpha-globin gene. Blood 106, 1466-1472. 

Gommerman, J.L., Sittaro, D., Klebasz, N.Z., Williams, D.A., and 
Berger, S.A. (2000). Differential stimulation of c-Kit mutants by 
membrane-bound and soluble Steel Factor correlates with leukemic 
potential. Blood 96, 3734-3742. 

Gong, Q.H., McDowell, J.C., and Dean, A. (1996). Essential role of NF-
E2 in remodeling of chromatin structure and transcriptional activation of 
the epsilon-globin gene in vivo by 5' hypersensitive site 2 of the beta-
globin locus control region. Mol Cell Biol 16, 6055-6064. 



 219 

Grass, J.A., Boyer, M.E., Pal, S., Wu, J., Weiss, M.J., and Bresnick, E.H. 
(2003). GATA-1-dependent transcriptional repression of GATA-2 via 
disruption of positive autoregulation and domain-wide chromatin 
remodeling. Proc Natl Acad Sci U S A 100, 8811-8816. 

Grass, J.A., Jing, H., Kim, S.I., Martowicz, M.L., Pal, S., Blobel, G.A., 
and Bresnick, E.H. (2006). Distinct functions of dispersed GATA factor 
complexes at an endogenous gene locus. Mol Cell Biol 26, 7056-7067. 

Grayzel, A.I., Roth, E.F., Jr., and Beck, C.L. (1976). Potassium cyanate, 
an in vitro inhibitor of lymphocyte blast transformation without in vivo 
activity. Proc Soc Exp Biol Med 152, 139-142. 

Gregory, T., Yu, C., Ma, A., Orkin, S.H., Blobel, G.A., and Weiss, M.J. 
(1999). GATA-1 and erythropoietin cooperate to promote erythroid cell 
survival by regulating bcl-xL expression. Blood 94, 87-96. 

Grosveld, F., Antoniou, M., van Assendelft, G.B., de Boer, E., Hurst, J., 
Kollias, G., MacFarlane, F., and Wrighton, N. (1987a). The regulation of 
expression of human beta-globin genes. Prog Clin Biol Res 251, 133-144. 

Grosveld, F., van Assendelft, G.B., Greaves, D.R., and Kollias, G. 
(1987b). Position-independent, high-level expression of the human beta-
globin gene in transgenic mice. Cell 51, 975-985. 

Grosveld, F., van Assendelft, G.B., Greaves, D.R., and Kollias, G. 
(1987c). Position-independent, high-level expression of the human beta-
globin gene in transgenic mice. Cell 51, 975-985. 

Guth, S.I., and Wegner, M. (2008). Having it both ways: Sox protein 
function between conservation and innovation. Cell Mol Life Sci 65, 
3000-3018. 



 220 

Gutierrez, L., Lindeboom, F., Langeveld, A., Grosveld, F., Philipsen, S., 
and Whyatt, D. (2004). Homotypic signalling regulates Gata1 activity in 
the erythroblastic island. Development 131, 3183-3193. 

Hager, G.L., Archer, T.K., Fragoso, G., Bresnick, E.H., Tsukagoshi, Y., 
John, S., and Smith, C.L. (1993). Influence of chromatin structure on the 
binding of transcription factors to DNA. Cold Spring Harb Symp Quant 
Biol 58, 63-71. 

Hagiwara, N., Klewer, S.E., Samson, R.A., Erickson, D.T., Lyon, M.F., 
and Brilliant, M.H. (2000). Sox6 is a candidate gene for p100H 
myopathy, heart block, and sudden neonatal death. Proc Natl Acad Sci U 
S A 97, 4180-4185. 

Hagiwara, N., Ma, B., and Ly, A. (2005). Slow and fast fiber isoform 
gene expression is systematically altered in skeletal muscle of the Sox6 
mutant, p100H. Dev Dyn 234, 301-311. 

Hamada-Kanazawa, M., Ishikawa, K., Nomoto, K., Uozumi, T., Kawai, 
Y., Narahara, M., and Miyake, M. (2004a). Sox6 overexpression causes 
cellular aggregation and the neuronal differentiation of P19 embryonic 
carcinoma cells in the absence of retinoic acid. FEBS Lett 560, 192-198. 

Hamada-Kanazawa, M., Ishikawa, K., Ogawa, D., Kanai, M., Kawai, Y., 
Narahara, M., and Miyake, M. (2004b). Suppression of Sox6 in P19 cells 
leads to failure of neuronal differentiation by retinoic acid and induces 
retinoic acid-dependent apoptosis. FEBS Lett 577, 60-66. 

Han, Y., and Lefebvre, V. (2008). L-Sox5 and Sox6 drive expression of 
the aggrecan gene in cartilage by securing binding of Sox9 to a far-
upstream enhancer. Mol Cell Biol 28, 4999-5013. 

Hanspal, M. (1997). Importance of cell-cell interactions in regulation of 
erythropoiesis. Curr Opin Hematol 4, 142-147. 



 221 

Hanspal, M., and Hanspal, J.S. (1994). The association of erythroblasts 
with macrophages promotes erythroid proliferation and maturation: a 30-
kD heparin-binding protein is involved in this contact. Blood 84, 3494-
3504. 

Hartl, F.U., and Martin, J. (1995). Molecular chaperones in cellular 
protein folding. Curr Opin Struct Biol 5, 92-102. 

He, B., You, L., Uematsu, K., Matsangou, M., Xu, Z., He, M., 
McCormick, F., and Jablons, D.M. (2003). Cloning and characterization 
of a functional promoter of the human SOCS-3 gene. Biochem Biophys 
Res Commun 301, 386-391. 

He, Z., and Russell, J.E. (2004). Antisickling effects of an endogenous 
human alpha-like globin. Nat Med 10, 365-367. 

Heinrich, R., Neel, B.G., and Rapoport, T.A. (2002). Mathematical 
models of protein kinase signal transduction. Mol Cell 9, 957-970. 

Higgs, D.R. (1998). Do LCRs open chromatin domains? Cell 95, 299-
302. 

Higgs, D.R., Garrick, D., Anguita, E., De Gobbi, M., Hughes, J., Muers, 
M., Vernimmen, D., Lower, K., Law, M., Argentaro, A., et al. (2005). 
Understanding alpha-globin gene regulation: Aiming to improve the 
management of thalassemia. Ann N Y Acad Sci 1054, 92-102. 

Higgs, D.R., Vickers, M.A., Wilkie, A.O., Pretorius, I.M., Jarman, A.P., 
and Weatherall, D.J. (1989). A review of the molecular genetics of the 
human alpha-globin gene cluster. Blood 73, 1081-1104. 

Hiraoka, Y., Ogawa, M., Sakai, Y., Kido, S., and Aiso, S. (1998). The 
mouse Sox5 gene encodes a protein containing the leucine zipper and the 
Q box. Biochim Biophys Acta 1399, 40-46. 



 222 

Ho, Y., Elefant, F., Cooke, N., and Liebhaber, S. (2002). A defined locus 
control region determinant links chromatin domain acetylation with long-
range gene activation. Mol Cell 9, 291-302. 

Hodge, D., Coghill, E., Keys, J., Maguire, T., Hartmann, B., McDowall, 
A., Weiss, M., Grimmond, S., and Perkins, A. (2006). A global role for 
EKLF in definitive and primitive erythropoiesis. Blood 107, 3359-3370. 

Howard, J.C., Yousefi, S., Cheong, G., Bernstein, A., and Ben-David, Y. 
(1993). Temporal order and functional analysis of mutations within the 
Fli-1 and p53 genes during the erythroleukemias induced by F-MuLV. 
Oncogene 8, 2721-2729. 

Hu, M., Krause, D., Greaves, M., Sharkis, S., Dexter, M., Heyworth, C., 
and Enver, T. (1997). Multilineage gene expression precedes commitment 
in the hemopoietic system. Genes Dev 11, 774-785. 

Huang, E., Nocka, K., Beier, D.R., Chu, T.Y., Buck, J., Lahm, H.W., 
Wellner, D., Leder, P., and Besmer, P. (1990). The hematopoietic growth 
factor KL is encoded by the Sl locus and is the ligand of the c-kit 
receptor, the gene product of the W locus. Cell 63, 225-233. 

Huddleston, H., Tan, B., Yang, F.C., White, H., Wenning, M.J., Orazi, 
A., Yoder, M.C., Kapur, R., and Ingram, D.A. (2003). Functional 
p85alpha gene is required for normal murine fetal erythropoiesis. Blood 
102, 142-145. 

Hughes, J.R., Cheng, J.F., Ventress, N., Prabhakar, S., Clark, K., Anguita, 
E., De Gobbi, M., de Jong, P., Rubin, E., and Higgs, D.R. (2005). 
Annotation of cis-regulatory elements by identification, subclassification, 
and functional assessment of multispecies conserved sequences. Proc Natl 
Acad Sci U S A 102, 9830-9835. 



 223 

Iavarone, A., King, E.R., Dai, X.M., Leone, G., Stanley, E.R., and 
Lasorella, A. (2004). Retinoblastoma promotes definitive erythropoiesis 
by repressing Id2 in fetal liver macrophages. Nature 432, 1040-1045. 

Igarashi, K., Hoshino, H., Muto, A., Suwabe, N., Nishikawa, S., 
Nakauchi, H., and Yamamoto, M. (1998). Multivalent DNA binding 
complex generated by small Maf and Bach1 as a possible biochemical 
basis for beta-globin locus control region complex. J Biol Chem 273, 
11783-11790. 

Iguchi, H., Urashima, Y., Inagaki, Y., Ikeda, Y., Okamura, M., Tanaka, 
T., Uchida, A., Yamamoto, T.T., Kodama, T., and Sakai, J. (2007). SOX6 
suppresses cyclin D1 promoter activity by interacting with beta-catenin 
and histone deacetylase 1, and its down-regulation induces pancreatic 
beta-cell proliferation. J Biol Chem 282, 19052-19061. 

Ikeda, T., Kamekura, S., Mabuchi, A., Kou, I., Seki, S., Takato, T., 
Nakamura, K., Kawaguchi, H., Ikegawa, S., and Chung, U.I. (2004). The 
combination of SOX5, SOX6, and SOX9 (the SOX trio) provides signals 
sufficient for induction of permanent cartilage. Arthritis Rheum 50, 3561-
3573. 

Im, H., Grass, J.A., Johnson, K.D., Kim, S.I., Boyer, M.E., Imbalzano, 
A.N., Bieker, J.J., and Bresnick, E.H. (2005). Chromatin domain 
activation via GATA-1 utilization of a small subset of dispersed GATA 
motifs within a broad chromosomal region. Proc Natl Acad Sci U S A 
102, 17065-17070. 

Ingley, E., Tilbrook, P.A., and Klinken, S.P. (2004). New insights into the 
regulation of erythroid cells. IUBMB Life 56, 177-184. 

Isomoto, H. (2009). Epigenetic alterations associated with 
cholangiocarcinoma (review). Oncol Rep 22, 227-232. 



 224 

Ji, X., Kong, J., Carstens, R.P., and Liebhaber, S.A. (2007). The 3' 
untranslated region complex involved in stabilization of human alpha-
globin mRNA assembles in the nucleus and serves an independent role as 
a splice enhancer. Mol Cell Biol 27, 3290-3302. 

Ji, X., Kong, J., and Liebhaber, S.A. (2003). In vivo association of the 
stability control protein alphaCP with actively translating mRNAs. Mol 
Cell Biol 23, 899-907. 

Johnson, K.D., Boyer, M.E., Kang, J.A., Wickrema, A., Cantor, A.B., and 
Bresnick, E.H. (2007). Friend of GATA-1-independent transcriptional 
repression: a novel mode of GATA-1 function. Blood 109, 5230-5233. 

Johnson, K.D., Christensen, H.M., Zhao, B., and Bresnick, E.H. (2001). 
Distinct mechanisms control RNA polymerase II recruitment to a tissue-
specific locus control region and a downstream promoter. Mol Cell 8, 
465-471. 

Johnson, K.D., Grass, J.A., Boyer, M.E., Kiekhaefer, C.M., Blobel, G.A., 
Weiss, M.J., and Bresnick, E.H. (2002). Cooperative activities of 
hematopoietic regulators recruit RNA polymerase II to a tissue-specific 
chromatin domain. Proc Natl Acad Sci U S A 99, 11760-11765. 

Jordan, C.T., and Lemischka, I.R. (1990). Clonal and systemic analysis of 
long-term hematopoiesis in the mouse. Genes Dev 4, 220-232. 

Joshi, W., Leb, L., Piotrowski, J., Fortier, N., and Snyder, L.M. (1983). 
Increased sensitivity of isolated alpha subunits of normal human 
hemoglobin to oxidative damage and crosslinkage with spectrin. J Lab 
Clin Med 102, 46-52. 

Kadam, S., McAlpine, G.S., Phelan, M.L., Kingston, R.E., Jones, K.A., 
and Emerson, B.M. (2000). Functional selectivity of recombinant 
mammalian SWI/SNF subunits. Genes Dev 14, 2441-2451. 



 225 

Kadonaga, J.T. (2004). Regulation of RNA polymerase II transcription by 
sequence-specific DNA binding factors. Cell 116, 247-257. 

Kapur, R., Chandra, S., Cooper, R., McCarthy, J., and Williams, D.A. 
(2002). Role of p38 and ERK MAP kinase in proliferation of erythroid 
progenitors in response to stimulation by soluble and membrane isoforms 
of stem cell factor. Blood 100, 1287-1293. 

Kapur, R., Majumdar, M., Xiao, X., McAndrews-Hill, M., Schindler, K., 
and Williams, D.A. (1998). Signaling through the interaction of 
membrane-restricted stem cell factor and c-kit receptor tyrosine kinase: 
genetic evidence for a differential role in erythropoiesis. Blood 91, 879-
889. 

Kapur, R., and Zhang, L. (2001). A novel mechanism of cooperation 
between c-Kit and erythropoietin receptor. Stem cell factor induces the 
expression of Stat5 and erythropoietin receptor, resulting in efficient 
proliferation and survival by erythropoietin. J Biol Chem 276, 1099-1106. 

Kaushansky, K. (2006). Lineage-specific hematopoietic growth factors. N 
Engl J Med 354, 2034-2045. 

Kaushansky, K., Broudy, V.C., Grossmann, A., Humes, J., Lin, N., Ren, 
H.P., Bailey, M.C., Papayannopoulou, T., Forstrom, J.W., and Sprugel, 
K.H. (1995). Thrombopoietin expands erythroid progenitors, increases 
red cell production, and enhances erythroid recovery after 
myelosuppressive therapy. J Clin Invest 96, 1683-1687. 

Kawane, K., Fukuyama, H., Kondoh, G., Takeda, J., Ohsawa, Y., 
Uchiyama, Y., and Nagata, S. (2001). Requirement of DNase II for 
definitive erythropoiesis in the mouse fetal liver. Science 292, 1546-1549. 

Keller, G., and Snodgrass, R. (1990). Life span of multipotential 
hematopoietic stem cells in vivo. J Exp Med 171, 1407-1418. 



 226 

Kiefer, J.C. (2007). Back to basics: Sox genes. Dev Dyn 236, 2356-2366. 

Kiel, M.J., and Morrison, S.J. (2006). Maintaining hematopoietic stem 
cells in the vascular niche. Immunity 25, 862-864. 

Kihm, A.J., Kong, Y., Hong, W., Russell, J.E., Rouda, S., Adachi, K., 
Simon, M.C., Blobel, G.A., and Weiss, M.J. (2002). An abundant 
erythroid protein that stabilizes free alpha-haemoglobin. Nature 417, 758-
763. 

Kiledjian, M., Wang, X., and Liebhaber, S.A. (1995). Identification of 
two KH domain proteins in the alpha-globin mRNP stability complex. 
EMBO J 14, 4357-4364. 

Klingmuller, U. (1997). The role of tyrosine phosphorylation in 
proliferation and maturation of erythroid progenitor cells--signals 
emanating from the erythropoietin receptor. Eur J Biochem 249, 637-647. 

Klingmuller, U., Lorenz, U., Cantley, L.C., Neel, B.G., and Lodish, H.F. 
(1995). Specific recruitment of SH-PTP1 to the erythropoietin receptor 
causes inactivation of JAK2 and termination of proliferative signals. Cell 
80, 729-738. 

Ko, L.J., and Engel, J.D. (1993). DNA-binding specificities of the GATA 
transcription factor family. Mol Cell Biol 13, 4011-4022. 

Komarnitsky, P., Cho, E.J., and Buratowski, S. (2000). Different 
phosphorylated forms of RNA polymerase II and associated mRNA 
processing factors during transcription. Genes Dev 14, 2452-2460. 

Kondo, M., Scherer, D.C., Miyamoto, T., King, A.G., Akashi, K., 
Sugamura, K., and Weissman, I.L. (2000). Cell-fate conversion of 
lymphoid-committed progenitors by instructive actions of cytokines. 
Nature 407, 383-386. 



 227 

Kong, J., and Liebhaber, S.A. (2007). A cell type-restricted mRNA 
surveillance pathway triggered by ribosome extension into the 3' 
untranslated region. Nat Struct Mol Biol 14, 670-676. 

Kong, Y., Zhou, S., Kihm, A.J., Katein, A.M., Yu, X., Gell, D.A., 
Mackay, J.P., Adachi, K., Foster-Brown, L., Louden, C.S., et al. (2004). 
Loss of alpha-hemoglobin-stabilizing protein impairs erythropoiesis and 
exacerbates beta-thalassemia. J Clin Invest 114, 1457-1466. 

Kota, J., Caceres, N., and Constantinescu, S.N. (2008). Aberrant signal 
transduction pathways in myeloproliferative neoplasms. Leukemia 22, 
1828-1840. 

Kotkow, K.J., and Orkin, S.H. (1996). Complexity of the erythroid 
transcription factor NF-E2 as revealed by gene targeting of the mouse p18 
NF-E2 locus. Proc Natl Acad Sci U S A 93, 3514-3518. 

Koury, M.J. (2005). Erythropoietin: the story of hypoxia and a finely 
regulated hematopoietic hormone. Exp Hematol 33, 1263-1270. 

Koury, M.J., and Bondurant, M.C. (1990). Erythropoietin retards DNA 
breakdown and prevents programmed death in erythroid progenitor cells. 
Science 248, 378-381. 

Krebs, D.L., and Hilton, D.J. (2001). SOCS proteins: negative regulators 
of cytokine signaling. Stem Cells 19, 378-387. 

Kubota, Y., Tanaka, T., Kitanaka, A., Ohnishi, H., Okutani, Y., Waki, M., 
Ishida, T., and Kamano, H. (2001). Src transduces erythropoietin-induced 
differentiation signals through phosphatidylinositol 3-kinase. EMBO J 20, 
5666-5677. 



 228 

Kulozik, A.E., Kohne, E., and Kleihauer, E. (1993). Thalassemia 
intermedia: compound heterozygous beta zero/beta(+)-thalassemia and 
co-inherited heterozygous alpha(+)-thalassemia. Ann Hematol 66, 51-54. 

Kurtz, A., Hartl, W., Jelkmann, W., Zapf, J., and Bauer, C. (1985). 
Activity in fetal bovine serum that stimulates erythroid colony formation 
in fetal mouse livers is insulinlike growth factor I. J Clin Invest 76, 1643-
1648. 

Kwan, K.Y., Lam, M.M., Krsnik, Z., Kawasawa, Y.I., Lefebvre, V., and 
Sestan, N. (2008). SOX5 postmitotically regulates migration, 
postmigratory differentiation, and projections of subplate and deep-layer 
neocortical neurons. Proc Natl Acad Sci U S A 105, 16021-16026. 

Lai, M.I., Jiang, J., Silver, N., Best, S., Menzel, S., Mijovic, A., Colella, 
S., Ragoussis, J., Garner, C., Weiss, M.J., et al. (2006). Alpha-
haemoglobin stabilising protein is a quantitative trait gene that modifies 
the phenotype of beta-thalassaemia. Br J Haematol 133, 675-682. 

Lai, T., Jabaudon, D., Molyneaux, B.J., Azim, E., Arlotta, P., Menezes, 
J.R., and Macklis, J.D. (2008). SOX5 controls the sequential generation 
of distinct corticofugal neuron subtypes. Neuron 57, 232-247. 

Lakshmikuttyamma, A., Pastural, E., Takahashi, N., Sawada, K., 
Sheridan, D.P., DeCoteau, J.F., and Geyer, C.R. (2008). Bcr-Abl induces 
autocrine IGF-1 signaling. Oncogene 27, 3831-3844. 

Lakshmikuttyamma, A., Takahashi, N., Pastural, E., Torlakovic, E., 
Amin, H.M., Garcia-Manero, G., Voralia, M., Czader, M., DeCoteau, 
J.F., and Geyer, C.R. (2009). RIZ1 is potential CML tumor suppressor 
that is down-regulated during disease progression. J Hematol Oncol 2, 28. 

Larochelle, A., Vormoor, J., Hanenberg, H., Wang, J.C., Bhatia, M., 
Lapidot, T., Moritz, T., Murdoch, B., Xiao, X.L., Kato, I., et al. (1996). 
Identification of primitive human hematopoietic cells capable of 



 229 

repopulating NOD/SCID mouse bone marrow: implications for gene 
therapy. Nat Med 2, 1329-1337. 

Lee, E.Y., Chang, C.Y., Hu, N., Wang, Y.C., Lai, C.C., Herrup, K., Lee, 
W.H., and Bradley, A. (1992). Mice deficient for Rb are nonviable and 
show defects in neurogenesis and haematopoiesis. Nature 359, 288-294. 

Lee, J.W., and Juliano, R. (2004). Mitogenic signal transduction by 
integrin- and growth factor receptor-mediated pathways. Mol Cells 17, 
188-202. 

Lee, K.K., and Workman, J.L. (2007). Histone acetyltransferase 
complexes: one size doesn't fit all. Nat Rev Mol Cell Biol 8, 284-295. 

Lee, S.H., Crocker, P.R., Westaby, S., Key, N., Mason, D.Y., Gordon, S., 
and Weatherall, D.J. (1988). Isolation and immunocytochemical 
characterization of human bone marrow stromal macrophages in 
hemopoietic clusters. J Exp Med 168, 1193-1198. 

Lefebvre, V. The SoxD transcription factors--Sox5, Sox6, and Sox13--are 
key cell fate modulators. Int J Biochem Cell Biol 42, 429-432. 

Lefebvre, V., Dumitriu, B., Penzo-Mendez, A., Han, Y., and Pallavi, B. 
(2007). Control of cell fate and differentiation by Sry-related high-
mobility-group box (Sox) transcription factors. Int J Biochem Cell Biol 
39, 2195-2214. 

Lefebvre, V., Li, P., and de Crombrugghe, B. (1998). A new long form of 
Sox5 (L-Sox5), Sox6 and Sox9 are coexpressed in chondrogenesis and 
cooperatively activate the type II collagen gene. EMBO J 17, 5718-5733. 

Leimberg, J.M., Prus, E., Link, G., Fibach, E., and Konijn, A.M. (2008). 
Iron-chelator complexes as iron sources for early developing human 
erythroid precursors. Transl Res 151, 88-96. 



 230 

Lennartsson, J., Blume-Jensen, P., Hermanson, M., Ponten, E., Carlberg, 
M., and Ronnstrand, L. (1999). Phosphorylation of Shc by Src family 
kinases is necessary for stem cell factor receptor/c-kit mediated activation 
of the Ras/MAP kinase pathway and c-fos induction. Oncogene 18, 5546-
5553. 

Letting, D.L., Chen, Y.Y., Rakowski, C., Reedy, S., and Blobel, G.A. 
(2004). Context-dependent regulation of GATA-1 by friend of GATA-1. 
Proc Natl Acad Sci U S A 101, 476-481. 

Lettre, G., Sankaran, V.G., Bezerra, M.A., Araujo, A.S., Uda, M., Sanna, 
S., Cao, A., Schlessinger, D., Costa, F.F., Hirschhorn, J.N., et al. (2008). 
DNA polymorphisms at the BCL11A, HBS1L-MYB, and beta-globin loci 
associate with fetal hemoglobin levels and pain crises in sickle cell 
disease. Proc Natl Acad Sci U S A 105, 11869-11874. 

Levings, P.P., and Bungert, J. (2002). The human beta-globin locus 
control region. Eur J Biochem 269, 1589-1599. 

Lewis, B.A., and Orkin, S.H. (1995). A functional initiator element in the 
human beta-globin promoter. J Biol Chem 270, 28139-28144. 

Li, K., Miller, C., Hegde, S., and Wojchowski, D. (2003). Roles for an 
Epo receptor Tyr-343 Stat5 pathway in proliferative co-signaling with kit. 
J Biol Chem 278, 40702-40709. 

Li, Q., Barkess, G., and Qian, H. (2006). Chromatin looping and the 
probability of transcription. Trends Genet 22, 197-202. 

Liebhaber, S.A. (1997). mRNA stability and the control of gene 
expression. Nucleic Acids Symp Ser, 29-32. 



 231 

Liebhaber, S.A., Cash, F.E., and Ballas, S.K. (1986). Human alpha-globin 
gene expression. The dominant role of the alpha 2-locus in mRNA and 
protein synthesis. J Biol Chem 261, 15327-15333. 

Liebhaber, S.A., and Russell, J.E. (1998). Expression and developmental 
control of the human alpha-globin gene cluster. Ann N Y Acad Sci 850, 
54-63. 

Linnekin, D., Evans, G.A., D'Andrea, A., and Farrar, W.L. (1992). 
Association of the erythropoietin receptor with protein tyrosine kinase 
activity. Proc Natl Acad Sci U S A 89, 6237-6241. 

Linnekin, D., Mou, S., Deberry, C.S., Weiler, S.R., Keller, J.R., Ruscetti, 
F.W., and Longo, D.L. (1997). Stem cell factor, the JAK-STAT pathway 
and signal transduction. Leuk Lymphoma 27, 439-444. 

Lioubinski, O., Muller, M., Wegner, M., and Sander, M. (2003). 
Expression of Sox transcription factors in the developing mouse pancreas. 
Dev Dyn 227, 402-408. 

Liu, S., Suragani, R.N., Wang, F., Han, A., Zhao, W., Andrews, N.C., and 
Chen, J.J. (2007). The function of heme-regulated eIF2alpha kinase in 
murine iron homeostasis and macrophage maturation. J Clin Invest 117, 
3296-3305. 

Lohmann, F., and Bieker, J.J. (2008). Activation of Eklf expression 
during hematopoiesis by Gata2 and Smad5 prior to erythroid 
commitment. Development 135, 2071-2082. 

Lozzio, B.B., and Lozzio, C.B. (1977). Properties of the K562 cell line 
derived from a patient with chronic myeloid leukemia. Int J Cancer 19, 
136. 



 232 

Lucarelli, G., Andreani, M., and Angelucci, E. (2001). The cure of the 
thalassemia with bone marrow transplantation. Bone Marrow Transplant 
28 Suppl 1, S11-13. 

Majka, M., Janowska-Wieczorek, A., Ratajczak, J., Ehrenman, K., 
Pietrzkowski, Z., Kowalska, M.A., Gewirtz, A.M., Emerson, S.G., and 
Ratajczak, M.Z. (2001). Numerous growth factors, cytokines, and 
chemokines are secreted by human CD34(+) cells, myeloblasts, 
erythroblasts, and megakaryoblasts and regulate normal hematopoiesis in 
an autocrine/paracrine manner. Blood 97, 3075-3085. 

Marine, J.C., McKay, C., Wang, D., Topham, D.J., Parganas, E., 
Nakajima, H., Pendeville, H., Yasukawa, H., Sasaki, A., Yoshimura, A., 
et al. (1999). SOCS3 is essential in the regulation of fetal liver 
erythropoiesis. Cell 98, 617-627. 

Martin, D.I., Fiering, S., and Groudine, M. (1996). Regulation of beta-
globin gene expression: straightening out the locus. Curr Opin Genet Dev 
6, 488-495. 

Martin, D.I., and Orkin, S.H. (1990). Transcriptional activation and DNA 
binding by the erythroid factor GF-1/NF-E1/Eryf 1. Genes Dev 4, 1886-
1898. 

Martowicz, M.L., Grass, J.A., Boyer, M.E., Guend, H., and Bresnick, 
E.H. (2005). Dynamic GATA factor interplay at a multicomponent 
regulatory region of the GATA-2 locus. J Biol Chem 280, 1724-1732. 

Matsumoto, S., Ikura, K., Ueda, M., and Sasaki, R. (1995). 
Characterization of a human glycoprotein (erythropoietin) produced in 
cultured tobacco cells. Plant Mol Biol 27, 1163-1172. 

Matsushima, T., Nakashima, M., Oshima, K., Abe, Y., Nishimura, J., 
Nawata, H., Watanabe, T., and Muta, K. (2001). Receptor binding cancer 



 233 

antigen expressed on SiSo cells, a novel regulator of apoptosis of 
erythroid progenitor cells. Blood 98, 313-321. 

Melichar, H.J., Narayan, K., Der, S.D., Hiraoka, Y., Gardiol, N., Jeannet, 
G., Held, W., Chambers, C.A., and Kang, J. (2007). Regulation of 
gammadelta versus alphabeta T lymphocyte differentiation by the 
transcription factor SOX13. Science 315, 230-233. 

Merchav, S., Tatarsky, I., and Hochberg, Z. (1988). Enhancement of 
erythropoiesis in vitro by human growth hormone is mediated by insulin-
like growth factor I. Br J Haematol 70, 267-271. 

Merika, M., and Orkin, S.H. (1993). DNA-binding specificity of GATA 
family transcription factors. Mol Cell Biol 13, 3999-4010. 

Merika, M., and Orkin, S.H. (1995). Functional synergy and physical 
interactions of the erythroid transcription factor GATA-1 with the 
Kruppel family proteins Sp1 and EKLF. Mol Cell Biol 15, 2437-2447. 

Metcalf, D. (1999). The SOCS-1 story. Exp Hematol 27, 1715-1723. 

Metcalf, D., and Burgess, A.W. (1982). Clonal analysis of progenitor cell 
commitment of granulocyte or macrophage production. J Cell Physiol 
111, 275-283. 

Migliaccio, G., Di Pietro, R., di Giacomo, V., Di Baldassarre, A., 
Migliaccio, A.R., Maccioni, L., Galanello, R., and Papayannopoulou, T. 
(2002). In vitro mass production of human erythroid cells from the blood 
of normal donors and of thalassemic patients. Blood Cells Mol Dis 28, 
169-180. 

Mignotte, V., Eleouet, J.F., Raich, N., and Romeo, P.H. (1989). Cis- and 
trans-acting elements involved in the regulation of the erythroid promoter 



 234 

of the human porphobilinogen deaminase gene. Proc Natl Acad Sci U S A 
86, 6548-6552. 

Mikkola, H.K., and Orkin, S.H. (2006). The journey of developing 
hematopoietic stem cells. Development 133, 3733-3744. 

Miller, I.J., and Bieker, J.J. (1993). A novel, erythroid cell-specific 
murine transcription factor that binds to the CACCC element and is 
related to the Kruppel family of nuclear proteins. Mol Cell Biol 13, 2776-
2786. 

Miura, O., D'Andrea, A., Kabat, D., and Ihle, J.N. (1991). Induction of 
tyrosine phosphorylation by the erythropoietin receptor correlates with 
mitogenesis. Mol Cell Biol 11, 4895-4902. 

Morrison, S.J., Uchida, N., and Weissman, I.L. (1995). The biology of 
hematopoietic stem cells. Annu Rev Cell Dev Biol 11, 35-71. 

Morrison, S.J., Wandycz, A.M., Akashi, K., Globerson, A., and 
Weissman, I.L. (1996). The aging of hematopoietic stem cells. Nat Med 
2, 1011-1016. 

Motohashi, H., Shavit, J.A., Igarashi, K., Yamamoto, M., and Engel, J.D. 
(1997). The world according to Maf. Nucleic Acids Res 25, 2953-2959. 

Munugalavadla, V., Dore, L.C., Tan, B.L., Hong, L., Vishnu, M., Weiss, 
M.J., and Kapur, R. (2005). Repression of c-kit and its downstream 
substrates by GATA-1 inhibits cell proliferation during erythroid 
maturation. Mol Cell Biol 25, 6747-6759. 

Murakami, A., Ishida, S., Thurlow, J., Revest, J.M., and Dickson, C. 
(2001). SOX6 binds CtBP2 to repress transcription from the Fgf-3 
promoter. Nucleic Acids Res 29, 3347-3355. 



 235 

Murray, L., DiGiusto, D., Chen, B., Chen, S., Combs, J., Conti, A., Galy, 
A., Negrin, R., Tricot, G., and Tsukamoto, A. (1994). Analysis of human 
hematopoietic stem cell populations. Blood Cells 20, 364-369; discussion 
369-370. 

Muta, K., and Krantz, S.B. (1995). Inhibition of heme synthesis induces 
apoptosis in human erythroid progenitor cells. J Cell Physiol 163, 38-50. 

Nagababu, E., Fabry, M.E., Nagel, R.L., and Rifkind, J.M. (2008). Heme 
degradation and oxidative stress in murine models for 
hemoglobinopathies: thalassemia, sickle cell disease and hemoglobin C 
disease. Blood Cells Mol Dis 41, 60-66. 

Naka, T., Narazaki, M., Hirata, M., Matsumoto, T., Minamoto, S., Aono, 
A., Nishimoto, N., Kajita, T., Taga, T., Yoshizaki, K., et al. (1997). 
Structure and function of a new STAT-induced STAT inhibitor. Nature 
387, 924-929. 

Nathan, D.G., and Gunn, R.B. (1966). Thalassemia: the consequences of 
unbalanced hemoglobin synthesis. Am J Med 41, 815-830. 

Nemeth, E., and Ganz, T. (2006). Regulation of iron metabolism by 
hepcidin. Annu Rev Nutr 26, 323-342. 

Nerlov, C., Querfurth, E., Kulessa, H., and Graf, T. (2000). GATA-1 
interacts with the myeloid PU.1 transcription factor and represses PU.1-
dependent transcription. Blood 95, 2543-2551. 

Ney, P.A., Sorrentino, B.P., Lowrey, C.H., and Nienhuis, A.W. (1990). 
Inducibility of the HS II enhancer depends on binding of an erythroid 
specific nuclear protein. Nucleic Acids Res 18, 6011-6017. 

Nichols, K.E., Crispino, J.D., Poncz, M., White, J.G., Orkin, S.H., Maris, 
J.M., and Weiss, M.J. (2000). Familial dyserythropoietic anaemia and 



 236 

thrombocytopenia due to an inherited mutation in GATA1. Nat Genet 24, 
266-270. 

Nienhuis, A.W., and Stamatoyannopoulos, G. (1978). Hemoglobin 
switching. Cell 15, 307-315. 

Niho, Y., and Asano, Y. (1998). Fas/Fas ligand and hematopoietic 
progenitor cells. Curr Opin Hematol 5, 163-165. 

Nocka, K., Majumder, S., Chabot, B., Ray, P., Cervone, M., Bernstein, 
A., and Besmer, P. (1989). Expression of c-kit gene products in known 
cellular targets of W mutations in normal and W mutant mice--evidence 
for an impaired c-kit kinase in mutant mice. Genes Dev 3, 816-826. 

Ogawa, M. (1993). Differentiation and proliferation of hematopoietic 
stem cells. Blood 81, 2844-2853. 

Ogawa, M., Kizumoto, M., Nishikawa, S., Fujimoto, T., Kodama, H., and 
Nishikawa, S.I. (1999). Expression of alpha4-integrin defines the earliest 
precursor of hematopoietic cell lineage diverged from endothelial cells. 
Blood 93, 1168-1177. 

Olivieri, N.F. (1999). The beta-thalassemias. N Engl J Med 341, 99-109. 

Orkin, S.H. (1992). GATA-binding transcription factors in hematopoietic 
cells. Blood 80, 575-581. 

Pal, S., Cantor, A.B., Johnson, K.D., Moran, T.B., Boyer, M.E., Orkin, 
S.H., and Bresnick, E.H. (2004). Coregulator-dependent facilitation of 
chromatin occupancy by GATA-1. Proc Natl Acad Sci U S A 101, 980-
985. 

Palis, J. (2008). Ontogeny of erythropoiesis. Curr Opin Hematol 15, 155-
161. 



 237 

Peault, B., Weissman, I.L., Baum, C., McCune, J.M., and Tsukamoto, A. 
(1991). Lymphoid reconstitution of the human fetal thymus in SCID mice 
with CD34+ precursor cells. J Exp Med 174, 1283-1286. 

Perez-Alcala, S., Nieto, M.A., and Barbas, J.A. (2004). LSox5 regulates 
RhoB expression in the neural tube and promotes generation of the neural 
crest. Development 131, 4455-4465. 

Perkins, A.C., Gaensler, K.M., and Orkin, S.H. (1996). Silencing of 
human fetal globin expression is impaired in the absence of the adult 
beta-globin gene activator protein EKLF. Proc Natl Acad Sci U S A 93, 
12267-12271. 

Perry, C., and Soreq, H. (2002). Transcriptional regulation of 
erythropoiesis. Fine tuning of combinatorial multi-domain elements. Eur J 
Biochem 269, 3607-3618. 

Perutz, M.F. (1981). State of methaemoglobin in normal adults and in 
patients with hereditary methaemoglobinaemia. Biochem J 195, 519-520. 

Philipsen, S., Pruzina, S., and Grosveld, F. (1993). The minimal 
requirements for activity in transgenic mice of hypersensitive site 3 of the 
beta globin locus control region. EMBO J 12, 1077-1085. 

Pircher, T.J., Geiger, J.N., Zhang, D., Miller, C.P., Gaines, P., and 
Wojchowski, D.M. (2001). Integrative signaling by minimal 
erythropoietin receptor forms and c-Kit. J Biol Chem 276, 8995-9002. 

Porcher, C., Liao, E.C., Fujiwara, Y., Zon, L.I., and Orkin, S.H. (1999). 
Specification of hematopoietic and vascular development by the bHLH 
transcription factor SCL without direct DNA binding. Development 126, 
4603-4615. 



 238 

Quelle, D.E., and Wojchowski, D.M. (1991). Localized cytosolic domains 
of the erythropoietin receptor regulate growth signaling and down-
modulate responsiveness to granulocyte-macrophage colony-stimulating 
factor. Proc Natl Acad Sci U S A 88, 4801-4805. 

Quelle, F.W., Wang, J., Feng, J., Wang, D., Cleveland, J.L., Ihle, J.N., 
and Zambetti, G.P. (1998). Cytokine rescue of p53-dependent apoptosis 
and cell cycle arrest is mediated by distinct Jak kinase signaling 
pathways. Genes Dev 12, 1099-1107. 

Rabbitts, T.H. (1994). Chromosomal translocations in human cancer. 
Nature 372, 143-149. 

Raich, N., Enver, T., Nakamoto, B., Josephson, B., Papayannopoulou, T., 
and Stamatoyannopoulos, G. (1990). Autonomous developmental control 
of human embryonic globin gene switching in transgenic mice. Science 
250, 1147-1149. 

Rando, O.J., Zhao, K., and Crabtree, G.R. (2000). Searching for a 
function for nuclear actin. Trends Cell Biol 10, 92-97. 

Reichardt, H.M., Kaestner, K.H., Wessely, O., Gass, P., Schmid, W., and 
Schutz, G. (1998). Analysis of glucocorticoid signalling by gene 
targeting. J Steroid Biochem Mol Biol 65, 111-115. 

Rekhtman, N., Radparvar, F., Evans, T., and Skoultchi, A.I. (1999). 
Direct interaction of hematopoietic transcription factors PU.1 and GATA-
1: functional antagonism in erythroid cells. Genes Dev 13, 1398-1411. 

Rhodes, K.E., Gekas, C., Wang, Y., Lux, C.T., Francis, C.S., Chan, D.N., 
Conway, S., Orkin, S.H., Yoder, M.C., and Mikkola, H.K. (2008). The 
emergence of hematopoietic stem cells is initiated in the placental 
vasculature in the absence of circulation. Cell Stem Cell 2, 252-263. 



 239 

Rhodes, M.M., Kopsombut, P., Bondurant, M.C., Price, J.O., and Koury, 
M.J. (2005). Bcl-x(L) prevents apoptosis of late-stage erythroblasts but 
does not mediate the antiapoptotic effect of erythropoietin. Blood 106, 
1857-1863. 

Richmond, T.D., Chohan, M., and Barber, D.L. (2005). Turning cells red: 
signal transduction mediated by erythropoietin. Trends Cell Biol 15, 146-
155. 

Rifkind, J.M., Nagababu, E., Ramasamy, S., and Ravi, L.B. (2003). 
Hemoglobin redox reactions and oxidative stress. Redox Rep 8, 234-237. 

Rodriguez, P., Bonte, E., Krijgsveld, J., Kolodziej, K.E., Guyot, B., Heck, 
A.J., Vyas, P., de Boer, E., Grosveld, F., and Strouboulis, J. (2005). 
GATA-1 forms distinct activating and repressive complexes in erythroid 
cells. EMBO J 24, 2354-2366. 

Rogatsky, I., Luecke, H.F., Leitman, D.C., and Yamamoto, K.R. (2002). 
Alternate surfaces of transcriptional coregulator GRIP1 function in 
different glucocorticoid receptor activation and repression contexts. Proc 
Natl Acad Sci U S A 99, 16701-16706. 

Roose, J., Korver, W., Oving, E., Wilson, A., Wagenaar, G., Markman, 
M., Lamers, W., and Clevers, H. (1998). High expression of the HMG 
box factor sox-13 in arterial walls during embryonic development. 
Nucleic Acids Res 26, 469-476. 

Rosemblatt, M., Vuillet-Gaugler, M.H., Leroy, C., and Coulombel, L. 
(1991). Coexpression of two fibronectin receptors, VLA-4 and VLA-5, by 
immature human erythroblastic precursor cells. J Clin Invest 87, 6-11. 

Rowley, P.T., Farley, B.A., LaBella, S., Giuliano, R., and Leary, J.F. 
(1992). Single K562 human leukemia cells express and are inducible for 
both erythroid and megakaryocytic antigens. Int J Cell Cloning 10, 232-
240. 



 240 

Rund, D., and Rachmilewitz, E. (2001). Pathophysiology of alpha- and 
beta-thalassemia: therapeutic implications. Semin Hematol 38, 343-349. 

Russell, J.E., Lee, A.E., and Liebhaber, S.A. (1998). Full developmental 
silencing of the embryonic zeta-globin gene reflects instability of its 
mRNA. Ann N Y Acad Sci 850, 386-390. 

Russell, P.S., and Cosimi, A.B. (1979). Transplantation. N Engl J Med 
301, 470-479. 

Sadahira, Y., Yoshino, T., and Monobe, Y. (1995). Very late activation 
antigen 4-vascular cell adhesion molecule 1 interaction is involved in the 
formation of erythroblastic islands. J Exp Med 181, 411-415. 

Sankaran, V.G., Menne, T.F., Xu, J., Akie, T.E., Lettre, G., Van Handel, 
B., Mikkola, H.K., Hirschhorn, J.N., Cantor, A.B., and Orkin, S.H. 
(2008). Human fetal hemoglobin expression is regulated by the 
developmental stage-specific repressor BCL11A. Science 322, 1839-
1842. 

Sankaran, V.G., Xu, J., and Orkin, S.H. Advances in the understanding of 
haemoglobin switching. Br J Haematol 149, 181-194. 

Sankaran, V.G., Xu, J., Ragoczy, T., Ippolito, G.C., Walkley, C.R., 
Maika, S.D., Fujiwara, Y., Ito, M., Groudine, M., Bender, M.A., et al. 
(2009). Developmental and species-divergent globin switching are driven 
by BCL11A. Nature 460, 1093-1097. 

Sasaki, A., Yasukawa, H., Shouda, T., Kitamura, T., Dikic, I., and 
Yoshimura, A. (2000). CIS3/SOCS-3 suppresses erythropoietin (EPO) 
signaling by binding the EPO receptor and JAK2. J Biol Chem 275, 
29338-29347. 



 241 

Sawada, K., Krantz, S.B., Dessypris, E.N., Koury, S.T., and Sawyer, S.T. 
(1989). Human colony-forming units-erythroid do not require accessory 
cells, but do require direct interaction with insulin-like growth factor I 
and/or insulin for erythroid development. J Clin Invest 83, 1701-1709. 

Sawado, T., Halow, J., Bender, M.A., and Groudine, M. (2003). The beta 
-globin locus control region (LCR) functions primarily by enhancing the 
transition from transcription initiation to elongation. Genes Dev 17, 1009-
1018. 

Sawado, T., Igarashi, K., and Groudine, M. (2001). Activation of beta-
major globin gene transcription is associated with recruitment of NF-E2 
to the beta-globin LCR and gene promoter. Proc Natl Acad Sci U S A 98, 
10226-10231. 

Scadden, D.T. (2006). The stem-cell niche as an entity of action. Nature 
441, 1075-1079. 

Schepers, G.E., Teasdale, R.D., and Koopman, P. (2002). Twenty pairs of 
sox: extent, homology, and nomenclature of the mouse and human sox 
transcription factor gene families. Dev Cell 3, 167-170. 

Schreiber, E., Matthias, P., Muller, M.M., and Schaffner, W. (1989). 
Rapid detection of octamer binding proteins with 'mini-extracts', prepared 
from a small number of cells. Nucleic Acids Res 17, 6419. 

Schrier, S.L. (1997). Pathobiology of thalassemic erythrocytes. Curr Opin 
Hematol 4, 75-78. 

Scott, E.W., Simon, M.C., Anastasi, J., and Singh, H. (1994a). 
Requirement of transcription factor PU.1 in the development of multiple 
hematopoietic lineages. Science 265, 1573-1577. 



 242 

Scott, E.W., Simon, M.C., Anastasi, J., and Singh, H. (1994b). 
Requirement of transcription factor PU.1 in the development of multiple 
hematopoietic lineages. Science 265, 1573-1577. 

Secchiero, P., Vaccarezza, M., Gonelli, A., and Zauli, G. (2004). TNF-
related apoptosis-inducing ligand (TRAIL): a potential candidate for 
combined treatment of hematological malignancies. Curr Pharm Des 10, 
3673-3681. 

Sengupta, T., Chen, K., Milot, E., and Bieker, J.J. (2008). Acetylation of 
EKLF is essential for epigenetic modification and transcriptional 
activation of the beta-globin locus. Mol Cell Biol 28, 6160-6170. 

Serve, H., Yee, N.S., Stella, G., Sepp-Lorenzino, L., Tan, J.C., and 
Besmer, P. (1995). Differential roles of PI3-kinase and Kit tyrosine 821 in 
Kit receptor-mediated proliferation, survival and cell adhesion in mast 
cells. EMBO J 14, 473-483. 

Shaeffer, J.R. (1967). Evidence for soluble alpha-chains as intermediates 
in hemoglobin synthesis in the rabbit reticulocyte. Biochem Biophys Res 
Commun 28, 647-652. 

Shaeffer, J.R. (1983). Turnover of excess hemoglobin alpha chains in 
beta-thalassemic cells is ATP-dependent. J Biol Chem 258, 13172-13177. 

Shaeffer, J.R., and Cohen, R.E. (1998). Enhancement by ubiquitin 
aldehyde of proteolysis of hemoglobin alpha-subunits in beta-thalassemic 
hemolysates. Ann N Y Acad Sci 850, 394-397. 

Shaeffer, J.R., Kleve, L.J., and DeSimone, J. (1976). betaS Chain 
turnover in reticulocytes of sickle trait individuals with high or low 
concentrations of haemoglobin S. Br J Haematol 32, 365-372. 



 243 

Sharpe, J.A., Chan-Thomas, P.S., Lida, J., Ayyub, H., Wood, W.G., and 
Higgs, D.R. (1992). Analysis of the human alpha globin upstream 
regulatory element (HS-40) in transgenic mice. EMBO J 11, 4565-4572. 

Shimizu, R., Takahashi, S., Ohneda, K., Engel, J.D., and Yamamoto, M. 
(2001). In vivo requirements for GATA-1 functional domains during 
primitive and definitive erythropoiesis. EMBO J 20, 5250-5260. 

Shinar, E., and Rachmilewitz, E.A. (1990). Oxidative denaturation of red 
blood cells in thalassemia. Semin Hematol 27, 70-82. 

Shirai, T., Miyagi, S., Horiuchi, D., Okuda-Katayanagi, T., Nishimoto, 
M., Muramatsu, M., Sakamoto, Y., Nagata, M., Hagiwara, K., and 
Okuda, A. (2005). Identification of an enhancer that controls up-
regulation of fibronectin during differentiation of embryonic stem cells 
into extraembryonic endoderm. J Biol Chem 280, 7244-7252. 

Shivdasani, R.A., Fujiwara, Y., McDevitt, M.A., and Orkin, S.H. (1997). 
A lineage-selective knockout establishes the critical role of transcription 
factor GATA-1 in megakaryocyte growth and platelet development. 
EMBO J 16, 3965-3973. 

Shivdasani, R.A., and Orkin, S.H. (1996). The transcriptional control of 
hematopoiesis. Blood 87, 4025-4039. 

Smits, P., Dy, P., Mitra, S., and Lefebvre, V. (2004). Sox5 and Sox6 are 
needed to develop and maintain source, columnar, and hypertrophic 
chondrocytes in the cartilage growth plate. J Cell Biol 164, 747-758. 

Smits, P., and Lefebvre, V. (2003). Sox5 and Sox6 are required for 
notochord extracellular matrix sheath formation, notochord cell survival 
and development of the nucleus pulposus of intervertebral discs. 
Development 130, 1135-1148. 



 244 

Smits, P., Li, P., Mandel, J., Zhang, Z., Deng, J.M., Behringer, R.R., de 
Crombrugghe, B., and Lefebvre, V. (2001). The transcription factors L-
Sox5 and Sox6 are essential for cartilage formation. Dev Cell 1, 277-290. 

Socolovsky, M., Fallon, A.E., Wang, S., Brugnara, C., and Lodish, H.F. 
(1999). Fetal anemia and apoptosis of red cell progenitors in Stat5a-/-5b-
/- mice: a direct role for Stat5 in Bcl-X(L) induction. Cell 98, 181-191. 

Sokol, L., Luhovy, M., Guan, Y., Prchal, J.F., Semenza, G.L., and Prchal, 
J.T. (1995). Primary familial polycythemia: a frameshift mutation in the 
erythropoietin receptor gene and increased sensitivity of erythroid 
progenitors to erythropoietin. Blood 86, 15-22. 

Sorensen, S., Rubin, E., Polster, H., Mohandas, N., and Schrier, S. (1990). 
The role of membrane skeletal-associated alpha-globin in the 
pathophysiology of beta-thalassemia. Blood 75, 1333-1336. 

Sorrentino, B.P. (2004). Clinical strategies for expansion of 
haematopoietic stem cells. Nat Rev Immunol 4, 878-888. 

Sripichai, O., Kiefer, C.M., Bhanu, N.V., Tanno, T., Noh, S.J., Goh, S.H., 
Russell, J.E., Rognerud, C.L., Ou, C.N., Oneal, P.A., et al. (2009). 
Cytokine-mediated increases in fetal hemoglobin are associated with 
globin gene histone modification and transcription factor reprogramming. 
Blood 114, 2299-2306. 

Stamatoyannopoulos, G. (2005). Control of globin gene expression 
during development and erythroid differentiation. Exp Hematol 33, 259-
271. 

Starr, R., Willson, T.A., Viney, E.M., Murray, L.J., Rayner, J.R., Jenkins, 
B.J., Gonda, T.J., Alexander, W.S., Metcalf, D., Nicola, N.A., et al. 
(1997). A family of cytokine-inducible inhibitors of signalling. Nature 
387, 917-921. 



 245 

Steinberg, M.H. (1991). The interactions of alpha-thalassemia with 
hemoglobinopathies. Hematol Oncol Clin North Am 5, 453-473. 

Stolt, C.C., Lommes, P., Hillgartner, S., and Wegner, M. (2008). The 
transcription factor Sox5 modulates Sox10 function during melanocyte 
development. Nucleic Acids Res 36, 5427-5440. 

Stolt, C.C., Schlierf, A., Lommes, P., Hillgartner, S., Werner, T., Kosian, 
T., Sock, E., Kessaris, N., Richardson, W.D., Lefebvre, V., et al. (2006). 
SoxD proteins influence multiple stages of oligodendrocyte development 
and modulate SoxE protein function. Dev Cell 11, 697-709. 

Stolt, C.C., Schmitt, S., Lommes, P., Sock, E., and Wegner, M. (2005). 
Impact of transcription factor Sox8 on oligodendrocyte specification in 
the mouse embryonic spinal cord. Dev Biol 281, 309-317. 

Stumpf, M., Waskow, C., Krotschel, M., van Essen, D., Rodriguez, P., 
Zhang, X., Guyot, B., Roeder, R.G., and Borggrefe, T. (2006). The 
mediator complex functions as a coactivator for GATA-1 in 
erythropoiesis via subunit Med1/TRAP220. Proc Natl Acad Sci U S A 
103, 18504-18509. 

Stuve, L.L., and Myers, R.M. (1990). A directly repeated sequence in the 
beta-globin promoter regulates transcription in murine erythroleukemia 
cells. Mol Cell Biol 10, 972-981. 

Sui, X., Krantz, S.B., You, M., and Zhao, Z. (1998). Synergistic 
activation of MAP kinase (ERK1/2) by erythropoietin and stem cell factor 
is essential for expanded erythropoiesis. Blood 92, 1142-1149. 

Tajima, Y., Moore, M.A., Soares, V., Ono, M., Kissel, H., and Besmer, P. 
(1998). Consequences of exclusive expression in vivo of Kit-ligand 
lacking the major proteolytic cleavage site. Proc Natl Acad Sci U S A 95, 
11903-11908. 



 246 

Takamatsu, N., Kanda, H., Tsuchiya, I., Yamada, S., Ito, M., Kabeno, S., 
Shiba, T., and Yamashita, S. (1995). A gene that is related to SRY and is 
expressed in the testes encodes a leucine zipper-containing protein. Mol 
Cell Biol 15, 3759-3766. 

Talbot, D., Collis, P., Antoniou, M., Vidal, M., Grosveld, F., and 
Greaves, D.R. (1989). A dominant control region from the human beta-
globin locus conferring integration site-independent gene expression. 
Nature 338, 352-355. 

Talbot, D., and Grosveld, F. (1991). The 5'HS2 of the globin locus 
control region enhances transcription through the interaction of a 
multimeric complex binding at two functionally distinct NF-E2 binding 
sites. EMBO J 10, 1391-1398. 

Tamir, A., Howard, J., Higgins, R.R., Li, Y.J., Berger, L., Zacksenhaus, 
E., Reis, M., and Ben-David, Y. (1999). Fli-1, an Ets-related transcription 
factor, regulates erythropoietin-induced erythroid proliferation and 
differentiation: evidence for direct transcriptional repression of the Rb 
gene during differentiation. Mol Cell Biol 19, 4452-4464. 

Tang, Y., Huang, Y., Shen, W., Liu, G., Wang, Z., Tang, X.B., Feng, 
D.X., Liu, D.P., and Liang, C.C. (2008). Cluster specific regulation 
pattern of upstream regulatory elements in human alpha- and beta-globin 
gene clusters. Exp Cell Res 314, 115-122. 

Tanimoto, K., Liu, Q., Bungert, J., and Engel, J.D. (1999). Effects of 
altered gene order or orientation of the locus control region on human 
beta-globin gene expression in mice. Nature 398, 344-348. 

Tavill, A.S., Grayzel, A.I., London, I.M., Williams, M.K., and 
Vanderhoff, G.A. (1968). The role of heme in the synthesis and assembly 
of hemoglobin. J Biol Chem 243, 4987-4999. 



 247 

Tavill, A.S., Grayzel, A.I., Vanderhoff, G.A., and London, I.M. (1967). 
The control of hemoglobin synthesis. Trans Assoc Am Physicians 80, 
305-313. 

Tevosian, S.G., Deconinck, A.E., Cantor, A.B., Rieff, H.I., Fujiwara, Y., 
Corfas, G., and Orkin, S.H. (1999). FOG-2: A novel GATA-family 
cofactor related to multitype zinc-finger proteins Friend of GATA-1 and 
U-shaped. Proc Natl Acad Sci U S A 96, 950-955. 

Thein, S.L. (2005). Genetic modifiers of beta-thalassemia. Haematologica 
90, 649-660. 

Thein, S.L., Menzel, S., Lathrop, M., and Garner, C. (2009). Control of 
fetal hemoglobin: new insights emerging from genomics and clinical 
implications. Hum Mol Genet 18, R216-223. 

Till, J.E., and McCulloch, E.A. (1964). Repair Processes in Irradiated 
Mouse Hematopoietic Tissue. Ann N Y Acad Sci 114, 115-125. 

Tollefsbol, T.O. (2004). Methods of epigenetic analysis. Methods Mol 
Biol 287, 1-8. 

Tordjman, R., Delaire, S., Plouet, J., Ting, S., Gaulard, P., Fichelson, S., 
Romeo, P.H., and Lemarchandel, V. (2001). Erythroblasts are a source of 
angiogenic factors. Blood 97, 1968-1974. 

Trainor, C.D., Omichinski, J.G., Vandergon, T.L., Gronenborn, A.M., 
Clore, G.M., and Felsenfeld, G. (1996). A palindromic regulatory site 
within vertebrate GATA-1 promoters requires both zinc fingers of the 
GATA-1 DNA-binding domain for high-affinity interaction. Mol Cell 
Biol 16, 2238-2247. 

Tsai, S.F., Martin, D.I., Zon, L.I., D'Andrea, A.D., Wong, G.G., and 
Orkin, S.H. (1989). Cloning of cDNA for the major DNA-binding protein 



 248 

of the erythroid lineage through expression in mammalian cells. Nature 
339, 446-451. 

Tsang, A.P., Fujiwara, Y., Hom, D.B., and Orkin, S.H. (1998). Failure of 
megakaryopoiesis and arrested erythropoiesis in mice lacking the GATA-
1 transcriptional cofactor FOG. Genes Dev 12, 1176-1188. 

Tsang, A.P., Visvader, J.E., Turner, C.A., Fujiwara, Y., Yu, C., Weiss, 
M.J., Crossley, M., and Orkin, S.H. (1997). FOG, a multitype zinc finger 
protein, acts as a cofactor for transcription factor GATA-1 in erythroid 
and megakaryocytic differentiation. Cell 90, 109-119. 

Tsiftsoglou, A.S., Bonovolias, I.D., and Tsiftsoglou, S.A. (2009). 
Multilevel targeting of hematopoietic stem cell self-renewal, 
differentiation and apoptosis for leukemia therapy. Pharmacol Ther 122, 
264-280. 

Tuan, D., Kong, S., and Hu, K. (1992). Transcription of the 
hypersensitive site HS2 enhancer in erythroid cells. Proc Natl Acad Sci U 
S A 89, 11219-11223. 

Tuckermann, J.P., Reichardt, H.M., Arribas, R., Richter, K.H., Schutz, 
G., and Angel, P. (1999). The DNA binding-independent function of the 
glucocorticoid receptor mediates repression of AP-1-dependent genes in 
skin. J Cell Biol 147, 1365-1370. 

Tufarelli, C., Hardison, R., Miller, W., Hughes, J., Clark, K., Ventress, 
N., Frischauf, A.M., and Higgs, D.R. (2004). Comparative analysis of the 
alpha-like globin clusters in mouse, rat, and human chromosomes 
indicates a mechanism underlying breaks in conserved synteny. Genome 
Res 14, 623-630. 

Uddin, S., Kottegoda, S., Stigger, D., Platanias, L.C., and Wickrema, A. 
(2000). Activation of the Akt/FKHRL1 pathway mediates the 



 249 

antiapoptotic effects of erythropoietin in primary human erythroid 
progenitors. Biochem Biophys Res Commun 275, 16-19. 

Usenko, T., Eskinazi, D., Correa, P.N., Amato, D., Ben-David, Y., and 
Axelrad, A.A. (2007). Overexpression of SOCS-2 and SOCS-3 genes 
reverses erythroid overgrowth and IGF-I hypersensitivity of primary 
polycythemia vera (PV) cells. Leuk Lymphoma 48, 134-146. 

Varricchio, L., Fabucci, M.E., Alfani, E., Godbold, J., and Migliaccio, 
A.R. Compensated variability in the expression of globin-related genes in 
erythroblasts generated ex vivo from different donors. Transfusion 50, 
672-684. 

Verdier, F., Rabionet, R., Gouilleux, F., Beisenherz-Huss, C., Varlet, P., 
Muller, O., Mayeux, P., Lacombe, C., Gisselbrecht, S., and Chretien, S. 
(1998). A sequence of the CIS gene promoter interacts preferentially with 
two associated STAT5A dimers: a distinct biochemical difference 
between STAT5A and STAT5B. Mol Cell Biol 18, 5852-5860. 

Verfaillie, C.M., Pera, M.F., and Lansdorp, P.M. (2002). Stem cells: hype 
and reality. Hematology Am Soc Hematol Educ Program, 369-391. 

Vernimmen, D., De Gobbi, M., Sloane-Stanley, J.A., Wood, W.G., and 
Higgs, D.R. (2007). Long-range chromosomal interactions regulate the 
timing of the transition between poised and active gene expression. 
EMBO J 26, 2041-2051. 

Vichinsky, E. (2007). Hemoglobin e syndromes. Hematology Am Soc 
Hematol Educ Program, 79-83. 

Viprakasit, V., Harteveld, C.L., Ayyub, H., Stanley, J.S., Giordano, P.C., 
Wood, W.G., and Higgs, D.R. (2006). A novel deletion causing alpha 
thalassemia clarifies the importance of the major human alpha globin 
regulatory element. Blood 107, 3811-3812. 



 250 

Voon, H.P., Wardan, H., and Vadolas, J. (2007). Co-inheritance of alpha- 
and beta-thalassaemia in mice ameliorates thalassaemic phenotype. Blood 
Cells Mol Dis 39, 184-188. 

Wagers, A.J., Christensen, J.L., and Weissman, I.L. (2002). Cell fate 
determination from stem cells. Gene Ther 9, 606-612. 

Waggoner, S.A., and Liebhaber, S.A. (2003). Regulation of alpha-globin 
mRNA stability. Exp Biol Med (Maywood) 228, 387-395. 

Wall, L., Destroismaisons, N., Delvoye, N., and Guy, L.G. (1996). 
CAAT/enhancer-binding proteins are involved in beta-globin gene 
expression and are differentially expressed in murine erythroleukemia and 
K562 cells. J Biol Chem 271, 16477-16484. 

Wang, X., Kiledjian, M., Weiss, I.M., and Liebhaber, S.A. (1995). 
Detection and characterization of a 3' untranslated region 
ribonucleoprotein complex associated with human alpha-globin mRNA 
stability. Mol Cell Biol 15, 1769-1777. 

Weatherall, D.J. (2001). Phenotype-genotype relationships in monogenic 
disease: lessons from the thalassaemias. Nat Rev Genet 2, 245-255. 

Weatherall, D.J., and Clegg, J.B. (1996). Thalassemia--a global public 
health problem. Nat Med 2, 847-849. 

Wegner, M. (1999). From head to toes: the multiple facets of Sox 
proteins. Nucleic Acids Res 27, 1409-1420. 

Weiss, G., and Goodnough, L.T. (2005). Anemia of chronic disease. N 
Engl J Med 352, 1011-1023. 



 251 

Weiss, I.M., and Liebhaber, S.A. (1995). Erythroid cell-specific mRNA 
stability elements in the alpha 2-globin 3' nontranslated region. Mol Cell 
Biol 15, 2457-2465. 

Weiss, M.J., and Orkin, S.H. (1995a). Transcription factor GATA-1 
permits survival and maturation of erythroid precursors by preventing 
apoptosis. Proc Natl Acad Sci U S A 92, 9623-9627. 

Weiss, M.J., and Orkin, S.H. (1995b). Transcription factor GATA-1 
permits survival and maturation of erythroid precursors by preventing 
apoptosis. Proc Natl Acad Sci U S A 92, 9623-9627. 

Weiss, M.J., Zhou, S., Feng, L., Gell, D.A., Mackay, J.P., Shi, Y., and 
Gow, A.J. (2005). Role of alpha-hemoglobin-stabilizing protein in normal 
erythropoiesis and beta-thalassemia. Ann N Y Acad Sci 1054, 103-117. 

Wijgerde, M., Gribnau, J., Trimborn, T., Nuez, B., Philipsen, S., 
Grosveld, F., and Fraser, P. (1996). The role of EKLF in human beta-
globin gene competition. Genes Dev 10, 2894-2902. 

Wijgerde, M., Grosveld, F., and Fraser, P. (1995). Transcription complex 
stability and chromatin dynamics in vivo. Nature 377, 209-213. 

Wilson, A., Oser, G.M., Jaworski, M., Blanco-Bose, W.E., Laurenti, E., 
Adolphe, C., Essers, M.A., Macdonald, H.R., and Trumpp, A. (2007). 
Dormant and self-renewing hematopoietic stem cells and their niches. 
Ann N Y Acad Sci 1106, 64-75. 

Wilson, A., and Trumpp, A. (2006). Bone-marrow haematopoietic-stem-
cell niches. Nat Rev Immunol 6, 93-106. 

Witthuhn, B.A., Quelle, F.W., Silvennoinen, O., Yi, T., Tang, B., Miura, 
O., and Ihle, J.N. (1993). JAK2 associates with the erythropoietin 



 252 

receptor and is tyrosine phosphorylated and activated following 
stimulation with erythropoietin. Cell 74, 227-236. 

Wood, W.G., Pearce, K., Clegg, J.B., Weatherall, D.J., Robinson, J.S., 
Thorburn, G.D., and Dawes, G.S. (1976). Switch from foetal to adult 
haemoglobin synthesis in normal and hypophysectomised sheep. Nature 
264, 799-801. 

Wu, H., Klingmuller, U., Acurio, A., Hsiao, J.G., and Lodish, H.F. 
(1997). Functional interaction of erythropoietin and stem cell factor 
receptors is essential for erythroid colony formation. Proc Natl Acad Sci 
U S A 94, 1806-1810. 

Wu, H., Klingmuller, U., Besmer, P., and Lodish, H.F. (1995). Interaction 
of the erythropoietin and stem-cell-factor receptors. Nature 377, 242-246. 

Xu, J., Sankaran, V.G., Ni, M., Menne, T.F., Puram, R.V., Kim, W., and 
Orkin, S.H. Transcriptional silencing of {gamma}-globin by BCL11A 
involves long-range interactions and cooperation with SOX6. Genes Dev 
24, 783-798. 

Yang, B., Kirby, S., Lewis, J., Detloff, P.J., Maeda, N., and Smithies, O. 
(1995). A mouse model for beta 0-thalassemia. Proc Natl Acad Sci U S A 
92, 11608-11612. 

Yi, Z., Cohen-Barak, O., Hagiwara, N., Kingsley, P.D., Fuchs, D.A., 
Erickson, D.T., Epner, E.M., Palis, J., and Brilliant, M.H. (2006). Sox6 
directly silences epsilon globin expression in definitive erythropoiesis. 
PLoS Genet 2, e14. 

Yoshimura, A., Ohkubo, T., Kiguchi, T., Jenkins, N.A., Gilbert, D.J., 
Copeland, N.G., Hara, T., and Miyajima, A. (1995). A novel cytokine-
inducible gene CIS encodes an SH2-containing protein that binds to 
tyrosine-phosphorylated interleukin 3 and erythropoietin receptors. 
EMBO J 14, 2816-2826. 



 253 

Yu, X., Kong, Y., Dore, L.C., Abdulmalik, O., Katein, A.M., Zhou, S., 
Choi, J.K., Gell, D., Mackay, J.P., Gow, A.J., et al. (2007). An erythroid 
chaperone that facilitates folding of alpha-globin subunits for hemoglobin 
synthesis. J Clin Invest 117, 1856-1865. 

Yuan, J., Rubin, E., Aljurf, M., Ma, L., and Schrier, S.L. (1994). 
Defective assembly of membrane proteins in erythroid precursors of beta-
thalassemic mice. Blood 84, 632-637. 

Zamai, L., Secchiero, P., Pierpaoli, S., Bassini, A., Papa, S., Alnemri, 
E.S., Guidotti, L., Vitale, M., and Zauli, G. (2000). TNF-related 
apoptosis-inducing ligand (TRAIL) as a negative regulator of normal 
human erythropoiesis. Blood 95, 3716-3724. 

Zang, H., Sato, K., Nakajima, H., McKay, C., Ney, P.A., and Ihle, J.N. 
(2001). The distal region and receptor tyrosines of the Epo receptor are 
non-essential for in vivo erythropoiesis. EMBO J 20, 3156-3166. 

Zen, Q., Cottman, M., Truskey, G., Fraser, R., and Telen, M.J. (1999). 
Critical factors in basal cell adhesion molecule/lutheran-mediated 
adhesion to laminin. J Biol Chem 274, 728-734. 

Zenke-Kawasaki, Y., Dohi, Y., Katoh, Y., Ikura, T., Ikura, M., Asahara, 
T., Tokunaga, F., Iwai, K., and Igarashi, K. (2007). Heme induces 
ubiquitination and degradation of the transcription factor Bach1. Mol Cell 
Biol 27, 6962-6971. 

Zermati, Y., Fichelson, S., Valensi, F., Freyssinier, J.M., Rouyer-Fessard, 
P., Cramer, E., Guichard, J., Varet, B., and Hermine, O. (2000). 
Transforming growth factor inhibits erythropoiesis by blocking 
proliferation and accelerating differentiation of erythroid progenitors. Exp 
Hematol 28, 885-894. 



 254 

Zhou, S., Olson, J.S., Fabian, M., Weiss, M.J., and Gow, A.J. (2006). 
Biochemical fates of alpha hemoglobin bound to alpha hemoglobin-
stabilizing protein AHSP. J Biol Chem 281, 32611-32618. 

Zsebo, K.M., Williams, D.A., Geissler, E.N., Broudy, V.C., Martin, F.H., 
Atkins, H.L., Hsu, R.Y., Birkett, N.C., Okino, K.H., Murdock, D.C., et al. 
(1990). Stem cell factor is encoded at the Sl locus of the mouse and is the 
ligand for the c-kit tyrosine kinase receptor. Cell 63, 213-224. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

FOOTNOTES 

We thank Dr. Fabio Gasparri for reagents and advice in signal 

transduction studies, Dr. Stefania Citterio for FACS analyses, and Dr. 

Mario Colombo for scientific support. This work was supported by the 

Italian Telethon Foundation to G.F. (Core Grant TIGET), My First AIRC 

grant (8726) to S.P., Fondazione CARIPLO 2005 to S.O. and PRIN 2006 

to A.R. 



 255 

 

 

 

 

 

CHAPTER 3 

 

 

 

OVER-EXPRESSION OF AHSP IN THALASSEMIC 

BONE MARROW-DERIVED CD34+ CELLS IS NOT 

EFFECTIVE IN AMELIORATING THE 

THALASSEMIC PHENOTYPE. 

 
(manuscript in preparation) 

 
 

 

 

 

 

 

 



 256 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 257 

OVER-EXPRESSION OF AHSP IN BONE MARROW-

DERIVED CD34+ CELLS IS NOT EFFECTIVE IN 

AMELIORATING THE THALASSEMIC PHENOTYPE. 
 
 

Rossella Ierardi1, Giuliana Ferrari1,2. 
 
1San Raffaele Telethon Institute for Gene Therapy (HSR-TIGET), San 

Raffaele Scientific Institute, 20132 Milano, Italy; 2Università Vita-Salute 

San Raffaele, Milano, Italy;  

 

Running title: Over-expression of AHSP 

 

  



 258 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 259 

ABSTRACT 

 
During erythroid development, hemoglobin synthesis is exquisitely 

coordinated by an homeostatic mechanism to produce a balanced level of 

α and β subunits, to avoid excess of either chain and their consequent 

cytotoxic effect on erythroid cells. β-thalassemia is a genetic anemia 

characterized by a reduced or absent synthesis of β-globin chains. As a 

consequence, free α-chains accumulate in the cell generating reactive 

oxygen species (ROS) that cause cellular damages and decrease 

erythrocytes life span (ineffective erythropoiesis). Several evidences 

show that Alpha Hemoglobin Stabilizing Protein (AHSP) is a molecular 

chaperone that binds free α-globin chain and stabilizes its structure to 

limit the citotoxic properties. AHSP is required for normal erythropoiesis. 

Ahsp-null mice exhibit shortened erythrocyte half-life with globin 

precipitates and ineffective erythropoiesis. AHSP-null erythrocytes 

contain Hb precipitates, exhibit signs of oxidative damage and short life 

span. Loss of AHSP exacerbates β-thalassemia in mice, indicating that 

AHSP has a specific role to neutralize the effect of free α-chains. Here, 

we over-expressed AHSP in experimental model of β-thalassemia to 

validate the hypothesis that by stabilizing the excess of α-globin chains, 

AHSP would ameliorate the thalassemic phenotype. We use a viral-

mediated gene transfer to deliver AHSP in CD34+ cells then differentiated 

in erythroid liquid culture. Increase level of AHSP in thalassemic 

erythroid precursors does not have an impact on disease pathophysiology: 

ROS production is not decreased and the apoptosis level does not change. 
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In conclusion, AHSP over-expression is not an effective strategy to 

ameliorate the damaging effects of free α-chains that accumulates in 

thalassemic cells. This is, most likely, due to the fact that the cells already 

express high level of AHSP that is sufficient to neutralize free α-globins 

avoiding their accumulation and citotoxic effects. On the other hand, 

other factors, like the iron overload and heme accumulation might have 

critical effects to determine the oxidative stress in the thalassemic 

erythroid precursors. 

 

Abbreviations  
SCF = Stem Cell Factor 

EPO = Erythropoietin 

IL-3 = Interleukin-3 

Dexa = Dexamethasone 

β-estr = β-estradiol 

FBS = Fetal Bovine Serum 

HbF = Fetal Hemoglobin 

HbA = Adult Hemoglobin 

GpA = Glycophorin A 

CD45 = pan-leucocyte antigen CD45 

AHSP = Alpha Hemoglonin Stabilizing Protein 

ROS = Reactive Oxigen Species 

NT = Not Transduced (cells) 

d = day 
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INTRODUCTION  
 

Hemoglobin is the major carrier of oxygen in adult mammalian red blood 

cells. It is a heterotetramer composed of two protein subunits, α- and β-

globin. In order to produce a balanced level of α and β subunits to avoid 

excess of either chain and minimize their consequent cytotoxic effect on 

erythroid cells, there are many homeostatic mechanism regulating 

hemoglobin production but unfortunately are still not completely defined. 

In particular how α- and β-globin are balanced in erythroid precursors is 

largely unknown and there are same pathologic conditions related to the 

production of α- and β-chains. The importance of globin balance is 

dramatically illustrated by the β-thalassemia (Kihm et al., 2002), a 

genetic anemia characterized by reduced (β+) or absent (β0) synthesis of 

β-globin chains. In thalassemic cells the free α-globin chains accumulate 

and generate reactive oxygen species (ROS) (Rifkind et al., 2003) that 

damage cellular proteins, lipids and nucleic acids and form large 

insoluble precipitates causing membrane damage (Bank, 1968; Brunori et 

al., 1975; Joshi et al., 1983; Nathan and Gunn, 1966). Together, these 

effects are responsible for premature destruction of erythroid precursors 

(ineffective erythropoiesis) and increase of apoptosis because of a 

shortened life span of circulating erythrocytes. Many evidence suggest 

that erythroid cells produce a variety of molecular chaperone to bind and 

stabilize otherwise toxic proteins during or after their synthesis. Recent 

characterization of the Alpha-Hemoglobin Stabilizing Protein (AHSP) 
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has generated interest in understanding their role in normal and 

pathologic conditions. Alpha hemoglobin stabilizing protein (AHSP), also 

called erythroid differentiation related factor (EDRF) and erythroid 

associated factor (ERAF), is a molecular chaperone that binds free α-

globin chains and stabilizes its structure prior to incorporation into 

Hemoglobin A (HbA) (Ellis, 1993; Ellis and Hemmingsen, 1989; Gell et 

al., 2002; Hartl and Martin, 1995; Kihm et al., 2002; Shaeffer, 1967; 

Tavill et al., 1968; Tavill et al., 1967) to limit their citotoxic properties 

providing a potential compensatory mechanism through erythroid 

precursors neutralize the deleterious effect of  free α-globin. In support of 

this idea, it has been show that AHSP, in solution, specifically binds to 

the α-chain but not to the β-chain or tetrameric hemoglobin A (HbA) 

(Kihm et al., 2002). Consistent with a role for AHSP in regulating 

coordinated globin expression, gene targeting studies in mice showed that 

ablation of AHSP function leads to erytrocyte abnormalities that also are 

observed in β-thalassemia, such as increased amount of apoptotic 

erythroblasts, elevated reticulocyte levels and erythroid hyperplasia in 

bone marrow (Baudin-Creuza et al., 2004; Kong et al., 2004). Loss of 

AHSP exacerbates β-thalassemia in mice (Kong et al., 2004), indicating 

that AHSP is required for normal Hb production and erythrocyte function. 

AHSP-/- erythrocytes exhibit high Hb inclusion body content, evidence of 

oxidative damage and short life span. AHSP+/- erythrocytes are normal in 

number, appearance and life span, but contain increase levels of α-globin 

precipitate (Baudin-Creuza et al., 2004). 
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Given these properties of AHSP, we reasoned that its over-expression 

might have a specific role in thalassemic cells by binding the excess of α-

chains and by inhibit ROS production. Using a gene therapy approach, we 

transduced with by a lentiviral vector bone marrow derived CD34+ cells 

and then differentiate them in vitro towards the erythroid lineage. The 

different stages of erythropoisis were confirmed by morphologic and flow 

cytometric analysis. We obtained increased level of AHSP in thalassemic 

erythroid precursors but the analysis of erythroid cells at different time 

points of maturation suggests that over-expression of AHSP is not 

sufficient to ameliorate β-thalassemic phenotype. This is probably 

because the high AHSP levels are already sufficient to stabilize the 

nascent α-globins thought its turnover. Moreover, intracellular proteolysis 

system in thalassemic erythroid precursors could be activated by the 

excess of AHSP or AHSP-α-Hb complex consequent to the absence or 

reduction of  β-globin chains. 
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EXPERIMENTAL PROCEDURES 
 

Human subjects 
Human healthy donor samples 

CD34+ progenitor cells from human bone marrow of healthy control 

individuals were purchased from Lonza Inc (Walkersville, MD) 

 

Human thalassemic samples 

Pretransplantation marrow samples of β-thalassemia major patients, 

undergone bone marrow withdrawal for diagnosis, were obtained 

following prior consent of patients, undisclosed in accordance with the 

Italian privacy laws. 

 

Plasmids preparation 
The hAHSP gene was amplified by PCR from plasmid provided by Prof. 

Mitchell J. Weiss, Children’s Hospital of Philadelphia and The University 

of Pennsylvania, Philadelphia, USA. The primers are (F5’-TAAATGCA 

CTGACCTCCCAC-3’ and R5’-CTAGCTAGCCTACATCTATAGCTT 

GGCAC-3’).  

Subsequently, the  PCR fragment was subcloned in TOPO TA Cloning 

(Invitrogen), digested with NheI and SwaI and cloned into the 

pRRLSIN18-βEV1-EGFP vector (NheI-SwaI) to produce the 

pRRLSIN18-β-prom-hAHSP, by replacing the EV1-EGFP. The 

pRRLSIN18-βEV1-EGFP vector was kindly provided by Michel 
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Antoniou, Division of Genetics & Molecular Medicine, King’s College of 

London and was used as control for the experiments. In this vector, the 

hAHSP gene is under the control of the β-globin promoter, (position -

265/+50 with respect to the transcriptional start site), HS2 and HS3 LCR 

elements, and utilizes the poly A signal of the β-globin gene. 

 
Lentiviral vector production 

Viral stocks stocks pseudotyped with the vescicular stomatitis G protein 

(VSV.G) were prepared by transint co-transfection of 293T cells using a 

three-plasmid system (the pRRLSIN18-β-prom-hAHSP transfer vector, 

the pCMVΔR8.74 encoding Gag, Pol, Tat and Rev, and the pMD.G 

plasmid encoding VSV-G) (Follenzi and Naldini, 2002). Moreover, a 

forth plasmid expressing Rev protein under the control of the RSV 

promoter (pRSV.Rev) was added in order to increase the level of 

unspliced viral RNA to be packaged. Transfection of DNA was performd 

using calcium phosphate precipitation and following 30 hours of 

incubation, the virus was concentrated 350-fold from viral supernatant by 

ultracentrifugation. Viral titers were determined by transduction of HEL 

cells with serial dilution of the vector stock followed by quantitative PCR 

(qPCR) after three weeks of culture to allow diluition of unintegrated 

vector below detection level. Genomic DNA was isolated using the 

QIAmp DNA mini Kit (Quiangen). Vector copy number (VCN) was 

measured by qPCR, using primer and a probe specific for the RRE 

region: forward primer 5’- TGAAAGCGAAAGGGAAACCA-3’, reverse 
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primer 5’- CCGTGCGCGCTTCAG-3’ AND PROBE 5’-VIC-

AGCTCTCTCGACCGCAGGACTCGGC-MGB-3’. 

 

Cell cultures and transduction of human CD34+ cells  
Mononuclear cells (MNC) were isolated from BM of thalassemia major 

patients by FICOLL density separation. CD34+ cells were purified by 

positive selection from mononuclear cells23, using anti-CD34 microbeads 

(Miltenyi Biotech, Bergisch-Gladbach, Germany) according to the 

manufacturer’s instructions. CD34+ cells were plated at a concentration of 

0.5-1x106 cells/ml and prestimulated for 24-30 hours in CellGro medium 

(Cell Genix, Freiburg, Germany) supplemented with 300 ng/ml human 

stem cell factor (hSCF), 300 ng/ml human Flt-3-ligand (hFlt3-l), 100 

ng/ml human thrombopoietin (TPO) and 60 ng/ml human IL-3 (all 

PeproTech, Rocky Hill, NJ) on plates coated with retronectin (Takara 

Shuzo, Shiga, Japan). Transduction was performed overnight, with a MOI 

of 50. The following day cells were washed and portion of transduced 

cells were either placed in unilineage erythroid culture or plated in 

methylcellulose medium for colony forming assay. The percentage of 

transduced cells was determined by vector specific PCR after 14 days of 

clonogenic assay.  

 

Erythroid liquid culture 

Cells were cultured in StemSpan medium (Stem Cell Technologies, 

Vancouver, Canada) for 15 days. The expansion procedure comprised 

two steps. In the first step (day 0-7) CD34+ cells were seeded at a 
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concentration of 105 cells/ml and cultured in the presence of 20% (H20-

50) or 5% (H5-10) of fetal bovine serum (FBS, Hyclone, Logan, UT), 

human Stem Cell Factor (hSCF) 50 (H20-50) or 10 ng/ml (H5-10), 

human erythropoietin (EPO) 1 U/ml, human Interleukin-3 (hIL-3) 1 

ng/ml, 10-6 M dexamethasone (Dexa, Sigma Aldrich, St Louis, MO), and 

10-6M β-estradiol (β-estr, Sigma). In the second step (d8-d11) the cells 

were resuspended at a concentration of 106 cells/ml in Stem Span medium 

supplemented with 10% (H20-50) and 2,5% (H5-10) of FBS and EPO, 2 

U/ml. In the third step (d11-d15) the cells were resuspended at a 

concentration of 106 cells/ml in Stem Span medium supplemented with 

10% (H20-50) and 2,5% (H5-10) of FBS. Cultures were maintained at 37 

°C in 5% CO2 and diluted over time to maintain the concentration at 1-

2x106 cells/ml. The progression toward erythroid differentiation during 

the culture was monitored by FACS analysis for the expression at 

different time points of the pan-leukocyte antigen CD45 and the CD235 

(GlycophorinA, GpA) using a FITC-conjugated anti-CD45 and a PE-

conjugated anti-GpA antibodies. Staining was performed on 1x105 cells 

in 100 µl of PBS containing 1% FBS and 2 µl of a mix of anti-

Glycophorin A-PE (DakoCytomation), anti-CD45-FITC (CALTAG 

Laboratories) antibodies. 

Morphological analysis was performed by cytospin, MayGrünwald-

Giemsa staining and microscope inspection. 
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ROS assay 

For detection of intracellular ROS, 2x105 cells are washed and diluted 

with PBS and incubated at 4 °C for 15 minutes with DCFH-DA 2’,7’- 

Dichlorofluorescin Diacetate (DCF, Sigma-Aldrich) previously dissolved 

in EtOH at a final concentration of 20 µM. Before the incubation, the 

cells are stimulated or not stimulated with H2O2 100 µM for 15 minutes at 

4 °C to obtain a positive control. The cells were, at the end, resuspended 

in PBS and analyzed by flow cytometry. 

CFU assay for human progenitors 

Transduced thalassemic or normal CD34+ cells were washed with PBS 

and plated at a density of 1000 cells/ml in methylcellulose medium 

containing hSCF, hGM-CSF, hIL3 and hEPO (GF H4434 Stem Cell 

Technologies, Vancouver, Canada) and supporting the growth of human 

colonies. After two weeks, BFU-E, CFU-GM, and CFU-GEMM colonies 

were counted, and single colonies (20–30 for each experiment) were 

isolated, washed and pelleted. DNA extraction was performed (Charge 

Switch Forensic DNA Purification Kit, Invitrogen) for analysis of 

transduction efficiency by specific PCR for pRRLSIN18-β-prom-hAHSP. 

It was performed with primers annealing the vector HS2-HS3 sequence 

(forward primer HS2F 5’-GTTGGAGGATACCCATTCTCTATCT-3’ 

and reverse primer HS3R 5’-TGGGTCAGTGGTCTCAATGTAGCA-3’; 

PRIMM, Italy) amplified for 1 cycle at 94°C X 10’, 30 cycles at 94°C X 

1’, 60°C X 1’, 72° X 1’ and 1 cycle at 72°C X 10 minutes. 
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Analysis of hemoglobin production 

Detection of human HbA and HbF by intracellular staining and FACS 

analysis 
The proportion of erythroid cells expressing human hemoglobin A (HbA) 

and fetal hemoglobin (HbF) was assessed by flow cytometry. Cells were 

fixed and permeabilized with BD Cytofix/Cytoperm solution (BD 

Biosciences Pharmingen), washed and stained with a multimix of FITC-

conjugated anti-human HbA (Perkin Elmer) and PE-conjugated anti-

human HbF antibody (BD Pharmigen) for 30 minutes at 4°C prior to 

FACS analysis. 

 

Western blot 

Total protein extracts from erythroid cells at different stages of 

maturation were prepared according to standard protocols (Schreiber et 

al., 1989) and proteins were subjected to SDS-PAGE separation and 

blotting. The AHSP protein was detected by the use of an anti-AHSP 

antibody (kindly provided by M.Weiss, Philadelphia). Protein loading 

was checked by reprobing filters with an anti-GAPDH antibody (Sigma). 

Antibodies binding was detected by using appropriate horseradish 

peroxidase-conjugated IgG and revealed by ECL (Amersham, GE 

Healthcare). 
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RESULTS 
 

The AHSP level is similar in normal and thalassemic erythroid cells 
To get insight into the role of AHSP in human erythropoiesis, we first 

evaluated the AHSP level in normal and thalassemic cells during the 

erythropoiesis. We used an in vitro model of human erythroid cells 

differentiation, starting from bone marrow derived CD34+ cells. In this 

culture, erythroid progenitors are first expanded to the erythroblast stage 

(d0-d8) and then induced to terminal differentiation (d8-d15). Erythroid 

maturation was evaluated by measuring the proportion of GpA+ 

(Glycophorin A, CD235) cells by FACS analysis at different stages of 

maturation.  

In a recent publication, Varricchio et al. assert an increase of AHSP at 

mRNA level in thalassemic erythroid cells compared to normal cells 

(Varricchio et al.). They hypothetize a correlation of this expression with 

the level of free α-chains that is higher in thalassemic cells because of the 

lack of β-chains. We demonstrate that at different time points of erythroid 

maturation (d6, d8, d10, d12, d14) there is no difference between normal 

and thalassemic erythroid cells in the AHSP at protein level (Fig. 1). The 

only difference is the expression of AHSP at day6. In order to explain the 

observed difference with a delayed differentiation of erythroid 

thalassemic cells compared to the normal ones, we performed phenotypic 

analysis of cultured cells. We evaluated by FACS analysis the GpA and 

pan-leukocyte antigen CD45 (CD45) expression and we found a 
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difference in the proportion of erythroid thalassemic cells expressing 

GpA and CD45 compared to erythroid normal cells at d6 (9% vs 30% of 

GpA+ and  99% vs 88% of CD45) (Fig.2). This difference confirms that 

the different level of AHSP at day 6 is a consequence of the delay in 

maturation of thalassemic cells. 

 

 
 

 

Figure 1.  Comparison of AHSP expression in normal versus 
thalassemic human erythroid cells . There are comparable levels of AHSP in 
normal and thalassemic eryhtroid cells derived from bone-marrow CD34+ and 
differentiated in the in vitro culture system described in the text. A. Western blot 
analysis, at different time points of the erythroid culture (d6, d8, d10, d12, d14) of total 
protein extracts hybridized with anti-AHSP and anti-GAPDH antibodies. 
B.Quantitative analysis of AHSP expression in thalassemic (red line) and normal (blu 
line) cells evaluated by normalizing for the GAPDH expression level show that there 
are no difference in the AHSP protein level between normal and thalassemic erythroid 
cells. The only difference, evident at day6, is a consequence of the delay in 
differentiation of thalassemic cells (see text for detailes) 
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The AHSP level is increased in normal and thalassemic erythroid 

cells after the transduction with AHSP-LV 

In order to investigate the role of the AHSP over-expression, we cloned 

the AHSP gene in a lentiviral vector. THE AHSP (cointaining a part of 

exon 1, the exon 2, the exon 3 and the two introns) was amplified by PCR 

from plasmid provided by Prof. Mitchell J. Weiss, Philadelphia, USA. 

Subsequently, the PCR fragment was subcloned in TOPO TA Cloning 

(Invitrogen), digested with NheI and SwaI and cloned into the 

pRRLSIN18-βEV1-EGFP (EGFP-LV) vector (NheI-SwaI) to produce the 

pRRLSIN18-β-prom-hAHSP (AHSP-LV), by replacing the EV1-EGFP. 

The pRRLSIN18-βEV1-EGFP (EGFP-LV) vector was kindly provided 

Figure 2.  Evaluation of differentiation in normal versus thalassemic 
human erythroid cells . FACS analysis to evaluate the diffentiation level of 
erythroid cells during the stages of maturation show that the percentage of GpA+ cells, 
at day6, is lower in erythroid thalassemic cells compared to normal cells (9% vs 
30%). The analysis of CD45 expression confirms the delay in the differentiation: as 
expected, the percentage of CD45+ cells, at the same day, is higher in thalassemic 
(99%) cells than in the normal (88%). 
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by Michel Antoniou, King’s College of London and was used as control 

for the experiments. In the new vector, the hAHSP gene is under the 

control of the β-globin promoter, (position -265/+50 with respect to the 

transcriptional start site), HS2 and HS3 LCR elements, and utilizes the 

poly A signal of the β-globin gene. 

 

 

 
 

 
By using the two described vectors (AHSP-LV and EGFP-LV as control) 

we pre-activated and transduced the human Bone Marrow (BM)-derived 

CD34+ cells. After the transduction, the cells were either grown in liquid 

culture and were plated to carry out the clonogenic assay. After 14 days, 

Figure 3.  The pRRLSIN18-β-prom-hAHSP lentiviral vector.  AHSP 
and the EGFF are in opposite direction,  down-stream the β-globin promoter with 
the minimal LCR (HS2-HS3).  
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DNA was extracted from BFU-E and PCR analysis was performed to 

evaluate the percentage of transduction, that was estimated 85% in 

normal erythroid cells and 45% in thalassemic cells (data not shown). The 

cells grown in the liquide erythroid culture were analyzed at different 

time points of maturation (d7, d10, d14).  

 

 

  
 

Figure 4.  Comparison of differentiation level in normal vs thalassemic 
cultured erythroid cells .  FACS analysis was perfermed to evaluate the diffentiation 
level of cultured cells at different time points of erythroid maturation. The percentage of 
GpA+ cells at d7 is lower in erythroid thalassemic cells compared to normal cells (11% vs 
37%): thalassemic cells start later to differentiate. The analysis of CD45 expression (89% 
in thalassemic cells and 65% in normal cells) confirms the delay in the differentiation of 
thalassemic erytrhoid cells. At d10 the percentage of GpA+ cells in the normal erythroid 
population is 85% while in thalassemic erythroid population is 76%. The difference in the 
differentiation level disappeared at d14: both in normal and thalassemic cells the 
percentage of GpA+ cells is more than 90%.    
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Western Blot analysis shows that AHSP expression starts in normal cells 

at the beginning of the erythroblast differentiation phase, d7 

(corresponding to about 37% of GpA+ cells) while in thalassemic cells, 

there is no detectable AHSP (corresponding to about 9% of GpA+ cells) 

(Fig. 5). Probably, the difference in AHSP expression in normal versus 

thalassemic cells at day7 is due to the difference of maturation level (37% 

vs 11%, Fig. 4). The AHSP expression was evident during the other 

stages of maturation at d10 (85% of GpA+ cells in normal erythroid cells 

vs 76% in thalassemic erythroid cells) and d14 (more than 90% of GpA+ 

cells both in normal and thalassemic cells, Fig.4 and Fig.5). The fold 

increase in AHSP expression over the endogenous level was calculated by 

comparing cells transduced by pRRLSIN18-β-prom-hAHSP and cells 

transduced by the control vector pRRLSIN18-βEV-1-EGFP. We 

compared the level of AHSP in normal and thalassemic erythroid cells 

transduced with the AHSP-LV and those transduced with the EGFP-LV 

at different time points of erythroid culture (d7, d10, d14). The level of 

AHSP at each time points was calculated normalizing for the expression 

of the GAPDH. There is an increase in the level of AHSP in transduced 

normal (from 1,9 to 5,2 fold, Fig. 5A) and thalassemic (from 1,3 to 3,7 

fold, Fig. 5B) erythroid cells. Then, in order to evaluate the exact increase 

of AHSP we normalized the values obtained of AHSP for the percentage 

of transduced cells (calculated by PCR analysis on DNA of the BFUs). 

The effective values of AHSP were calculated and we obtained an increse 

from 2,2 to 6,1 fold in normal erythroid cells (Fig. 5A) and from 2,8 to 

7,9 fold in thalassemic erythroid cells (Fig. 5B). 
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Figure 5. Over-expression of AHSP at protein level. Western Blot analysis show 
increased levels of AHSP in erythroid cells at different stages of erythroid maturation 
(d7, d10, d14) in normal erythroid cells (A) or thalassemic erythroid cells (B). Both in A 
and B, the fold increase of AHSP in the transduced cells (first line in the box) was 
calculated by comparing the AHSP level in the cells transduced by pRRLSIN18-β-
prom-hAHSP (AHSP-LV) and the control vector pRRLSIN18-βEV-1-EGFP (EGFP-
LV). The second line in the box show the values obtained by normalizing for the 
percentage of transduction calculated by PCR analysis on BFUs. A. Normal erythroid 
cells. At d7, d10 and d14 there is an increase of AHSP at protein level from 1,9 to 5,2 
fold that reach high levels (from 2,2 to 6,1 fold) when the values are normalized for the 
percentage of transduction of cells. B. Thalassemic eryhtroid cells. At d10 there is an 
increase of AHSP at protein level from 1,3 fold to 2,8 when the value is normalized for 
the percentage of transduction. At day 14 the increase of AHSP level is 3,7 and 7,9 fold 
when the values are normalized.  
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ROS production and apoptosis level does not change in thalassemic 

erythroid cells over-expressing AHSP 
In order to investigate if the increased level of AHSP-expression is able to 

ameliorate the thalassemic phenotype, FACS analysis was performed to 

compare the apoptosis level and the Reactive Oxigen Species (ROS) 

production in cells over-expressing AHSP and control cells not 

transduced (NT). Apoptosis was evaluated by comparing the percentage 

of Annexin+ cells in thalassemic NT and AHSP-LV transduced cells. The 

experiments were performed on the erythroid cells derived from the 

erythroid culture of thalassemic BM-derived cells. At the same stages of 

erythroid maturation (d7, d10, d14) that we assessed the over-expression 

of AHSP by Western Blot we performed the FACS analysis to evaluate 

the percentage of Annexin+ cells in transduced cells and control NT cells. 

There are similar percentage of Annexin+ cells in the cells over-

expressing AHSP compared to the control NT at d7 (1,9% vs 1,4%), d10 

(3,8% vs 6,1%) and d14 (11% vs 9%) (Fig. 6 A).  

 

ROS levels were measures by using the DCF as a probe to evaluate 

intercellular oxidative stress. The cells are incubated with the 

profluorescent, lipophilic DCFH-DA 2’,7’- Dichlorofluorescin Diacetate 

which can diffuse through the cell membrane. Inside, the acetate groups 

of the DCFH-DA are cleaved by cellular esterases and the resulting 

modified DCF cannot leave the cells. In the cell cytoplasm, the reaction 

of the DCF with ROS results in the fluorescent molecule DCF, detectable 

to the flow cytometry (emission 488-530nm). The emitted fluorescence of 
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the DCF is directly proportional to the concentration of intracellular ROS 

levels. In this experiment, erythroid cells were incubated with the DCF 

for 15 minutes, are washed and resuspended in PBS and then analyzed by 

flow cytometry.  

 

 

        
 

 
Figure 6. Apoptosis level and ROS production not change in thalassemic eryhtroid 
cells over-expressig AHSP. FACS analysis on thalassemic erythroid cells at different 
time points of maturation. A. The Annexin+ cells are comparable in thalassemic cells 
over-expressing or not AHSP at day 7 (1,9% vs 1,4%), d10 (3,8% vs 6%) e d14 (11,7% 
vs 9,5%). B. The ROS production is not reduced in cells over-expressing AHSP. The 
level is similar in transduced cells compared to the control: day 7 (98% vs 98%), day 10 
(79% vs 82%) and  day14 (12% vs 4%). C. There are no difference as expected, in the 
ROS levels in normal NT cells compared to the normal AHSP over-expressing cells. 
ROS levels are comparable in normal and thalassemic erythroid cells at each point of 
erythroid maturation (d7,d10 ,d14) 
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The levels of ROS production are similar in the thalassemic NT and in 

AHSP-LV transduced cells at d7 (98 % vs 98%), d10 (82% vs 79%) and 

d14 (4% vs 12%) (Fig. 6B). When we looked at the temporal 

development of the ROS (Fig. 6 B and C) we can see that the ROS 

production is similar at each point of erythroid maturation (d7,d10,d14) 

both in normal and thalassemic cells. At d7, in particular, the oxidative 

stress is higher than in the later stages of erythroid maturation. This could 

be due to the general situation of the erythroid cell at this time point: 

many events occur in the erythroid precursors (high levels of iron up-take, 

the heme group formation, the hemoglobin synthesis) that could be 

responsible for the high levels of ROS at this stage of maturation.  

 

Optimization of the in vitro erythroid culture. 

In our standard protocol of erythroid culture (named H20-50) the CD34+ 

cells are cultured in StemSpan medium (Stem Cell Technologies, 

Vancouver, Canada) supplemented with 20% of fetal bovine serum (FBS, 

Hyclone, Logan, UT), Stem Cell Factor (SCF, 50 ng/ml), erythropoietin 

(EPO, 1 IU/ml), Interleukin-3 (IL-3, 1 ng/ml), 10-6 M dexamethasone 

(Dexa, Sigma Aldrich, St Louis, MO), and 10-6 M β-estradiol (Sigma). 

FACS analysis of fetal haemoglobin (HbF)-positive cells revealed that the 

reactivation of gamma-globin synthesis in this culture condition was high. 

We explained this results as a response of erythroid cells to the exposition 

at the cytokines and the FBS present in the medium. Because of the 

induced synthesis of gamma globin, the amount of free α-chains is 

reduced and thalassemic cells are able to overcome the apoptotic block in 
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differentiation previously described as a landmark of these types of 

cultures (Sripichai et al., 2009). For this reason, we optimized our culture 

protocol in order to reduce the HbF induction without compromising the 

growth and differentiation of the erythroid population. There are previous 

publications reporting the capacity of the SCF (Aerbajinai et al., 2009) 

and bovine serum (Constantoulakis et al., 1990) to induce HbF.   

We set up a new protocol, named H5-10 (see material and methods) in 

which the erythroid progenitors are cultured in the presence of lower level 

of FBS (5% vs 10%) and SCF (10 ng/ml vs 50 ng/ml) compared to the 

standard protocol and we observed a significant decrease of HbF+ cells 

(H20-50, 16 ± 5% vs H5-10, 63 ± 25%, Fig. 7A). In this condition the 

differentiation process, measured as percentage of GpA+ cells (Fig. 7B, 

d14) and proportion of cells in different late stages of erythropoiesis (Fig. 

7C, d14), does not change. Moreover, the differentiation kinetic of 

erythroid cells cultured in the new conditions (H5-10) is accelerated. At 

day 7 the GpA+ cells are 67% in the H5-10 protocol compared to the 44% 

obtained with the H20-50 protocol (Fig. 7B, d7). At the same days of the 

FACS analysis, cells were cytospun, stained with May-Grunwald/Giemsa 

and analyzed by microscopy. The analysis confirms that erythroid cells 

are more differentiated when the FBS and the SCF are reduced: at d7, the 

erythroid cells cultured following the H5-10 protocol (Fig. 7C) are 

predominantly policromatophilic erythroblasts while those cultured in 

H20-50 protocol are mainly at the basophilic and pro-erythroblast stages 

(Fig. 7C). 
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Figure 7.  Evaluation of CD34+ cells  differentiation level in two different 
erytroid culture conditions. H20-50 is a protocol of erythroid differentiation in which 
the FBS level is 20% and the SCF concentration 50 ng/ml. H5-10 is a new tested protocol of 
erythroid culture in which the FBS is reduced from 20% to 5% and the SCF from 50 ng/ml to 
10 ng/ml. A.  FACS analysis at d14 show a decrease in the percentage of HbF+ cells in the new 
culture condition (H5-10) compared the standard protocol (H20-50), 16 % vs 65%. At the 
same day the HbA level is high in the two culture conditions: H5-10 82% and H20-50, 94%. 
B. FACS analysis to evaluate the differentiation level of erythroid cells during the stages of 
maturation show comparable level of GpA and CD45, 98% of GpA+ cells at d14 and 0,5% of 
CD45+ cells in both conditions of culture. C.  Morphologic analysis at d14 show that there is 
any difference between erythroid cells cultured in the two different culture conditions. At d7 
the cells are more differentiated in the H5-10 (polychromathopilic stage) than in the H20-50 
(bashophilic and proerythroblast stages) because of the low levels of FBS and SCF accellerate 
the differentiation process. This is confirmed also by the FACS analysis at d7 in which GpA+ 

cells are 67% in the H5-10 protocol and 42% in H20-50 protocol. C.  The preliferation kinetics 
of the erythroid cells cultured with the H20-50 protocol (blu line) and H5-10 protocol (green 
line) show that the number of cells is decreased using low levels of FBS and SCF but at the 
end are likewise a consistent and sufficient number.  
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DISCUSSION  
 

AHSP is an important molecular chaperone for alpha globin chain and we 

investigated its role in the amelioration of the thalassemic phenotype. We 

developed a lentiviral vector to over-express the human AHSP in primary 

erythroid cultures derived from bone marrow purified CD34+ cells, then 

differentiated toward the erythroid lineage. Significative increase of 

AHSP at protein level has been obtained but there is not consistent 

amelioration of the phenotype, evaluated as ROS production and 

apoptosis level in the erythroid cells at different time points of 

maturation.  

Several lines of evidence suggest that AHSP provides a mechanism by 

which erythroid cells are equipped to regulate globin chains balance. 

AHSP is a small erythroid-specific protein that binds α-globin, stabilizes 

its structure and limits pro-oxidant activity (Feng et al., 2004; Feng et al., 

2005; Gell et al., 2002; Kihm et al., 2002; Kong et al., 2004). It is 

considerated a potential modifier gene for β-thalassemia because by 

binding α-chains, it is able to limit their toxicity. We reasoned that 

because in β-thalassemic erythroid cells, where there is an excess of free 

α-chains, the over-expression of AHSP, by acting as a buffer for the α-

chain excess, could ameliorate the pathology. We expected a reduction of 

ROS production, and as a consequence a decrease of citotoxic effects 

resulting in a reduced apoptosis in the erythroid population over-

expressing AHSP.  
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The results show that the increased level of AHSP is not sufficient to 

mend the problems due to the excess of the free α-globin in thalassemic 

cells. In these cells, while the β-globin production is impaired, the level 

of α-globin chains is normal. It is possible that the endogenous AHSP is 

sufficient in the balance of the reaction between α-globin and AHSP. It is 

known that one molecule of AHSP is sufficient to stabilize 50 molecules 

of α-globin and there is a very fast turnover of AHSP. Recently, Brillet 

and collegues asserted that high levels of AHSP are necessary during the 

normal erythroid differentiation to satisfy the high flux of α-globin 

production and assure the stability of the binding AHSP-α-globin to 

complete the correct folding of the nascent chains. Because of this, the 

authors conclude that AHSP seems to be present in erythroid cells in a 

great excess (over 100-fold) relative to the requirement (Brillet et al.).  

The confirmation of the high levels of AHSP in thalassemic cells derived 

from a study of Kong et al., that compares thalassemic mice bred with 

heterozygous or homozygous mutants of AHSP (Kong et al., 2004). In 

thalassemic mice in which the AHSP gene is completely ablated, 

erythrocytes have an increase in the ROS level and evidence of oxidative 

damage, hemoglobin precipitates and short half-life (Kong et al., 2004). 

On the contrary, the AHSP heterozygous state had no significant effect in 

thalassemic cells. AHSP haploinsufficiency does not worsen the 

thalassemic phenotype, indicating that half amount of the molecular 

chaperone is sufficient to maintain erythroid cells in the same condition in 

which AHSP is present at normal level. So, high levels of AHSP are 

present in the normal erythroid cells (Brillet et al.) and also in thalassemic 
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cells (Kong et al., 2004) and these elevated endogenous levels could be 

sufficient to well stabilize the pool of α-globin in excess also in 

thalassemic cells. Therefore, there are two hypothesis to explain why the 

AHSP over-expression does not have a relevant impact in thalassemic 

cells: the imbalance between α-globin and its molecular chaperone is not 

affected and, most importantly, the level of AHSP is already generally 

very high in erythroid cells. 

Another important issue that could explain the lack of effect of AHSP 

over-expression in thalassemic cells is that the imbalance between α- and 

β-chain lead to a change in the association kinetic of α-globin and AHSP, 

because the increased level of free α-chains and AHSP generate an higher 

dissociation rate of α-globin from AHSP. As a consequence, the overall 

contact time of the nascent α-chain to AHSP is not enough to complete 

the necessary protein folding of the α-chain, important to reach a stable 

structure and the iron oxidation. Therefore, the α-Hb bound to the AHSP 

exposes likewise a molecule of Fe3+ implicated in redox reaction and 

hence many complexes that generate ROS and Heinz Bodies precipitates 

in thalassemic cells compared to normal erythroid cells. Recently, it has 

been indicated that iron and heme could be the main factors responsible 

for oxidative stress and could have a central role in determining the 

pathological thalassemic condition (Fibach et al., 2010; Gardenghi et al., 

2010). 

In conclusion, it is likely that many factors, some probably not 

completely known, are involved in the thalassemic cells contributing to 

their phenotype. Further investigation are necessary to understand the 
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molecular mechanisms that are implicated in the regulation of the HbA 

formation in order to understand the negative and positive feed-back that 

regulate the α-Hb and β-Hb production in respect to the AHSP, heme, 

porphyrins and iron. 
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Summary 
 

The aims of this thesis are to study regulatory and structural molecules 

whose function is crucial for erythroid differentiation, regulation of the 

globin switching process and formation of hemoglobin. In particular we 

focused on Sox6 and Alpha Globin Stabilizing Protein (AHSP). In the 

first part of the work, we focused our attention on Sox6. We demonstrated 

that Sox6 enforced expression induces terminal erythroid maturation in 

the erythroleukemic cell line K562 and in primary cultures of CD34+ 

progenitors derived from human cord blood. We then aimed to unravel 

the molecular mechanisms underlying Sox6 function, by searching its 

direct target binding sites on DNA. Among them we found a possible 

direct regulation of Sox6 on SOCS3 transcription, a gene involved in the 

regulation of the progression through the cell cycle.  

In the second part of the work, we focused our attention on a molecular 

chaperone, the Alpha Hemoglobin Stabilizing Protein (AHSP), to 

investigate their role in thalassemic cells. Normally, in erythroid cells 

AHSP binds and stabilizes the α-globin to complete the folding and avoid 

the citotoxic consequence of free α-globin accumulation. Since in the 

thalassemic cells there is a reduced or absent synthesis of β-globin chain 

and a consequent increase of α-globin, we hypothesized that the over-

expression of AHSP, by stabilizing the pool of free α-chains, might 

ameliorate the thalassemic phenotype 
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5A.  THE IMPORTANCE OF SOX6 IN THE ERYTHROID 

DIFFERENTIATION. 
Sox6 a member of Sry related HMG box family of transcription factors 

that have an important role in several tissues. Sox6 play important 

functions in the developing central nervous system (Hamada-Kanazawa et 

al., 2004a), in cartilage and in muscle (Hagiwara et al., 2000; Han and 

Lefebvre, 2008; Ikeda et al., 2004; Smits et al., 2001). Despite these 

reports, no data are available so far about its molecular mechanisms of 

action. Moreover, Sox6 have a specific role in erythroid differentiation 

and globin genes regulation. Mice lacking of Sox6 have an impairment of 

the definitive erythropoiesis (Dumitriu et al., 2006a). We discovered that 

Sox6 overexpression has a strong effect in erytholeukemic K562 cells: 

they start to differentiate and transcribe several erythroid specific genes, 

including heme-synthesis enzymes and globin chains (Chapter 2, figure 1 

C-F). Normally, K562 cells differentiate only upon induction with high 

concentration of chemical inducers, such as hemin (ferriprotoporphyrin 

IX) or chemotherapeutic drugs (Charnay and Maniatis, 1983; Rowley et 

al., 1992). It is really interesting that a single gene, Sox6, is able to 

activate erythroid differentiation in K562, in the total absence of any 

other chemical stimulus. 

This result of erythroid differentiation mediated by Sox6 was confirmed 

in primary cells, human CD34+- cord blood derived than differentiated 

toward an erythroid lineage in vitro (Chapter 2, figure 4). 

Sox6 normally starts to be expressed in erythroid progenitors, at the 

erythroblast stage (day 8 of our erythroid culture system), and reach a 
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peak in more differentiated precursors (day 10 and 12). The over-

expression of Sox6 by Sox6-lentiviral transduction at day 6 of the 

erythroid culture produces an “artificial peak” of Sox6 expression. As 

consequence we observed an accelerated kinetic of maturation, higher 

percentage of differentiated cells at the same day of culture by compared 

to the normal (cells transduced with a lentiviral vector expressing the 

EGFP reporter) and, interestingly, the appearance of completely 

enucleated cells already at day 10 of the culture that are absent, at this 

stage, in the control (Chapter 2, figure 4). This result confirm the ability 

of Sox6 to accelerate the erythroid differentiation in a more physiologic 

model, the erythroid liquid culture suggesting that Sox6 is an important 

regulator of the erythropoietic differentiation program. 

 

5A.1. The role of Sox6 during the globin switching 
Sox6 strongly stimulates the transcription of all the globins in K562 cells. 

We analysed by Real time PCR the relative changes of globin genes 

transcription upon Sox6 overexpression and found that both β-like genes 

(ε and γ) and α-like gene (ζ and α) normally expressed by K562 cells, are 

induced by Sox6 overexpression. Of interest, the γ/ε transcripts ratio is 

induced from 2,5 to 5,5 comparing to the control cells not over-

expressing Sox6. It was recently reported that Sox6 specifically repress 

εy globin expression in mouse by direct binding on its promoter (Yi Z. et 

al., 2006) and, in the same way, directly silences the embryonic εy-globin 

gene in definitive erythroid cells (Cohen-Barak et al., 2007; Yi et al., 

2006). Moreover, Sox6 cooperates with BCL11A in silencing γ-globin, 
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possibly via direct physical interaction (Xu et al.). Our experiment show 

that the level of ε globin gene expression results, in terms of absolute 

amount of transcript, increase and Chromatin Immunopecipitation 

demonstrate that Sox6 is able to bind to the human epsilon promoter. This 

result seems in conflict with the above reports and might reflect two 

independent effects on globin synthesis: on one hand, by inducing cell 

differentiation, it increases the overall expression of globins genes in 

general; on the other hand it negatively modulate ε and γ-globin 

transcription, relatively to other globin genes. Taken together, these 

results suggest that Sox6 is a general activator of the erythroid specific 

transcriptional program but has a marginal role in the human globin 

switching process. It is interesting to investigate if Sox6 plays a specific 

role into the ε- to γ-globin switch in the early phase of human embryonic 

development.  

 

5A.2 Sox6 and SOCS3 as target.  

Sox6 activation of globin transcription does not seem to be a direct effect. 

Sox6, as a member of group D of Sox factors, does not have a trans-

activation domain, and interact with other partners as Sox5 and Sox9 in 

the cartilage system (Lefebvre et al., 2007), or by the HDAC recruitment 

on the cyclin D1 promoter (Iguchi et al., 2007). Moreover, the majority of 

described Sox6 binding sites are paired HMG box consensi (Guth and 

Wegner, 2008; Kiefer, 2007; Lefebvre et al., 2007). In confirmation of 

this, the εy promoter, the only know example of erythroid Sox6 target, is 

composed of two binding sequences, with an opposite orientation (Yi et 



 297 

al., 2006). To find similar consensi through the human genome, we took 

advantage of the web tool TFBS cluster (Transcription Factor Binding 

Site - http://hscl.cimr.cam.ac.uk/TFBScluster-) which allows to identify 

conserved patterns of binding sites present in evolutionary conserved 

regulatory regions in the mammalian genomes (Donaldson and Gottgens, 

2007). The software found 875 double Sox consensus sequences, in 

mouse-man conserved regions, interspersed in the human genome. Of 

course, every single target found is of potential interest, but we started to 

analyse the 56 consensi found within 10 Kbp in 5’position of a known 

gene, where generally reside most of the regulatory sequences that 

regulates the transcription of a gene. This approach revealed us 7 genes of 

extreme interest: among them, in particular, we found SOCS3 that have 

the double Sox consensus very close to the transcription start site, and 

within an highly conserved region among mammalian genomes. 

Subsequentely, EMSA and ChIP experiment demonstrate the capability 

of Sox6 to bind this region of SOCS3. Therefore, SOCS3 is directly 

regulated by Sox6 and the binding could be responsible for the effect in 

differentiation consequent to the Sox6 over-expression.  

 

5A.3 Sox6 block of the progression through the cell cycle 

The enhancement of differentiation in erythroid progenitors cells upon 

Sox6 overexpression, is accompanied with a strong reduction in their 

proliferation rate: K562 cells, despite their leukemic nature stop growing 

and die in culture 10 days after Sox6 transduction; CD34+ progenitors, 

transduced by Sox6-expressing lentiviral vector show early cell death, 



 298 

probably because of a block in the cell divisions program similar to that 

observed in K562.  

Among genes involved in cell cycle, SOCS3 is the only one whose 

expression levels significantly change upon Sox6 transduction: its 

increase in K562 cells is evident already 3 hours after transduction. 

Moreover, we demonstrate that SOCS3 is an early direct Sox6 target and 

that SOCS3 overexpression partially recapitulates the Sox6 effect of cell 

growth arrest. The Sox consensus found within the SOCS3 locus is 

located 2.7 Kbp upstream to the transcription start site in a very well 

conserved short region of nearly 120 nucleotides. Results obtained using 

the luciferase reporter gene assay, suggest that Sox6 directly regulates 

SOCS3 transcription in a dose dependent manner. Among pathways 

controlled by SOCS3, we investigated on two that are required for 

erythroid progenitor cells survival: EPO/JAK2/STAT5 and IGF-1/IGF-1R 

(Dey et al., 2000; Sasaki et al., 2000). 

We hypothesized that SOCS3 could be able to block the Epo-Stat5 

signalling transduction, by binding Janus Kinase 2 (Jak2), preventing its 

phosphorilation and the further Stat5 activation (Ingley et al., 2004). As a 

consequence it blocks the proliferation of K562 cells and hemopoietic 

progenitors in culture. We checked for the phosphorilation level of Stat5 

after Sox6 tranduction, and we found that there is not difference 

compared to the control (cells transduced with the empty vector). Then, 

we moved to investigate if the IGF-1/IGF-1R pathway mediates the Sox6 

effect of cell growth arrest and, interestingly, we found that IGF-1 mRNA 

is reduced as a Sox6 downstream effect, both in K562 cells and in 



 299 

erythroid cultures. It is known that the downregulation of the IGF gene 

interferes with the cell cycle progression and the apoptosis downstream 

the bcr/abl signaling, which promotes autocrine IGF-1 signalling 

(Lakshmikuttyamma et al., 2009). IGF-1 signaling is important in 

sustaining the IGF-1 pathway, which acts as a powerful inhibitor of 

apoptosis and as survival factor for hematopoietic cells and whose 

alteration is an important event in leukemia (Lakshmikuttyamma et al., 

2009; Usenko et al., 2007). This is really important because SOCS3 is 

involved in the downregulation of different signaling pathways, and its 

deregulation in hematopoiesis has been implicated in the 

ethiopathogenesis of myeloproliferative disorders (Usenko et al., 2007; 

Fourouclass et al., 2008; Baker et al., 2006; Hookham et al., 2007). 

 

5A.4.  The clinical relevance of Sox6 

Sickle cell anemia and β-thalassemia are two genetic diseases that affect 

millions of people in the world (Vichinsky, 2007). The only cure is the 

bone marrow trasplantation when a compatible donator is available. Even 

though recent progresses in medical treatment extended life expectancy of 

the patients, a definitive cure for the hemoglobin disorders is not yet 

available (Cunningham, 2008). Therefore, it is interesting to improve 

understanding of the molecular basis of the disease to provide clues for 

potential molecular targets.  

Several medical observations started few decades ago, demonstrate that 

the maintenance of γ-globin expression through adult life is able to 

significantly ameliorate the clinical conditions of thalassemic patients 
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(Forget, 1998). Sox6 seems to act as an activator of γ-globin in erythroid 

precursors and could be an interesting target to design specific strategy in 

the context of the fetal hemoglobin reactivation. 

Moreover, because of a strong induction of differentiation by Sox6 in 

erythroid precursor cells, it could be interesting to elucidate the molecular 

mechanisms by which Sox6 acts. This is important because the direct 

activation of SOCS3 by Sox6 in the hemopoietic tissue, and probably, in 

other tissues where Sox6 is expressed (Cohen-Barak et al., 2001), could 

be implicated in the cell cycle progression. Molecular elucidation of 

SOCS3 regulation is a support in the research concerning tumors from 

different tissues treatment: its mis-regulation is the cause of numerous 

proliferative disorders in humans affecting lung and liver (Baltayiannis et 

al., 2008) and the digestive tract (Isomoto, 2009). Specifically, in the 

hematopoietic system, SOCS3 is involved in the aberrant signaling 

transduction of myeloproliferative neoplastic disorders (Kota et al., 

2008), and in the molecular mechanism causing Polycythemia Vera 

(Chen and Prchal, 2006). Very recently, it has been very recently shown 

how the overexpression of SOCS3 is able to revert the molecular defect 

of Polycythemia Vera cells, correcting the hypersensitivity to IGF 

molecule, that leads to erythocytes precursors overgrowth (Usenko et al., 

2007). The implication of IGF-1 in this context, support our data of IGF-1 

mRNA reduction as a downstream effect of Sox6 over-expression. The 

IGF-1/IGF-1R pathway is known to interfere with the cell cycle 

progression downstream the bcr/abl signaling (Lakshmikuttyamma et al., 

2009). In particular this pathway acts as a powerful inhibitor of apoptosis 
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and as survival factor for hematopoietic cells, and its alteration is an 

important event in leukemia (Lakshmikuttyamma et al., 2009; Usenko et 

al., 2007). The strong increase of SOCS3 and the decrease of IGF-1 

mRNA transcript in Sox6 overexpressing cells motivates further studies 

to elucidate the mechanism of action in order to clarify their importance 

as possible targets of specific malignancy in which they are found 

alterated. 
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5B. AHSP AND THE HEMOGLOBIN FORMATION  

Alpha Hemoglobin Stabilizing Protein (AHSP) is a molecular chaperone 

that has a specific role in erythroid cells. During erythropoiesis, 

erythrocyte precursors produce abundant α- and β-chains, which assemble 

each other to form hemoglobin A (HbA). Hemoglobin A is the major 

blood oxygen carrier in adult mammals and is a heterotetramer of α- and 

β-subunits, each bound to heme (Dickerson et al., 1983; Geis, 1983; 

Perutz, 1981). The process of hemoglobin assembly is coordinated by a 

homeostatic mechanism to avoid imbalance between α- and β-chain 

production and the consequent citotoxic effects. In particular free α-Hb 

(α-globin plus heme, or holo-α-globin) is a potent oxidant, catalyzing the 

production of ROS, which damage erythroid precursors (Brunore et al., 

1975). In addition, α-Hb is inherently unstable and tends to precipitate, 

lodging in the cell membrane, or degrade, releasing toxic heme, 

porphyrins, iron, and apo-α-globin polypeptide (α-globin without heme) 

leading to apoptosis of eythroid precursors. 

It is known that erythroid precursors contain a small pool of excess free 

α-Hb with no deleterious effects (Grayzel et al., 1976; Shaeffer et al., 

1976) because adaptative mechanism stabilizes these free α-chains and 

limit their toxicity. Proteolytic system recognizes and eliminates 

misfolded and/or potentially toxic proteins generally in all cell types. In 

erythroid cells there are specific pathways to degrade excess free α-Hb 

but the molecular mechanism is not well defined (Shaeffer, 1983; 

Shaeffer and Cohen, 1998). Moreover, most cells contain molecular 

chaperones that bind, stabilize, and fold potentially toxic protein 
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intermediates during their normal synthesis or upon pathologic 

accumulation and, in particular in erythroid cells, has been recently 

discovered the AHSP. It is a small, abundant protein that binds multiple 

forms of α-chains and stabilizes the newly translated α-chains to complete 

the folding process and then incorporate in the HbA (Kihm et al., 2002). 

The binding of AHSP is specific for α-globin: in vitro studies using 

purified proteins showed that binds α-Hb, but not β-Hb or HbA (Baudin-

Creuza et al., 2004; Kihm et al., 2002) and, in confirmation, 

crystallographic analysis revealed that AHSP and β-Hb have overlapping 

binding sites on α-Hb (Feng et al., 2004).  

Moreover, of interest, under normal physiologic concentration of β-Hb, 

AHSP does not interfere with HbA synthesis but the importance of this 

molecular chaperone is evident in the AHSP-/- mice. They exhibit 

haemolytic anemia with increased levels of ROS and Hb precipitates. 

These observations are important to validate the role of this molecular 

chaperone in Hb homeostasis (Kong et al., 2004).  

 

5B.1. AHSP role in thalassemic cells 

β-Thalassemia is a genetic anemia characterized by a reduced or absent 

synthesis of β-globin chains. As a consequence free α-globin accumulates 

in erythroid precursors and generates ROS and Hb precipitate that 

damages cellular proteins, lipids and nucleic acids and forms large 

insoluble precipitates causing membrane damage and increase of 

apoptosis. In this context, AHSP have a prominent role: by binding to α-

globin, avoids the excess of the free α-chain that accumulates and their 
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consequent cytotoxic effect on erythroid cells. As mentioned above, loss 

of AHSP exacerbates β-thalassemia by increasing ROS production and 

Hb precipitation in a murine model (Kong et al., 2004). This suggests that 

AHSP have a much greater role in thalassemic cells where α-Hb 

accumulates for the absence or reduction of the β-Hb. We reasoned that if 

inhibiting the toxicities of excessive free α-Hb is the major role of AHSP, 

and especially in thalassemic cells, the over-expression of this chaperone 

could relieve the phenotype in these cells by stabilizing the excess of α-

Hb. We over-expressed AHSP in thalassemic cells and we expected a 

reduction in the ROS production and in percentage of apoptotic cells. 

Over-expression of AHSP failed to ameliorate thalassemic phenotype 

suggesting that the cellular mechanism of erythroid precursors is more 

complicated and that other factors and regulatory elements could be 

implicated in the process of hemoglobin synthesis. Moreover, in normal 

and thalassemic cells, normally, the levels of AHSP are already very high. 

A very recent study of Brillet and colleagues show that in erythroid cells 

AHSP is expressed over 100-fold relative to the requirements (Brillet et 

al., 2010). This is a crucial point in order to explain the failed effect of the 

AHSP over-expression to ameliorate the thalassemic phenotype. 

However, further investigation are necessary to understand the molecular 

mechanisms that are implicated in the regulation of the HbA formation in 

order to understand the negative and positive feed-back that regulates the 

α-Hb and β-Hb production in respect to the AHSP, heme, porphyrins, 

iron. 
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5B.2.  The clinical relevance of AHSP 

Recent findings on AHSP indicate that this molecular chaperone protects 

against α-Hb-associated toxicities. This is interesting for the potential 

implications for human disease to design compounds that mimic the 

function of AHSP or define a minimal active domain to generate stable, 

cell-permeable synthetic peptides that stabilized free α-globin as new 

pharmachologic strategies for adjuvant treatments. So far, our results 

indicates that the candidate AHSP is not able to modulate the thalassemic 

phenotype but further investigations could identify new candidates or 

factors associate to AHSP that have a positive impact to treat the 

symptoms related to the β-thalassemia and ameliorate the phenotype of 

patients. 
The formation of hemoglobin is a fascinating process but the mechanisms 

and causal relationships that underlie these associations are not 

completely clarify and need further investigations. It is important to 

consider that in thalassemic cells the high proportion of free α-chains 

decrease the overall contact time of the nascent α-chain to AHSP. As 

result, the association with α-chain is not enough to complete the 

necessary protein folding important to reach a stable structure. As a 

consequence, the AHSP-α-Hb complex remains unstable and exposes 

likewise a molecule of Fe3+ responsible for redox reaction. The 

knowledge of the structure of the AHSP and the understanding its their 

structural changes could be important to design molecule that by physical 

interaction and/or induction of structural alterations, block the capacity of 

the AHSP-α-Hb complex to generate ROS and the consequent damages. 
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Moreover, to correlate the importance of AHSP to the hemoglobin 

formation, basic research examining AHSP gene regulation is necessary 

to elucidate the potential involvement of this chaperone in the 

stabilization of α-globin, the globins synthesis, iron regulation and heme 

formation. It is important to consider that each of the elements that take 

part to the process of hemoglobin formation is correlated to each other 

and could be a possible target candidate for a treatment.  
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