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Summary

Human erythropoiesis is a complex multistep developmental
process that begins at the level of pluripotent hematopoietic
stem cells (HSCs) at bone marrow microenvironment (HSCs
niche) and terminates with the production of erythrocytes
(RBCs). This review covers the basic and contemporary aspects
of erythropoiesis. These include the: (a) cell-lineage restricted
pathways of differentiation originated from HSCs and going
downward toward the blood cell development; (b)) model systems
employed to study erythropoiesis in culture (erythroleukemia
cell lines and embryonic stem cells) and in vivo (knockout ani-
mals: avian, mice, zebrafish, and xenopus); (c) key regulators of
erythropoiesis (iron, hypoxia, stress, and growth factors); (d) sig-
naling pathways operating at hematopoietic stem cell niche for
homeostatic regulation of self renewal (SCF/c-kit receptor, Wnt,
Notch, and Hox) and for erythroid differentiation (HIF and
EpoR). Furthermore, this review presents the mechanisms
through which transcriptional factors (GATA-1, FOG-1, TAL-1/
SCL/MO2/Ldb1/E2A, EKLF, Gfi-1b, and BCL11A) and miR-
NAs regulate gene pattern expression during erythroid differen-
tiation. New insights regarding the transcriptional regulation of
o- and f5-globin gene clusters were also presented. Emphasis was
also given on (i) the developmental program of erythropoiesis,
which consists of commitment to terminal erythroid maturation
and hemoglobin production, (two closely coordinated events of
erythropoieis) and (ii) the capacity of human embryonic and
umbilical cord blood (UCB) stem cells to differentiate and pro-
duce RBCs in culture with highly selective media. These most
recent developments will eventually permit customized red
blood cell production needed for transfusion. © 2009 IUBMB
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INTRODUCTION INTO THE CURRENT STATE
OF ERYTHROPOIESIS

Human erythropoiesis is a dynamic complex multistep pro-
cess that involves differentiation of early erythroid progenitors
to enucleated red blood cells (/, 2). Basically, pluripotent
hematopoietic stem cells (HSCs) and early multipotent progeni-
tors (MPP) generate committed erythroid precursors (erythro-
blasts), which then give birth to mature erythrocytes (red blood
cells; RBCs) (3). HSCs residing within the bone marrow micro-
environment (niche) (4) are stimulated by cell—cell interactions
and extrinsic factors (soluble macromolecules) (5), which inter-
act on the cell surface receptors and initiate signaling pathways.
Such primed hematopoietic progenitors undergo several transi-
tion steps of differentiation and generate the common myeloid
progenitor (CMP) and the common lymphoid progenitor (CLP).
Although CLP supplies T and B lymphocytes, natural killer
(NK) cells, and maybe dendritic cells (DCs), CMP is converted
into megakaryocytic/erythroid (MEP) and granulocyte-myeloid
(GMP) progenitors. MEP cells upon the action of growth factors
are differentiated into erythropoietin (Epo)-responsive erythroid
burst forming unit-erythroid (BFU-E) and colony forming unit-
erythroid (CFU-E). The CFU-Es are then differentiated into
orthochromatic normoblasts and finally via enucleation yield
reticulocytes first and then red blood cells (RBCs) (Fig. 1).

As the hematopoietic process progresses from the early
stages into erythroid cell maturation, cells gradually lose their
potential for cell proliferation and become mature enucleated
cells. Mature erythrocytes are biconcave disks without mito-
chondria and other organelles but full of hemoglobin able to
bind and deliver O,. Several reviews have been published over
the last years and covered most, if not all, of the aspects of
erythropoiesis (6—/0). This review describes fundamental princi-
ples as well as contemporary aspects of erythropoiesis (see Fig.
2) providing new insights that have emerged in the field of
erythropoiesis in recent years. Because hemoglobin switching, a
major issue in erythropoiesis, has been extensively covered by
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Figure 1. Schematic representation of normal hematopoiesis and illustration of the erythrocytic pathway of development. Hemato-
poiesis in adult life begins in bone marrow at the level of pluripotent long-term HSCs, which then give rise to short-term HSCs and
multipotent hematopoietic progenitors. These cell types then yield committed progenitors and finally mature blood cells.Among vari-
ous hematopoietic cell-restricted pathways illustrated above, erythropoiesis represents a unidirectional pathway of maturation. The
erythrocytic pathway of differentiation (highlighted) begins from megakaryocytic/erythroid pluripotent progenitor (MEP) that gives
rise to BFU-E, CFU-E, intermediate forms of proerythroblasts (ProEB), and then to orthochromatic normoblasts (ON). Enucleation
of ONSs leads to birth of reticulocytes (RETs). The latter cells finally yield mature enucleated red blood cells (RBCs). BFU-E, burst
forming unit-erythroid; CMP, common myeloid progenitor; CFU-E, colony forming unit-erythroid; CLP, common lymphoid progenitor;
DCs, dendritic cells; EB, erythroblast; GMP, granulocyte-myeloid progenitor; MEP, megakaryocytic/erythroid progenitor; MPP, multipo-
tent progenitors; NK, natural killer; ON, orthochromatic normoblast; PLTs, platelets; RBCs, red blood cells; RET, reticulocyte.

excellent reviews (see refs. 8§ and 9), it will not be covered in
detail in this review. Only structural aspects of human embry-
onic, fetal, and adult globin genes will be discussed.

EMBRYONIC DEVELOPMENT OF ERYTHROPOIESIS
AND BONE MARROW MICROENVIRONMENT
(NICHE)

Developmentally, at least in mouse, hematopoiesis begins in
the yolk sac/blood islands, later at the aorta-gonad mesonephros
(AGM) region, the chorio-allantoic placenta, the fetal liver, and
finally in the bone marrow during adult life (2, /7). The direct

precursors of hematopoietic cells are found to be hemogenic blasts
and hemogenic endothelium of embryonic vasculature in early em-
bryonic life. Developmentally, hematopoiesis in humans occurs in
two waves: (@) primitive (embryonic) hematopoiesis occurs in
blood islands in yolk sac and generate enucleated RBCs (2, 10)
that express embryonic Hbs [Gower 1 ({2¢2), Gower 2 (22¢2) and
Portland Hb ({2y2)]; (b) definitive hematopoiesis occurs in fetal
liver and gives rise to enucleated RBCs that express fetal hemo-
globin [HbF (x2y2)]. Definitive (fetal/adult) hematopoiesis finally
shifts from the fetal liver to the bone marrow where enucleated
RBCs produce adult hemoglobin [HbA (a2/32)] (2, 3).
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Figure 2. Schematic illustration of various developmental aspects, model systems, and molecular regulators of erythropoiesis (the
genesis of red blood cells). Each aspect, model system, and key-regulators are presented in the text.

As Bessis (/2) observed 50 years ago, erythropoiesis in bone
marrow takes place in erythroblastic islands composed of eryth-
roblasts surrounding a central macrophage that facilitates phago-
cytosis of nuclei derived from enucleated orthochromatic nor-
moblasts as well as providing iron needed for erythropoiesis.
Long term liquid cultures of bone marrow cells developed by
Allen and Dexter in early 1980s (/3), consisting of main stro-
mal cells of mesenchymal type (MSCs) and extracellular matrix
(ECM) allowed generation of erythroblastic islands in vitro.
The erythroblasts interact with each other and most important
with the central macrophage via cell adhesive macromolecules
including integrins, like a4f1 (/4, 15). The number of erythro-
blasts surrounding the central macrophage may be increasing
during stress erythropoiesis.

Emerging evidence indicates that erythropoiesis is regulated
by the balance of positive and negative feedback regulatory
mechanisms operating within the erythroblastic islands niche
(see ref. 14). This occurs via cell-cell interactions and soluble
factors like stem cell factor (SCF), the ligand for the SCF re-
ceptor (c-kit), erythropoietin (Epo), VEGF, and others produced
by erythroblasts and macrophages. Obviously, SCF, Epo, and

VEGF activate erythropoiesis via the positive feedback mecha-
nisms. However, a negative network of feedback regulatory fac-
tors including IL-6, TGF-f3, TNFo, and INFy appears to function
negatively by inhibiting erythropoiesis and promoting cell death
of erythroblasts. IL-6 prevents iron release from central macro-
phage thus reducing erythropoiesis. Finally, extracellular matrix
(EMC) components, such as fibronectin and laminin, affect
erythropoiesis by influencing terminal differentiation and migra-
tion of erythroid cells via interactions with fibronectin receptors
found in erythroblasts, integrins, and maybe other molecules
15).

MODEL SYSTEMS FOR STUDYING ERYTHROPOIESIS

Permanent Cell Lines

The discovery in early 1970s by Friend et al. that induction of
differentiation of erythroleukemic cells (MEL) in vitro resembles
normal erythroid differentiation (/6), triggered several research
groups to use malignant hematopoietic cell lines (HL-60, K-562,
HEL, U937, TF-1, ML-1, KG-1, and others) as suitable model sys-
tems to study hematopoiesis (erythropoiesis, granulopoiesis, and
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lymphopoiesis) in culture (/7, /8). Permanent cell lines grown in
culture maintain their neoplastic phenotype and behave like rela-
tively homogeneous cell populations. Under certain growth condi-
tions, such cells are induced to differentiate extensively into cells
resembling normal counterparts (e.g. orthochromatic normoblasts,
granulocytes). Each permanent cell line used as model system
depending on its potential, unipotent, and/or multipotent, can give
birth to one or more than one cell types. Several fundamental
questions as shown below have been investigated using in vitro
model systems: (@) how do hematopoietic progenitor cells commit
to differentiate along one or another cell-restricted pathway? (b)
What major events occur during cell differentiation in hematopoi-
esis? (¢) Is apoptosis a regulatory homeostatic process integrated
in hematopoiesis? MEL and human leukemic K562 cells have
been most widely used for studying in vitro erythropoiesis and he-
moglobin gene regulation (/7, 18).

Cultured MEL (or Friend) cells permitted analysis of unipo-
tent hematopoietic cells, like CFU-E, along the erythrocytic
pathway. MEL cells growing in suspension culture are induced
to terminally differentiate by several agents into cells resem-
bling orthochromatic normoblasts. Such cells produce vast
amounts of hemoglobin and exhibit a selective expression/
repression program of several genes (Fig. 3) (/8). Cells commit-
ted to differentiation undergo a programmed loss of prolifera-
tive capacity, restricted to only a few divisions because of their
irreversible growth arrest in G1. Commitment to erythroid mat-
uration activates the expression of several genes involved in the
biosynthesis of globins, heme, and hemoproteins. Unfortunately,
MEL cells are unable to respond to Epo and differentiate into
reticulocytes, although enucleation of terminally differentiated
MEL cells has been achieved in culture (/9).

K562 cells are human leukemia cells derived from a patient
with ber-Abl(+) chronic myelogeneous leukemia (CML). K562
cells bear the Philadelphia chromosome (9:22 translocation) and
grow well in suspension culture. On treatment with hemin and
other inducing agents (like anthracyclines, sodium butyrate, and
hydroxyurea), K562 cells are induced to differentiate into hemo-
globin producing cells (/8). Differentiated K562 cells synthe-
size embryonic and fetal but not adult hemoglobins despite the
fact that these cells also bear intact the f-globin gene cluster.
To a certain extent, K562 cells behave like thalassemia cells
and serve as a suitable model for hemoglobin “switching" (see
refs. § and /8 for details). Moreover, evidence exists to indicate
that differentiated K562 cells can give birth to platelets and
macrophage-monocyte-like cells on treatment with phorbol ester
TPA. In most studies reported so far, K562 cells have been
used as a model system for understanding the mechanism of
action of heme/hemin, a natural key regulator of bone marrow
hematopoiesis (20). Developmentally, K562 cells are more
primitive in nature than MEL cells and behave more like undif-
ferentiated early hematopoietic multipotent progenitors.

In addition to permanent cell lines, genetically-engineered he-
matopoietic cells lines, like G1E, were also established and used
in delineating transcriptional regulation upon erythropoiesis.

GI1E cells are an immortalized GATA-1-null erythroblast line
derived from gene-targeted embryonic stem cells (27). This sys-
tem has been extensively used to uncover specific signaling
pathways regulating erythropoiesis. These cells proliferate con-
tinuously in culture as developmentally arrested erythroid pre-
cursors and, on restoration of GATA-1 activity, undergo cell
cycle arrest and terminal maturation in a fashion that largely
recapitulates normal erythropoiesis (22, 23). In this regard, stem
cell factor (SCF) (the ligand for c-Kit) and Epo are required for
the growth and survival of these cells at distinct developmental
stages. During GATA-1-induced maturation, c-Kit is downregu-
lated, and Epo becomes an essential survival factor (23-26).
Such a process shows that recapitulation of cytokine require-
ments during normal erythroid maturation may occur.

Embryonic Stem Cells and Production of Functional
Human RBCs

Embryonic stem (ES) cells are derived from the inner cell
mass of preimplantation blastocysts and maintain their capacity
to self-renew and differentiate into several different tissues
under controlled conditions in vitro. Upon withdrawal of leuke-
mia inhibition factor (LIF) and stromal cell contact, ES cells
differentiate to form embryoid bodies, that is, cell aggregates
containing several differentiated cell types. Mouse ES cells
have been extensively used for in vitro differentiation into sev-
eral hematopoietic lineages and, in particular, into erythroid
cells (recently reviewed in ref. 27). In general, two experimental
approaches have been applied in the differentiation of mouse
ES cells into erythroid cells. In the first approach pioneered by
Keller and coworkers (28, 29), disaggregated embryoid bodies
are cultured in the presence of Epo and kit ligand (KL or SCF),
which promote growth and differentiation of erythroid progeni-
tors. By day 10 of culture, definitive erythroid colonies arise
and can be harvested for further studies. Furthermore, treatment
with Epo alone (without KL) at an earlier stage leads to the
generation of primitive erythroid colonies (29), which are har-
vested within 2-3 days. Primitive erythroid cells are distinguish-
able by virtue of their large nucleated morphology and the
expression of embryonic globin genes such as fhl, whereas
definitive erythroid colonies are larger and contain smaller cells
that express adult stage globin genes such as ™. A related
approach described by Beug and coworkers (30) relies on cul-
turing disaggregated embryoid bodies under conditions that
mimic erythropoietic stress. Definitive erythroid cells can be
derived from disaggregated embryoid bodies by culturing in se-
rum free media in the presence of dexamethasone (DEX), which
activates the glucocorticoid receptor (GR) pathway, and of kit
ligand and low amounts of Epo. Terminal differentiation can be
induced by replacement of the proliferative factors with high
Epo and insulin and is normally complete within 72 h (30).

In the second approach pioneered by Nakano and coworkers
(31, 32), ES cells are cultured in the presence of the OP9 stro-
mal cell line, which promotes hematopoietic differentiation by
providing a supportive hematopoietic environment. OP9 cells
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Figure 3. Diagrammatic presentation of the erythroid developmental program of murine erythroleukemia (MEL) cell differentiation.
Upper panel: MEL cell (virus-transformed CFU-E-like mouse hematopoietic spleen cell) treated with an inducing agent (I) acting
upon a receptor (R) or otherwise commit into erythrocytic pathway of differentiation with probability (P). After 3—4 divisions, the
committed progenitor (CP) of MEL gives birth to orthochromatic normoblast (ON), which via nuclear extrusion yields reticulocyte
first and then matured red blood cell (RBC). Commitment to erythrocytic maturation occurs after a latent period. Inducer-treated
cells “remember” the previous inducing stimulus. Memory is developed early and last for several hours. However, memory can be
erased by metabolic inhibitors of protein (cycloheximide) and RNA (cordycepin) biosynthesis as well as by RNA methylation in-
hibitor (N®-methyladenosine) and dexamethasone. Commitment to erythrocytic pathway is highlighted by progressive loss of cellu-
lar replication (subprogram I), nuclear condensation, and expression of erythroid markers (subprogram II). The latter subprogram II
is activated by hemin and repressed by imidazole and succinylacetone. Lower panel: Gene expression patterns occurring before and
after commitment to erythrocytic maturation of MEL cells have been initiated. Several classes of genes are indicated (for further
details, see review ref. /8). Note that the data included are referring only to changes observed in the mRNA steady-state levels of
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levulinate synthase; NF-E2, erythroid-specific nuclear factor 2; COX, mitochondrial cytochrome c oxidase; pRb, retinoblastoma
protein; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; PU.1, ets-related transcription factor; MERS, gene preferentially
expressed in murine erythroleukemia cells; RPSS5, ribosomal protein S5; RPL35a, ribosomal protein LL35a; Prn-P, prion protein;
NF-E2, erythroid-specific nuclear factor 2; B22, B22 subunit of NADH-ubiquinone oxidoreductase complex of mitochondria; SCL
(TALL), stem cell leukemia; EpoR, erythropoietin receptor.
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are derived from the calvariae of newborn op/op mutant mice,
which lack functional macrophage colony-stimulating factor
(M-CSF). Lack of M-CSF inhibits the survival of macrophages,
which tend to outgrow all other lineages in differentiated ES
cells (32). Mesodermal colonies arise by day 5 of ES cell cocul-
tured with OP9 cells, trypsinized into single cell suspensions,
and replated on OP9 cells. Addition of Epo at day 3 of culture
leads to the production of almost exclusively primitive erythroid
colonies around days 6—7, whereas Epo with KL leads to an
additional wave of erythropoiesis around days 10-14 accompa-
nied by the formation of definitive erythroid colonies (3/7). De-
finitive erythroid progenitors can be easily separated from prim-
itive progenitors at day 6 by removing the nonadherent cell
population from the culture, which represents the majority of
primitive erythroid progenitors (3/). Thus, both approaches for
ES cell differentiation appear to recapitulate murine develop-
mental erythropoiesis in that an early wave of primitive erythro-
poiesis is succeeded by a wave of definitive erythropoiesis with
each wave expressing a developmentally appropriate comple-
ment of globin genes (and other markers).

There are important advantages to using mouse ES cell dif-
ferentiation approaches in studying erythropoiesis. Firstly, ery-
throid differentiation proceeds in a synchronous manner, partic-
ularly in the OP9 and DEX-serum free systems, thus facilitating
cellular and molecular studies. Secondly, genetically modified
(i.e. targeted gene knockout) ES cells can be used to study the
effects of the genetic modification(s) in erythroid differentiation.
This is a particularly useful approach in testing gene knockouts
that are early embryonic lethal (i.e. embryos that do not make it
to the fetal liver stage). Probably, the most useful application of
mouse ES cell differentiation has been in the study of transcrip-
tion factor function in erythropoiesis, the best example being
that of GATA-1 (for example, see ref. 33; see also section
Alpha-Globin Cluster). ES cell differentiation has also been
used in studying early events in cell commitment to the ery-
throid lineage and the development of primitive and definitive
erythropoiesis (for example, see refs. 34 and 35).

Recent advances in the isolation, maintenance, and propaga-
tion of human ES cell lines have also allowed rapid progress in
their application for studying hematopoiesis. Human ES cells
(HuESCs) were first isolated in 1998 (36) and exhibit stem cell
hallmarks such as indefinite propagation in vitro, embryoid
body formation and pluripotentiality (recently reviewed in ref.
37). As in mouse ES cells, hematopoietic progenitors can be
generated by HuUESCs either by treating embryoid bodies with
growth factors or by coculturing with stromal cell lines that
support and promote hematopoiesis (reviewed in ref. 38). How-
ever, the precise pattern of developmental erythropoiesis in dif-
ferentiated HuESCs remains somewhat unresolved. In one study
using embryoid bodies and growth factor cocktails, the ery-
throid cells that were generated morphologically resembled de-
finitive cells in the absence of a clear first wave of primitive
erythropoiesis (39). It is of interest that practically all erythroid
cells generated in this way expressed embryonic and fetal glo-

bin genes in the absence of any morphological evidence of a fe-
tal-to-adult switch in f-globin expression at any stage under the
culture conditions used. Another recent study using coculturing
of human ES cells with mouse fetal liver derived stromal cells,
showed an apparent maturation of erythroid cells with time
from expressing predominantly embryonic e-globin at day 12 of
coculture, to predominant expression of adult f-globin by day
18 and the production of enucleated erythrocytes (40). Interest-
ingly, expression of fetal y-globin remained high throughout
this maturation period. Importantly, enucleated erythrocytes
generated using this protocol exhibited functional properties of
mature red blood cells (40). Thus, it is presently unclear as to
how well these studies recapitulate physiological developmental
erythropoiesis in man, or to what extent differences in methods
may influence outcomes. It is also of note that of five human
ES cell lines tested only one was efficient in generating ery-
throid cells (39, 41).

After the successful isolation, culture and maintenance of
human embryonic hematopoietic stem cells (HuESCs) in
selected media in 1998 (36), several efforts were made to use
these cells to replicate, reconstruct, and explore normal hemato-
poiesis in vitro from early stages up to the production of RBCs.
The realization that hematopoietic differentiation of HuESCs,
under selective growth conditions, progresses through sequential
hematoendothelial, primitive, and definitive stages resembling
human yolk sac development (42) promoted a number of stud-
ies directed toward the production of functional sound RBCs.
Different methods and protocols were developed and applied. In
most cases, investigators succeeded using HUESCs (40, 43, 44),
to develop hemangioblasts, then erythroid progenitors and
finally enucleated RBCs that are functional, because that pro-
duce embryonic, fetal, and adult hemoglobin produced during
the entire course of erythropoiesis and to bind O, like their nor-
mal counterpart enucleated RBCs derived from humans. In
other cases, cord blood CD34" HSCs were employed (45).

Although growth and differentiation of HuUESCs or cord
blood HSCs requires a mixture of soluble growth factors, the
enucleation of differentiated erythroid cells produced requires
coculture with either mouse fetal liver cells or use of BM and
CD stromal mesenchymal stem cells (MSCs) containing macro-
phages/monocytes. Despite differences observed among the var-
ious protocols in methods used by various groups, it has been
established that HUESCs and cord blood HSCs can be used not
only as best possible model system to study hematopoiesis
in vitro and/or ex vivo but most importantly to become able to
produce donorless blood cells of ABO and O-Rhesus (-) type
aimed for transfusion of people suffering of severe hematologi-
cal disorders. Moreover, these systems can be used as models
to uncover molecular and cellular events of hematopoiesis dur-
ing the entire spectrum of hematopoiesis.

Mice
Production of red blood cells in the mouse occurs in two
clearly defined and distinct waves during primitive and defini-
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tive erythropoiesis (46, 47). In the primitive stage, erythropoie-
sis takes place in the blood islands of the yolk sac to produce
large nucleated immature erythroblasts, which start circulating
at E8.25. Primitive erythroblasts undergo a synchronous wave
of maturation in the circulation with recent evidence showing
that by E12.5 primitive erythroblasts undergo enucleation and
continue circulating as erythrocytes (48, 49). Primitive erythro-
cytes express the embryonic complement of globin chains,
which consist initially of {- and fhl-globin, followed by «l-,
o2-, and ey-globin as primitive proerythroblasts at E7.5 mature
and transition into reticulocytes by E15.5 (50, 51).

Definitive (fetal/adult) erythropoiesis first arises in the devel-
oping fetal liver of the mouse embryo. It is thought that the first
erythroid progenitors that populate the fetal liver at around E9.5
originate from the yolk sac in a transient wave of definitive eryth-
ropoiesis before the emergence of adult hematopoietic stem cells
(52). Around birth, the bone marrow becomes the major site of
definitive erythropoiesis. In both cases, the fetal liver and bone
marrow, definitive erythroid precursors mature while remaining
attached to macrophage cells that form the erythroblastic islands
(14). Macrophages in erythroblastic islands engulf and digest
extruded nuclei during erythroid maturation and may also pro-
vide broader “nursing” functions to erythroid maturation. It is of
interest that recent work demonstrated that circulating primitive
erythroblasts can also interact with erythroblastic islands in the
fetal liver in completing their maturation and enucleation steps
(53). Definitive erythroid cells in the fetal liver and the bone mar-
row express the adult complement of globin chains consisting of
«1- and o2-globin and of f™4°"- and f™"*"-globin.

Zebrafish and Xenopus

Zebrafish (Danio rerio) has established itself as an extremely
useful model for the study of hematopoiesis (recently reviewed
in ref. 54). Primitive erythropoiesis first occurs in the intermedi-
ate cell mass (ICM), a GATA-1 expressing axial hematopoietic
tissue, which produces the first erythrocytes, akin to the blood
islands in the mammalian yolk sac. Definitive erythropoiesis ini-
tiates by 48 h postfertilization in Runx-1 expressing cell clusters
around the ventral wall of the dorsal aorta, similar to the aorta-
gonad-mesonehpros (AGM) phase of erythropoiesis in mammals
(55, 56). In the larval stage and in adult animals, the kidney
becomes the primary site of hematopoiesis.

As a model organism, zebrafish offers many practical advan-
tages such as the ease of husbandry, large numbers of progeny
with short developmental times, and transparent embryos, which
facilitate imaging and observation for example, using GFP or
fluorescent in situ hybridization (FISH). It has also emerged as
an excellent genetic model for large scale forward genetic
screens by random chemical mutagenesis. This has resulted in
the isolation of many mutants with hematopoietic phenotypes,
the analyses of which have contributed significantly to our under-
standing of developmental, cellular, and molecular hematopoie-
sis. A good example is the cloche mutant, which presents with a
total hematopoietic failure and an absence of anterior endothelial

development (36, 57). The analysis of cloche mutants provided
compelling evidence for the existence of the long sought heman-
gioblast, that is, the common progenitor for the development of
the hematopoietic and vascular tissues. Furthermore, the use of
antisense morpholinos RNAs allows single or multigene knock-
downs in early embryos, whereas overexpression allows gain-of-
function studies. Lastly, other classical hematopoietic approaches
such as flow cytometry and transplantation studies are increas-
ingly applied in zebrafish, thus extending the repertoire of tools
and approaches for the study of hematopoiesis.

Xenopus laevis has also served as a useful model in the
study of erythropoiesis (58). Primitive erythrocytes develop
within the V-shaped ventral blood island, located on the ventral
surface of the developing tadpole, at around 2 days postfertiliza-
tion following a rostral to caudal “wave” of primitive erythro-
cyte differentiation. This stage of erythropoiesis in Xenopus is
analogous to the yolk sac stage in mammals. Definitive erythro-
cytes first initiate in the lateral plate mesoderm located near the
pronephros at a stage that is analogous to the aorta-gonad-meso-
nephros stage in mammals. Larval and adult erythropoiesis
occurs in the liver in frogs.

The large numbers and size of eggs and of ensuing embryos
have facilitated cell explant and transplantation studies carried
out for the definition of the cellular origins and of the inductive
signals of hematopoiesis in the early embryo. Cell fate maps
tracing the origin of tissues to specific cells in the 32-cell stage
embryo have been worked out in Xenopus. In addition, gene
knockdown, overexpression, and dominant negative expression
assays are possible through mincroinjection in Xenopus
embryos (see for example, ref. 59). Using such approaches, it
has been shown for example that primitive erythropoiesis also
contributes to the initiation of definitive erythropoiesis in the
Xenopus embryo (reviewed by (60), or that BMP4 signaling is
critical to primitive erythroid blood formation (67).

Avian Systems

Erythropoiesis has also been extensively studied in avian
models (chicken in particular), which offer some advantages
when it comes to studying hematopoietic ontogeny and aspects
of erythroid commitment and differentiation. For example, ele-
gant grafting experiments of chick embryonic (blastoderm) cells
onto the yolk sac of quail embryos provided early evidence that
yolk sac hematopoiesis does not appear to contribute to defini-
tive hematopoiesis (62). In addition, the avian model provided
early evidence for an intraembryonic origin of definitive hema-
topoiesis (63), later found to also occur in mammals.

Hemoglobin in the chicken embryo can be detected in the
blood islands of the developing yolk sac as early as 24 h after
fertilization (2—4 somite stage). In contrast to mammals, avian
embryos do not use the fetal liver but instead maintain the yolk
sac as a site of erythropoiesis until the bone marrow takes over
later in development. The o* and the oP-globin genes are
expressed constitutively throughout development, whereas the
embryonic o gene is expressed exclusively in primitive eryth-
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ropoiesis. For the f-like globin genes, the embryonic ¢ and p-
globin genes are expressed in the primitive stage, whereas the
adult ™ and p* genes are expressed in the definitive stage of
erythropoiesis.

With regards to the study of erythroid differentiation, there
are two aspects of the avian model that have proved to be use-
ful. The first, as originally developed by Beug and coworkers
(64, 65), is the ability to propagate in vitro mass cultures of pri-
mary bone marrow erythroid progenitors that can proliferate in
the presence of specific growth factors and steroids while
remaining at an immature progenitor stage. These progenitors
can also be induced to undergo synchronous differentiation into
mature erythrocytes upon stimulation with physiological signals
such as Epo and insulin (66). This system has been effectively
used by Beug and coworkers (67, 68) for example, to identify
two distinct erythroid progenitors in chicken bone marrow, and
investigate the signaling pathways governing proliferation ver-
sus terminal differentiation decisions in the avian system
(reviewed in ref. 69).

The second aspect of avian models in the study of erythro-
poiesis is the occurrence of avian leukemia viruses that have
provided important clues as to the signaling and transcriptional
regulation of erythroid differentiation. An important example is
the avian erythroblastosis virus (AEV), which causes acute, le-
thal erythroleukemia through overproduction of two oncopro-
teins v-ErbB and v-ErbA. The study of these oncoproteins in
erythroblastic transformation and of the physiological functions
of their normal cellular counterparts c-ErbB (the chicken homo-
log of the Epidermal Growth Factor Receptor) and of the thy-
roid hormone receptor TRa provided invaluable insight as to
the implication of receptor tyrosine kinase and nuclear hormone
signaling pathways in the maintenance of an immature prolifer-
ative state of erythroid progenitors (reviewed in ref. 69). It is
also worth mentioning the E26 acute leukemia virus that
expresses a transforming oncoprotein, which includes two
mutated forms of the important hematopoietic transcription fac-
tors c-Myb and c-Ets-1 (reviewed in ref. 70). In vitro, the E26
virus has the capacity to infect and transform multipotent hema-
topoietic progenitors and has been used in studying the role of
specific transcription factors in the commitment and differentia-
tion of distinct hematopoietic lineages (reviewed in ref. 71).
One important observation from such studies is the reprogram-
ming function of key erythroid transcription factors such as
GATA-1 and FOG-1 when ectopically expressed in myeloid or
eosinophilic cells obtained from E26 transformed progenitors,
which provided early evidence as to the differentiation plasticity
of hematopoietic cells (71).

KEY REGULATORS OF ERYTHROPOIESIS: IRON
HOMEOSTASIS-CELLULAR HEME, HYPOXIA,
STRESS, GROWTH FACTORS, TRANSCRIPTION
FACTORS, AND MIRNAs

Erythropoiesis is a dynamic process regulated by oxygen ten-
sion in vertebrates and requires the orchestrated action of spe-

cific molecular mechanisms to strictly regulate cell proliferation,
prevent apoptosis, and coordinate cell-cycle arrest with terminal
maturation. Although many questions still remain unanswered
regarding the underlying molecular mechanisms that govern lin-
eage-determining decisions toward the path of terminal matura-
tion, specific signaling pathways and molecular networks have
been identified to control erythropoiesis. Iron homeostasis,
hypoxia (low oxygen tension), and stress physiology affecting
transcriptional factors and regulators represent key elements
contributing to erythropoiesis (72).

Hypoxia, Stress, and HIF-Signaling Pathway

It is well established over the years that hypoxia promotes
erythropoiesis via an increase of erythropoietin (Epo) produc-
tion (Fig. 4). Epo, a member of the hematopoietic cytokine
superfamily, is produced mainly in the fetal liver and adult kid-
ney by transcriptional activation of Epo gene in response to low
oxygen tension at high attitudes (73). This process is predomi-
nantly regulated by hypoxia-inducible factor (HIF) family as
well as nuclear factor kappa B (NF-kB) (74, 75). HIF, a mem-
ber of the basic helix-loop-helix (bHLH) PAS (Period-ARNT-
Single minded) family, was discovered through its action as the
transcriptional activator of erythropoietin, and has subsequently
been found to control intracellular hypoxic responses throughout
the body. The PAS domain, a homology region identified in the
first three members of the PAS family: the drosophila period
gene, the mammalian ARNT gene, and the drosophila single-
minded gene (76). The importance of HIF functions in human
physiology has been now well recognized and the data accumu-
lated thus far indicate that in HIF-regulated gene products are
included, besides Epo, vascular endothelial growth factor
(VEGF), glucose uptake transporter-1, transferrin, transferrin
receptor, plasminogen activator inhibitor-1, aldolase C, and
endothelin-1 (73). The first member of the HIF family of tran-
scription factors to be discovered, HIF-1, (a heterodimer con-
sisting of an oxygen labile a-subunit and a constitutive [-sub-
unit), was originally identified as a hypoxia-inducible nuclear
factor that bound to the hypoxia-response element (HRE)
enhancer region of the Epo gene (77-79) (Fig. 4). This was the
first description of HIF-lo, whereas HIF-1§ was found to be
identical to the aryl hydrocarbon receptor nuclear transporter
(ARNT), which is a dimerization partner for the aryl hydrocar-
bon receptor (80). In accordance with the effects of hypoxia on
serum Epo, the DNA-binding activity of HIF-1 was found to be
tightly regulated by cellular oxygen tension. As far as the HIF-
lo nuclear transport is concerned, new information has been
recently revealed. Interestingly, experimental data support the
notion that nuclear transport of HIF-1« is mediated by MAPK-
dependent regulatory mechanism via an identified on the mole-
cule nuclear export signal (NES) (8/). The function of HIF is
primarily regulated by specific prolyl hydroxylase-domain
(PHD) enzymes that initiate its degradation via the von Hippel-
Lindau tumor suppressor protein (VHL) (Fig. 4). In particular,
VHL binds to the HIF-a subunit and targets it for ubiquitin-
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Figure 4. Schematic diagrams illustrating the major events occurring during erythropoiesis under normal oxygen consumption and
hypoxia. (A) In normal oxygen (O,) conditions (normoxia), the HIF-1o protein is subjected to hydroxylation by PDHs and FIH,
both requiring 2-oxoglutarate and oxygen as cofactors. This allows recruitment of VHL, a component of ubiquitin ligase complex
that ubiquitinates (Ub) HIF-1o and thereby targets it for proteasome-mediated degradation. (B) During hypoxia, when PDHs are
not active, HIF-1« is stabilized, dimerizes with HIF-15-CBP, a fact that results in transcription at HREs of hypoxia-inducible genes
involved in angiogenesis, apoptosis, glucose transport and metabolism, erythropoiesis, inflammation, cellular invasion, and stress
response. As far as erythropoiesis is concerned, hypoxia stimulates EPO production mainly in the adult kidneys and cell—cell con-
tacts of erythroblasts and endothelial cells in the bone marrow through hypoxia-induced accumulation of HIF-2¢. In the bone mar-
row, HIF-2¢ drives the expression of VCAM-1 and VLA-1 («1f1 integrin), molecules that facilitates cell-cell contacts between
stromal and hematopoietic progenitors, thus modulating bone marrow microenvironment and finally inducing erythropoiesis. Epo,
erythropoietin; FIH, factor inhibiting HIF-1; HREs, hypoxia-responsive elements (TACGTG); p300/CBP, CREB-binding protein
(CREB, CCAAT enhancer-binding protein-¢); PHD, propyl hydroxylases; VCAM-1, vascular adhesion molecule-1; VHL: von Hip-
pel-Lindau tumor-suppressor protein; VLA-1, very late antigen-1.

mediated proteasomal degradation by acting as the recognition function of prolyl hydroxylase-domain (PHD) proteins (PHDI,
component of a multiprotein ubiquitin ligase complex. This pro- PHD2, and PHD3). These catalyze oxygen-dependent hydroxy-
cess is considered as the fundamental oxygen-sensitive step lation of specific proline residues in HIF-a, which in turn directs
underlying the degradation of HIF-o and is mainly relied on the the binding of VHL (reviewed in ref. 73). The oxygen and iron
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dependency of PHD activity accounts for regulation of the path-
way by both cellular oxygen and iron status.

Furthermore, recent studies have shed more light on the
mechanisms underlying the function of PHD-VHL-HIF axis
pathway that acts as the central regulator of oxygen homeostasis
in hypoxia-induced erythropoiesis (73). As it is shown, HIF-a
subunit is synthesized continuously but is rapidly destroyed in
the presence of oxygen and iron. In this way, oxygen- and iron-
dependent PHD enzymes hydroxylate specific proline residues
in HIF-o, increasing its affinity for the von Hippel-Lindau
tumor suppressor protein (VHL). The binding of VHL to
hydroxylated HIF-o then targets HIF-o for destruction by a mul-
tiprotein ubiquitin ligase that mediates proteasomal degradation
of HIF-o subunits (Fig. 4). Another oxygen- and iron-dependent
enzyme, -factor inhibiting HIF (FIH)-, hydroxylates an aspara-
gine residue in HIF-¢, reducing its ability to activate transcrip-
tion by inhibiting binding of the transcriptional coactivator com-
plex p300/CBP. Thus, under physiological cellular oxygen ten-
sion (euoxic condition or normoxia), HIF-« is continuously
expressed and rapidly degraded, whereas under hypoxic condi-
tions, the hydroxylation of HIF-oo by PHDs and FIH is inhibited
and proteasomal degradation is minimized. HIF-o rapidly accu-
mulates and dimerizes with HIF-f which is expressed constitu-
tively, a fact that leads to the recruitment of p300/CBP coacti-
vator and the DNA binding complex subsequently upregulates
hypoxia-responsive genes. The importance of these molecular
events in the function of HIF was also verified by studying
patients diagnozed with congenital polycythemia (a rare mono-
genic disease) (82). The most frequent cause of congenital poly-
cythemia is likely to be mutations in VHL gene. The more
extensively case studied among them is Chuvash polycythemia,
where individuals are homozygous for a specific 598C>T muta-
tion in the VHL gene. This results in an amino acid change of
arginine to tryptophan (73). Such amino acid substitution dimin-
ishes the binding affinity of VHL for hydroxylated HIF-o, and
by this way, the degradation of HIF-« is inhibited and HIF- tar-
geted genes are pathologically activated (83). Another form of
familial polycythemia caused by deregulation of HIF signaling
has been recently identified as a result of mutations in EGLNI1
gene (which encodes for PHD2). This genetic defect appears to
reduce the activity of PDH2, the main PHD isoenzyme regulat-
ing the low steady-state level of HIF-o under physiologic oxy-
gen tension conditions (84). Overall, these data confirm the
importance the HIF-signaling pathway in regulating red cell
production in the body.

Although HIF-1a was initially considered as the major regu-
lator of Epo gene expression, recent studies indicate a dominant
role for HIF-2o in regulating Epo synthesis in mice and in
humans as well (85-87). Recently, it has been shown in HIF-2«
knockdown gene expression in mice that the microenvironment
required for erythropoiesis is dynamically regulated by oxygen
through the regulation of vascular adhesion molecule-1
(VCAM-1) (88). Moreover, HIF-2o. knockdown mice exhibited
normocytic anemia, while their Epo levels were unaffected. As

it is known, VCAM-1 supports the interaction of hematopoietic
and endothelial cells in the bone marrow microenvironment and
is required for maturation of erythroid cells. Hypoxia-inducible
VCAM expression is selectively regulated by HIF-2o, and de-
fective erythropoiesis can be rescued in HIF-2a knockdown
mice with selectively restored HIF-2o expression in endothelial
cells. Such data underscore the importance of HIF-2u in the ox-
ygen-dependent regulation of erythropoiesis and add new
insights on how low oxygen tension in the bone marrow pro-
motes hematopoiesis by facilitating the interaction of stromal
and hematopoietic cells (89) (Fig. 4). Because erythropoiesis is
particularly sensitive to modulation of the function of HIF-u«
subunits and HIF-2o driven expression of VCAM-1, potential
therapeutic targets can be developed. Overall, these functions
are affected by cell—cell contacts between stromal and hemato-
poietic progenitors including erythroid committed progenitors
like BFU-E and CFU-E, whereupon Epo acts in bone marrow
microenvironment (niche) (88, 89).

Red blood cell homeostasis is an excellent example of redox
balance: erythroid progenitors accumulate hemoglobin during
development, and erythrocytes continuously transport large
amounts of oxygen over the course of their ~120-day lifespan,
a process that results in a high level of oxidative stress (90, 91).
Thus, regulation of oxidative stress is particularly important to
erythropoiesis and the production of mature erythrocytes (92).
As far as the role of oxidative stress in erythropoiesis is con-
cerned, it is interesting that forkhead box O3 (Foxo-3)-deficient
erythrocytes exhibited decreased expression of reactive oxygen
species (ROS) scavenging enzymes and had a ROS-mediated
shortened lifespan as evidence of oxidative damage. Loss of
Foxo-3 transcription factor induced mitotic arrest in erythroid
precursor cells, leading to a significant decrease in the rate of
in vivo erythroid maturation (92). To this respect, such data pro-
pose a potential role of Foxo-3 in the regulation of ROS in
erythropoiesis implying that Foxo-3 may regulate the lifespan
of red blood cells. Furthermore, it has been proposed that differ-
ential regulation of Foxo-3 target genes represents a novel
mechanism controlling erythroid expansion and differentiation
(93, 94). Therefore, understanding the direct targets of this tran-
scription factor and its regulation is important for the regulation
of erythropoiesis.

Iron Homeostasis/Cellular Heme
(Iron Protoporphyrin IX)

Iron metabolism (95, 96) and cellular heme (see for review
ref. 20) are two of the most key regulators of erythropoiesis.
Iron is entirely taken up from plasma via the iron-transferrin
complex-transferrin receptor interaction. Heme derives from
plasma as well as de novo biosynthesis inside the mitochondria
as protoporphyrin IX first and then as iron-protoporphyrin IX
(heme) after incorporation of iron with ferrochelatase. There is
no free iron and cellular heme intercellularly. Both are bound to
protein ferritins (for iron storage) and hemoproteins (proteins
carrying heme as prosthetic groups).
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Iron metabolism, cellular heme and erythropoiesis are inex-
tricably linked. The major source of iron for erythrocyte precur-
sors is plasma iron-transferrin (Fe-Tf). When iron supply to the
bone marrow is inadequate because of systemic iron deficiency
or iron sequestration, iron-restricted erythropoiesis or anemia
results (95, 96). Iron homeostasis in mammals is regulated at
the level of intestinal absorption, whereas the peptide hormone
hepcidin was found to be the master regulator of systemic iron
homeostasis by coordinating the use and the storage of iron
with iron acquisition (97). Hepcidin is primarily produced by
hepatocytes and is a negative regulator of iron entry into plasma
by binding to ferroportin, an iron transporter present on cells of
the intestinal duodenum, macrophages, hepatocytes, and cells of
the placenta (95, 97). The magnitude of the iron flux is propor-
tional to the concentration of ferroportin on the cell surface,
and its binding with hepcidin induces ferroportin internalization
and degradation (98). The loss of ferroportin from the cell sur-
face prevents iron entry into plasma, a fact resulting in low
transferrin saturation, and less iron delivery to the developing
erythroblasts. Conversely, decreased expression of hepcidin
leads to increased cell surface ferroportin and increased iron
absorption. The expression of the gene encoding hepcidin (hep-
cidin antimicrobial peptide; HAMP) appears to be regulated at
the level of transcription, whereas plasma levels of hepcidin are
modulated by different stimuli, including cytokines (predomi-
nantly IL-6), plasma iron, erythropoiesis/anemia, and hypoxia
(97). The induction of HAMP transcription in hepatocytes by
IL-6 is mediated through the activation of Stat3 (99). Several
studies identified the bone morphogenetic protein (BMP) path-
way as a critical regulator of hepcidin expression. BMPs are
members of the transforming growth factor-f (TGF-f§) super-
family, and it has been shown that hemojuvelin (HJV), which
was identified as an iron-specific BMP coreceptor, increased
hepcidin expression by enhancing BMP signaling (/00). In
addition, manipulation of the HIV/BMP pathway in vivo altered
hepcidin and iron levels. Administration of BMP2 in mice
increased hepcidin expression and administration of soluble
HJV decreased hepcidin expression, with consequent changes in
iron plasma levels and tissue distribution (/0/). Hepcidin syn-
thesis is stimulated by increased plasma iron and tissue iron
stores, and hepcidin in turn decreases the release of iron into
plasma, both from macrophages and from absorptive enterocytes
in the duodenum (95). Although the molecular mechanisms
underlying this effect are still elusive, it has been recently
shown that Fe-Tf is implicated to hepcidin regulation by iron
(102). To this regard, hepatocytes seem to sense Fe-Tf concen-
trations and increase hepcidin expression proportionally through
the HIV/ BMP2.,4 iron-regulatory pathway. Hepcidin regulation,
however, during erythropoietic activity induced by hypoxia or
increased Epo is still elusive (95).

The level of cellular heme (derived in part from plasma by
uptake via hemopexin and in part from de novo biosynthesis in
mitochondria) is very critical in the regulation of erythropoiesis.
Heme biosynthesis is increased dramatically during Epo-moder-

ated erythropoiesis to meet extra demand for red blood cell pro-
duction under hypoxic conditions or stress erythropoiesis. Heme
synthesized is needed for the production of large number of
hemoproteins involved in cell respiration, O, tension sensing,
and metabolism. Moreover, heme is needed to regulate the tran-
scription of globin and nonglobin genes, because heme has been
found to regulate the action of transcription factors at nuclear
level (20).

Hepcidin-Mediated Iron Homeostasis and EpoR Signaling. HIF
promotes iron transport by upregulating transferrin and the trans-
ferrin receptor (Tf-R) (73, 95). Furthermore, HIF negatively reg-
ulates hepcidin, the key hormonal regulator of iron homeostasis
(103). Downregulation of hepcidin liberates ferroportin, thereby
increasing intestinal iron absorption and mobilizing recycled
iron from macrophages (97). Through the stabilization of HIF-a,
hypoxia and iron-deficiency both suppress hepcidin and thereby
increase iron availability, at least in mice (/03). Similar involve-
ment of HIF in humans seems likely, as hepcidin is likewise crit-
ical to human iron homeostasis. Indeed, hepcidin deficiency
underlies most forms of the iron-overload disorder hereditary
hemochromatosis (97). Thus, it appears that HIF simultaneously
stimulates the polycythemic response to hypoxia and boosts the
availability of iron so as to meet the resultant erythropoietic
demands.

Iron and HIF are further coupled through the action of iron
regulatory proteins IRP1 and IRP2. The importance of the cellu-
lar IRP-IRE regulatory network in systemic iron homeostasis
has been recently reviewed by Muckenthaler et al. (/04). IRPs
posttranscriptionally regulate the expression of several proteins
of iron metabolism by binding to their mRNA iron-responsive
elements (IREs) (/05). When iron is scarce, IRP-IRE binding
promotes cellular iron uptake and prevents iron sequestration by
stabilizing transferrin receptor (Tf-R) mRNA and inhibiting the
translation of ferritin mRNA. In contrast, in iron-replete cells,
IRP1 is biochemically inactivated, and IRP2 undergoes iron-de-
pendent proteasomal degradation, resulting in reduced IRE-
binding activity and opposite homeostatic effects. It is interest-
ing to note that the IRP2 degradation pathway may involve an
unidentified 2-oxoglutarate-dependent dioxygenase from the
same family as the HIF hydroxylases (/06), although VHL is
not a necessary component of this pathway (/07). Furthermore,
it has been reported that HIF-2x (also called endothelial PAS
domain protein-1, EPAS-1) is posttranslationally regulated by
IRP-IRE binding (/08). In particular, a regulatory link that per-
mits feedback control between iron availability and the expres-
sion of key transcription factor promoting iron utilization was
uncovered. This fact is mediated through a conserved, func-
tional IRE that exists in the 5'-untranslated region (5-UTR) of
the mRNA of HIF-2« that permits IRP binding to control HIF-
20 mRNA translation in response to iron availability. Because
HIF-2a appears to be the most important HIF isoform in regu-
lating Epo (86), this introduces a negative-feedback control
mechanism that may operate during iron-deficiency to limit Epo



THE DEVELOPMENTAL PROGRAM OF ERYTHROPOIESIS 811

stimulation of erythropoiesis until iron availability is sufficient
to allow effective red blood cell production.

Erythropoiesis requires Epo and stem cell factor (SCF) sig-
naling via their receptors EpoR and c-Kit. As far as the EpoR
function is concerned in erythropoiesis, signal transduction is
mediated through the EpoR/Jak2/Stat5 signaling axis, regulating
proliferation, differentiation, and survival. Interestingly enough,
an unexpected mechanistic link between EpoR/Jak/Stat signal-
ing and iron metabolism exist, that is absolutely essential for
erythropoiesis and life. Mice completely lacking Stat5 suffered
a reduction in the levels of transferrin receptor-1 (TfR-1) on
erythroid cells. This fact was attributed to a reduced transcrip-
tion of TfR-1 mRNA and iron regulatory protein 2 (IRP-2), the
major translational regulator of TfR-1 mRNA stability in ery-
throid cells. Both genes were demonstrated to be direct tran-
scriptional targets of Stat5 (/09). Although EpoR acts via the
kinase Jak2, the contribution of distinct EpoR/Jak2-induced sig-
naling pathways (MAPK, PI-3, and Stat5) to functional erythro-
poiesis is still under investigation. Cytokine- and c-Kit path-
ways do not function independently of each other in hematopoi-
esis, but cooperate to attain full Jak2/Stat5 activation. Activated
Stat5 has been shown to act as a critical downstream effector of
Jak2 in erythropoiesis/myelopoiesis, whereas Jak2 functionally
links cytokine- with c-Kit-receptor tyrosine kinase signaling
(/10). This is an intriguing situation where different signaling
pathways are regulated by common molecules, thus allowing
better regulation of erythropoiesis and red blood cell produc-
tion.

Hemoglobin production during erythropoiesis is mechanisti-
cally coupled to the acquisition and metabolism of iron.
Recently, a new mechanism through which hemoglobin may be
modulated according to iron status has been proposed (/11).
The mRNA of «-hemoglobin-stabilizing protein (AHSP) con-
tains a nucleotide sequence at the 3’-untranslated region (3'-
UTR) that resembles the IREs (noncanonical IREs). Through
this structure, iron regulates the expression of AHSP, which
acts like a molecular chaperone that binds and stabilizes free o-
globin during hemoglobin synthesis. Overall, these observations
suggest that IRPs can regulate mRNA expression through non-
canonical iron responsive elements (IREs) and extend the reper-
toire of known iron-regulated genes.

Another interesting line of investigation implicates involve-
ment of UCP2, (an inner membrane mitochondrial protein
implicated in bioenergetics) and ROS modulation in the regula-
tion of erythropoiesis, because UCP2 has been postulated to
function as a facilitator of both heme biosynthesis and iron
metabolism by reducing ROS production. Expression of UCP2
gene occurs at early stages of erythroid maturation (when cells
are not fully committed to heme biosynthesis), and high levels
of UCP2 protein were found in erythroid cells. Detailed analysis
of bone marrow and fetal liver progenitor cells, in vitro and in
vivo, revealed that UCP2 deficiency led to a significant decrease
in cell proliferation at the Epo-dependent phase of erythropoie-
sis, without affecting heme biosynthesis (//2). This is an inter-

esting finding indicating that UCP2 is another regulator of
erythropoiesis and suggests that inhibition of UCP2 function
may contribute to the development of anemia.

Growth Factors and Signaling Pathways

The hematopoietic system is hierarchically organized with a
rare population of HSCs that give rise to progeny that progres-
sively lose self-renewal potential and successively become more
and more restricted in their differentiation capacity. Finally, this
progeny generates functionally mature cells (//3). During this
process, self-renewal is critical for sustaining the HSCs com-
partment and thus is a prerequisite for lifelong hematopoiesis.
In this direction, several developmentally conserved signaling
pathways have emerged as important components of the fate of
HSCs in the body by supporting expansion of the HSCs pool by
a combination of survival and induced self-renewal. These
include the SCF/c-kit receptor, Notch, wingless-type (Wnt),
sonic hedgehog (Shh), and Smad [families of TGF-f3, activins
and bone morphogenetic proteins (BMPs)] signaling pathways
(113-115). Although the intention of this review is not to com-
prehensively discuss each one of all the signaling pathways
involved in hematopoiesis, the significance of SCF/c-kit recep-
tor, Wnt, Notch, and EpoR pathways will be further considered
in regulating erythropoiesis.

SCF receptor (CD117, the gene product of c-kit proto-onco-
gene) and its ligand SCF play a central role in gametogenesis,
melanogenesis, and hematopoiesis. SCF receptor is a member
of the type III subfamily of receptor tyrosine kinase (RTK) that
also includes the receptor for M-CSF, Flt-3, and PDGF. 1t is
expressed in hematopoietic progenitor cells, normal B- and T-
cell progenitors, mast cells, germ cells, melanocytes, neurons,
glial cells, placenta, kidney, lung, and gut cells (//6). Sporadic
mutations of c-kit and autocrine/paracrine activation mecha-
nisms of the SCF/c-kit pathway have been implicated in a vari-
ety of malignancies. C-kit has been found to be mutated and
activated in gastrointestinal tumors and lung carcinomas. C-kit
receptor tyrosine kinase has been the target of drug Gleevec/
Glivec (imatinib mesylate). Deficiency in SCF or c-kit product
affects erythropoiesis. Gain of function mutations of c-kit is
associated with malignancies such as AML, gastrointestinal
stromal tumors (GISTs), and mastocytomas (//7, 118). Binding
of SCF to c-kit receptor leads to dimerization and activation of
protein kinase that autophosphorylates the receptor. C-kit recep-
tor tyrosine kinase controls the function of primitive hematopoi-
etic cells, melanocytes, and germ cells (//9). C-kit is an excel-
lent target for new drug development, because inhibition of the
underlined signaling pathway affects cell proliferation, survival,
and differentiation (/20, 121).

Recent studies indicate an important role for Wnt signaling
in hematopoiesis during mammalian development by modulat-
ing the fate of HSCs through the regulation of bone marrow
microenvironment, the so-called “niche” (98, 115, 122).
Expression of Fz5, Wnt5a, and Wnt10b has been found in both
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mouse embryonic yolk sac and fetal liver. Furthermore, Wnt10b
was also found to be expressed by murine fetal liver hematopoi-
etic progenitors (/22, 123). The progenitor cell populations can
be expanded greatly in vitro by addition of Wntl-, Wnt5a-, or
Wnt10b-conditioned media. In addition, human fetal bone mar-
row stromal cells have also been shown to express Wnt2b,
WntSa, and Wnt10b, and human CD34" hematopoietic progeni-
tor cell number was also increased when cocultured with stro-
mal lines transfected with these Wnts (/24). The role of Wnt
signaling in the maintenance and proliferation of hematopoietic
stem cells has also been more thoroughly characterized, because
genes implicated in HSC self-renewal, such as HoxB4 and
Notchl, were shown to be upregulated on activation of Wnt
signaling in HSCs. (/25, 126). Interestingly, blocking Wnt
signaling with over-expression of Axin inhibits proliferation
in vitro and the ability of HSC to reconstitute blood cells
in vivo (125).

Following the importance of Wnt signaling in regulating
hematopoiesis upon development, accumulating evidence sug-
gests that also the Notch pathway affects survival, proliferation,
and cell fate choices at various stages of hematopoietic cell de-
velopment, including the decisions of HSC to self-renew and/or
differentiate (/27). Interestingly, it has been recently reported
that the regulation of primitive erythroid development is con-
trolled, at least in part, through the coordinated interaction of
Wnt and Notch pathways (/28). It has also been reported that
deregulated Notch-1 gene expression in MEL cells inhibited ap-
optosis and abrogated erythroid differentiation induced by
chemical inducers (/29, 130). To this respect, Notch signaling
has been recently shown to have definitive roles in the differen-
tiation and maintenance of HSCs, mediated through Wnt signal-
ing the self-renewal of HSC renewal, thus linking Notch and
Wnt signaling in the process of HSC proliferation (/37). The
interaction between Notch and Wnt signaling pathways by act-
ing in concert to maintain the balance between self-renewal and
differentiation of hematopoietic stem cells has been also further
confirmed in another study. In the latter case, the activation of
Notch signaling in hemangioblasts dramatically reduced their
survival and proliferative capacity, lowered the levels of hema-
topoietic stem cell markers CD34, and c-kit and the myeloid
marker CD11b, as well as identified putative downstream tar-
gets of oncogenic forms of Notch, among others, the noncanoni-
cal Wnts Wnt4 and 5A (/32). The inter-talk between Notch and
Whnt signaling seems to be modulated through the association of
Notch with Armadillo/f-catenin thus regulating f-catenin tran-
scriptional activity in the nucleus (/33).

Epo stimulates erythropoiesis via the promotion of prolifera-
tion, differentiation, and survival of erythroid precursors (BFU-
E, CFU-E). Upon Epo binding to its receptor (EpoR), the recep-
tor undergoes a conformational change that activates the
prebound, cytoplasmic, tyrosine kinase, Janus kinase 2 (JAK2)
(134-136). Subsequently, JAK2 phosphorylates several cyto-
plasmic tyrosine residues in the cytoplasmic tail of the EPoR
that act as docking sites for proteins that contain Src-homology

2 (SH2) domains. Thus, the activation of multiple pathways
begins including signal transducer and activator of transcription
5 (Stat5), phosphoinositide-3 kinase (PI-3K)/Akt, and p42/44
mitogen-activated protein kinase (MAPK) (/37, 138). It is inter-
esting, however, the fact that upon challenge of adult human he-
matopoietic progenitor cells in vitro on various oxygen tension
(pOy) conditions, hypoxia alters progression of erythropoiesis
via modulation of expression of EpoR and erythroid transcrip-
tion factors GATA-1, EKLF, and SCL/TAL-1, whereas this
effect is well-correlated with the level of Epo in the culture
(75). SH2 domains are crucial structures in regulating Epo-sig-
naling pathway by other molecules as it has been shown in the
case of Lnk protein. Lnk is an adaptor protein implicated in
cytokine receptor signaling and through its SH2 domain nega-
tively modulates EpoR signaling by attenuating JAK2 activa-
tion, and regulates Epo-mediated erythropoiesis (/38).

Transcriptional Regulation of Erythropoiesis

Erythroid cell differentiation proceeds in response to specific
signaling stimuli and according to a transcriptional program that
is regulated by DNA binding, lineage-restricted transcription
factors (72, 139, 140). Erythroid transcription factors were ini-
tially isolated through their binding to specific DNA binding
motifs in the promoters of f-globin genes (for example, see
Ref. 141, 142). The use of gene knockouts in mice has provided
unequivocal evidence for a number of transcription factors ful-
filling essential functions in erythroid differentiation. Further-
more, the analysis of transcription factor null hematopoietic
cells has provided invaluable insight into the cellular and mo-
lecular functions of these factors in erythropoiesis, whereas bio-
chemical and proteomic analyses have begun uncovering protein
interactions and signaling pathways regulating the activities of
transcription factors in erythroid maturation. The application of
genomic approaches such as expression profiling and chromatin
immunoprecipitation (ChIP) assays is also having an impact in
uncovering, on a global scale, the precise gene target networks,
and cis-acting elements regulated in vivo by these factors.

Transcription factor function involves not only the activation
of the erythroid specific genes but also the suppression of the
multilineage transcriptional “promiscuity” associated with he-
matopoietic stem cells and multipotential hematopoietic progen-
itors as well as the suppression of cell division (/43, 144).
Thus, transcription factors are called upon to serve as activators
as well as repressors in directing erythroid differentiation. The
salient features of a number of key transcription factors and
their cofactors in erythropoiesis are discussed below.

GATA-I. GATA-1 is a critical transcription factor for ery-
throid differentiation. It is the founding member of the GATA
family of transcription factors, all of which execute essential de-
velopmental roles as transcriptional regulators (reviewed in refs.
145-147). GATA factors are characterized by the presence of
two conserved zinc finger domains and their binding to the (A/
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T)GATA(A/G) consensus DNA binding motif. GATA-1 is
expressed in erythroid cells, megakaryocytes, mast cells, eosino-
phils, and dendritic cells in hematopoiesis (/48, 149). GATA-2
and GATA-3 are also hematopoietically expressed with GATA-
2 predominantly expressed in hematopoietic stem and progeni-
tor cells, whereas GATA-3 expression is T cell restricted.

GATA-1 was originally isolated as a factor binding to the f-
globin promoter and has subsequently been recognized as a
transcription factor that binds to most, if not all, known ery-
throid genes (reviewed in (/47, 150). Three functional domains
have been described for the GATA-1 protein: an N-terminal
domain reported to act as a transcriptional activation domain in
transient transcription assays, and two zinc finger domains
located toward the C-terminus of the protein. The second, C-ter-
minal-most, zinc finger is responsible for binding to DNA,
whereas the first, N-terminal zinc finger modulates and stabil-
izes DNA binding, for example, to more complex palindromic
GATA motifs (/51). Both zinc fingers are involved in protein-
protein interactions.

GATA-1 expression is essential for normal erythropoiesis.
The GATA-1 gene knockout in mice results in embryonic
lethality at around day E10.5-E11.5 of development due to severe
anemia (/52). Chimeric mice obtained from GATA-1 null ES cells
fail to generate mature red blood cells whilst generating all other
hematopoietic lineages (/53). Detailed genetic analysis showed
that GATA-1 null cells (primitive or definitive) are unable to dif-
ferentiate beyond the proerythroblastic stage due to apoptotic cell
death (33, 154). These studies highlight an essential anti-apoptotic
function for GATA-1 in erythroid maturation. Importantly, genetic
experiments have indicated that as little as 5% of physiological
GATA-1 expression can prevent apoptosis, but is not sufficient for
completing erythroid differentiation (/55). Thus, GATA-1 fulfills
additional essential functions in erythroid maturation beyond its
anti-apoptotic role (see below).

In addition to genetic studies documenting an essential role
for GATA-1 in erythroid differentiation, enforced ectopic
GATA-1 expression studies have provided evidence for an in-
structive role for GATA-1 in erythroid differentiation. For
example, ectopic GATA-1 expression in highly purified murine
progenitor cells (myeloid or lymphoid) “instructed” their differ-
entiation toward the erythroid and megakaryocytic lineages that
GATA-1 normally regulates (156, 157). Thus, GATA-1 is capa-
ble of imposing a transcription program that promotes uniline-
age (i.e. erythroid) differentiation in cells that have the potential
to give rise to different cell types (/58).

The essential functions of GATA-1 in erythroid differentia-
tion are achieved through the orchestrated regulation, which
involves activation as well as repression, of several classes of
target genes implicated in all facets of erythroid cell maturation
(148, 159). Thus, apart from the upregulation of the erythroid
transcription program, GATA-1 is also a critical suppressor of
early hematopoietic progenitor multipotentiality and of alterna-
tive hematopoietic cell fates, for example, through the repres-
sion of GATA-2 expression (/60) or repression of the critical

myeloid PU.1 transcription factor [P. Rodriguez and J. Strou-
boulis, unpublished observations; (/49)]. Interestingly, in ery-
throid cells, GATA-1 appears to repress alternative transcription
programs that GATA-1 itself regulates in other hematopoietic
lineages such as eosinophils (/6/). In addition, GATA-1 pro-
motes survival of maturing erythroid cells through the upregula-
tion of anti-apoptotic genes such as Bcl-xp (22). GATA-1 also
promotes G1 cell cycle arrest in terminal erythroid differentia-
tion through the repression of mitogenic genes such as myc (24,
161). Many of the above features of GATA-1 gene regulatory
functions have been elegantly demonstrated in the study of
Welch et al. (26). Here, GATA-1 expression was restored in
GIE cells (see section Permanent Cell Lines), leading to the
synchronous terminal erythroid differentiation of these cells. By
carrying out microarray expression analysis at specific time-
points during differentiation in this system, Welch et al. (26)
showed a wave of repression early in the differentiation process,
which included genes of early acting hematopoietic transcription
factors and mitogenic genes. Genes upregulated early in differ-
entiation include erythroid acting transcription factors such as
FOG-1 and EKLF (see below), whereas genes implicated in red
cell physiological functions, such as globins and heme biosyn-
thesis enzymes, were upregulated later in differentiation (26).

How does GATA-1 carry out these functions in erythropoie-
sis? Protein interactions are an important factor in this respect.
GATA-1 has been reported to interact with many transcription
factors, such as FOG-1, EKLF, TAL-1/SCL, PU.1 and cofactors
such as CBP/p300, Brgl, MeCP1/NuRD, and others (for
reviews (139, 148, 162). Using an in vivo biotinylation tagging
approach coupled with mass spectrometry, Rodriguez et al.
(161) isolated and characterized nuclear GATA-1 protein com-
plexes in differentiated MEL cells. This work showed that
GATA-1 forms two independent complexes with FOG-1, with
and without the repressive MeCP1/NuRD chromatin remodel-
ing/histone deacetylase complex. In addition, GATA-1 forms
distinct complexes with the hematopoietic transcription factors
TAL-1/SCL (and associated partners) or Gfi-1b and with the
chromatin remodeling complex ACF/WCRF (/61). Preliminary
analysis suggested a model whereby each GATA-1 protein sub-
complex regulates a distinct subset of target genes. For exam-
ple, the GATA-1/FOG-1/MeCP1 complex represses early hema-
topoietic and alternative lineage transcription programs, whereas
the GATA-1/Gfi-1b complex suppresses cell division by repres-
sing mitogenic genes such as myc. Additionally, the GATA-1/
FOG-1 and the GATA-1/TAL-1/SCL complexes upregulate the
erythroid transcription program. By using various assays,
GATA-1 has also been reported to interact with many other
proteins including transcription factors and cofactors with docu-
mented roles in erythropoiesis, such as TAL-1/SCL and FOG-1
(see below). The application of biotinylation tagging in the
complementary isolation and characterization of GATA-1 pro-
tein partners such as TAL-1/SCL has led to the identification of
novel GATA-1 protein interactions and the expansion of its
protein interaction networks (see below).
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Posttranslational modifications of GATA-1 protein have also
been proposed to modulate GATA-1 functions. GATA-1 protein
is subject to phosphorylation, acetylation, and sumoylation.
GATA-1 phosphorylation has been mapped at seven serine resi-
dues, one of which (S310) becomes phosphorylated upon termi-
nal erythroid differentiation (/63). Although various models
have been proposed for phosphorylation modulating GATA-1
functions (reviewed in (/48), specific serine-to-alanine muta-
tions did not have any effect in normal erythropoiesis in mouse
(164). GATA-1 can be acetylated by the p300 and CBP protein
acetyltransferases at two conserved lysine-rich motifs localized
C terminally to each of the zinc fingers (/65, 166). Although
acetylated GATA-1 has been estimated to account for less than
5% of total GATA-1 protein (/41), GATA-1 acetylation has
been shown to be a requirement for terminal erythroid differen-
tiation (/66) and for binding to target genes in chromatin (/67).
It has been proposed that GATA-1 acetylation increases GATA-
1 DNA binding activity at the same time marking the highly
“active” acetylated GATA-1 protein fraction for degradation in
the cell (/68). SUMOylation of GATA-1 at lysine residue K137
has been reported (/69); however, the functional significance of
GATA-1 SUMOylation remains unclear.

GATA-1 protein levels have also been implicated in regulat-
ing GATA-1 functions in erythroid differentiation. GATA-1
protein levels decline in the very last stages of terminal ery-
throid differentiation and GATA-1 degradation by caspases has
been reported (/70). Interestingly, GATA-1 overexpression
inhibits erythroid differentiation in vivo (/71). Taken together
with observations that wild type mature erythroid cells can res-
cue the defective differentiation phenotype of GATA-1 overex-
pressing cells, led to a model whereby mature erythroid cells
signal to immature cells to undergo GATA-1 degradation in
completing the final steps of maturation as a homeostatic mech-
anism for maintaining red cell production (/72). Degradation of
the acetylated fraction of GATA-1 protein has also been pro-
posed as a safety mechanism for controlling levels of the highly
transcriptionally active acetylated form of GATA-1 (/68).

A critical question to be addressed in erythropoiesis is how
proliferation and differentiation demands upon erythroid matura-
tion can be met through the action of GATA-1, Epo, and SCF?
Recent advances have provided evidence toward understanding
the signaling mechanisms by which EpoR and c-Kit regulate
cooperatively growth, survival, and differentiation of erythroid
progenitors (/73). To this respect, earlier studies have indicated
that GATA-1-mediated proliferation arrest during erythroid mat-
uration is mediated via c-Myc repression by directly binding to
this gene (24). By extending these observations and using G1E
cells, (an immortalized GATA-1-null erythroblast line derived
from gene-targeted embryonic stem cells), it has been high-
lighted that a distinct antiproliferative program of GATA-I
related to gene repression exists and can be uncoupled from its
ability to activate erythroid marker genes during terminal matu-
ration (/73). In particular, immature G1E cells lacking GATA-1
depend on SCF for cell cycle progression through effects medi-

ated by induction of c-Myc via the Src kinase signaling path-
way. Moreover, a regulated signaling cascade, in which GATA-
1 inhibits the expression of c-Kit, Racl, Akt, and c-Myc, to
induce G1 arrest during terminal erythroid maturation has been
uncovered (/73). Such data suggest that GATA-1 induces cell
cycle arrest in erythropoiesis by blocking expression of multiple
components of a c-Kit signaling cascade that lead to c-Myc
activation. Of particular importance in erythropoiesis are studies
demonstrating reversal of tumorigenicity and differentiation in
MEL cells by enforced expression of GATA-1 (/74). Terminal
erythroid differentiation and reduced proliferation in MEL cells
were associated with repression of c-Kit and c-myc (/74, 175).
Therefore, this possible overexpression of GATA-1 in MEL
cells that induces terminal erythroid differentiation in vitro and
reverses tumorigenicity in vivo may be closely related with the
modulation of c-Kit and c-Myc signaling pathways (/73). This
provides new insight into how c-Kit and GATA-1 interrelate to
each other during normal hematopoiesis.

An interesting direction on how the GATA-1 regulatory axis
controls erythroid regulation has emerged through the identifica-
tion that GATA-1 regulates the expression of a miRNA locus
essential for erythropoiesis (/76). In an effort to identify miR-
NAs involved in erythropoiesis, researchers detected two con-
served miRNAs, miR-144 and miR-451, as direct targets of
GATA-1. In particular, it has been shown that GATA-1 binds a
distal upstream regulatory element to activate RNA polymerase
II-mediated transcription of a single common precursor RNA
encoding both mature miRNAs (see the role of miRNAs in
section MicroRNAs as Major Regulators of Erythropoiesis).

FOG-1. Friend of GATA (FOG-1), as the name implies, is a
very close interacting partner of GATA-1 originally isolated
through a yeast two-hybrid screen (/77). It is a large nine zinc
finger-containing protein, which does not bind to DNA directly.
Four of the FOG-1 zinc fingers contribute to interactions with
GATA-1 (I78). FOG-1 is highly expressed in erythroid cells
and megakaryocytes, mirroring expression of GATA-1 in these
lineages. The phenotype of the FOG-1 gene knockout is very
similar to that of the GATA-1 knockout as it results in midem-
bryonic lethality due to severe anemia (/79). An elegant study
utilizing a GATA-1 point mutant that disrupts interaction with
FOG-1 (but not DNA binding) provided conclusive evidence for
the GATA-1/FOG-1 interaction being essential for erythroid dif-
ferentiation, because proerythroblasts expressing the GATA-1
point mutant fail to undergo erythroid maturation (/80). A simi-
lar point mutation in GATA-1 has been linked to severe con-
genital dyserythropoietic anemia and thrombocytopenia in man
(I81). The study by Crispino et al. (/80) provided evidence for
the GATA-1/FOG-1 interaction resulting in activation and
repression of GATA-1 target genes. Subsequent studies identi-
fied the MeCP1/NuRD complex as a GATA-1/FOG-1 interact-
ing partner in repressing gene expression (/6/, 182). However,
it is unclear how the FOG-1/GATA-1 interaction mediates gene
activation. One possibility is that FOG-1 facilitates GATA-1



THE DEVELOPMENTAL PROGRAM OF ERYTHROPOIESIS 815

mediated DNA looping, which juxtaposes distal enhancer ele-
ments onto gene promoters, as was shown for the f-globin
locus (/83).

Further evidence for the importance of the FOG-1/GATA-1
interaction in erythroid differentiation has been provided by the
ectopic FOG-1 expression in nonerythroid hematopoietic line-
ages or in progenitors. Ectopic expression of FOG-1 in eosino-
phils or mast cells where GATA-1 (but not FOG-1) is physio-
logically expressed, resulted in the reprogramming of these cells
toward the erythroid/megakaryocytic lineages (/84, 185).
Ectopic expression of FOG-1 by itself in multipotential hemato-
poietic progenitor cells (where GATA-1 expression is low or
none) is not sufficient to divert these to an erythroid fate, thus
further highlighting the necessity for interactions with GATA-1
(I57). It is of interest that FOG-1 expression appears to be
regulated by GATA-1 (26), thus suggesting a model whereby
an early event in erythroid differentiation is FOG-1 upregulation
by GATA-1 leading to stable FOG-1/GATA-1 protein interac-
tions, which direct erythroid differentiation.

A defined balance of transcription factors GATA-1 and
GATA-2 is a part of erythropoiesis. The “GATA switch” (i.e.
raising GATA-1 levels displaces GATA-2 from its binding
sites) facilitated by FOG-1 provides an important component of
the GATA-related repression mechanism (72). Such conditions
have been found recently to play major role in deregulation of
erythropoiesis by tumor necrosis factor alpha (TNFa), because
it has been shown that the inhibition of Epo-mediated erythroid
differentiation by TNFu« is mediated by activation of p38/
MAPK pathway, GATA-1, and FOG-1 downregulation and
GATA-2 upregulation (/86). Interestingly, in a study of kit
gene chromatin conformation, a GATA-switch was observed to
alter the higher-order chromatin organization thus modulating
the developmental regulation of kit gene expression during early
erythropoiesis (/87). Another interesting feature of erythropoie-
sis is the ability of specific transcription factors to regulate
more than one hematopoietic cell lineages because they are able
to interact each time with different target proteins, like Id2, a
member of inhibitors of DNA binding (Id) family. These mole-
cules act as negative regulators of E proteins, [the transcription
factors of the basic helix-loop-helix (bHLH) family of class I
are also known as E proteins; the basic region associates with a
hexanucleotide (CANNTG) “E box” sequence on the DNA of
target genes]. By analyzing Id2-knockout mice and retroviral-
transduced hematopoietic progenitors, researchers were able to
demonstrate that 1d2 regulates B lymphopoiesis by acting as a
physiologically relevant regulator of E2A, which contributes to
erythroid development as well by interacting with transcription
factor PU.1 and modulating PU.1 and GATA-1 activities (/87).

TAL-1/SCLILMO2/Ldbl/E2A Complex. TAL-1/SCL is a basic
helix-loop-helix (bHLH) transcription factor that binds to a
short consensus DNA motif (CANNTG) called the E-box. TAL-
1/SCL expression essentially mirrors that of GATA-1 as it is
expressed in erythroid cells, megakaryocytes, and mast cells

(for review (72, 139). The TAL-1/SCL gene knockout results in
total absence of hematopoiesis in the yolk sac, and TAL-1/SCL
null ES cells fail to contribute to hematopoiesis in mouse chi-
meras (/88-190). Significantly, conditional knockout of the
TAL-1/SCL gene in adult hematopoiesis led to a failure in
erythropoiesis (/91), thus establishing a critical role for TAL-1/
SCL in erythroid differentiation.

In erythroid cells, TAL-1/SCL forms a complex with the
ubiquitous E47/E2A bHLH partner and also with the hemato-
poietic LMO2 and ubiquitous Ldbl LIM domain containing
cofactors (/92-195). This complex interacts with GATA-1 to
form a so-called pentameric complex that binds to composite E-
box/GATA-1 DNA motifs that are spaced 9-11 nucleotides
apart (/95, 196). Such motifs are present in many erythroid
genes and in the regulatory elements of key transcription factor
genes including the TAL-1/SCL and GATA-1 genes themselves
and the EKLF gene (/95-798). Several lines of evidence sup-
port a critical role for the pentameric complex in erythropoiesis.
For example, the LMO2 gene knockout phenotype in mice is
identical to that of the TAL-1/SCL knockout (/99). This is con-
sistent with the suggestion that LMO2 acts as the bridge
between TAL-1/SCL and GATA-1 in the pentameric complex
(195). Furthermore, ectopic coexpression of TAL-1/SCL,
LMO?2, and GATA-1 in Xenopus embryos promoted erythropoi-
esis (200, 201), whereas antisense morpholino RNAs mediated
knockdowns in zebrafish embryos directed against Ldbl resulted
in defects in definitive hematopoiesis (202).

The recent characterization of TAL-1/SCL and Ldbl protein
complexes from mouse erythroleukemic cells led to the identifi-
cation of novel protein interacting partners, including the ETO-
2 repressor protein (792, 193, 202). Knockdown experiments in
zebrafish embryos showed ETO-2 to be essential for definitive
erythropoiesis (202). Importantly, the stoichiometry of interac-
tion between the ETO-2 repressor and the TAL-1/SCL complex
declines with terminal erythroid differentiation (/92, 193, 202).
This is consistent with the activating functions associated with
the TAL-1/SCL/GATA-1 pentameric complex in terminal ery-
throid differentiation; however, the precise function of ETO-2
containing TAL-1/SCL complex in early erythropoiesis is pres-
ently unclear.

EKLF. The erythroid Kriippel-like factor (EKLF) is an ery-
throid-specific zinc finger transcription factor that is critical for
globin gene regulation and erythropoiesis in general (for review
see refs. 203 and 204). It binds to CACC box motifs (a subset
of the broader 5-NCNCNCCCN-3’' EKLF consensus sequence)
present in the f-globin promoter and in the promoters of many
erythroid genes (205-207). The significance of the CACC box
in the human f-globin promoter is underscored by the fact that
naturally occurring mutations in this element are associated
with thalassemia (208, 209). The EKLF gene knockout results
in embryonic lethality at around stage E14-15 due to lethal ane-
mia (210, 211). Analysis of the EKLF knockout mice showed a
failure in f-globin gene activation in the fetal liver stage,



816 TSIFTSOGLOU ET AL.

accompanied by a “closed” chromatin structure at the f-globin
gene promoter and loss of DNase I hypersensitivity at HS3 of
the locus control region (LCR), thus suggesting important roles
for EKLF in the organization of an active chromain domain in
the f-globin gene locus (212). This is further supported by
recent evidence suggesting a role for EKLF in the spatial nu-
clear organization of a transcriptionally active chromatin do-
main in the f-globin locus (213, 214). Expression profiling of
EKLF null erythroid progenitors showed that impaired expres-
sion of genes involved in hemoglobin biosynthesis pathways
and in the stability of the erythroid cell membrane may also
contribute to the EKLF knockout phenotype (205, 274),
whereas a recent study has also uncovered defects in cell cycle
regulation in EKLF null cells (2/5). Recent evidence has also
suggested important functions for EKLF in promoting erythroid
differentiation of early progenitor cells at the expense of mega-
karyopoiesis (216, 217), a function that appears to be mediated
through EKLF sumoylation and gene repression (2/8).

Gfi-1b. Growth factor-independent 1b (Gfi-1b) is a transcrip-
tion factor isolated through its homology with the Gfil protein
identified as an integration site for the Moloney leukemia virus
following infection and transformation (2/9). Gfil-1b is a six
zinc-finger protein with a N-terminal SNAG domain associated
with transcriptional repression (220). Overexpression of Gfi-1b
in hematopoietic progenitors results in a dramatic expansion of
erythroblasts, which cannot however complete erythroid matura-
tion and undergo apoptosis (227). The Gfi-1b gene knockout
results in embryonic lethality at around stage E15 due to a fail-
ure of definitive erythropoiesis, thus establishing a critical role
for Gfi-1b in erythroid differentiation (222). The overexpression
and loss-of-function studies suggest that Gfi-1b functions in ery-
throid differentiation must be closely linked to Gfi-1b expres-
sion level regulation. Indeed, there is evidence that Gfi-1b
expression is upregulated by GATA-1 in early erythroid matura-
tion with expression levels declining in later stages, possibly
mediated through Gfi-1b repressing its own promoter in a nega-
tive feedback loop (223). Clues as to the possible Gfi-1b func-
tions in regulating cell proliferation in erythropoiesis have been
obtained through the identification of genes involved in cell
cycle regulation and cytokine signaling suppression as being
Gfi-1b targets (161, 224, 225).

BCLIIA. The B-cell lymphoma/leukemia 11A (BCL11A) tran-
scription factor is a C2H2 type zinc-finger protein that has been
previously shown to be critical in lymphopoiesis for the devel-
opment of B cell precursors (226). However, the role of
BCLI11A in erythropoiesis has only recently been assessed. In
genome-wide association studies aiming to identify genes whose
function is correlated with the “fetal hemoglobin switch” after
birth, that is, the replacement of y-globin by adult f-globin,
BCLI11A has emerged as a candidate factor involved in the con-
trol of y-globin gene expression (227-230). Experimental data
strongly suggested an association of SNPs within the BCL11A

locus with HbF levels found in various ethnic populations. Con-
sistent with a direct role of BCL11A in globin gene regulation,
Orkin and coworkers (23/) found that BCL11A is itself devel-
opmentally regulated and act as a stage-specific repressor
involved in the silencing of y-globin gene expression by occupy-
ing several discrete sites within the f-globin gene cluster. Inter-
estingly, BCL11A functions in concert with the NuRD-repressor
complex [that contain as core components histone deacetylase
(HDAC) 1 and 2], GATA-1 and FOG-1. In agreement with these
data, another study revealed that BCL11A binds to GGCCGG
motif in nucleotide -56 to -51 on the HbF gene proximal pro-
moter (232). The binding of BCL11A on the core motif of the
promoter may recruit and interact with other partners to form a
repression complex, leading to deacetylation of histones and
downregulation of the HbF gene transcription. The possibility of
unraveling the molecular mechanisms responsible for the gene
expression switch in the f-globin cluster is of great therapeutic
importance, because increased fetal hemoglobin (HbF; «272)
levels or F-cell (HbF containing erythrocyte) numbers can ameli-
orate the clinical severity of diseases like f-thalassemia and
sickle cell anemia (233). Therefore, on the basis of findings
implicating BCL11A downregulation with increased HbF levels,
BCL11A emerges as a valuable molecular target for reactivation
of HbF in patients suffering of sickle cell disease and [3-thalasse-
mias (237). Furthermore, it has also been proposed that
BCLI11A cooperates with Nfl in leukemogenesis. Within this
frame, a therapeutic intervention targeting the BCL11A pathway
may prove fruitful for leukemia therapy (234).

Transcriptional Cofactors in Erythropoiesis

The hematopoietic-restricted transcription factors are aided
in their functions by interactions with a range of widely
expressed cofactors. These include other ubiquitously expressed
transcription factors, such as the E2A transcription factors inter-
acting with TAL-1/SCL, catalytic activities mediating posttrans-
lational modifications and chromatin remodeling and histone
modification complexes (for review see ref. 72). For example,
specific acetylation by the p300 and CBP acetyltransferases has
been reported for many of the key transcription factors, includ-
ing GATA-1, TAL-1/SCL, and EKLF (165, 166, 235, 236). In
all cases, transcription factor acetylation augments their tran-
scriptional activation properties and in some cases modulates
their DNA binding properties (/65, 235), whereas in the case of
GATA-1 acetylation has been shown to be required for GATA-
1 binding to chromatin and erythroid differentiation (166, 167).

A number of hematopoietic transcription factors have also
been shown to interact with chromatin remodeling enzymatic
protein complexes that hydrolyze ATP to mobilize nucleosomes
in transcriptional activation. Brgl, the catalytic subunit of the
SWI/SNF chromatin remodeling complex, has been shown to
interact with GATA-1, EKLF, and TAL-1/SCL in augmenting
their transcriptional activation functions through changes in the
chromatin structure of target genes (237-239). Mutant mouse
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embryos expressing lower levels of Brgl suffer from anemia
due to a block in erythroid maturation, thus providing further
evidence for a role for Brgl in erythropoiesis (240). GATA-1
has also been reported to interact with the mediator complex,
which serves as a coactivator by bridging transcription factors
to RNA polymerase II (RNA Pol II) in transcriptional activation
(241). A role for the mediator complex in erythropoiesis is fur-
ther supported by the observation that the gene knockout of
TRAP220, a component of the mediator complex, leads to
defects in erythropoiesis (241).

Erythroid transcription factors also interact with repressive
complexes and cofactors. The characterization of GATA-1 and
FOG-1 protein complexes and interactions in MEL cells have
shown that both of them interact with the repressive NuRD
complex, which includes histone deacetylases (HDACs), the
Mi2f nucleosome remodeling enzyme and methyl DNA binding
proteins (/61, 182). Significantly, the GATA-1/FOG-1/NuRD
complex was shown to be responsible for the repression of the
GATA-2 gene, a key step in terminal erythroid differentiation
(161). FOG-1 also interacts with the CtBP corepressor (/78,
242) though the significance of this interaction in erythropoiesis
is presently unclear (243). EKLF and TAL-1/SCL have been
reported to interact with the Sin3a corepressor and HDACI1
(244, 245). The EKLF repressor function mediated by Sin3A
and HDAC1 appears to be stage specific in that it is more
prominent in primitive erythroid cells (246). Remarkably, post-
translational modification of EKLF by sumoylation appears to
regulate its interaction with components of the NuRD repressive
complex and EKLF’s ability to suppress megakaryocytic differ-
entiation (2/8). The interactions of TAL-1/SCL with Sin3A and
HDACI1 appear to play a role in actively repressing erythroid
genes in the early stages of erythroid differentiation (239). The
characterization of TAL-1/SCL protein complexes from mouse
erythroleukemic cells also identified ETO-2 as a TAL-1/SCL
corepressor with an essential role in erythropoiesis (202), poten-
tially through the active repression of erythroid genes in early
differentiation stages and/or through regulating proliferation of
early erythroid progenitors (/88, 192). Lastly, characterization
of Gfi-1b complexes from MEL cells identified the CoREST
corepressor, the Lsdl histone demethylase and HDACs 1 and 2
as Gfi-1b interacting partners (247). Importantly, knocking
down LSDI1 impaired terminal differentiation of MEL cells,
which was accompanied by a derepression of a subset of Gfi-1b
target genes (247).

MicroRNAs as Major Regulators of Erythropoiesis
MicroRNAs (miRNAs) are small (21-25 nt) noncoding
RNAs that repress gene expression at the posttranscriptional
level by binding to the 3’-UTRs of mRNAs and, depending on
the extent of sequence complementarity, leading to mRNA deg-
radation or translational inhibition (for recent review see ref.
248). Much recent evidence has shown miRNAs to play impor-
tant, mostly conserved, regulatory roles in practically all path-

ways including control of hematopoiesis, developmental timing,
cell differentiation, apoptosis, proliferation, and others. The tar-
get range of a single miRNA can be very broad as it can bind
to several mRNAs through imperfect complementarity. Hence, a
relatively small number of miRNA genes can regulate a signifi-
cant proportion of the cellular genes at any one instance.

MiRNAs are transcribed by RNA Pol II as long (~1 kb) pri-
mary miRNA transcripts (pri-miRNAs), which may encode sev-
eral mature miRNAs. Pri-miRNAs are processed into ~60 nt
pre-miRNA stem-looped intermediates in the nucleus by Dro-
sha, an RNase III enzyme. Pre-miRNAs are then actively trans-
ported into the cytoplasm and further processed into ~20-24 nt
duplexes by Dicer, an RNase III-like nuclease. In the last step
of miRNA maturation, one strand of the dsRNA is loaded into
the RNA-induced silencing complex (RISC) together with the
Argonaut (Ago) proteins, thus forming the functional repressive
complex. Interestingly, the hematopoietic specific conditional
knockout of the Ago2 gene in mice resulted in severely defec-
tive erythropoiesis (249). Thus, in Ago2 -/- mice, erythropoiesis
was blocked at around the basophilic stage accompanied by a
large accumulation of early erythroblasts in the bone marrow
and spleen and a sharp decline in the number of mature red
blood cells thus leading to anemia. The erythropoietic block
was accompanied by a reduction of mature miRNAs in the
erythroblasts of Ago2-/- mice, thus suggesting critical roles for
Ago2 and miRNA biogenesis in the differentiation of erythroid
cells (249, 250).

A number of studies have investigated miRNA expression
and function in hematopoiesis (reviewed in refs. 25/-254). For
example, Chen et al. (255) cloned ~100 miRNAs from mouse
bone marrow and showed that three miRNAs expressed exclu-
sively in hematopoietic cells. There have also been several stud-
ies examining differential miRNA expression in erythroid cells,
which led to the identification of several miRNA species as
being up or downregulated during erythroid differentiation. Felli
et al. (256) identified miR-221 and miR-222 as miRNAs that
are downregulated upon erythroid differentiation of human
CD347 progenitors. Significantly, forced expression of miR-221
and miR-222 in CD34™ progenitors blocked erythroid differen-
tiation, most probably through the repression of the c-kit
mRNA which may be a target of the two miRNAs (256). Simi-
larly, a recent study by Wang et al. (257) also identified miR-
24 as a repressor of the ALK4 activin type I receptor, which
also antagonizes erythroid differentiation when overepxressed.
In a study by Kosaka et al. (258), miR-210 was found to be up-
regulated in erythropoietin-stimulated erythroid differentiation.
Knocking down miR-210 in these cells led to apoptosis (258),
thus indicating a regulatory role for miR-210, though it is not
yet clear what its mRNA targets are. The significance of
miRNA function in leukemia has also been recently highlighted
in the case of miR-29b, which was found to induce global
hypomethylation and tumor suppressor gene reactivation in
acute myeloid leukemia by targeting directly DNA methyltrans-
ferases DNT1, DNT3A, and 3B (259). Furthermore, in a number
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of studies, miR-451 was found to be erythroid restricted and
highly upregulated during erythroid maturation (260-264), con-
sistent with the recent observation that the miR-451 gene locus
is under the transcriptional control of GATA-1 (/76). Signifi-
cantly, knocking down miR-451 in MEL cells interfered with
hemoglobinization (262), whereas miR-451 knockdowns in
zebrafish blocked erythroid maturation (/76). Significantly, a
recent study in zebrafish identified the GATA-2 mRNA as a
miR-451 target, thus implicating miR-451 in the GATA-2 down-
regulation that is required for terminal erythroid maturation to
proceed (265). Furthermore, bioinformatic and microarray
expression analyses in mouse predicted several transcriptional
regulators as being amongst its targets (/76). Taken together,
these observations demonstrate an important and evolutionarily
conserved role for miR-451 in erythroid differentiation.

Regulatory roles for miRNAs in steps that precede commit-
ment to the erythroid lineage have also been described. Lu
et al. (264) showed that expression of miR-150 plays a pivotal
role in the commitment of megakaryocyte-erythrocyte progeni-
tors (MEPs) toward the megakaryocytic lineage. Thus, high
miR-150 expression levels are associated with a megakaryocytic
fate, whereas low expression levels are associated with an ery-
throid fate. Significantly, miR-150 appears to exert its effect at
the cellular commitment level, tipping the balance toward a
megakaryocytic fate by targeting the Myb mRNA for repression
(264). Myb is a key hematopoietic transcription factor, the func-
tions of which also include promoting commitment of progeni-
tors to the erythroid lineage (e.g. ref. 266). Recently, another
study by Zhao et al. (267) also reported the repression of Myb
mRNA by miR-15a in a manner which is again antagonistic to
erythroid commitment and differentiation, because overexpres-
sion of miR-15a in CD34™" progenitors led to a decline in Myb
expression and a block in erythroid colony formation in vitro
(267). These observations led to a model whereby commitment
to the erythroid lineage can be regulated in an inverse manner
by expression of miRs -150 and -15a which, in turn, downregu-
late Myb mRNA expression. It would thus be of great interest
to identify the way(s) by which Myb mRNA escapes miRNA
suppression in committing progenitors to the erythroid lineage.
The fact that Myb binds to and represses the promoter of the
miR-15a gene suggests a negative regulatory loop for the fine
tuning of Myb expression in hematopoiesis (267). Alternatively,
or in addition, there may be a hierarchy in the order by which
different miRNAs (e.g. miR-150 or miR-15a) bind to the
3’-UTR of the Myb mRNA that may influence the fine tuning
of Myb’s expression levels.

THE DEVELOPMENTAL PROGRAM OF ERYTHROPOIE-
SIS: COMMITMENT AND HEMOGLOBINIZATION

The observation that committed MEL cells undergo irreversi-
ble loss of proliferation while they continue to synthesize ery-
throid markers has prompted several studies aimed to demon-
strate whether commitment to erythroid maturation can occur

without expression of erythroid markers and vice versa. The use
of powerful inhibitors of hemoglobin synthesis indicated that
commitment during hematopoietic erythroid cell differentiation
occurs separately and independently from hemoglobin biosyn-
thesis (268). These findings suggested that the developmental
erythroid program of MEL consists of at least two major sub-
programs. One is responsible for commitment to loss of prolif-
eration upon maturation and the other for biosynthesis of hemo-
globin and other hemoproteins (see Fig. 3) (17, 18, 268).

Commitment to Maturation and Expression of “Memory"

The analysis of the differentiation program of MEL to termi-
nal maturation has shown that commitment represents a central
event in erythropoiesis leading to irreversible growth arrest and
discrete patterns of gene expression (/7, 18). Experimental evi-
dence accumulated thus far by using permanent erythroleukemia
cell lines indicates that the products of some oncogenes, includ-
ing c-myc, c-myb, c-jun, and PU.1 transcription factor, are
involved in initiating or blocking erythroid differentiation (269—
276). As a matter of fact, the complex expression pattern of dif-
ferent oncogenes upon induction of MEL cell differentiation
(see Fig. 3) with chemical inducers implies their crucial role in
the regulatory machinery that triggers cells to erythroid matura-
tion with parallel cessation of proliferation (/8). To this direc-
tion, it has been shown that the observed transcriptional repres-
sion of c-myc seen upon over-expression of PU.1 in MEL cells
may be mediated through complex formation of PU.1 with his-
tone deacetylases (HDACs) (277). Interestingly, a negative
cross-talk between c-myb and the CREB-binding protein (CBP),
that is a coactivator of hematopoietic Ets transcription factor
Spi-B, has been established giving new insights into hematopoi-
etic cell differentiation program (278). Equally important,
involvement of c-myb in maintaining MEL cells in an immature
and proliferating state has been recorded (276).

C-Myc is a transcriptional regulator that controls the expres-
sion of distinct sets of target genes, thus affecting cellular
differentiation and apoptosis in hematopoiesis (279). It is not
clear, however, whether the functions of c-myc in erythropoiesis
and apoptosis are mediated by the same or different set of
genes. Sensitization of cells to apoptosis induced by c-myc is
mediated through the release of cytochrome ¢ from mitochon-
dria to cytosol via the involvement of CD95/Fas, p53, and cas-
pases (280). This observation is of great interest and in agree-
ment with earlier studies indicating loss of mitochondrial trans-
membrane potential very early in MEL cells induced to
differentiate by chemical inducers (281, 282). The working hy-
pothesis that differentiation is accompanied by apoptosis in a
small proportion of cells undergoing erythropoiesis (/7) and a
decrease in mitochondrial transmembrane potential independ-
ently of the function of Bcl-2 and caspases is further supported
by studies in K562 treated with hemin (283).

Induction of commitment to MEL cell differentiation has
been reported to be associated with prolongation of G; phase of
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the cell cycle (284, 285) and that terminal differentiation is
accompanied with arrest of the cell cycle in the G;/G, phase
(17, 18). Moreover, evidence now exists to indicate that cyclin-
dependent kinases (serine/threonine protein kinases) (CDK2,
CDK4, and CDK6) play crucial role in cell cycle regulation of
eukaryotic cells and that CDKs are involved in the initiation of
commitment of MEL cells into terminal maturation (286-290).
The expression level of CDK2 and CDK4 remained almost con-
stant even at late stages of differentiation, whereas that of
CDKG6 declined very early before commitment of cells to termi-
nal maturation occurs. These observations are quite interesting
in light of evidence that CDKG6 plays a key role in the blockade
of differentiation (289) and that the onset of cell cycle exit in
differentiated MEL cells is regulated by CDK2, CDK4, and
CDKIs (286). Interestingly enough, as it has been recently
shown, constitutive expression of ribosomal protein (rp) S5 in
MEL cells affected cell cycle arrest at G,/Gy and delayed initia-
tion of erythroid differentiation of MEL cells. Such effects were
accompanied by changes in the level of both rpS5 protein and
rpS5 mRNA as well as alterations in CDK2, CDK4, and CDK6
(291). Deregulation of cancer cell growth with significant G,
and G,/M arrest of the cell cycle upon RNAi-mediated gene
silencing of prL13 has been also reported (292). Furthermore,
alteration in the intracellular level of PU.1 transcription factor
via RNAi-mediated silencing has driven MEL cells into ery-
throid maturation and growth arrest (293).

Initiation of commitment is consistent with the ability of
inducer-primed MEL cells to “remember" the “original trigger"
and enter commitment to erythroid differentiation. In other
words, the inducer-treated cells acquire a new property to
“remember" the first stimulus and to continue to differentiate af-
ter a discontinuous exposure to inducer. This phenomenon so
called “memory to the previous exposure” suggested for the first
time that the inducing agent used triggers a response before an
individual cell commits irreversibly to terminal maturation. The
fact that “memory" can last more than one or two cell genera-
tions indicates that this specific ability of cells to “remember"
the previous exposure to inducer is transmitted into their off-
spring, and therefore, it is unaffected by cellular replication and
DNA synthesis (294, 295). Although the molecular basis of
“memory” is not known, experiments with metabolic inhibitors
indicated that “memory” is erased by treatment with several
structurally unrelated agents including inhibitors of new protein
and RNA synthesis (296), inhibitors of posttranscriptional meth-
ylation of RNA (297) and even glycocorticoids (298) (Fig. 3).
Even today, the question whether “memory” is a general
response of cells to different growth factors or differentiators
and how this occurs remain unanswered. It is known however,
that both “memory” and commitment are general properties of
differentiated MEL cells, because both are initiated by one in-
ducer and can be terminated by another. “Memory” and com-
mitment have also been observed in RD/TE-671 cells, a human
neoplastic cell line of neuroectodermal origin that respond to
same inducing agents as MEL cells (299).

Number of biochemical events that are needed to contribute
for MEL cells to commit is still unknown. The order by which
these events occur before commitment it is also unknown. Ear-
lier studies with inhibitors of commitment that act at different
levels, for example, modulating Ca™ ™ transport, protein synthe-
sis, DNA methylation, and RNA polyadenylation, have made
clear that the events which contribute to initiation of commit-
ment it is likely to occur at parallel rather than in sequential
fashion, because inhibition of one event does not necessarily
abrogate the others as expected if the events had occurred in se-
quential fashion (/7, 18).

Regulation of Globin Gene Expression and
Production of Hemoglobin

Elucidating how do the o-like globin and the f-like globin
genes are normally regulated and contribute via inherited muta-
tions in thalassemias has played a major role in our current
understanding of hemoglobin switching during erythropoiesis
(see for review refs. 8§ and 9). The local cis-acting sequences
controlling globin gene expression (e.g. promoters, splicing do-
nor and acceptors, polyA- addition sites) were first identified
and characterized throughout the 1980s. In the late 1980s and
1990s, it emerged that both the o- and f-globin gene clusters
appeared to be regulated by elements located at a considerable
distance (~20-60 kb) from the genes themselves (Fig. 5) (see
for review refs. 300 and 301).

Changes and interactions in o- and f-globin clusters are also
subjected to epigenetic regulation, (a process by which phenotype
is modified without alterations in genotype), where DNA methyl-
ation and histone modifications in chromatin play crucial role in
the developmentally-regulated activation and switching of globin
gene transcription (reviewed in ref. 302). Nuclear condensation
and irreversible cessation of DNA replication are among the
most prominent events occurring in terminally committed and
differentiated MEL cells (303). Previous studies examining the
structure of chromatin by digestion with nucleases have shown
that induction of MEL erythroid differentiation correlates with an
increase in DNAse | hypersensitivity at sequences located near
the o- and ff-globin genes (304, 305). However, these changes
seen in the superfine structure of chromatin have been found not
to be directly related with alterations in DNA methylation of
these genes at CpG islands. Although the impact of these changes
in chromatin structure of the globin genes is still elusive, it is rea-
sonable to postulate that such alterations could reveal cis-acting
elements that influence the interactions of cell lineage restricted
transcription factors to globin gene promoters (306—308). The
recent finding that the methyl-CpG binding protein MeCP2, inter-
acts with the histone deacetylase-involved complex, provides evi-
dence on the connection between DNA methylation, chromatin
structure remodeling, and gene transcription silencing (309, 310).
Although the analysis of such epigenetic regulation of globin
gene clusters is beyond the scope of this review, it is of impor-
tance that differences in the molecular mechanisms of epigenetic
regulation of the o- and f-like globin clusters have been recently
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Figure 5. Structure and organization of human «- and f-globin gene family loci. The black boxes depict the corresponding globin
genes, whereas the horizontal arrows above represent a switching event leading to expression of the next downstream gene in the
locus. The vertical arrows denote the position of upstream DNase I hypersensitive sites identified as the locus control region (LCR)
in f-globin and as the a-major regulatory element (MARE) in o-globin gene family. The composition of embryonic, fetal, and adult
hemoglobins produced at each developmental stage during erythropoiesis is also indicated.

reported (3717). This line of investigation implies that the delinea-
tion of complexity underlying the molecular mechanisms of epi-
genetic regulation of globin gene clusters could also contribute to
better understanding of erythropoiesis-related transcriptional
modulation of gene expression.

Beta-Globin Cluster

Erythroid differentiation is accompanied by a dramatic
increase in transcription rates of the f-globin cluster. Regulatory
elements of f-like globin genes can be detected as DNase I
hypersensitive sites (HSs) in the chromatin of erythroid cells
and include cis-elements, (promoters, enhancers, and silencers),
which flank the genes and are sufficient and necessary for
developmentally-regulated and tissue-specific expression profile
of the individual genes (Fig. 5). The globin gene promoters con-
tain, in addition to a TATA box, different recognition sites for
erythroid-specific transcription factors like GATA-1, nuclear
factor-erythroid 2 (NF-E2), and erythroid Kriippel-like factor
(EKLF), which provide part of the tissue-specificity to the pro-
moter (reviewed in ref. 30/). In erythroid progenitor cells, the
p-globin genes are expressed at levels that are comparable to
those seen for most housekeeping genes. Later, during differen-
tiation, f-globin transcription efficiency is increased up to a
100-fold, reaching expression levels hardly ever observed with
other genes. The f-globin genes need the LCR activity to reach
these exceptionally high transcription rates (3/2). Recent data
support the notion that spatial organization of the f-globin locus
dynamically changes in relation to gene expression in a way
that it adopts a different position in the nucleus during develop-
ment and erythroid maturation (3/2, 3/3). The structural transi-
tion occurs during erythroid differentiation and establishes con-
tacts between the LCR and the active genes. This coincides

with an increase in f-globin gene expression levels, going from
basal levels, which are LCR-independent, to extremely high lev-
els that are LCR-dependent (3/4). It is therefore interesting to
further impinge on the functional significance of long-range
contacts between regulatory DNA elements and the formation
of an active chromatin hub (ACH) spatial structure, in which
intervening DNA containing inactive genes would be looped
out from this configuration (301).

Moreover, enhancers, promoters, and other transcription reg-
ulatory DNA elements have in common that they bind often
partially overlapping sets of transcription factors that can locally
disrupt the nucleosome fiber, rendering these sites hypersensi-
tive to nuclease digestion (3/2). In the case of the f-globin
locus, well-known erythroid-specific transcription factors that
bind to the f-globin LCR and gene promoters and that are
required for or have been implicated in f-globin gene expres-
sion are GATA-1 (153), EKLF (210, 315), and NF-E2 (316), as
mentioned earlier. In a recent study designed to address the
chromatin structure of human f-globin LCR-HSs in erythroid
cells expressing embryonic and fetal globin genes and to what
extent nucleosomes and activators occupy LCR-HSs together or
exclusively, it has been shown that erythroid—specific GATA-1
resided at HS1, HS2 and HS4, while the NF-E2 heterodimer
was limited to HS2 (377). These data suggested that each HS in
the human f-globin LCR has distinct structural features, that
may confer different occupation capability upon the binding of
erythroid transcription factors. The latter, has been indeed
shown to occur by defining also distinct roles of erythroid acti-
vators GATA-1 and NF-E2 upon their direct interaction at the
LCR HS2 enhancer to activate chromatin structure and tran-
scription of the embryonic &-globin gene (3/8). In particular, by
using a construct model of HS2 linked to a complete e-globin
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gene (HS2/e-globin locus) in K-562 cells, it has been indicated
that recruitment of NF-E2 activator was independent of GATA-
1 binding. Furthermore, spatial clustering of transcription regu-
latory DNA elements results in a high local concentration of
binding sites for cognate transcription factors, which conse-
quently accumulate at the site. Efficiency of transcription is pro-
portional to the concentration of transcription factors involved
(319), and the DNA contacts formed in the context of the f3-
globin active ACH may therefore be necessary to drive efficient
transcription of f-globin genes (372). Overall, the clustering of
the cis-regulatory elements and active genes of the f-globin
locus in an ACH, which is referred to spatial clustering of tran-
scriptional regulatory elements, would result in increased con-
centration of transcription factors essential for the high tran-
scription rate of the f-globin genes (reviewed in ref. 301).

Alpha-Globin Cluster

Detailed analysis of the human and mouse «-globin clusters
has revealed a set of conserved, erythroid-specific elements that
include the promoters of the (- and «-globin genes and four
MCS (multispecies conserved sequences) elements (MCS-R1 to
4) lying 30-70 kb upstream of the o-globin genes suggesting
that these long-range elements may be involved in the regula-
tion of globin gene expression (Fig. 5). In mouse, an additional,
nonconserved region associated with an erythroid-specific DHS
(DNase I hypersensitive site) (HS-12) has been identified (320-
323). The chromosome conformation capture (3C) technology
(324) has been recently applied to delineate the underlying
mechanisms by which the long-range upstream elements regu-
late the recruitment of the preinitiation complex (PIC) to the -
and f-globin promoters. In these experiments, formaldehyde is
used to cross-link protein—-DNA and protein—protein interactions
in intact nuclei. The cross-linked chromatin is then digested by
a restriction enzyme followed by ligation. If an interaction
between a remote regulatory sequence and a promoter occurs,
new, hybrid fragments containing these two elements are gener-
ated (at the ligation step), and polymerase chain reaction (PCR)
reactions can be used to detect these newly-combined elements.
By this approach, it has been shown that the o- and [}-globin
genes (in human and mouse) interact with all of the upstream
MCS elements in late erythroid cells but not in early hemato-
poietic cells, pluripotent ES cells, or nonerythroid cells, a fact
coinciding with the onset of transcription (301, 323, 325, 326).
These experimental data allowed several models to be proposed
on how such large-distance spatial interactions between the
upstream sequences and that of promoters and transcription fac-
tors may occur in the nucleus of erythroid precursors upon the
developmental transcriptional regulation of globin genes
(reviewed in refs. 30/ and 323). On the basis of all available
data, it has been recently attempted to reconstruct the order of
events that occur upon the developmental regulation of «-globin
cluster (323). As it has been postulated by these authors, the ab-
sence of the key hematopoietic transcription factors in pluripo-
tent ES cells causes no association of any MCS elements with

DHSs in contrast to what happens in multipotent hematopoietic
cells, in which some early stage hematopoietic factors are
expressed. In the later case, MCS-R2 is bound by GATA2, NF-
E2, and the pentameric SCL complex. This event subsequently
leads to GATA2 replacement by GATA1 at MCS-R2 (possibly
facilitated by FOG-1), and as the cells become fully committed
(pro-erythroblasts) binding is also seen at MCS-R1 and -R4,
that represents a status where the «-globin promoters also
become activated as judged by the appearance of DHSs. Fol-
lowing this, during terminal differentiation and maturation, the
levels of GATAI1, NF-E2, and SCL mRNA increase along with
their binding to specific motifs and MCS-R3 is bound and acti-
vated (323)

CONCLUSIONS AND PERSPECTIVES

The discovery of the cellular and molecular events involved
in erythropoiesis is essential for understanding the pathogenesis
and design therapies of RBC disorders (anemias, thalassemias)
and hematological malignancies (leukemias, myelodysplastic
syndromes). Experiments carried out with knockout animals
(mice, zebrafish, and xenopus), permanent cell lines, and HSCs
(embryonic and adult) provided new insights of the homeostatic
regulation of erythropoiesis and led to the identification of genes
and proteins involved. Among them, genes encoding transcrip-
tion factors and signaling intermediate effector proteins were
found to regulate the self-renewal and differentiation of proeryth-
roid progenitors. Interestingly, committed erythroid progenitors
are programmed into terminal erythroid maturation and hemoglo-
bin production by a coordinated network action of transcription
factors (GATA-1, FOG-1, TAL-1/SCL/MO2/Ldb1/E2A, EKLF,
BCL11A and Gfi-1b), which form active and/or repressive com-
plexes governing gene expression patterns in differentiated ery-
throid cells. It is still under investigation how these transcrip-
tional complexes are formed, how their function is affected by
histone deacetylation and chromatin remodeling, and how do
they bind to consensus DNA sequences located within the pro-
moter regions of various genes. Erythroid differentiation was
also found to be regulated by miRNAs, a class of small (~22 nt)
RNAs that act posttranscriptionally to selectively regulate gene
expression products. The multilevel regulation of erythropoiesis
reveals several druggable molecular targets that can be exploited
therapeutically for treatment of either anemias, erythroleukemias,
and other hematological malignancies. HIF, SCF/c-kit, EpoR,
Wnt and Notch-1 signaling, transcription proteins, and chromatin
modification can serve as fruitful platforms to develop agents
that will induce erythropoiesis or even reverse hematological
malignancies by promoting differentiation and/or apoptosis.
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