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PREFACE

Analyses of erythroid gene expression and regulation have historically been
performed at the cutting edge of basic and clinical research, whether they be
the first description of developmentally regulated changes in sites of hemo-
globinogenesis ( Jordan and Spiedel, 1923; McCutcheon, 1936), determi-
nation of sickle-cell anemia as an aberration of a single genetic locus
(Pauling et al., 1949), analysis of the quaternary, three-dimensional structure
of hemoglobin (Perutz, 1987), the early successes of molecular cloning and
gene structure determination (Lawn et al., 1978), or the introduction of
foreign genes into mice (Costantini and Lacy, 1981).

These analyses have also led to an extraordinary compendium of genetic
aberrations that alter the proper regulation of red blood cell expression
patterns (Stamatoyannopoulos et al., 2001). Those related to globin regula-
tion run the gamut of causes and provide clinical examples of molecular
mutations that cover all aspects of transcriptional regulatory mechanisms,
whether they be located within the enhancers and promoters, or whether
they affect posttranscriptional controls such as splicing and processing/
polyadenylation (Bunn, 2001; Weatherall, 1994). It is likely true that for
every molecular mechanism that has been discovered since the advent of
molecular biology, there is a clinically relevant example to be found within
the globin regulatory cascade.

Such an expansion of the biological horizon has also been realized by
studying the cellular aspects of red blood cell onset as it follows from
hematopoietic differentiative mechanisms (Metcalf and Moore, 1971;
Morrison et al., 1995; Till and McCulloch, 1980). The recognition of a
stem cell, and the conceptual details that define such a cell that are so
pervasive today in many systems, has its origins within studies originally
performed in circulating blood cells that aimed to identify how these varied
cells were continuously established and propagated during the life of an
individual (McCulloch and Till, 2005). Indeed, well into the fourth decade
during which the self-renewal and multipotential concepts of hematopoiesis
have been experimentally described and refined, the complexities of the
biology have forced some of the initially posited questions to remain
outstanding, for example whether multiple embryonic origins arise
independently or not (Samokhvalov et al., 2007).

Not surprisingly, unanticipated directions in cellular and molecular
mechanisms demanded novel approaches to address these compelling issues
of red gene regulation. For example, insights on the phenomena of distal

xi



locus control elements and their role in erythroid-specific and developmen-
tally appropriate expression (Behringer et al., 1990; Enver et al., 1990;
Grosveld et al., 1987) have been abetted by the ability to analyze large
constructs that contain the complete genomic globin cluster in transgenic
mice (Gaensler et al., 1993; Peterson et al., 1993; Strouboulis et al., 1992).

One might have expected that, after so many decades of serious study,
there would be few surprises in store for those who study red blood cell
biology. As will be seen by perusal of this volume, this is clearly not the case,
and it is in the spirit of these pioneering studies that this volume has been
assembled. We begin with the embryological origins of the red blood cell,
and McGrath and Palis describe the important role of primitive erythropoi-
esis in establishing the first population of red blood cells in the embryo.
Intensive study of this has led to surprising observations that challenge the
dogma of primitive red blood cell properties and their life in circulation.
In addition, the close relationship between erythroid and megakaryocyte
development has unexpectedly been found within these primitive cells.

Manwani and Bieker then focus in Chapter 2 on the immediate envi-
ronment within which these red blood cells are first formed, known as the
erythroblastic island. Even though these were first described almost 50 years
ago, it is only recently that cellular and molecular details have begun to
illuminate their importance for the normal process of erythroid develop-
ment, and reinforces the important issue that studying cells in culture may
not yield the complete picture on what actually occurs within the develop-
ing embryo. Such a concept has become more appreciated very recently,
especially with the idea of the ‘‘niche’’ (itself first described almost 30 years
ago within the context of hematopoietic development (Schofield, 1978)), a
configuration of heterologous cells localized in the fetal liver or the bone
marrow within which cell–cell interactions between its residents play a
critical role in proper maturation of maturing hematopoietic cells that are
eventually released into circulation (Scadden, 2006). In this context, the
erythroblast island can be considered a specialized micro-niche.

We then zero in on the genetic control mechanisms for erythropoiesis.
However, rather than describing the transcription factors and cis-acting control
elements important for red blood cell gene expression, we describe novel
observations related to epigenetic mechanisms of gene control. Wozniak and
Bresnick begin in Chapter 3 by covering the important regulatory role of
histone and their modifications, particularly as they relate to the regulation of
the b-like globin locus and the GATA2 gene. Of particular interest has been
the role of the histone code to this process, and how small differences in
histone acetylation and methylation lead to significant changes in develop-
mental regulation of these genes. The details of how tissue-restricted transcrip-
tion factors play critical roles in helping to properly coordinate these histone
marks in the proper way, and the issues that remain unresolved, are discussed.
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The concept of epigenesis is further amplified by Ginder, Gnanapraga-
sam, and Mian, who describe DNA methylation and its effects on red blood
cell gene control in a range of species. Although the inverse correlation of
DNA methylation and gene expression of the b-like globin regulatory
domain was first noted almost 30 years ago, it is only recently that the
molecular details have become apparent. Globin regulation continues to
provide a fertile ground in which to address the mechanistic effects of DNA
methylation, and Chapter 4 highlights the recent observations that link
histone modifications with DNA methylation, and the potential role of
specific proteins that recognize DNA modifications in developmental
regulation of the globin and other red blood cell genes.

Attempts to obtain a three-dimensional idea of these molecular observa-
tions required a novel technology, and de Laat, Klous, Kooren,Noordermeer,
Palstra, Simonis, Splinter, and Grosveld describe the detailed conformations
andmolecular dynamics that can be deduced by 3C and 4C approaches. These
have helped to distinguish between models of long-range erythroid gene
expression control mechanisms, and have moved the focus away from
the one-dimensional regulatory observations of the past. The 3C technol-
ogy can address local mechanisms one at a time, and indeed has also been
used to demonstrate the importance of the EKLF and GATA1 transcription
factors for establishing the proper structure at the b-like globin locus. But
the expansion of this technology to the 4C approach described in Chapter 5
can lead to a more global understanding of the spatial relationships between
loci at a given time within a particular cell type. In combination with high-
resolution fluorescent microscopy, the nuclear architecture that follows
from such long-range interactions can be ascertained to a resolution never
previously seen.

One of the major end results of these genetic control mechanisms is
to produce a red blood cell that expresses the proper level of hemoglobin to
ensure adequate oxygen transport throughout the body. Iron is a critical
component for this process, and Wrighting and Andrews describe the
cellular and organismal control mechanisms that come into play to ensure
that adequate levels of iron are properly incorporated and metabolized by
the red blood cell. Of particular importance are the roles of hepcidin and
ferroportin in this process, and Chapter 6 integrates the biochemical proper-
ties of these molecules and their interacting partners with disease states that
result from their mutation or altered regulation.

Although oxygen transport is the most well-described property of red
blood cells, nitric oxide is another colorless gas that interacts with hemo-
globin and becomes chemically altered as a result. Čokić and Schechter
provide a comprehensive review of the synthesis and regulation of nitric
oxide and place this in the context of red blood cell differentiation. The role
of accessory cells, such as endothelial and stromal cells, in this process is
part of the wider framework in which nitric oxide exerts its effects of
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erythroid cells at a variety of points. As detailed in Chapter 7, these impinge
on both extracellular (e.g., vasculogenesis) and intracellular (e.g., hemoglo-
bin function and expression) control mechanisms, leading to an unantici-
pated intersection with therapies used to increase fetal hemoglobin.

We then end with a detailed description by Ellis and Lipton of
Diamond-Blackfan anemia, a red blood cell disorder that results from a
specific type of genetic aberration, as a particularly cogent example of how
the combination of basic and clinical observations has helped to unravel its
molecular basis. Of particular surprise has been the determination that
Diamond-Blackfan anemia is a disorder of ribosome synthesis or function,
and the potential mechanisms by which this might lead to compromised red
blood cell function are evaluated in Chapter 8. Interestingly, this situation is
no longer unique, as there are now other red blood cell (and non-red blood
cell) disorders that are also linked to ribosomal dysfunction. Given the
pediatric nature of this disease, the authors discuss how established treatment
options are being considered and reevaluated in the light of these novel
genetic causes and the molecular mechanisms that are altered as a result.

It is hoped that the reader will appreciate why the authors of these
chapters are still excited about the study of red blood cell development,
even after all of the years of intensive efforts. The synergistic merge between
basic research and clinical observations that characterize this field has no
peer in science, and the ‘‘bench to bedside’’ road has been well traversed in
both directions for decades. Its continuous history of novel observations
illuminated by innovative approaches that exert a wide range of influence
on other fields of study progresses unabated, and indeed will continue to
lead to a deeper understanding and appreciation of the multilayered com-
plexities of eukaryotic biology.

JAMES J BIEKER, PhD
New York, NY
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Abstract

Red cells are required not only for adult well-being but also for survival and

growth of the mammalian embryo beyond early postimplantation stages of

development. The embryo’s first ‘‘primitive’’ erythroid cells, derived from a

transient wave of committed progenitors, emerge from the yolk sac as imma-

ture precursors and differentiate as a semisynchronous cohort in the blood-

stream. Surprisingly, this maturational process in the mammalian embryo is

characterized by globin gene switching and ultimately by enucleation. The yolk

sac also synthesizes a second transient wave of ‘‘definitive’’ erythroid progeni-

tors that enter the bloodstream and seed the liver of the fetus. At the same

time, hematopoietic stem cells within the embryo also seed the liver and are the

Current Topics in Developmental Biology, Volume 82 # 2008 Elsevier Inc.

ISSN 0070-2153, DOI: 10.1016/S0070-2153(07)00001-4 All rights reserved.

* Department of Pediatrics, Center for Pediatric Biomedical Research, University of Rochester,
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presumed source of long-term erythroid potential. Fetal definitive erythroid

precursors mature in macrophage islands within the liver, enucleate, and enter

the bloodstream as erythrocytes. Toward the end of gestation, definitive eryth-

ropoiesis shifts to its final location, the bone marrow. It has recently been

recognized that the yolk sac-derived primitive and fetal definitive erythroid

lineages, like their adult definitive erythroid counterpart, are each hierarchically

associated with the megakaryocyte lineage. Continued comparative studies of

primitive and definitive erythropoiesis in mammalian and nonmammalian

embryoswill lead to an improvedunderstandingof terminal erythroidmaturation

and globin gene regulation.

1. Introduction

The red cells of mammals are unique in the animal kingdom because
they circulate as enucleated cells, while the red cells of fish, amphibians,
and birds remain nucleated (Gulliver, 1875). Nearly 100 years ago, it was
recognized that two distinct populations of red cells circulate in the blood-
stream of early mammalian embryos (Maximow, 1909). The first popula-
tion consisted of extremely large, nucleated red cells that originated in the
yolk sac (Fig. 1.1). These ‘‘primitive’’ red cells were subsequently super-
seded by a second ‘‘definitive’’ population of smaller, enucleated red cells

Figure 1.1 Visual comparison of primitive and definitive erythroid cells in the mouse.
Circulating blood cells were isolated both from E9.5 embryos and from adult mice,
mixed together, cytospun, and stained with Wright-Giemsa. The nucleated primitive
erythroid cells are at the basophilic stage of maturation and markedly larger than the
definitive erythrocytes.

2 Kathleen McGrath and James Palis



that continue to circulate during fetal and postnatal life. Because primitive
red cells are nucleated and confined to the embryo, they were thought to
share many characteristics with the nucleated red cells of nonmammalian
vertebrates (Tavassoli, 1991). However, recent findings have challenged this
long-held paradigm and have demonstrated that primitive erythroblasts fully
mature, like their definitive counterparts, into enucleated erythrocytes.
Furthermore, studies in the murine embryo suggest that definitive erythroid
cells are derived from more than one source during embryogenesis.
This chapter will discuss the current understanding of the ontogeny of the
primitive and definitive erythroid lineages in the mammalian embryo.

Embryonic erythropoiesis is best understood in the context of adult
erythropoiesis. In the adult human, maintenance of a steady-state normal
red cell mass requires the synthesis of two million erythrocytes every
second. This red cell production is sustained by the continued generation
from hematopoietic stem cells (HSC) of committed progenitors that are
assayed by their ability to form colonies in semisolid media supplemented
with cytokines. Clonal colonies containing both erythroid cells and platelet-
forming megakaryocytes support the concept that the erythroid and mega-
karyocyte lineages share a common bipotential progenitor (Debili et al.,
1996; McCleod et al., 1976; Suda et al., 1983). Such bipotential progenitors
have been prospectively isolated from the bone marrow by flow cytometry
(Akashi et al., 2000). Downstream of these bipotential progenitors lay
unipotential erythroid and megakaryocyte progenitors. The most immature
erythroid-restricted progenitor is the burst-forming unit erythroid (BFU-E)
that generates the more mature colony-forming unit erythroid (CFU-E)
(Heath et al., 1976; Stephenson et al., 1971). These progenitors, in turn, give
rise to nucleated erythroblasts that undergo a limited number of cell
divisions as they decrease their cell size, accumulate hemoglobin, and
undergo progressive nuclear condensation. Erythroid precursors mature in
association with macrophage cells in ‘‘erythroblast islands’’ which serve as a
stromal microenvironment within the bone marrow cavity (Bessis et al.,
1978). Following enucleation, young erythrocytes remove ribosomes and
mitochondria, assume a biconcave shape, and enter the bloodstream where
they function to provide oxygen to all tissues of the body. Erythropoiesis in
the embryo differs from erythropoiesis in the adult because of two signifi-
cant dilemmas faced by the embryo. First, functional red cells are required
before long-term HSC and their microenvironmental niches are estab-
lished. Second, the mammalian embryo grows extremely rapidly and
embryonic erythropoiesis must generate ever-increasing numbers of red
cells to accommodate this growth. In fact, a 70-fold increase in the red
cell mass has been estimated to occur in fetal mice between embryonic day
12.5 (E12.5) and E16.5 of gestation (Russell et al., 1968). This contrasts
with erythropoiesis in the adult, which is in steady state unless perturbed by
some stress such as bleeding or hemolysis.
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2. Primitive Erythropoiesis

2.1. Emergence of blood islands in the yolk sac

Studies in multiple organisms indicate that the initial generation of blood
cells in the embryo depends on the formation of mesoderm cells during
gastrulation. In the mouse embryo, mesoderm cells begin to traverse the
primitive streak and occupy an intermediate position between primitive
ectoderm and visceral endoderm germ layers at E6.5–7.0. Cell tracking
studies indicate that mesoderm cells migrate through the posterior streak
and contribute to the formation of all the extraembryonic structures, includ-
ing the yolk sac, the chorion, and the amnion (Kinder et al., 1999). The yolk
sac is a bilayer structure, composed of mesoderm-derived and visceral
endoderm-derived cell layers. Within the mesoderm layer, pools of primi-
tive erythroid cells, the so-called ‘‘blood islands,’’ rapidly emerge between
E7.5 and E8.0 in the mouse conceptus (Ferkowicz et al., 2003; Haar and
Ackerman, 1971; Silver and Palis, 1997). These blood islands become
enveloped by endothelial cells which form the initial vascular plexus of the
yolk sac (reviewed by Ferkowicz and Yoder, 2005). The emergence of
primitive erythroid cells and endothelial cells at the same time (early gastru-
lation) and place (yolk sac mesoderm) within the early conceptus has long
suggested that these lineages share a common developmental origin.

Pioneering experiments in the chick embryo led to the concept that
signals from the visceral endoderm layer of the yolk sac induce the forma-
tion of blood and endothelium in adjacent yolk sac mesoderm (Wilt, 1965).
Visceral endoderm was also found to be important for blood vessel forma-
tion in yolk sac mesoderm in mouse embryos (Palis et al., 1995). Support for
the role of visceral endoderm in endothelial cell and blood cell formation
comes from GATA-4-null embryoid bodies that lack visceral endoderm
and display markedly reduced blood island formation (Bielinska et al., 1996).
Multiple signaling cascades have been implicated in the initiation of both
blood cell and blood vessel development. Alterations in vascular endothelial
growth factor (VEGF) signaling cause defects in numbers and migration of
hematopoietic and vascular precursors (Hamada et al., 2000; Shalaby et al.,
1997). Furthermore, Indian hedgehog signaling has been found to be an
important component of the induction both for blood cells (Belaousoff
et al., 1999; Dyer et al., 2001) and for endothelium (Byrd et al., 2002).
The bone morphogenetic protein and Wnt signaling cascades may also
combine to specify hematopoietic regions in the vertebrate embryo
(Marvin et al., 2001; Wang et al., 2007). Finally, observations in frog and
chick embryos suggest that spatial restriction of blood islands within the
yolk sac occurs through inhibitory fibroblast growth factor signals (Kumano
and Smith, 2000; Nakazawa et al., 2006).
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2.2. Primitive erythroid cell maturation

Primitive red cells arise in yolk sac blood islands shortly after gastrulation,
beginning at E7.5 in the mouse (Haar and Ackerman, 1971; Silver and Palis,
1997). Primitive erythroblasts are produced by unique progenitors, termed
primitive erythroid colony-forming cells (EryP-CFC), that generate colo-
nies distinguishable from definitive erythroid colonies by their intermediate
maturation time, colony morphology, and the unique pattern of globin gene
expression (Palis et al., 1999; Wong et al., 1986; Table 1.1). EryP-CFC are
first found in the murine yolk sac at E7.25, soon after the start of gastrulation
but before the formation of blood islands. EryP-CFC then rapidly expand in
numbers peaking at E8.0, after which they decrease until no longer found by
E9.0 (Palis et al., 1999). The transient nature of primitive erythropoiesis is
because EryP-CFC emerge in such a narrow temporal wave. The progenies
of these progenitors are the exclusive red cells in the embryo until the newly
formed fetal liver releases the first definitive red cells into the circulation at
E12 (Brotherton et al., 1979; Kingsley et al., 2004; Steiner and Vogel, 1973).
Therefore, anemia observed in the fetus before E13 must be due to loss or
decreased synthesis of primitive erythroid cells. Disruption of genes neces-
sary for the emergence (SCL, LMO2) or maturation (GATA-1) of the
primitive erythroid lineage indicates that primitive erythroblasts are neces-
sary for survival of the embryo beyond E9.5–10.5 (Fujiwara et al., 1996;
Shivdasani et al., 1995; Warren et al., 1994). In contrast, mouse embryos
specifically lacking definitive erythrocytes, as occurs following the targeted
disruption of the c-myb transcription factor, survive until E15.5 (Mucenski
et al., 1991). These results indicate that the primitive erythroid lineage
provides a sufficient source of red cells to ensure embryonic survival until
relatively late stages of development.

Morphologic analysis indicates that primitive erythroblasts mature in a
semisynchronous cohort as they circulate in the bloodstream (Fraser et al.,
2007; Kingsley et al., 2004; Morioka and Minamikawa-Tachino, 1993).
Within 24 h of the appearance of EryP-CFC, primitive proerythroblasts
can be observed ensheathed by a primary vascular plexus. These immature
primitive erythroblasts begin to circulate at E8.25 coincident with, or soon
after, the onset of cardiac contractions ( Ji et al., 2003; Lucitti et al., 2007;
McGrath et al., 2003). They continue to divide in the bloodstream until E13,
as evidenced by the presence of circulatingmitotic figures (Bethlenfalvay and
Block, 1970), thymidine incorporation (de la Chapelle et al., 1969), and cell
cycle studies (Sangiorgi et al., 1990). Primitive erythroblasts accumulate
increasing amounts of hemoglobin and become progressively less basophilic
(Sasaki and Matsumura, 1986; Steiner and Vogel, 1973). Hemoglobin syn-
thesis continues until replication ceases (Fantoni et al., 1968), and primitive
red cells reach their steady-state hemoglobin content of 80–100 pg per cell,
approximately six times the amount of hemoglobin found in adult murine

Ontogeny of Erythropoiesis in the Mammalian Embryo 5



Table 1.1 Comparison of primitive and definitive erythropoiesis in the mouse

Definitive

Primitive Fetal Adult

Progenitorsa (colony

formation n days)

EryP-CFC (5 days) CFU-E (2 days) CFU-E (2 days)

BFU-E (7–10 days) BFU-E (7–10 days)

Sites of maturation Yolk sac, bloodstream Fetal liver Bone marrow, spleen

Erythroblast islands No Yes Yes

Cell sizeb (MCV) 400 fl 150 fl 70 fl

Hemoglobin (Hb)

accumulationc
80–100 pg 25 pg 12 pg

b-Globin
transcriptiond

bH1, Ey, b1, b2 b1, b2 b1, b2

a-Globin
transcriptiond

z, a1, a2 a1, a2 a1, a2

Cytokines EPO (relative) EPO (absolute), SCF EPO (absolute), SCF

Transcription factorse SCL, LMO2, GATA-2,

GATA-1, EKLF, KLF-2

SCL, LMO2, GATA-2, GATA-1,

EKLF, c-myb, Gfi-1b

SCL, LMO2, GATA-2,

GATA-1, EKLF, c-myb

a CFU-E, BFU-E ( Heath et al., 1976; Stephenson et al., 1971), EryP-CFC (Palis et al., 1995).
b Kingsley et al. (2004).
c Steiner and Vogel (1973).
d Trimborn et al. (1999); Kingsley et al. (2004).
e GATA-1 ( Fujiwara et al., 1996; Pevny et al., 1991), EKLF ( Nuez et al., 1995; Perkins et al., 1995), KLF2 (Basu et al., 2005), c-myb (Mucenski, 1991), Gfi-1b
(Saleque et al., 2002), SCL ( Porcher et al., 1996; Robb et al., 1995; Shivdasani et al., 1995), LMO2 ( Warren et al., 1994; Yamada et al., 1998), GATA-2
(Tsai et al., 1994).



erythrocytes (Table 1.1; Steiner and Vogel, 1973). This correlates with the
finding that primitive erythroblasts are approximately six times larger than
adult erythrocytes (Fig. 1.1; Kingsley et al., 2004).

2.3. Globin gene expression

Hemoglobin molecules contain globin chains derived from both the a- and
b-globin gene loci. While definitive erythroid cells in the mouse express
a1-, a2- b1-, and b2-globins, primitive erythroid cells in addition express
z-, bH1-, and Ey-globins (Trimborn et al., 1999). These latter embryonic
globin genes are differentially expressed in primitive erythroid cells (Farace
et al., 1984; Kingsley et al., 2006; Whitelaw et al., 1990). The initially
expressed z- and bH1-globin genes are superseded by the a1-, a2-, and
Ey-globin genes, a process termed ‘‘maturational’’ globin switching since
this globin switching occurs as primitive erythroid precursors terminally
differentiate (Kingsley et al., 2006). These changes in globin transcript levels
are associated with changes in RNA polymerase II density at their promo-
ters. Furthermore, the bH1- and Ey-globin genes in primitive erythroid cells
reside in a single large hyperacetylated domain, suggesting that the matura-
tional globin switching is regulated by altered transcription factor presence
instead of chromatin accessibility as postulated in the adult (Kingsley et al.,
2006). In contrast, the regions containing these genes are not associated
with histone hyperacetylation (Bulger et al., 2003) and they are not
expressed in definitive erythroid cells (Kingsley et al., 2006; Trimborn
et al., 1999). Primitive erythroid cells in human embryos also appear
to undergo maturational globin switching. Both z- to a-globin and E- to
g-globin gene switches have been described between 5 and 7 weeks gesta-
tion (Peschle et al., 1985). Differentiating human embryonic stem cells have
recently been used to model embryonic hematopoiesis and their study has
led to a renewed interest in globin gene expression and regulation in
primitive and fetal definitive erythroid cells (Chang et al., 2006; Olivier
et al., 2006; Zambidis et al., 2005). A better understanding of the mechan-
isms regulating embryonic versus fetal/adult globin gene expression may
ultimately lead to novel approaches for the treatment of the thalassemia
syndromes and sickle cell anemia. Intriguingly, reactivation of the embry-
onic z-globin gene has been shown to ameliorate an adult mouse model of
sickle cell disease (He and Russell, 2004).

2.4. Differences and commonalities between primitive and
definitive erythropoiesis

As seen with globins, there are additional gene usage differences identified
between primitive and definitive erythropoiesis (Table 1.1). In particular,
mice lacking c-myb fail to generate definitive erythrocytes but appear to
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have a normal primitive red cell mass (Mucenski et al., 1991). Targeted
disruption of the transcriptional repressor Gfi-1b causes a block in the
synthesis of definitive erythroid cells, while primitive erythroid cells are
present but have a delay in maturation (Saleque et al., 2002). While Runx1
is expressed both by primitive and by definitive erythroid cells, targeted
disruption of Runx1 and its partner core binding factor b each leads to
defects only in the latter (Okuda et al., 1996; Sasaki et al., 1996; Wang et al.,
1996). Targeted disruption of erythroid Kruppel-like factor (EKLF) leads to
a complete block in definitive erythroid cell maturation in the fetal liver and
fetal death at E15.5 (Nuez et al., 1995; Perkins et al., 1995). However, it has
recently been recognized that EKLF regulates many erythroid-specific
genes and EKLF-null fetuses display significant abnormalities of primitive
erythroblasts (Hodge et al., 2006).

Erythropoiesis in the adult is critically dependent on erythropoietin, a
cytokine that promotes late-stage erythroid progenitor and immature pre-
cursor survival (reviewed by Koury, 2005). Addition of erythropoietin to
yolk sac tissues explanted in vitro leads to an expansion of primitive erythroid
cells containing hemoglobin and an increase in embryonic globin transcripts
(Kimura et al., 2000; McGann et al., 1997). Furthermore, immature primi-
tive erythroblasts express erythropoietin receptor transcripts (McGann et al.,
1997) and protein on their cell surface (Boussios et al., 1989). Exogenous
erythropoietin abrogates apoptosis of immature primitive erythroid cells
cultured in vitro (Kimura et al., 2000). Targeted disruption of erythropoietin
or the erythropoietin receptor in mice leads to a 5- to 20-fold reduction in
primitive erythroid cells by E11.5 and fetal demise from severe anemia by
E13.5 (Kieran et al., 1996; Lin et al., 1996; Wu et al., 1995). These results,
taken together, indicate that erythropoietin signaling is critical for the
survival and maturation of primitive erythroid precursors.

While definitive erythropoiesis in the fetus liver is completely blocked
by the lack of erythropoietin signaling, some primitive erythroid cells
continue to mature, suggesting that other cytokine signaling cascades may
be differentially active in primitive versus definitive erythropoiesis. The
cytokine stem cell factor (SCF), by signaling through the c-kit receptor,
potentiates erythropoietin signaling and plays an important role in the
proliferation of definitive erythroid precursors (reviewed by Munugalavadla
and Kapur, 2005). Mice lacking c-kit signaling die of severe anemia
between E14.5 and E16.5. These mice have defects in definitive hema-
topoiesis; however, the role of c-kit signaling in primitive erythroid cell
maturation is unclear (Goldman et al., 2006; Russell et al., 1968). It remains
to be determined which other cytokines regulate primitive erythroid cell
maturation.

Despite these biological differences in transcriptional regulation and
cytokine dependence, it is important to note that primitive and definitive
erythropoiesis sharemany fundamental characteristics ofmammalian erythroid
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differentiation. Both originate from unipotential progenitors and depend on
the action of multiple transcription factors for maturation, including SCL,
LMO2, and GATA-1 (Table 1.1 and references therein). The maturation
process in both primitive and definitive erythropoiesis is characterized by
downregulation of vimentin intermediate filaments (Sangiorgi et al., 1990),
the accumulation of hemoglobin at similar rates (Steiner and Vogel, 1973),
and the upregulation of bcl-x to prevent apoptosis (Motoyama et al., 1999).
Finally, it has recently been shown that primitive erythroblasts in the mouse
ultimately enucleate and, like definitive cells, circulate as erythrocytes
(Kingsley et al., 2004). Studies using embryonic-specific globin antibodies
that distinguish primitive from definitive erythroid cells revealed that prim-
itive erythroid cells enucleate between E12.5 and E17.5. These findings
have recently been corroborated in mice with GFP expressed in primitive
erythroid cells under control of an embryonic globin promoter (Fraser et al.,
2007). It is not known where and by what mechanism late-stage primitive
erythroblasts enucleate since they are actively circulating, unlike their adult
counterparts that mature and enucleate extravascularly attached to macro-
phage cells in erythroblast islands of the fetal liver and postnatal bone
marrow (reviewed by Chasis, 2006, and by Manwani and Bieker, Chapter
2, in this volume).

3. ‘‘Definitive’’ Erythropoiesis in the Fetus

3.1. Characteristics of definitive erythropoiesis in the fetus

Primitive erythropoiesis fulfills the erythroid functions critical for early
postimplantation embryonic survival and growth; however, the fetus
requires increasing numbers of red cells throughout gestation. Prior to the
formation of the bone marrow cavity, the liver serves as the site of matura-
tion of definitive erythroid cells in the fetus. Soon after the liver begins to
form as an organ at E9.5, it is colonized by external hematopoietic elements.
Experiments with carefully staged embryos indicate that hematopoietic
progenitors enter the liver at 28–30 sp (Houssaint, 1981; Johnson and
Moore, 1975). BFU-E and CFU-E are found in the early fetal liver and
their numbers expand exponentially for several days and peak at E14.5–15.5
(Kurata et al., 1998; Palis et al., 1999; Rich and Kubanek, 1979). Subse-
quently, there is gradual transition of hematopoietic activity to the bone
marrow cavity and the liver ceases to be a hematopoietic organ in both the
mouse and the human soon after birth. While fundamentally similar, there
are some differences between fetal progenitors and their adult bone marrow
counterparts. CFU-E in the murine fetus are more sensitive to erythropoi-
etin (Rich and Kubanek, 1976). Fetal BFU-E have a greater and more
rapid proliferative capacity. Unlike adult marrow-derived BFU-E, fetal
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liver-derived BFU-E are capable of proliferating in response to erythropoi-
etin in the absence of added colony-stimulating factors (Emerson et al.,
1989; Migliaccio and Migliaccio, 1988; Valtieri et al., 1989).

Morphologic examination of the fetal liver in the mouse reveals the
presence of immature erythroid precursors at E11.5–12.5 (Marks and
Rifkind, 1972). As development proceeds, these precursors associate with
macrophage cells to form erythroblast islands similar to those in the bone
marrow (Sasaki and Sonoda, 2000). Furthermore, PDGFR-alpha-expres-
sing stromal cells appear to play a role in the fetal liver but not in the
embryonic yolk sac microenvironment (Li et al., 2006). There is a gradual
transition to more mature erythroid precursor populations as development
proceeds (Marks and Rifkind, 1972). Enucleated definitive red cells begin
to emerge from the liver at E12 of mouse gestation (Kingsley et al., 2004;
Rifkind et al., 1969). Over the next several days, the number of definitive
erythroid cells expands exponentially in the circulation concomitant with
the continued rapid growth of the fetus (Kingsley et al., 2004; Russell et al.,
1968). Fetal erythrocytes in the mouse are approximately twice as large and
contain twice the hemoglobin compared with their adult counterparts
(Kingsley et al., 2004; Steiner and Vogel, 1973). In the human, fetal
erythrocytes can also be distinguished from adult erythrocytes by the accu-
mulation of fetal hemoglobin (HbF, a2g2) rather than adult hemoglobin
(HbA, a2b2). A ‘‘switch’’ from fetal to adult hemoglobin synthesis begins at
32 weeks gestation and is completed after birth. Unlike primates, rodent red
cells do not synthesize a distinct fetal form of hemoglobin (Fantoni et al.,
1967; Wong et al., 1983). Even though the mouse does not have a unique
fetal globin, human fetal globin genes are accurately expressed when intro-
duced into the mouse fetus (Enver et al., 1990; Stamatoyannopoulos, 2005).
These results suggest that a conserved transcriptional difference exists during
fetal erythropoiesis that regulates other fetal-specific characteristics and has
been co-opted by primates to specify globin expression.

3.2. Fetal erythropoiesis and ‘‘stress’’ erythropoiesis

The mechanisms responsible for these differences observed in fetal and
adult erythropoiesis remain unclear. Possibilities include hematopoietic cell
intrinsic differences or microenvironmental differences between the fetal
liver and the postnatal marrow (Muench and Namikawa, 2001). Critical
environmental differences may be the relative hypoxia of the fetus, coupled
with the need to increase red cell mass due to the expanding blood volume
from growth. These factors may create signals and responses similar to those
found in the adult where acute hypoxia elicits a ‘‘stress’’ response character-
ized by the rapid synthesis of large erythrocytes expressing increased
amounts of fetal hemoglobin (Alter, 1979). The link between stress and
fetal erythropoiesis is further supported by the phenotype of Stat5-null and
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flexed tail mice that each have normal steady-state adult erythropoiesis but
display a transient fetal anemia and a blunted response as adults to acute
erythroid stress induced by acute anemia (Lenox et al., 2005; Socolovsky
et al., 1999). Therefore, adult stress erythropoiesis in adults may represent
a reactivation of a fetal erythroid program that is distinct from adult steady-
state erythropoiesis and is first used to rapidly expand the number
of definitive erythrocytes during embryogenesis. Analysis of the flexed
tail mutant implicates BMP4 signaling in stress erythropoiesis (Lenox
et al., 2005). It is not known if BMP4 signaling also plays a role in fetal
erythropoiesis.

4. Developmental Origins of Erythropoiesis

4.1. Hemangioblast

The concept that the hematopoietic and vascular lineages emerge from
common ‘‘hemangioblast’’ precursors has existed for over 100 years and is
based, in part, on the close spatial and temporal emergence of primitive
erythroid and endothelial cells in the yolk sac. These lineages also share the
expression of many genes, including transcription factors and cell surface
proteins (reviewed by Park et al., 2005). Recent evidence suggests that
hematopoietic potential arises from mesoderm cells expressing many mar-
kers associated with endothelium (Ema et al., 2006). A unique blast colony-
forming cell (blast-CFC) containing both hematopoietic and endothelial
cell potential has been identified both in cultured embryonic stem cells and
in mouse embryos (Choi et al., 1998; Huber et al., 2004). Consistent with
this unique potential, blast-CFC express Flk-1 and are regulated by several
transcription factors, including endoglin and GATA-2, expressed by hema-
topoietic and endothelial lineages (Perlingeiro, 2007; Lugus et al., 2007).
These hemangioblast precursors are primarily confined to the region of the
primitive streak in gastrulating mouse embryos. Blood islands, composed of
primitive erythroid precursors, arise in a ring along the mesometrial edge of
the mouse conceptus (Drake et al., 2000; Ferkowicz et al., 2003; McGrath
et al., 2003). Since hemangioblast precursors are found primarily in the
primitive streak and not in the yolk sac, it is thought that they rapidly
commit to hematopoietic and vascular fates soon after their emergence
during early gastrulation. There is increasing evidence to suggest that
many, if not most, yolk sac vascular cells arise from unilineage angioblast
precursors and not from hemangioblasts (Furuta et al., 2006; Ueno and
Weissman, 2006). In contrast, hemangioblast precursors contain primitive
erythroid, definitive erythroid, and multilineage myeloid potential (Choi
et al., 1998; Huber et al., 2004). These findings support the concept that all
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primitive erythroid and the first definitive erythroid cells in the embryo
are ultimately derived from hemangioblast precursors.

4.2. Hematopoietic stem cell

A hallmark of adult hematopoiesis is the continuous generation of mature
blood cells from HSC. The developmental origin of long-term HSC during
murine embryogenesis capable of engrafting adult recipients is associated
with the appearance of cell clusters arising from the dorsal aorta in the aorta-
gonad-mesonephros (AGM) region at E10.5 (de Bruijn et al., 2000; Muller
et al., 1994). The placenta serves as a site of HSC expansion (reviewed by
Mikkola et al., 2005) and may also be a site of HSC origin given that the
allantois and chorion contain hematopoietic potential when cultured in vitro
(Zeigler et al., 2006). HSC are first found within the fetal liver at E11,
consistent with their migration from these vascular sites of ‘‘hemogenic’’
endothelium (Ema and Nakauchi, 2000; Kumaravelu et al., 2002; Muller
et al., 1994). However, definitive erythroid potential is found in the con-
ceptus before long-term HSC formation. Specifically, BFU-E emerge in
the yolk sac at E8.25 before the onset of circulation (Palis et al., 1999; Wong
et al., 1986). Once circulation begins, BFU-E are found in increasing
numbers in the bloodstream and then concentrated in the fetal liver by
E10 (Palis et al., 1999). These spatiotemporal kinetics suggest that yolk sac-
derived BFU-E colonize the fetal liver. Interestingly, similar kinetics have
been described for BFU-E in human embryos that emerge from the yolk sac
at 4.5 weeks gestation, enter the bloodstream, and are found in increasing
numbers in the liver by 6 weeks gestation (Migliaccio et al., 1986). It is
hypothesized that once these reach the liver’s hematopoietic environment,
these yolk sac-derived BFU-E complete their maturation to produce the
first definitive red cells of the embryo. Co-organ culture of yolk sac and
fetal liver primordial taken from <28 sp mouse embryos indicates that
the liver contains soluble factors that promote the differentiation of defini-
tive erythroid potential present in the yolk sac (Cudennec et al., 1981).
As there is no current method to distinguish the progeny of yolk sac
definitive progenitors from those arising from later HSC sources, this
hypothesis is not yet proven. However, Ncx1-null mouse embryos, lacking
a heartbeat and systemic circulation, synthesize normal numbers of primi-
tive and definitive erythroid progenitors in the yolk sac but fail to redistrib-
ute primitive erythroblasts and definitive erythroid progenitors to the
embryo proper (Lux et al., 2007). These recent results support the notion
that the definitive erythroid progenitors that initially seed the fetal liver are
entirely derived from the yolk sac. Furthermore, HSC do not mature at
their site of synthesis (Godin et al., 1999) and do not colonize the liver until
E11. Thus, they have insufficient time to generate the mature erythrocytes
that emerge from the liver beginning at E12.
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Taken together, these data support a model of erythroid ontogeny in the
embryo whereby three distinct waves of erythroid progenitors generate
maturing precursors in three different microenvironments (Fig. 1.2).
The first wave consists of EryP-CFC that generate primitive erythroid
cells that mature in the bloodstream. The second wave consists of BFU-E
that emerge from the yolk sac, colonize the fetal liver, and generate the first
fetal definitive erythrocytes that enter the circulation. The third wave
consists of long-term HSC-derived BFU-E that are responsible for
continued synthesis of fetal erythrocytes within the liver, and ultimately
adult erythrocytes within the bone marrow (Fig. 1.2). These three waves of
erythropoiesis also are associated with distinct hematopoietic potentials.
While the yolk sac-derived primitive erythroid wave was initially thought
to be only erythroid, its onset is coincident with that of the megakaryocyte
lineage (Palis et al., 1999; Tober et al., 2007; Xu et al., 2001). A hierarchical
association of these lineages is supported by the recent discovery of a unique
bipotential primitive erythroid/megakaryocyte progenitor (Tober et al.,
2007). Like primitive erythroid progenitors, these bipotential primitive
erythroid/megakaryocyte progenitors originate from hemangioblast precur-
sors and expand transiently only within the yolk sac (Tober et al., 2007).

Tissue of
origin

Yolk sac

EryP-CFC

Primitive RBC Fetal definitive RBC

BFU-E BFU-E

HSC

BFU-E

Adult definitive RBC

AGM/Placenta

Bloodstream

Bone marrowLiver

Erythroid
progenitors

Circulating
erythroid
cells

Figure 1.2 Simplified model of erythroid ontogeny in the mammalian embryo.
Current data support a model whereby three waves of erythroid progenitors emerge
in the mammalian embryo. The first wave consists of primitive erythroid progenitors
(EryP-CFC) that originate in the yolk sac during early gastrulation and generate
primitive erythroid precursors that mature to become enucleated erythrocytes in the
bloodstream. The second wave consists of definitive erythroid progenitors (BFU-E)
that emerge from the yolk sac and seed the emerging fetal liver. There they generate
maturing definitive erythroid precursors that enucleate to become the first circulating
definitive erythrocytes of the fetus. The third wave consists of definitive erythroid
progenitors that originate from long-term hematopoietic stem cells (HSC) and mature
initially in the fetal liver and subsequently in the postnatal bone marrow to later
generate fetal and adult red blood cells (RBC). AGM, aorta-gonad-mesonephros
region.
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Macrophage progenitors first emerge within the yolk sac at the same devel-
opmental time as the primitive erythroid and megakaryocyte lineages (Palis
et al., 1999), suggesting that ‘‘primitive’’ hematopoiesis in mammals is in fact
trilineage in nature. The second wave of yolk sac-derived erythropoiesis
consists of the definitive erythroid lineage, which arises temporally and
spatially in conjunction with the macrophage, mast cell, granulocyte and
megakaryocyte lineages, as well as multipotential high-proliferative potential
colony-forming cells (HPP-CFC; Palis et al., 1999, 2001; Xie et al., 2003).
Furthermore, recent evidence indicates that the definitive erythroid lineage
emerging from the yolk sac shares a common bipotential progenitor with the
megakaryocyte lineage (Tober et al., 2007). Thus, both primitive and
definitive erythropoiesis arising in the early mammalian embryo during
gastrulation, like later definitive erythropoiesis in the marrow, are each
hierarchically associated with the megakaryocyte lineage. It remains contro-
versial whether this second wave of erythropoiesis is associated with
B lymphoid potential (Cumano et al., 1993, 1996; Sugiyama et al., 2007;
Yokota et al., 2006) or HSC capable of engrafting newborn but not adult
mice (Yoder et al., 1997). Interestingly, the contribution of yolk sac-derived
hematopoietic potential to adult hematopoiesis has recently received some
experimental support (Samokhvalov et al., 2007). Finally, the third wave
of perinatal and postnatal erythropoiesis is associated with the complete
myeloid and lymphoid potential of the HSC.

5. Conclusions

The paradigm of embryonic erythropoiesis has been extensively mod-
ified from the simple two-tiered system of an evolutionarily primitive
erythroid cell replaced by the adult type of definitive erythroid cell. First,
there is a complexity of the definitive forms between the fetal and the adult
states that may reflect the erythropoietic stress of the fetus. Second, the yolk
sac-derived primitive erythroid lineage has all the hallmarks of mammalian
erythropoiesis, including enucleation. However, primitive erythroid pre-
cursors begin to circulate and function as immature forms and mature in the
bloodstream. Third, the yolk sac also provides a wave of definitive erythroid
progenitors that are proposed to colonize the fetal liver and mature there.
Thus, the yolk sac appears to provide needed erythropoietic functions to the
embryo before HSC-derived hematopoiesis is fully functional. Fourth, the
primitive and the definitive erythroid waves that emerge in the yolk sac are
each hierarchically associated with megakaryocyte potential. It is not known
if embryonic erythropoiesis in nonmammalian organisms is closely asso-
ciated with thrombopoiesis. It is also not known whether there are two
distinct waves of definitive erythropoiesis in nonmammalian organisms,
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such as the much-studied zebrafish, frog, and chick embryos, because of the
lack of readily available CFC assays in these systems (Samarut et al., 1979).
Caution must be exercised when interpreting definitive erythroid potential
as inherently downstream of an HSC in these organisms. Similarly, defini-
tive erythropoiesis observed in murine and human embryonic stem cell
maturation systems likely reflects the second wave of yolk sac-derived
definitive erythropoiesis. Ultimately, a better understanding of the ontog-
eny of erythropoiesis in mammalian and nonmammalian species will
continue to lead to novel insights regarding globin regulation and erythroid
maturation.
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Abstract

Erythroblastic islands are specialized microenvironmental compartments within

which definitive mammalian erythroblasts proliferate and differentiate. These

islands consist of a central macrophage that extends cytoplasmic protrusions to

a ring of surrounding erythroblasts. The interaction of cells within the erythro-

blastic island is essential for both early and late stages of erythroid maturation.

It has been proposed that early in erythroid maturation the macrophages

provide nutrients, proliferative and survival signals to the erythroblasts, and

phagocytose extruded erythroblast nuclei at the conclusion of erythroid matu-

ration. There is also accumulating evidence for the role of macrophages in

promoting enucleation itself. The central macrophages are identified by their

unique immunophenotypic signature. Their pronounced adhesive properties,

ability for avid endocytosis, lack of respiratory bursts, and consequent release

of toxic oxidative species, make them perfectly adapted to function as nurse

cells. Both macrophages and erythroblasts display adhesive interactions that

maintain island integrity, and elucidating these details is an area of intense

interest and investigation. Such interactions enable regulatory feedback within

islands via cross talk between cells and also trigger intracellular signaling

pathways that regulate gene expression. An additional control mechanism for

cellular growth within the erythroblastic islands is through the modulation of

apoptosis via feedback loops between mature and immature erythroblasts and

between macrophages and immature erythroblasts.

The focus of this chapter is to outline the mechanisms by which erythro-

blastic islands aid erythropoiesis, review the historical data surrounding their

discovery, and highlight important unanswered questions.

1. Introduction

Hematopoiesis is the process by which a self-renewing population of
stem cells provides a continuous replenishment of differentiated blood cells
by generating progeny with sequentially altered gene expression patterns
(Kondo et al., 2003; Orkin, 2000). As this process proceeds, there is
progressive restriction in potential, first generating lineage-restricted pro-
genitors, then morphologically identifiable precursors, and finally the
mature blood cells. The very first site of hematopoiesis occurs in the yolk
sac and provides primitive erythrocytes that are essential for the survival of
the embryo until the next, definitive wave of hematopoiesis is established
(Tavassoli, 1991). The sites of definitive erythropoiesis are the fetal liver and
postnatal bone marrow, and occur in three distinct stages. The first stage is
the evolution of lineage-committed progenitors that are microscopically
invisible (Emerson et al., 1985; Rosse, 1976). Identification relies on a
selective enrichment via cell surface markers combined with culture and
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in vivo cellular assays. The earliest recognizable erythroid-specific progenitor
is the burst-forming unit erythroid (BFU-E) that in semisolid media gives
rise to large colonies of red blood cells (RBCs), identifiable between 7 and
10 days after plating of murine-derived cells. BFU-E generates colony-
forming unit erythroid (CFU-E). The later progenitors can also give rise to
colonies of RBCs; however, they are smaller and tighter and arise within
2–3 days of culture. CFU-E expresses the erythropoietin receptor and
can give rise to the characteristic colonies in the presence of erythropoietin
alone (Axelrad et al., 1974).

The second stage of erythroid differentiation consists of morphologically
identifiable nucleated precursors that progress from the proerythroblast to
basophilic, polychromatophilic, and orthochromatic forms (Granick and
Levere, 1964). In mammals, four distinctive processes characterize the
progression through these stages: accumulation of hemoglobin contributing
to the change from basophilic to acidophilic cytoplasm in more mature
forms, expansion of erythroblast numbers through a limited number of cell
divisions, a progressive decrease in cell size, and progressive nuclear con-
densation and enucleation (Granick and Levere, 1964). This second stage
occurs when the erythroblasts are in physical contact with a macrophage.

The third and final stage of erythroid differentiation involves the matu-
ration of the reticulocytes into circulating erythrocytes. The reticulocytes
dismantle their ribosomal machinery, expel organelles, and assume a bicon-
cave discoid shape. These mature erythrocytes then circulate in the blood
stream until senescent, when they are removed by the macrophages within
the reticuloendothelial system (Gifford et al., 2006).

In contrast to definitive erythropoiesis in the fetal liver, primitive ery-
throblasts arising from the yolk sac were thought to retain their nuclei and
diverge in the second and third stages of erythroblast maturation. More
recently, evidence for enucleation of primitive erythroblasts has been
uncovered and for the persistence of these enucleated forms later into
gestation than previously described (Fraser et al., 2007; Kingsley et al.,
2004). Thus, there are many more parallels between the stages of maturation
of primitive and definitive erythroblasts than previously conceived.

Marcel Bessis first described erythroblastic islands, the specialized micro-
environmental compartments within which mammalian erythroblasts pro-
liferate and differentiate during their second stage of maturation (Bessis,
1958). These islands consist of a central macrophage that extends cytoplas-
mic protrusions (Gifford et al., 2006) to a ring of surrounding erythroblasts.
Twenty years later, after extensive studies to delineate the biological signif-
icance of these structures (Bessis and Breton-Gorius, 1961, 1962; Keyhani
and Bessis, 1969; Policard and Bessis, 1962), he concluded that ‘‘the ana-
tomic existence of the erythroblastic island consisting of the central histio-
cyte and rings of erythroblasts surrounding it, the fact that the histiocyte
does phagocytose nuclei extruded by late erythroid cells, and the close
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contact between the two, strongly suggest that the erythroblastic island may
constitute an example of an ‘ecologic niche’, a sociologic notion applied
to cytology, which contributes to the maturation of RBCs. This is as much
as can be said at the moment’’ (Bessis et al., 1978). Another two decades
later, our current understanding has substantially advanced and the appeal
for sociological analogies has withheld the passage of time. As noted by
James Palis, ‘‘no red cell is an island’’ (Palis, 2004) and indeed extensive
macrophage–erythroblast and erythroblast–erythroblast adhesive interac-
tions are necessary for a thriving definitive erythropoietic community.
Whether maturation of primitive erythroblasts also occurs in proximity
with macrophages and the precise location of these units is currently an
area of intense research interest.

2. Composition and Sites of Formation

of Erythroblastic Islands

Erythroblastic islands have been demonstrated in vivo in the fetal liver,
bone marrow, and splenic red pulp, all sites of mammalian definitive
erythropoiesis, as well as in long-term bone marrow cultures in vitro (Allen
and Dexter, 1982). Thus, erythroblastic islands are essential for the matura-
tion of erythroblasts that are destined to enucleate. Mature avian RBCs do
not enucleate and differentiate in bone marrow that does not contain islands.
It is unclear if primitive erythroblastic islands exist or whether primitive
erythroblasts are nomads migrating to the flourishing community of defini-
tive erythroblastic islands for assistance in their terminal stages of maturation.
Erythroblastic islands have not been demonstrated in the yolk sac and should
not be confused with yolk sac blood islands, which have long been recog-
nized to be the first site for blood cell emergence during embryonic devel-
opment (Ferkowicz and Yoder, 2005). These blood islands are a cluster of
primitive erythroblasts surrounded by an endothelial covering and nestled
between the outer visceral endoderm and inner mesothelial cell layers
comprising the yolk sac. These cells arise from a common precursor called
the hemangioblast that exists at the primitive streak, followed by the migra-
tion of committed progenitors to the proximal yolk sac. Further evidence for
this model is provided by the emergence of the first wave of embryonic
hematopoiesis well before any morphological indication of blood island
development. While this may have no relevance to the subject at hand, it
does raise parallel questions for the erythroblastic island such as: Do the
erythroblastic cells andmacrophage arise from a common precursor, and if so
where does this precursor reside and what inductive signals are responsible
for the assembly of the erythroblastic island? Is the island a true colony and do
the macrophage and erythroblasts arise from the same cell, for example a
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granulocyte-erythroid-macrophage-monocyte (GEMM) precursor or even
more speculative, a dedicated erythroid-macrophage precursor? Support for
this possibility is provided by recent studies revealing the presence of primi-
tive megakaryocyte-erythroid progenitors that give rise to yolk sac-derived
megakaryocytes in addition to the previously identified primitive erythroid
cells (Tober et al., 2007). Whether the primitive megakaryocyte-erythroid
progenitors derive from primitive GEMM progenitors has not been inves-
tigated and needs to be studied specifically.

2.1. Localization of erythroblastic islands within the
bone marrow

Erythroblastic islands are uniformly distributed throughout the bone mar-
row (Mohandas and Prenant, 1978). In order to demonstrate their presence
and study their spatial distribution, Mohandas and Prenant performed a
three-dimensional reconstruction of rat bone marrow based on 0.5 mM
serial sections (Fig. 2.1). These sections were stained and studied by light
and electron microscopy. They were also photographed and the individual
photographs were transferred to plastic sheets that were stacked to provide
the three-dimensional distribution within the bone marrow. This formed
the basis of a model built with cork balls scaled to the size of the cells and flat

Figure 2.1 A three-dimensional scale model of a small volume of bone marrow from
normal rat is shown. In this model, the large sphere is a megakaryocyte (m), and also
shown are sinuses (S), macrophages (M), and the clusters of small spheres are the
erythroblasts. This research was originally published in Blood (Mohandas and Prenant,
1978). # The American Society of Hematology.
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sheets of cork cut out to represent the sinusoids. A similar model was
constructed for both normal and hypertransfused animals.

It was speculated that the erythroblastic islands would be most abundant
adjacent to the sinusoids, allowing for the egress of reticulocytes into the
vasculature. However, the equal predominance of islands in other locations
led to the question of whether islands migrate toward the sinusoids as they
mature. Quantitative light and electron microscopy of rat bone marrow did
indeed show a difference in the composition of islands adjacent and nonad-
jacent to the sinusoids. Nonadjacent islands contain more proerythroblasts,
and adjacent islands are rich in orthochromatophilic erythroblasts, the num-
bers of basophilic and polychromatophilic erythroblasts being comparable in
both (Yokoyama et al., 2003). This remarkable finding suggests a migration
of islands to the sinusoids as the cells within the island become more mature.
Confirmation of such observations might uncover the role of proteases,
secreted either by the mature erythroblasts or by central macrophage, that
remodel underlying extracellular matrix making movement possible.

2.2. Structure of erythroblastic islands

Erythroblastic islands, consisting of a central macrophage surrounded by a
ring of developing erythroblasts (Fig. 2.2 Bernard, 1991), had not been
described prior to the pioneering studies by Marcel Bessis. The reason for

Figure 2.2 Characteristic appearance of human erythroblastic island. A Wright-
Giemsa stained, cytocentrifuged preparation of cells obtained from erythroblasts
generated by in vitro culture of peripheral blood-derived mononuclear cells using
two-phase liquid culture system was analyzed. An erythroblastic island consisting of
a central macrophage (M) surrounded by a ring of late erythroblasts (E) on day 12 of the
second phase of a macrophage-containing culture is shown. This research was originally
published in Blood (Hanspal et al., 1998). # The American Society of Hematology.
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this is that they are easily disrupted when bone marrow smears are prepared
for examination. However, Bessis found that ‘‘it is fairly easy to see the
erythroblastic island in the living state in phase-contrast microscopy. To do
so, one need only remove, very carefully, a very small fragment of bone
marrow from a freshly opened bone and dissociate it in a drop of plasma. In
the resulting preparations, which admittedly are not very fine, the crown of
erythroblasts surrounding the reticular cell is clearly visible.’’ Howard Mel,
one of Bessis’ students, was the first to accomplish this task while spending a
sabbatical year in Bessis’ laboratory in 1970. He used an apparatus that
permitted live cells to be isolated simply by the action of gravity. Following
this, Le Charpentier isolated and examined these structures by treating the
bone marrow with gentle physical or enzymatic disruption (Le Charpentier
and Prenant, 1975), and techniques based on similar principles are currently
in use (Crocker and Gordon, 1985; Lee et al., 2006; Sadahira et al., 1990).
Erythroblastic islands can also be reconstituted when erythroblasts are
coincubated with macrophage cells (Fig. 2.3; Iavarone et al., 2004; Lee
et al., 2006) and isolated islands can also be maintained in culture (Hanspal
et al., 1998; Le Charpentier and Prenant, 1975). The establishment of these
techniques has been critical for the advancement in our understanding of
the biological mechanisms governing the erythroblastic islands.

In steady-state erythropoiesis, erythroblastic islands are composed of
erythroid cells in various stages of differentiation, ranging from CFU-E to
young reticulocytes (Bessis et al., 1978; Le Charpentier and Prenant, 1975;
Lee et al., 1988; Sadahira et al., 1999; Yokoyama et al., 2002). There is
variation in the number of erythroblasts per island. Tissue sections from rat
femur reveal about 10 cells per island (Yokoyama et al., 2002) whereas
islands harvested from human bone marrow contain 5–30 erythroblasts per
island (Lee et al., 1988).

Scanning electron microscopy of these islands shows cytoplasmic exten-
sions arising from the macrophage that surround peripheral erythroid cells
providing intimate contact between the macrophage and the developing
erythroblasts (Fig. 2.4; Allen and Dexter, 1982). The formation and integ-
rity of this island structure involves multiple adhesive interactions between
adjacent erythroblasts and between cells of the island and the extracellular
matrix (Arkin et al., 1991; Armeanu et al., 1995; Coulombel et al., 1991;
El Nemer et al., 1998; Kansas et al., 1990; Rosemblatt et al., 1991).

2.3. Unique immunophenotypic signature of the
central macrophage

The central macrophage arises from a resident monocyte precursor. Mouse
central macrophages can be distinguished from other stromal cells in hema-
topoietic tissues by the expression of F4/80 antigen and Forssman glyco-
sphingolipid. F4/80 is a cell surface glycoprotein with homology to the
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Figure 2.3 Reconstituted erythroblastic islands. Bright field (A), immunofluorescent
standard (B), and confocal (C) micrographs of typical erythroblastic islands formed
from single-cell suspensions of MacGreen mouse bone marrow. Macrophages from
MacGreen mice express the macrophage colony-stimulating factor (M-CSF) receptor-
green fluorescent protein transgene, thereby providing a useful macrophage identifier.
Results from an assay for reforming islands from single-cell suspensions of freshly
harvested mouse bone marrow are depicted. Adults 3–5 months of age were used.
A single-cell suspension was prepared, then cells were incubated for carefully con-
trolled times in media containing manganese. Islands and their cellular components
were identified by three-color immunofluorescence microscopy. Immunofluorescent
micrographs of islands show cells stained for erythroid-specific marker GPA (Ter119;
red), macrophage marker M-CSF receptor GFP transgene expression (green), and
DNA (Hoechst 33342; blue). Because surface expression of glycophorin A increases
during terminal differentiation, the intensity of Ter119 staining served as an effective
indicator of erythroblast stage. A faint blush of Ter119 fluorescence was present in
early erythroblasts and increasing degrees of staining were observed in progressively
more differentiated cells. The fluorescence intensity of Ter119 label varied among
erythroblasts in an individual island, indicating that islands were composed of erythro-
blasts at various stages of differentiation. Young, multilobulated reticulocytes were
present in many islands, again consistent with prior descriptions of erythroblastic islands
formed in vivo. In the confocal image, some of the cells appear blurred because they are
not in the plane of focus. However, macrophage staining is apparent in various regions
of the island. Reticulocytes, arrowheads; macrophage, arrows; bars represent 10 mm.
(D) Histogram shows number of erythroblastic islands formed from 1�105 single cells;
n¼10. Results are shown as mean� SD. This research was originally published in Blood
(Lee et al., 2006). # The American Society of Hematology.
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G–protein-linked transmembrane 7-hormone receptor family (Austyn and
Gordon, 1981; Hirsch et al., 1981; Hume and Gordon, 1983; Hume et al.,
1983; McKnight et al., 1996). In early studies by Crocker and Gordon
(1985), macrophages were isolated from hematopoietic cell clusters in
mouse bone marrow (Fig. 2.5). These were closely compared to resident
macrophages from the peritoneal cavity and to circulating monocytes
(Table 2.1). The erythroblastic island macrophages are very large with
diameters frequently exceeding 15 mm and have a nuclear/cytoplasmic
ratio of much less than 1. These cells were intensely F4/80 avid and
possessed delicate plasma membrane processes. The elaborately branched
processes appear to cradle the attached hematopoietic cells (Fig. 2.5C). The
F4/80 weakly stained cells were comparatively smaller, rounded, and with-
out plasma membrane extensions. They resembled promonocytes and
monocytes with a reniform nuclei and a nuclear/cytoplasmic ratio greater
than 1. Resident bone marrow and peritoneal macrophages were similar in
that both stained uniformly with F4/80 and 2.4G2 (IgG1/2b FcR),
although the intensity of staining for both antigens was considerably greater
in the resident bone marrow macrophages. In contrast to peritoneal macro-
phages however, resident bone marrow macrophages had no detectable
Mac-I antigen expression, the presumed ligand-binding site of C3. Com-
plement receptors were readily identified on peritoneal macrophages,
monocytes, and neutrophils. The central macrophages showed high

Figure 2.4 Scanning electron micrography of an erythroblastic island from rat bone
marrow. Erythroblastic island after 2 hours in vitro culture examined by scanning
electron microscopy (�5000). Top left insert: the same island seen with light micros-
copy (Giemsa �1026). Note the two nuclear extrusions, one early (bottom) and the
other almost complete (top left). This research was originally published in Blood Cells
(Marcel Bessis et al., 1978). # Springer-Verlag.
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phagocytic activity and absence of a respiratory burst with a potent stimula-
tor. They bound strongly to unopsonized sheep erythrocytes. In addition,
the cells that the central macrophages associated with were actively cycling,

Figure 2.5 Analysis of erythroblastic islands after collagenase digestion and cluster
purification. Direct cytocentrifuge preparations (A and B) or following adherence of
cells to glass coverslip (C) are shown. (A) Small cluster stained with Ab F4/80,
counterstained with hematoxylin, showing central macrophage surrounded by
erythroblasts. Microscopic analysis at different depths of focus indicated that a single
macrophage was present in such clusters. (B) Large cluster stained with Ab F4/80,
counterstained with hematoxylin, showing four to five macrophages with processes
ramifying among clustering cells. It has been proposed that this may represent several
erythroblastic islands clumped together. (C) Central macrophage stained with Ab
F4/80 after adhesion to glass coverslip. Note that delicate macrophage processes ramify
extensively, establishing intimate contact with hematopoietic cells distal from the
macrophage cell body (arrow) and appear to cradle hematopoietic cells. Counterstained
with hematoxylin. Bar, 10 mm. This research was originally published in J. Exp Med.
(Crocker and Gordon, 1985). # The Rockefeller University Press.
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suggesting their trophic roles as opposed to simply being scavengers of dead
cells. With their pronounced adhesive properties and ability for avid endo-
cytosis, they are perfectly adapted to function as nurse cells. The lack of
respiratory burst and the consequent release of toxic oxidative species are
perhaps protective to the surrounding erythroblasts. Macrophages obtained
from splenic (Sadahira et al., 1990, 2000) and hepatic erythroblastic islands
(Naito et al., 1997) share a similar profile to bone marrow-derived central
macrophages. In contrast, the monocytes and peritoneal macrophages with
their complement receptors and respiratory burst activity play an important
role in inflammatory states.

Forssman glycosphingolipid distinguishes central macrophages from
monocytes and inflammatory macrophages in hematopoietic tissues (Sadahira
et al., 1988).This antigenhas a structureofGalNAca1–3GalNAcb1–3Gala1–4
Galb1–4Glcb1-Cer and is synthesized by glycoside a1–1,3-N-acetylgalacto-
saminyl-transferase (Haslam and Baenziger, 1996). Using a combination of
F4/80 and Forssman GSL, hematopoietic tissue macrophages can be classified
as F4/80þForssman� (immature) andF4/80þForssmanþ (mature) subpopu-
lations. Using allogeneic bone marrow transplantation, Forssman GSL was
not expressed in macrophages soon after lodgment in hematopoietic tissues
but was expressed as they matured in the tissues (Sadahira et al., 1991).

Table 2.1 Comparison of phenotype of central island macrophages and
inflammatory peritoneal macrophages from C57BL/6 mice

Number of

experiments

Bone marrow island

macrophage

Peritoneal

macrophage

Surface antigens:

F4/80 >20 þþþ þþ
Mac-1 (CR3) 6 � þþ
FcR IgG1/IIb 2 þþþ þþ

Surface receptors:

Zymosan (potent stimulator of phagocytosis and respiratory burst)
� Phagocytosis 3 þþþ þþ
� Respiratory

burst

2 � þ/�

Complement 3 � þþ
Sheep

Erythrocytes

>20 þþþ �

FcR IgG2a/

2b

3 þþþ þ

This research is taken with permission from Crocker and Gordon(1985), # The Rockefeller
University Press.
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Human bone marrow-derived central macrophages also express FcRI, FcRII,
FcRIII, CD4, CD31, CD11a, CD 11c, CD 18, CD 31, and HLA-DR.

2.4. Enucleation of primitive and definitive erythrocytes

It was recognized more than 125 years ago that the mature RBCs of adult
vertebrates circulate either in nucleated or in enucleated forms. RBCs of
birds, fish, reptiles, and amphibians retain their nucleus and contain three
filamentous systems: an actin–spectrin-based cytoskeleton, intermediate
filaments that attach the cytoskeleton to the nuclear membrane, and a
group of microtubules organized into a circumferential marginal band
(Cohen, 1991). In contrast, the definitive RBCs of mammals lose interme-
diate filaments and microtubules during terminal differentiation and
enucleate prior to entering the bloodstream; that is, the cells mature extra-
vascularly. Enucleation of definitive erythrocytes is accompanied by several
cell divisions and a progression of morphologically identifiable forms,
resulting from the accumulation of hemoglobin in the cytoplasm and
condensation of the nucleus. The loss of the intermediate filaments allows
the nucleus to move freely to the periphery of the cell and occupy an
acentric position prior to enucleation. A number of studies have proposed
that enucleation may be a process similar to cytokinesis (Campbell, 1968;
Repasky and Eckert, 1981a,b,c; Simpson and Kling, 1967; Skutelsky and
Danon, 1967, 1970) and have suggested that F-actin is present in the form
of a ring in the constriction, similar to the cleavage furrow of mitotic cells
(Perry et al., 1971; Schroeder, 1973). Using splenic erythroblasts from mice
infected with the anemia-inducing strain of Friend virus, Koury et al.
(1989) showed that F-actin is concentrated between the extruding nucleus
and incipient reticulocyte in enucleating erythroblasts. The combination of
the cleavage furrow formed by coalescing vacuoles with new membranes
and the constriction of the actin ring results in the nucleus being pinched
off with a thin rim of cytoplasm and the surrounding plasma membrane
from the incipient reticulocyte. The disruption of F-actin bundles with
cytochalasin D treatment inhibits enucleation (Koury et al., 1988), while
Emp, B1-integrin, and glycoconjugates are recognized by concanavalin A
partition to the nucleus (Geiduschek and Singer, 1979; Koury et al., 1989;
Lee et al., 2004). The furrow also contains several mitochondria, which are
also seen in a similar location during cytokinesis, supporting the concept
that erythroid enucleation is a specialized form of cell division. The process
of enucleation involves segregation of cytoskeletal and cell surface proteins
between the plasma membrane of the nucleus and the incipient reticulo-
cyte. Most of the major cytoskeletal proteins including band 3, spectrin,
ankyrin, and 4.1 protein segregate to the newly formed reticulocyte.
The processes described above occur within the definitive erythroblastic
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islands, allowing the central macrophage easy access to the expelled nucleus
for phagocytosis and digestion. Ongoing studies suggest that the dispro-
portionately greater segregation of adhesive receptors to the cytoplasmic
membrane surrounding the expelled nucleus (Lee et al., 2004) favors its
engulfment by the macrophage and the reciprocal decrease in adhesive
proteins on the newly formed reticulocyte, its separation from the nurse cell.

The long-standing perception had been that primitive mammalian
erythrocytes retain their nuclei and are thus more similar to avian, fish,
and reptile RBCs. However, Kingsley et al. (2004) have shown that
primitive erythroblasts progressively enucleate in circulation between
embryonic day 12.5 (E12.5) and E16.5. Using antibodies to specific regions
of murine embryonic bH1-globin and adult bmajor-globin, they were able
to differentiate yolk sac-derived primitive RBCs. These antibodies, in
combination with nuclear staining, identified three distinct populations in
the peripheral blood of E13.5–E15.5 fetuses—nucleated primitive erythro-
blasts, enucleated primitive erythrocytes that express bH1-globin, and
the definitive cells that are enucleated and express bmajor-globin. There
are a number of similarities in the erythropoietic program of primitive
and definitive cells; for one, in both programs there is progressive
maturation with enucleation (De la Chapelle et al., 1969; Steiner and
Vogel, 1973). In addition, prior to enucleation, the cells lose intermediate
filaments (Sangiorgi et al., 1990) and the nuclei condense and move to
the plasma membrane. Despite these similarities, the one remarkable differ-
ence is that there is no evidence yet that the primitive erythroblasts
require contact with macrophages to enucleate. Does this occur while the
cells are in circulation and if so, what are the unique molecular mechanisms
that govern enucleation in these cells? One might alternately speculate
that the primitive erythroblasts migrate to sites, for instance, in the fetal
liver, where reticuloendothelial cells play the role of the macrophage
‘‘nurse’’ cells.

3. Cell–Cell Adhesive Interactions Within

Erythroblastic Islands

A number of cell adhesion molecules and their interactions within the
erythroblastic islands have been described and have been proven to be
critical for island integrity. The precise role of these adhesive interactions
is still unclear. Given that the integrin–actin cytoskeleton interactions
regulate intracellular signaling, they may coordinate adhesion and gene
expression in the erythroblastic islands (Table 2.2).
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3.1. Erythroblast macrophage protein

Erythroblast macrophage protein is a 36-kD transmembrane protein
expressed on the surface of both erythroblasts and macrophages (Hanspal
et al., 1998). The cytoplasmic domain contains several binding sites for SH2
domains and a potential binding site for phosphotyrosine-binding domains,

Table 2.2 Adhesion molecules and their interactions within the erythroblastic
island

Erythroblast

adhesion

molecule

Macrophage

adhesion

molecule

Erythroblast–

erythroblast

interaction

Erythroblast–

macrophage

interaction References

Emp Emp Yes Yes Bala et al.,

2006;

Hanspal

et al.,

1998; Soni

et al., 2006

a4b1
integrin/

very late

antigen-4

(VLA-4)

VCAM-1 Yes Hamamura

et al.,

1996;

Sadahira

et al., 1995

ICAM-4 av Yes Lee et al.,

2006;

Spring

et al.,

2001;

Telen,

2005

? SER or

sialoadhesion

Crocker

et al.,

1990;

Crocker

and

Gordon,

1985,

1986

? ED2 antigen Barbe et al.,

1996

? EbR Barbe et al.,

1996

EbR, Erythroblast receptor; Emp, Erythroblast macrophage protein; ICAM-4, intercellular adhesion
molecule; SER, sheep erythrocyte receptor.
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suggesting a signaling function. Erythroblasts cultured in the presence of
anti-Emp show the same phenotype as those cultured in the absence of
macrophages—a sixfold increase in apoptosis is observed, accompanied by a
marked decrease in erythroid proliferation, maturation, and enucleation
(Hanspal et al., 1998). Furthermore, Emp-null murine fetuses are severely
anemic and die in utero at E19.5, that is perinatally, strongly supporting a
crucial role for Emp in definitive erythropoiesis (Soni et al., 2006). Emp-
null fetal liver macrophages exhibit both a quantitative and a qualitative
defect. The number of F4/80 positive cells is reduced to 25–30% of wild-
type values and in appearance they are smaller, round in shape, and lack
cytoplasmic extensions, suggesting an immature morphology. Consistent
with this, ER-MP12, an antigen expressed by immature macrophage
precursors, is expressed normally. This suggests that loss of Emp impairs
terminal maturation but not commitment to macrophage lineage. In vitro
erythroblast reconstitution assays using Emp-null erythroblasts or Emp-null
macrophages with their wild-type counterparts indicate that Emp function
is both RBC and macrophage autonomous. Interestingly, recent studies
using transfected mammalian cells showed that Emp is localized in the
contractile ring during cytokinesis and that it exists in a complex with
actin in vivo (Bala et al., 2006). Immunofluorescent labeling of wild-type
and mutant erythroblasts with phalloidin detected a striking difference in
the localization pattern of F-actin: in the wild-type erythroblasts, actin
staining, which completely colocalized with Emp staining, was present
throughout the cytoplasm as well as on the plasma membrane. In the mutant
erythroblasts, however, actin staining was detected largely near the plasma
membrane. Almost no cytoplasmic actin was detected in mutant cells,
suggesting that in the absence of Emp, the actin distribution is impaired in
erythroblasts. Emp also colocalizes with concentrated F-actin bundles that
are detected in wild-type erythroblasts undergoing enucleation. Thus, in
addition to being involved in nuclear expulsion, Emp–actin association may
function to regulate the actin cytoskeleton in reticulocytes.

The potential role of Emp in regulating actin cytoskeleton has implica-
tions in macrophage function as well. Emp-deficient macrophages display
condensed, less organized actin filaments, and are therefore unable to
efficiently develop long cytoplasmic extensions. Detailed characterization
of Emp-null macrophages in terms of their capacity to migrate, invade, and
phagocytose, all of which are actin-based cellular events, will shed further
light on these processes.

3.2. a4b1(vla-4)/VCAM-1

Adhesive interactions occur between a4b1 integrin expressed on erythro-
blasts and its counter–receptor—vascular adhesion molecule-1 (VCAM-1)
expressed on macrophage cells. Monoclonal antibodies to either receptor
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disrupt island integrity in vitro (Sadahira et al., 1995). Treatment of mice
with very late antigen-4 antibodies in utero specifically induces anemia
(Hamamura et al., 1996).

3.3. Intercellular adhesion molecule-4/av

Theerythroid-specific isoformof intercellular adhesionmolecule-4 (ICAM-4)
expressed on erythroid cells (LW blood group glycoprotein, CD 242)
interacts with av integrin on macrophage cells (Spring et al., 2001) as
well as the leukocyte b1 integrin and platelet integrin aIIb3 (Telen, 2005).
Blocking ICAM-4-av binding with av synthetic peptides produces a 70%
decrease in islands reconstituted in vitro (Lee et al., 2006). ICAM-4-null
mice have a 50% decrease in island formation in the bone marrow; however,
steady-state erythropoiesis is not adversely affected in the adult animal.
A secreted isoform of mouse ICAM-4, ICAM-4S, that is upregulated in
terminal differentiation has been described. ICAM-4S may compete
with membrane-bound integrin counter-receptors, thereby blocking the
interaction of ICAM-4 with av. This might facilitate the detachment of
young reticulocytes from the islands, thereby enabling their egress into the
vasculature.

Three other macrophage receptors that could be involved in adhesion to
erythroblasts include lectin-like sheep erythrocyte receptor (Crocker and
Gordon, 1985, 1986; Crocker et al., 1990), erythroblast receptor (EbR),
and ED2 antigen (Barbe et al., 1996). Neither these receptors nor their
corresponding ligands have been fully characterized.

A recent study shows palladin, an actin cytoskeleton-associated protein,
is an important regulator of fetal liver definitive erythropoiesis (Liu et al.,
2007). Its disruption results in significant fetal anemia caused by impaired
fetal liver definitive erythropoiesis resulting from disrupted erythroblastic
island formation, suggesting a role for paladin in cell–cell interaction. The
mutant HSCs in fetal liver can reconstitute lethally irradiated mice and
differentiate into different lineages in methylcellulose culture system.
These results suggest that palladin may regulate definitive erythropoiesis
through a noncell autonomous manner. Erythroblastic island reconstitu-
tion assays show that intrinsic defects in palladin�/� macrophages but not
erythroblasts are responsible for impaired erythroblastic island formation,
and consequently definitive erythropoiesis deficiency. Many known
adhesive proteins were characterized within the palladin-null islands and
were found to be unaffected, further underscoring the possibility of
novel adhesive pathways operant within the erythroblastic islands (Liu
et al., 2007).
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4. Erythroblastic Island Functions

Erythroblasts can proliferate, mature, and enucleate in vitro in the
absence of other cell types; however, this process is typically very inefficient
at all stages (Hanspal et al., 1998) and strikingly only a minority of in vitro
differentiated erythroblasts complete the final step of enucleation. The
generation of fully mature, enucleated erythrocytes is enhanced by the
coculture with macrophages (Qiu et al., 1995) or other accessory cells
such as murine stromal cell lines or human mesenchymal cells (Giarratana
et al., 2005). The interaction of cells within the erythroblastic island is
essential for both early and late stages of erythroid maturation. It has been
proposed that early in erythroid maturation, the macrophages provide
nutrients, and proliferative and survival signals to the erythroblasts. It has
long been recognized that macrophages phagocytose extruded erythroblast
nuclei at the conclusion of erythroid maturation. There is also accumulating
evidence for the role of macrophages in promoting enucleation itself.
Furthermore, macrophages provide adhesive interactions that maintain
island integrity. The role of the adhesive interactions has yet to be clearly
delineated—it is likely that they allow for regulatory feedback within islands
via cross talk between cells and also trigger intracellular signaling pathways
that regulate gene expression

4.1. Positive and negative growth regulatory effects on
developing erythroblasts within the erythroblastic island

The concept of a control mechanism for cellular growth through modula-
tion of apoptosis has recently come to include a wide variety of tissue
systems, including hematopoietic cells. Changes in the balance between
cell survival and death are clear signs of development of hematologic
disorders such as the myelodysplastic syndromes (Greenberg, 1998; Parker
andMufti, 1998) and chronic myelogenous leukemia (Clarkson et al., 1997).
Therefore, tight regulation of apoptosis is needed to maintain hematopoie-
tic homeostasis. The apoptosis of hematopoietic progenitor cells is regulated
both positively and negatively by an interacting network of various cyto-
kines and adhesive molecules (Wickremasinghe and Hoffbrand, 1999). It is
therefore not surprising that such mechanisms are operant within the
erythroblastic island.

Macrophages secrete cytokines that promote erythroblast proliferation
and maturation. These include burst-promoting activity and insulin-like
growth factor-1 (Kurtz et al., 1985; Sawada et al., 1989), factors that can
stimulate the growth of BFU-E and CFU-E. Although erythropoietin
mRNA expression has been demonstrated in mouse bone marrow
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macrophages (Rich et al., 1988a,b), the precise role of macrophages in
either synthesizing erythropoietin or presenting erythropoietin synthesized
elsewhere remains to be elucidated. It has, however, been shown that
coculture of erythroblasts with macrophages prevents erythroblast apoptosis
(Hanspal et al., 1998).

Erythroblasts express Fas throughout differentiation; however, only
immature erythroblasts are susceptible to the death signal resulting from
Fas/Fas ligand cross-linking. Late differentiating erythroblasts exhibit a Fas-
based cytotoxicity against the immature erythroblasts via Fas ligand induc-
tion (De Maria et al., 1999). It has been speculated that high levels of
erythropoietin within the island protect the immature erythroblasts from
this signaling pathway, promoting increased erythroid survival. This mech-
anism would upregulate erythropoiesis in anemic individuals that exhibit
increased erythropoietin levels. Besides a negative feedback loop between
mature and immature erythroblasts, there is one described between macro-
phages and immature erythroblasts that involves RCAS1 (receptor binding
cancer antigen expressed in Siso cells) and its receptor (Matsushima et al.,
2001). Immature erythroblasts express RCAS1 receptor. Soluble RCAS1,
secreted by bone marrow macrophages, activates proapoptotic caspases-
8 and -3 in immature erythroblasts. These observations indicate that during
erythropoiesis the level of apoptotic cell death is finely modulated in the
erythroblastic islands by positive and negative regulatory factors, mainly at
specific stages of cellular maturation that are predominantly at a high
proliferative capacity.

4.2. The role of macrophages in supplying iron
for hemoglobin synthesis

Another important unanswered question is whether macrophages supply
iron for hemoglobin synthesis as was originally thought. In 1962, Bessis
reported that in humans (but not rats or mice), ferritin molecules always
occur in the space between erythroblasts and the histiocyte cell membrane
and/or attached to the erythroblast membrane. It is unclear what the source
of the ferritin is, whether it is derived from plasma or from the central
histiocyte that extrudes it when it is in contact with an erythroblast.
Whatever the origin of the ferritin, it is incorporated into the erythroblast
by ‘‘rhopheocytosis,’’ a process now known to be micropinocytosis
(Policard and Bessis, 1962). These vesicles are filled with ferritin and form
as a result of invagination of the surface membrane to which ferritin is
attached utilizing a specific acid ferritin receptor (Konijn et al., 1994). The
vesicles disappear in the interior of the cytoplasm and the ferritin molecules
are liberated. Over the last 10 years, our understanding of mammalian iron
transport and homeostasis has advanced dramatically and it is likely that
these questions will be addressed in the near future in a more meaningful
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manner. We now know some of the key players in iron homeostasis, such as
hepcidin, a circulating peptide hormone primarily produced by hepatocytes
(Nicolas et al., 2001; Park et al., 2001; Pigeon et al., 2001) and ferroportin,
the major transmembrane transporter transferring iron out of enterocytes,
macrophages, and, to a lesser extent, hepatocytes (Abboud and Haile, 2000;
Donovan et al., 2005; Fraenkel et al., 2005) (13–16Nar). Studies in cultured
cells have established that that hepcidin binds directly to ferroportin,
triggering its internalization and degradation within lysosomes (Nemeth
et al., 2004). Hepcidin expression is altered in response to each of the stimuli
known to affect iron homeostasis: in conditions of stress erythropoiesis,
for example in hypoxia or iron deficiency anemia, levels of hepcidin are
decreased resulting in decreased ferroportin inactivation (Andrews and
Schmidt, 2006). While the increase in ferroportin at the basilar surface of
enterocytes results in increased absorption of dietary iron to provide addi-
tional substrate in face of an increased demand, it is intriguing to speculate
that the ferroportin on the surface of central macrophages is also upregu-
lated. This could result in local export of iron to the erythroblasts within
the island.

4.3. Engulfment and breakdown of extruded nuclei
play an important role in the regulation of late
stage erythropoiesis

It has been shown by time lapse videography that the macrophages actively
phagocytose extruded definitive erythroblast nuclei at the end of terminal
differentiation (reviewed by Bessis et al., 1978). This macrophage function
has been documented in vitro in long-term bone marrow cultures (Allen and
Dexter, 1982) and in vivo in mice lacking DNase II, where fetal liver
macrophages become engorged with multiple ingested, but not digested,
nuclei (Kawane et al., 2001). It has further been demonstrated that the
macrophage function of engulfment and digestion of extruded nuclei is
vital for continued erythropoiesis. In the mice lacking DNase II, the lack of
nuclear digestion resulted in a severe defect in erythropoiesis and embryonic
lethal anemia (Yoshida et al., 2005b). DNase II is an endonuclease present in
the lysosomes of macrophages that cleaves DNA after macrophages engulf
apoptotic cells or the nuclei that are expelled from erythroid precursor cells.
Yoshida et al. have shown that the gene encoding IFN-b (Ifnb1) was
activated in DNase II�/� fetal liver and that lack of signals from the
interferon type I receptor ‘‘rescued’’ the anemia and the lethality.

DNase II�/� embryos produced not only IFN-b but also IFN-g. But,
in contrast to IFN-b, IFN-g had little cytotoxic effect on erythroid cells.
RNA hybridization analysis indicated that Ifnb1 was activated in DNase
II�/� fetal liver, but expression was low and no interferon activity was
detected in the serum of the embryos. In contrast, in situ hybridization
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detected IFN-b mRNA in the macrophages carrying undigested DNA in
the blood islands of DNase II�/� fetal liver. The authors concluded that
IFN-b produced in the fetal liver is responsible for inhibiting erythropoiesis
that occurs in association with macrophages at the blood islands. Many
cytokines have more potent activity in a membrane-associated form than in
a soluble form. It is likely that IFN-b expression by macrophages in the
blood islands, even in low concentrations, has a deleterious effect on
erythropoiesis.

Analysis of erythroblast plasma membrane protein (Emp) that partitions
between the nucleus, as it is being expelled, and the reticulocyte shows that
Emp partitions predominantly to the plasma membrane surrounding the
extruded nucleus (Lee et al., 2004). This process would result in effective
macrophage binding at the site, thereby facilitating phagocytosis. Further-
more, the extruded nuclei contain markedly decreased ATP and increased
calcium (Yoshida et al., 2005a). It has been speculated that these alterations
inactivate the aminotranslocase and activate the scramblase, resulting in
movement of the phosphatidylserine from the inner to the outer leaflet of
the lipid bilayer. This rapid exposure of phosphatidylserine and engulfment
of the nuclei by macrophages has been demonstrated in vitro (Yoshida et al.,
2005a). Furthermore, engulfment of nuclei is blocked by a dominant
negative mutant of milk fat globule epidermal growth factor EGF-8,
known to inhibit phagocytosis of apoptotic cells by blocking surface
phosphatidylserine (Hanayama et al., 2002).

The defect of severe anemia and in utero death in late gestation seen in
DNase II-null mice is recapitulated in one of the three phosphatidylserine
receptor knockout mouse models (Kunisaki et al., 2004) that presumably
leads to the inability of macrophage cells to ingest extruded nuclei.
The conserved mitogen-activated protein kinase family members c-Jun
N-terminal kinase ( JNK) and p38 have been implicated in stress and
proinflammatory signal transduction and recently in erythropoiesis. Homo-
zygous deletion of either JNK1 or JNK2 in mice has no apparent effect on
hematopoiesis (Bonnesen et al., 2005), which might be explained by redun-
dancy between the JNK isoforms. In contrast, the Jnk1�/� Jnk2�/�
embryos die early in embryonic development (E11.5–12.5) due to dysre-
gulation of apoptosis in brain development, making the contribution of
the JNK in definitive erythropoiesis in vivo difficult to study further.
Bonnesen et al. (2005) investigated the role of the JNK-activating kinase
mitogen-activated protein kinase/extracellular signal to regulated kinase
(MEK), kinase 1 (MEKK1), in development. Mice deficient in MEKK1
kinase activity (Mekk1KD mice) were generated and are alive and fertile on
a C57/BL6�129 background. Unexpectedly, after backcrossing the
Mekk1KD/þ heterozygotes into the C57/BL6 background, a dramatic
decrease in the frequency of live Mekk1KD embryos that develop past
E14.5 was observed. At E14.5, all mutant embryos studied, although
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morphologically normal, were anemic and showed defective definitive
erythropoiesis with accumulation of nucleated late erythroblasts. These
studies strongly suggest that MEKK1-JNK signaling is required for degra-
dation of nuclear DNA extruded from erythroid precursors during the late
stages of definitive erythropoiesis in the fetal liver. Crossing theMekk1KD/þ
C57/BL/6�129 hybrids with Jnk1�/� or Jnk2�/� mice resulted in
embryonic lethality of all Mekk1KD Jnk1�/� and Mekk1KD Jnk2�/�
embryos (regardless of background), suggesting that an intact MEKK1-JNK
signaling pathway is required for normal embryonic development.
Mekk1KD, Mekk1KD Jnk1�/�, and Mekk1KD Jnk2�/� embryos have
identical phenotypes, survive up to midgestation, and display normal mor-
phology but are highly anemic. Interestingly, a similar phenotype has been
observed in p38-deficient mice. However, while the anemia in p38�/�
mice is attributed to defective erythropoietin gene expression, normal levels
of erythropoietin at both mRNA and protein level were observed in
Mekk1KD and Mekk1KD Jnk2�/� embryos. The fetal livers of Mekk1KD
and Mekk1KD Jnk2�/� also contain BFU-Es and CFU-Es formed at
normal frequencies, and can reconstitute erythropoiesis in lethally irradiated
hosts. It is therefore clear that MEKK1 is not required for the production of,
or the response to, cytokines and/or growth factors required for the expan-
sion and differentiation of erythroid progenitors up to the stage where the
orthochromatic erythroblasts lose their nuclei and become reticulocytes. The
phenotype of these mice is almost identical to those lacking DNaseII
(described above). However, fetal livers from Mekk1KD and Mekk1KD
Jnk2�/� embryos contain reduced levels of macrophages and TUNEL stains
showed extensive accumulation of apoptotic bodies. These apoptotic bodies
did not colocalize with Ter119-positive erythroblasts but rather appeared
free in the extracellular space, suggesting that they represent nuclear DNA
extruded from erythroid precursor cells. The fetal liver macrophages from
the mutant mice exhibit normal phagocytic function, implicating the
decrease in the number of macrophages in the development of defective
erythropoiesis.

All together these results suggest that engulfment and breakdown of
extruded nuclei play an important role in the regulation of late stage
erythropoiesis.

4.4. Macrophages promote enucleation

Another important question is whether the macrophages also promote
enucleation or whether this is mediated via retinoblastoma tumor suppres-
sor (Rb) protein. Rb is present in the nucleus of all cells and plays a critical
role in cell cycle decisions. Mice lacking Rb, in addition to other defects,
have defective erythropoiesis and erythroblasts in the fetal liver that fail to
mature and enucleate (Clarke et al., 1992; Jacks et al., 1992; Lee et al., 1992).
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It is yet unclear whether the role of Rb in RBC enucleation and maturation
is intrinsic (Clark et al., 2004; Spike et al., 2007) to the RBCs or extrinsic to
it (Iavarone et al., 2004; Palis, 2004).

When Rb-deficient stem cells are transplanted into normal mice, the
cells fail to enucleate and the animals are anemic. However, chimeric mice
composed of both normal and mutant cells give rise to erythrocytes that are
Rb� mutant in origin, raising the possibility that the Rb protein in
macrophages may be essential for the process (Williams et al., 1994).
Evidence for this hypothesis is provided by Iavarone et al. (2004). They
reported that these animals have a marked reduction of mature macrophages
in the liver as well as the presence of immature macrophages that are unable
to bind erythroblast. They suggest that the effects of Rb on macrophage
maturation are mediated by Id2 and PU.1. Id2, a nuclear protein, is bound
by Rb. Id2 can bind to transcription factor PU.1, a critical regulator of genes
expressed in macrophages, and this interaction inhibits the transcription of
macrophage specific genes. The macrophage defect in Rb-deficient mice
can be reversed by loss of Id2. Their results are consistent with a model in
which Rb binds to Id2 in the nucleus of immature macrophages, thus
freeing PU.1 to transcribe genes involved in maturation of macrophages
into erythroblast nursing cells, playing a critical role in RBC enucleation. In
complete contrast to the studies described above, analysis of erythroblast
maturation in vitro (Clark et al., 2004; Spike and Macleod, 2005) or in
Rb-null chimeric mice that are challenged in vivo with phenylhydrazine
to induce stress erythropoiesis recapitulates the erythroid maturation defects
seen in the developing Rb-null fetal liver, including the failure to enucleate
and upregulate TER119 (Spike and Macleod, 2005), raising the possibility
that Rb is required in a cell intrinsic manner to regulate erythropoiesis.
This is specifically true under conditions of oxidative or proliferative stress.
Spike et al. (2007) argue that it is unlikely that Rb plays a specific role in
maintaining erythroblastic island integrity as was originally concluded from
the examination Rb-null fetal livers. They suggest that the disruption in
erythroblastic island formation is a direct result of hypoxia. To test this
hypothesis, they counted the total number of erythroblastic islands and the
number of erythroblasts per macrophage in cultures of native islands grown
at either regular tissue culture or in hypoxic conditions. For these assays,
they used fetal liver from control mice and conditionally targeted mice in
which Rb was deleted in the embryo but not in the placenta (Wu et al.,
2003) to control for differential effects of ischemia experienced in vivo.
At 21% oxygen, they failed to observe any significant difference in numbers
of islands or in erythroblasts per macrophage formed with Rb-deficient
fetal liver cells relative to control. However, when they cultured fetal
liver from controls or from Rb-deficient mice under hypoxic conditions,
they observed a dramatic reduction in both the number of islands and
the number of erythroblasts per macrophage suggesting that hypoxia, as
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opposed to Rb gene status, was instrumental in disrupting erythroblastic
islands. Histological examination of fetal livers of Rb-deficient mice
revealed a preponderance of F4/80 positive macrophages adjacent to the
ischemic areas, suggesting that macrophages in the Rb-null fetal liver may
be diverted from their role in erythropoietic island formation to promote
clearance of dying cells. Furthermore, they demonstrate the absence of any
reduction in proportionate representation of F4/80-positive macrophages
between wild-type and Rb-null fetal livers and a similar quality of erythro-
blastic islands in the intact proximal regions of the Rb-null fetal liver is
similar to wild type. The same authors showed that when the erythroblastic
islands were cultured, Rb-null macrophages and wild-type macrophages
were both competent to bind erythroblasts. They also used microarray
data and quantitative real-time PCR to examine how loss of Rb affected
expression of macrophage-specific genes that have been implicated in the
erythroblastic island defect in Rb-null fetal livers, including c-Fms, myelo-
peroxidase, cathepsin S, complement components, and lysozyme. In con-
trast to the effect of Rb loss on hypoxia-inducible gene expression, they
failed to detect any significant change in the expression levels of most
macrophage-specific genes in Rb-null fetal liver relative to wild type at
E12.5 (Spike et al., 2007). Expression of c-Fms (a PU1 target gene) was
previously shown to be deregulated in Rb-null MEFs, and together with
data implicating deregulated PU1 in erythroblastic island defects in Rb-null
fetal liver was taken as evidence that macrophages were not functioning
normally in Rb-null fetal liver (Iavarone et al., 2004). However, Spike et al.
were unable to detect any reduction in c-Fms levels by quantitative real-
time PCR in Rb-null fetal liver relative to wild type. While further studies
will be required to resolve the role of Rb within macrophages, the obser-
vation that in vitro erythroid enucleation progresses more efficiently in the
presence of stromal cells (Giarratana et al., 2005) and requires physical force
(Yoshida et al., 2005a) further supports the possibility that tethering to
macrophages facilitates enucleation.

4.5. Erythroblasts within the island are a source of angiogenic
factors that exert paracrine effects

Erythroblasts secrete two angiogenic factors, vascular endothelial growth
factor A (VEGF-A) and placental growth factor (PIGF) (Tordjman et al.,
2001). Media from cultured erythroblasts induces migration of monocytes
and endothelial cell permeability, both inhibited by VEGF-A- and PIGF-
A-specific antibodies. Erythroid progenitors do not express receptors for
either of these angiogenic factors whereas central macrophages do, and thus
the secreted molecules may have paracrine effects regulating island integrity.
In addition, the angiogenic factors may enable egress of the reticulocytes
into the vasculature by modulating endothelial cell junctional integrity.
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4.6. Erythroblast-mediated regulation of erythropoiesis via
cell–cell interaction

Erythroblast intercellular signaling seems to regulate the activity and gene
expression of GATA-1, a transcription factor crucial for erythropoiesis.
While the absence of GATA-1 results in proerythroblast apoptosis (Pevny
et al., 1991, 1995; Weiss et al., 1994) and embryonic lethality in knockout
mice (Fujiwara et al., 1996), its overexpression blocks terminal differentia-
tion (Whyatt et al., 1997; Lindeboom et al., 2000). Strikingly, the presence
of normally expressing cells enables overexpressing cells to complete termi-
nal differentiation. Using a mouse model in which only half the RBCs
overexpress GATA-1, it has been observed that the normal late stage
erythroblasts produce a signal termed (RBC differentiation signal (REDS)
that corrects the flaw in overexpressing cells (Gutierrez et al., 2004). Mech-
anistically this appears to involve cell–cell interaction rather than a soluble
factor, underscoring the importance of island integrity in the execution of
this regulatory function.

5. Conclusion

The biological significance of islands has frequently been questioned.
Unraveling the processes that lead to effective erythropoiesis in these niches
is in an early stage and future work will contribute to the understanding of
the true relevance of this system to normal and pathological hematopoiesis
in vivo.
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Abstract

Epigenetic mechanisms involving dynamic changes in posttranslational histone

modifications commonly control gene transcription and therefore the execution

of all cellular differentiation programs. The differentiation of hematopoietic

stem cells into specific progenitor cells and the diverse blood cell types repre-

sents a particularly powerful system for the study of epigenetic mechanisms.

The hematopoietic system allows one to define mechanisms underlying the

establishment and regulation of histone modification patterns covering entire

genes and/or chromosomes at distinct stages of differentiation. This chapter
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reviews progress in elucidating principles underlying epigenetic control of

complex loci, specifically focusing on genes differentially expressed during

hematopoiesis.

1. Introduction

The organization of DNA into chromatin constitutes a prominent
mode of regulating fundamental nuclear processes including transcription,
replication, recombination, and DNA repair. Such organization is highly
dynamic, especially at the level of the fundamental repeating unit of chro-
matin, the nucleosome, which consists of DNA wrapped 1.6 times around a
core histone octamer. Core histones are subjected to extensive posttransla-
tional modifications, including acetylation, methylation, phosphorylation,
sumoylation, and ubiquitination (Kouzarides, 2007; Strahl and Allis, 2000).
These modifications serve as a tractable set of switches, governing the
accessibility of chromatin to DNA- and histone-binding factors (Lee et al.,
1993; Vettese-Dadey et al., 1996). Once bound to DNA, transcription
factors recruit additional coregulators (coactivators or corepressors) that
catalyze histone posttranslational modifications (chromatin-modifying
enzymes) (Brownell et al., 1996; Ogryzko et al., 1996; Yang et al., 1996)
and remodel chromatin (chromatin-remodeling complexes) via directly
regulating nucleosome structure and positioning (Saha et al., 2006). This
process by which phenotype is modified without alterations in genotype is
referred to as epigenetic regulation, and accordingly, histone modifications
are designated as epigenetic marks (Bernstein et al., 2007). Epigenetic marks
can influence gene activity by directly modulating chromatin structure (Lee
et al., 1993; Tse et al., 1998) or via functioning as ligands that attract
regulatory factors to the template (Bannister et al., 2001; Jacobs et al.,
2001; Lachner et al., 2001; Nakayama et al., 2001).

As open, accessible chromatin (euchromatin) is generally transcription-
ally permissive and condensed, inaccessible chromatin (heterochromatin) is
often transcriptionally repressive (Felsenfeld and Groudine, 2003; van
Holde, 1989; Wolffe, 1998), epigenetic regulation constitutes a fundamen-
tally important mode of transcriptional control. The plasticity of epigenetic
marks allows for the exquisite fine-tuning of gene expression necessary for
proper embryonic development and critical processes that continue into
adulthood, such as the development of red blood cells or erythropoiesis.

Epigenetic marks are commonly classified based on their links to activa-
tion or repression. Although individual epigenetic marks can function
independently, it has been hypothesized that ensembles of epigenetic marks
function combinatorially, thereby constituting a ‘‘histone code’’ ( Jenuwein
and Allis, 2001; Strahl and Allis, 2000). The numerous activating and
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repressing epigenetic marks in mammalian systems and the enzymes respon-
sible for their deposition or removal have been recently reviewed
(Kouzarides, 2007). Given the plethora of epigenetic marks and chromatin-
modifying enzymes identified and the common occurrence in the mamma-
lian genome of complex loci governed by multiple, dispersed regulatory
elements (Dean, 2006), understanding how chromatin dynamics establishes
and regulates expression states during development is a formidable task.
Inherent complexities involve the need to make concurrent measurements
of epigenetic marks and chromatin structure, as well as transcription factor
and coregulator occupancy at conserved cis-elements across large chromatin
domains containing genes or clusters of genes and their surrounding inter-
genic regions. Furthermore, unlike studies to dissect mechanisms underlying
basal transcription or the biochemical functions of chromatin-modifying
and -remodeling enzymes, which commonly use simple organisms such as
Saccharomyces cerevisiae and cancer cell lines such as 293, HeLa, and 3T3,
determining how endogenous histone modification patterns are established,
regulated, and function during mammalian development requires the use of
physiologically relevant cells and tissues. Such systems are typically less ame-
nable to biochemical and molecular analyses than cancer cell lines, which are
easy to grow and manipulate.

This chapter reviews progress in elucidating principles underlying
epigenetic control of complex loci, specifically highlighting studies of two
chromatin domains containing genes differentially expressed during
hematopoiesis—the b-globin locus containing b-like globin genes that are
differentially expressed in embryonic (primitive) and adult (definitive)
erythroid cells, and the Gata2 locus expressed in hematopoietic stem cells
and erythroid precursor cells and repressed during erythropoiesis.

2. Utility of Analyzing Erythropoiesis to

Dissect Epigenetic Mechanisms

Cellular differentiation requires coordinated changes in gene expression
to alter phenotype. As pluripotent stem cells make lineage-determining deci-
sions in the path toward terminal differentiation, certain genes are activated,
while other genes are silenced.Amajor determinant of these sequential changes
in cellular type and function involves modifications in broad histonemodifica-
tion patterns, leading to chromatin reorganization, altered transcription factor
access, and changes in transcription. Elucidatingmolecularmechanisms under-
lying the establishment and regulation of chromatin domains during differenti-
ation will lead to an understanding of how genetic networks emerge to
orchestrate differentiation. Such mechanisms will provide the requisite
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conceptual foundation for devising approaches to manipulate these processes
should they go awry.

Terminally differentiated cells have relatively static expression profiles,
limiting their utility to dissect mechanisms that orchestrate chromatin
modification and remodeling during cellular differentiation. By contrast,
given the dynamic conversion of erythroid precursor cells into increasingly
differentiated erythroid cells during erythropoiesis (Cantor andOrkin, 2002;
Orkin and Zon, 1997; Richmond et al., 2005; Kim and Bresnick, 2007), this
system can be exploited to analyze how chromatin modification and remo-
deling function in the context of normal cellular differentiation. Commonly
used systems to study erythropoiesis include primary cells isolated from
murine hematopoietic tissues, namely bone marrow, fetal liver, and spleen
(Orkin and Zon, 1997); human or mouse hematopoietic precursor cells
differentiated ex vivo (Fibach et al., 1993; Klingmuller et al., 1997; Uddin
et al., 2004;Wojda et al., 2002); physiologically validated cell lines established
by murine embryonic stem cell differentiation into hematopoietic cells
(Cantor et al., 2002; Weiss et al., 1997); and transformed erythroleukemia
cell lines that retain some capacity tomature in response to chemical inducers
(Dean et al., 1981;Nudel et al., 1977). An emerging systemwith considerable
promise for addressing questions relevant to human hematopoieisis involves
the differentiation of human ES cells into erythroid cells (Olivier et al., 2006).
While each system has advantages and disadvantages, it is obviously desirable
to use systems that recapitulate normal erythropoiesis. In this regard, consid-
erable progress has been made in defining epigenetic mechanisms that
regulate the endogenous b-globin andGata2 loci.

3. Epigenetic Control of the b-like Globin Genes

During Erythropoiesis

3.1. Locus organization and regulation

The b-like globin genes encode b-globin polypeptides that combine with a-
globin polypeptides to form the hemoglobin tetramer (Stamatoyannopoulos,
1991). The murine and human b-globin loci consist of four and five genes,
respectively (Fig. 3.1A), which were believed for many years to be expressed
during erythropoiesis in the order in which they are arranged on the chro-
mosome. The murine bH1 and Ey genes are expressed in embryonic/fetal
erythroid cells and bmajor and bminor are expressed in the adult (Whitelaw
et al., 1990). Analysis of hemoglobin switching in primitive erythroid cells
revealed an exception to the rule in which b-like globin genes are expressed
in their order on the chromosome. bH1 is expressed in the early yolk sac
prior to a ‘‘maturational switch’’ in which Ey is activated, followed by bmajor
and bminor (Kingsley et al., 2006). Human e is active in early embryogenesis,
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Gg and Ag are fetally transcribed, and d and b are expressed after birth
(Stamatoyannopoulos, 1991).

Both the murine and human b-globin loci are preceded upstream by
DNaseI hypersensitive sites (HS1–HS4) scattered over an approximately
12 kb region (Forrester et al., 1986; Tuan and London, 1984). Functional
analyses in transgenic mice led to the designation of these sequences as a
locus control region (LCR) (Forrester et al., 1987; Grosveld et al., 1987).
The concept of an LCR, defined by its activity to confer copy number-
dependent and chromosome position site-independent expression of trans-
genes, was derived from these b-globin LCR studies (Li et al., 2002).
Although additional HSs exist upstream of the b-globin LCR and promoter
(Bulger et al., 2003; Xiang et al., 2006), many questions remain unanswered
regarding their structure and function, and therefore they will not be
discussed in this chapter.

3.2. Nucleoprotein structure of the endogenous locus

A major experimental approach that has greatly facilitated mechanistic
analysis at complex loci, such as the b-globin locus, is chromatin immuno-
precipitation (ChIP) (Im et al., 2004; Johnson and Bresnick, 2002; Orlando
et al., 1997), which allows one to obtain molecular snapshots of a specific
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Figure 3.1 (A) Organization of human and murine b-globin loci. The black boxes
depict the human and murine b-globin genes, while the arrows denote the position of
upstream DNaseI hypersensitive sites (HS). Functional studies have identified HS1–
HS4 as the locus control region (LCR) in both species. (B) Organization of the murine
Gata2 locus. Bent arrows indicate the locations of the 1S and 1G promoters, while
vertical arrows denote the position of GATA switch sites in kilobases from the 1S
promoter.
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chromosomal region in living cells. ChIP involves cross-linking proteins
to chromatin at endogenous sites and measuring the levels and distribution
of proteins bound directly to DNA and those tethered to DNA via
protein–protein interactions. Based on the availability of antibodies against
specific posttranslationally modified histones, ChIP is also routinely used to
measure the levels and distribution of epigenetic marks.

Analyses of the histone modification pattern of the murine b-globin
locus in adult erythroid cells revealed that the LCR and adult b-globin genes
reside in chromatin enriched with transcriptionally permissive epigenetic
marks—acetylated histones H3 and H4 and dimethylated K4 of histone H3
(H3dimeK4), while the embryonic/fetal b-globin genes reside in chromatin
containing low levels of these modifications (Bulger et al., 2003; Forsberg
et al., 2000b; Kiekhaefer et al., 2002). The discontinuous histone acetylation
pattern was entirely unexpected, as studies on the chicken b-globin locus
suggested that active chromatin domains are broadly enriched in acetylated
histones (Hebbes et al., 1988; Litt et al., 2001a,b), which correlates with
general DNaseI sensitivity, an approximately two-fold increased sensitivity
to DNaseI cleavage in isolated nuclei (Groudine and Weintraub, 1981;
Groudine et al., 1978; Hebbes et al., 1988).

By contrast to the hypoacetylated chromatin near themurine embryonic/
fetal b-like globin genes in definitive erythroid cells, these genes and flanking
sequences are hyperacetylated in primitive erythroid cells from the yolk sac of
E10.5 mice (Forsberg et al., 2000b; Kingsley et al., 2006). Repression of Ey
and bH1 on embryonic development from E10.5 to E12.5 is not accompa-
nied by reduced acetylation at or near these genes in primitive erythroid cells
(Kingsley et al., 2006).However, as the adultb-like globin genes are activated
during the E10.5–E12.5 progression, histone acetylation at the respective
regions increases considerably, although acetylation at the promoters is
high at both stages (Kingsley et al., 2006). The human embryonic (e) and
fetal b-globin genes (Gg and Ag) in K562 erythroleukemia cells, but not in
nonerythroid HeLa cells, exist in hyperacetylated chromatin, consistent
with their transcriptional activity in these cells (Kim and Dean, 2004). In
aggregate, these results support a model in which the b-globin locus assembles
into a discontinuous histone modification pattern, which is dynamically
reconfigured during erythropoiesis.

What mechanisms might establish a broad region of low-level acetyla-
tion within a hyperacetylated chromatin domain? Because histone deacety-
lase (HDAC) inhibition by trichostatin A or butyrate restores acetylated H4,
but not H3, levels within the hypoacetylated subdomain in adult erythroid
cells, low levels of acetylated H4 appear to reflect an HDAC scanning
mechanism in which HDACs continuously act within the subdomain
(Im et al., 2002). By contrast, low levels of acetylated H3 could result
from inability of the respective histone acetyltransferases (HATs) to gain
access to the subdomain or from the actions of inhibitor-resistant HDACs to
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maintain low-level acetylated H3, as a subset of HDACs are resistant to
trichostatin A and butyrate (Marks et al., 2004).

3.3. LCR function

Based on the erythroid cell-specific histone modification pattern of the
b-globin locus, an obvious possibility is that the LCR functions to establish
and/or modulate this pattern. Initial evidence implicating the b-globin LCR
as a long-range regulator of chromatin structure emerged from analysis of
a naturally occurring LCR deletion in a patient with severe hispanic
b-thalassemia (Forrester et al., 1990). This deletion resulted in loss of general
DNaseI sensitivity across the b-globin locus and transcriptional repression
(Forrester et al., 1990). However, in addition to removing the LCR,
approximately 20 kb of sequence upstream of the LCR was deleted in this
patient. Subsequent work in which the endogenous murine b-globin LCR
was deleted by homologous recombination supported the notion that the
LCR confers high-level expression to the b-like globin genes at all devel-
opmental stages (Bender et al., 2001; Epner et al., 1998; Fiering et al., 1995;
Hug et al., 1996; Reik et al., 1998). Surprisingly, however, the LCR
deletion does not abrogate general DNaseI sensitivity (Bender et al., 2000)
nor the occupancy of certain transcription factors at the bmajor promoter
(Sawado et al., 2003; Vakoc et al., 2005a; Zhou et al., 2006). Whereas
histone acetylation at the adult b-like globin genes (bmajor and bminor)
persists in the LCR-deleted allele, it is reduced in sequences immediately
upstream and downstream of the LCR (Schubeler et al., 2001). As long-
range activation is abrogated, despite persistence of epigenetic marks asso-
ciated with permissive or active chromatin at bmajor and bminor, the LCR
activity to confer high-level transcription does not appear to include a broad
reconfiguration of epigenetic marks throughout the locus.

Deleting the LCR results in an approximately two-fold reduction in
polymerase II (Pol II) at the bmajor promoter (Sawado et al., 2003), indicat-
ing that promoter-bound factors cannot recruit maximal Pol II levels
without the LCR. Either LCR-mediated establishment of maximal Pol II
loading is crucial to achieve high-level expression, or the LCR has addi-
tional functions post-Pol II recruitment that confer high-level expression.
As the LCR directly recruits Pol II ( Johnson et al., 2001, 2003), and given
the proximity of the LCR to the b-like globin genes (Carter et al., 2002;
Drissen et al., 2004; Tolhuis et al., 2002), LCR-bound Pol II might transfer
to the b-like globin promoters, thereby maintaining ample levels for high-
level transcription ( Johnson et al., 2001). Alternatively, because deleting the
LCR is associated with relocalization of the b-globin locus within the
three-dimensional confines of the nucleus (Ragoczy et al., 2003, 2006),
this LCR-driven subnuclear localization might underlie LCR-mediated
Pol II recruitment. Nevertheless, it is unclear whether relocalization is a
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consequence of, or an intrinsic step in, repression. Considerable additional
work is required to determine how the LCR functions over a long distance
of the chromosome to confer high-level expression.

Given the apparent lack of a role for the LCR in establishing epigenetic
marks at andnear the adultb-likeglobin genes, sequences upstreamof theLCR,
within the locus, or downstream of bminormight confer such a function. HS5
has properties of a chromatin insulator (Li and Stamatoyannopoulos, 1994),
analogous to chicken HS4 (Chung et al., 1993), but deletion of this element
from a human b-globin locus BAC (Wai et al., 2003) and from the endogenous
locus (Bender et al., 1998) does not affect b-like globin gene expression.
Similarly, targeted deletion of an HS at the 30 end of the endogenous locus
(30 HS1) also lacks functional consequences (Bender et al., 2006). Given the
apparent lack of a role for the LCR, HS5, and 30 HS1 in establishing general
DNaseI sensitivity and the broad histone modification pattern, it seems reason-
able that sequences establishing and regulating these parameters reside within
the locus. Nevertheless, the targeted deletion studies provided unequivocal
evidence that the LCR functions over a long distance on the chromosome
to confer high-level transcription to the b-like globin genes at all stages
of development.

3.4. Establishment of the histone modification pattern:
Trans-acting factor requirements

Although cis-elements mediating establishment and/or maintenance of the
histone modification pattern have not been defined, considerable progress
has been made in defining the contributions of trans-acting factors. The
GATA family of proteins (GATA-1–6) are zinc-finger transcription factors
that both activate and repress target genes by binding the consensus
sequence WGATAR (Ko and Engel, 1993; Merika and Orkin, 1993).
The founding member of this family, GATA-1, was discovered as a b-
globin locus-binding protein (Evans and Felsenfeld, 1989; Tsai et al., 1989).
Gene-targeting experiments revealed that GATA-1 is required for defini-
tive erythropoiesis (Pevny et al., 1995), and GATA-1 functions redundantly
with GATA-2 to support the generation and/or survival of primitive
erythroblasts (Fujiwara et al., 2004).

GATA-1 structure/function analyses have been greatly facilitated by the
development of a mouse ES cell-derived GATA-1-null cell line (G1E) in
which Gata1 was disrupted via homologous recombination (Weiss et al.,
1997). Differentiation of G1E cells into erythroid cells yielded an immorta-
lized proerythroblast-like cell line that recapitulates a normal window of
erythropoiesis (Welch et al., 2004). b-Estradiol- or tamoxifen-mediated
activation of a stably expressed estrogen receptor ligand-binding domain
fusion to GATA-1 (ER-GATA-1) rescues erythroid differentiation
(Gregory et al., 1999).
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ER-GATA-1-mediated activation of bmajor transcription is associated
with ER-GATA-1 occupancy at HS1–HS4 and the bmajor promoter in
G1E–ER-GATA-1 cells (Im et al., 2005; Johnson et al., 2003). Endogenous
GATA-1 has a similar pattern of occupancy in mouse erythroleukemia
(MEL) cells and murine fetal liver, a major site of erythropoiesis ( Johnson
et al., 2002). Importantly, ER-GATA-1 and GATA-1 do not occupy the
vast majority of conserved GATA motifs, demonstrating an exquisite
discrimination among such motifs in a chromosomal context (Bresnick
et al., 2006).

At least one determinant of GATA-1 chromatin occupancy is friend of
GATA-1 (FOG-1), the first coregulator identified that mediates GATA-1
activity (Tsang et al., 1997, 1998). GATA-1 target genes can be either
FOG-1-dependent or -independent (Fig. 3.2) (Crispino et al., 1999;
Johnson et al., 2007). FOG-1 facilitates GATA-1 chromatin occupancy at
certain target sites (Letting et al., 2004; Pal et al., 2004), the GATA-1–FOG-
1 interaction is required for looping to bring the LCR in proximity of the
adult b-like globin genes (Vakoc et al., 2005a), and FOG-1 directly binds
the NuRD corepressor complex (Hong et al., 2005). GATA-1 can be
isolated in multiple complexes containing corepressors, such as NuRD
(Hong et al., 2005; Rodriquez et al., 2005), or coactivators such as
the HAT CBP/p300 (Blobel et al., 1998; Hung et al., 1999; Ogryzko

FOG-1-dependent activation
(bmajor)

FOG-1-independent activation
(Fog1) 

FOG-1-dependent repression
(Gata2)
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2 3
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Figure 3.2 Multiple modes of GATA-1 function. Five modes of GATA-1 function
are depicted, including FOG-1-dependent activation, FOG-1-dependent repression,
FOG-1-independent activation, coupled FOG-1-independent activation followed
by FOG-1-dependent repression, and FOG-1-independent repression. These mechan-
isms were identified via comparison of GATA-1 function in wild-type and FOG-1-null
hematopoietic precursor cells, as well as comparison of the activities ofwild-type GATA-1
and GATA-1 mutants impaired in FOG-1 binding.
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et al., 1996). As CBP/p300 can interact with other HATs, such as the p300/
CBP-associated factor (P/CAF) complex (Ogryzko et al., 1998; Yang et al.,
1996), CBP recruitment to the b-globin locus might attract additional
regulatory factors via protein–protein interactions. Many questions remain
unanswered regarding how GATA-1 utilizes these coregulators, including
whether multiple coregulators are utilized simultaneously, sequentially, or if
the coregulator requirements are target site-specific.

The hematopoietic transcription factor p45/NF-E2, which heterodi-
merizes with the Maf protein p18 to form the heterodimeric transcription
factor NF-E2, is also implicated in b-like globin gene transcriptional regu-
lation (Andrews et al., 1993a,b; Mignotte et al., 1989; Ney et al., 1993).
p45/NF-E2 binds a tandem motif in HS2 in vitro that confers exceptionally
strong erythroid cell-specific enhancer activity in transfection assays (Moon
and Ley, 1991; Ney et al., 1990a,b; Talbot and Grosveld, 1991). However,
targeted deletion of the endogenous mouse p45/NF-E2 locus did not reveal
a nonredundant role in erythropoiesis and/or b-like globin transcription
(Shivdasani and Orkin, 1995; Shivdasani et al., 1995). p45/NF-E2-null
mice die shortly after birth due to bleeding resulting from defective
megakaryopoiesis. Because other transcription factors bind the same motif
as NF-E2 (Chan et al., 1993, 1996; Farmer et al., 1997; Igarashi et al., 1998;
Johnsen et al., 1996), presumably other factors function redundantly with
p45/NF-E2 in vivo. However, efforts to validate such redundancy have
been unsuccessful (Martin et al., 1998).

By contrast to the apparent redundant function of p45/NF-E2 at the
b-globin locus in vivo, retroviral insertion into the p45/NF-E2 locus in
CB3 mouse erythroleukemia cells abrogates bmajor expression (Lu et al.,
1994), and stable expression of p45/NF-E2 in CB3 cells strongly activates
bmajor transcription (Bean and Ney, 1997; Kotkow and Orkin, 1995; Lu
et al., 1994; Mosser et al., 1998). ChIP analyses in murine fetal liver, MEL
cells, CB3 cells reconstituted with recombinant p45/NF-E2, and the G1E
system demonstrated p45/NF-E2 occupancy at the LCR and the bmajor
promoter (Daftari et al., 1999; Forsberg et al., 2000a; Johnson et al., 2001,
2002; Sawado et al., 2001). While p45/NF-E2 occupies HS2 independently
of GATA-1, its occupancy at other HSs of the LCR and the bmajor
promoter requires GATA-1 ( Johnson et al., 2002). The GATA-1-depen-
dent cross-linking of p45/NF-E2 to certain HSs might be related to the
finding that LCR HSs adopt a higher-order structure termed an active
chromatin hub (Tolhuis et al., 2002).

Analogous to GATA-1, p45/NF-E2 also interacts with CBP/p300
(Forsberg et al., 1999; Hung et al., 2001), but the transactivation domain
of p45/NF-E2 uniquely contains two PPXY sequences that bind certain
WW domains (Mosser et al., 1998). As mutation of the PPXY motifs
strongly reduces p45/NF-E2-mediated activation of endogenous b-globin
expression in CB3 cells (Kiekhaefer et al., 2004; Mosser et al., 1998),
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it appears that a WW domain-containing coregulator is an important
mediator of NF-E2 function. Although the endogenous WW domain
protein(s) that binds p45/NF-E2 is unknown, transcriptional coregulators
containing WW domains [yes-associated protein (YAP) (Yagi et al., 1999)
and transcriptional coactivator with PDZ-binding motif (TAZ) (Kanai
et al., 2000)] have been described.

Unlike GATA-1 and NF-E2, erythroid Kruppel-like factor (EKLF) is an
established regulator of hemoglobin switching. EKLF was cloned from
MEL cells and demonstrated to bind the functionally important b-globin
CACCC motif (Miller and Bieker, 1993). Targeted deletion of EKLF
established a crucial role in regulating definitive erythropoiesis (Perkins
et al., 1995), and subsequent work provided evidence for EKLF regulation
of primitive erythropoiesis (Hodge et al., 2006). EKLF occupies HS2, HS3,
bmajor promoter and to a lesser extent HS1 in G1E–ER-GATA-1 cells
(Im et al., 2005) and HS1-HS4 in murine E14.5 fetal liver, Ter119þ bone
marrow cells, and E10.5 yolk sac (Zhou et al., 2006). Besides regulating
b-globin expression, studies on EKLF-null mice revealed deregulated
expression of multiple genes encoding erythroid membrane components
(Nilson et al., 2006).

EKLF physically and functionally interacts with the chromatin remode-
ler BRG1 (Armstrong et al., 1998; Brown et al., 2002), a component of the
SWI–SNF complex (Khavari et al., 1993) that occupies the HSs of the
LCR and the bmajor promoter (Im et al., 2005). However, the BRG1
distribution at the b-globin locus does not correlate precisely with the
EKLF occupancy pattern (Im et al., 2005), indicating that EKLF is not the
sole determinant of BRG1 occupancy at the locus. CBP/p300 binds and
acetylates EKLF, thereby regulating its transactivation activity (Zhang et al.,
2001). EKLF is required for hypersensitivity at HS3 (Tewari et al., 1998)
that presumably involves EKLF-mediated recruitment of chromatin-
modifying and/or -remodeling factors at this site. Finally, EKLF levels differ
in primitive versus definitive murine erythroid cells, and such a difference
might constitute a mechanism underlying hemoglobin switching (Zhou
et al., 2006).

GATA-1, NF-E2, and EKLF are prime candidates for regulators of
the broad histone modification pattern at the b-globin locus. GATA-1
deficiency in G1E cells does not abolish the erythroid cell-specific histone
modification pattern, but rather results in modestly reduced acetylated
histones H3 and H4 at the LCR, bmajor promoter, and ORF (Im et al.,
2005; Kiekhaefer et al., 2002; Letting et al., 2003). ER-GATA-1 activation
rescues acetylation at these sites (Im et al., 2005; Kiekhaefer et al., 2002;
Letting et al., 2003), increases permissive H4K20 monomethylation, and
decreases repressive H3meK27 at the bmajor ORF (Vakoc et al., 2006).
GATA-1 is not required to establish and/or maintain H3dimeK4 at the
LCR and bmajor promoter (Im et al., 2005; Kiekhaefer et al., 2002),
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but H3dimeK4 at the bmajorORF is reduced in G1E cells, and ER-GATA-
1 rescues H3dimeK4 at this site (Im et al., 2005; Kiekhaefer et al., 2002).
This GATA-1 dependence might be secondary to GATA-1-mediated tran-
scriptional activation, as H3dimeK4 can be established in an elongation-
dependent manner in other contexts (Krogan et al., 2003).

By contrast to G1E cells, CB3 cells lacking p45/NF-E2 have reduced
H3dimeK4 at the bmajor promoter and ORF (Kiekhaefer et al., 2002).
Because bmajor transcription is repressed in both cell types, and H3dimeK4
at the promoter is relatively unaffected in G1E cells, the decreased
H3dimeK4 in CB3 cells is not likely a consequence of repression. Resem-
bling G1E cells, acetylated H3 levels at the bmajor promoter and ORF are
reduced in CB3 cells, and stable expression of p45/NF-E2 rescues these
defects, although p45/NF-E2 deficiency has a considerably lesser effect on
H4 versus H3 acetylation (Im et al., 2005; Johnson et al., 2001; Kiekhaefer
et al., 2002). Another similarity between GATA-1 and p45/NF-E2 is that
both establish H3meK79 at the bmajor promoter andORF (Im et al., 2005; Im
et al., 2003); H3meK79 synthesis, catalyzed by disruptor of telomeric silencing
1, is associated with the generation of permissive or active chromatin
(Okada et al., 2005; van Leeuwen et al., 2002).

H3dimeK4 persists at the LCR in G1E and CB3 cells, indicating that
factors other than GATA-1 and NF-E2 establish and maintain this epige-
netic mark at the LCR in erythroid cells. Identifying such factors will yield
novel insights into b-like globin gene regulation and perhaps the regulation
of other complex loci during development. Intriguingly, studies with multi-
potent hematopoietic precursor cells from EKLF and p45/NF-E2 knockout
mice revealed defective epigenetic marks and factor occupancy at a b-globin
locus BAC (Bottardi et al., 2003, 2006). As lineage-specific factors, such as
EKLF and p45/NF-E2, can be expressed ‘‘promiscuously’’ at the onset of
hematopoiesis (Miyamoto et al., 2002), such factors might function in the
earliest stages of chromatin domain activation, perhaps via differentiation
stage-specific mechanisms. Moreover, other studies have provided evidence
for establishment of permissive chromatin structural features prior to
transcriptional activation (Bottardi et al., 2003; Forsberg et al., 2000b;
Jimenez et al., 1992; Kiekhaefer et al., 2002).

Much of the work described above involved the analysis of epigenetic
marks in cells containing or lacking a given factor, but it is essential to
consider the dynamics of epigenetic regulatory mechanisms. As ER-
GATA-1 activity can be titrated with increasing concentrations of agonist,
and kinetic analyses can be conducted following the addition of a maximally
effective agonist concentration, G1E cells represent a powerful system for
delineating mechanisms underlying GATA-1 function at endogenous loci.
Kinetic studies revealed ER-GATA-1 occupancy at the LCR, followed
by occupancy at the bmajor promoter 6–10 h later (Im et al., 2005).
Moreover, titration of ER-GATA-1 activity revealed GATA-1 occupancy
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at the LCR prior to the promoter (Im et al., 2005). Analysis of p45/NF-E2,
EKLF, BRG1, and RNA polymerase II (Pol II) occupancy, as well as
epigenetic marks associated with active chromatin (acetylated H3 and H4,
H3dimeK4, H3trimeK4, and H3K79 methylation), led to the development
of a three-phase model of GATA-1-mediated bmajor activation (Im et al.,
2005; Kim et al., 2007c). The three phases (Fig. 3.3) are as follows:
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Figure 3.3 Multistep model of b-globin locus activation. The model [modified from Im
et al. (2005)] depicts molecular events measured at the endogenous murine b-globin
locus various times after tamoxifen-mediated activation of ER-GATA-1 stably
expressed in G1E cells. Molecular events are indicated at the time in which their values
equal 50�20% of the maximal value achieved during the kinetic analysis. Three phases in
the establishment of b-globin domain activation are indicated at the top. In the GATA-1-
independent phase, certain molecular events have already occurred, indicating that other
cellular factors mediate their establishment. Note that ER-GATA-1 occupancy at the
LCR precedes ER-GATA-1 occupancy at the promoter. A central aspect of the model is
that differential utilization of GATA motifs within the chromatin domain underlies the
multistep activation mechanism.
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(1) GATA-1-independent establishment of certain epigenetic features and
assembly of an LCR subcomplex, (2) GATA-1-dependent maturation of
the LCR complex and epigenetic modification at specific sites within the
locus, and (3) GATA-1-dependent establishment of epigenetic marks at the
promoter and promoter complex assembly (Im et al., 2005). While this
model provides a solid foundation for understanding how GATA-1 acti-
vates the complex b-globin locus in adult erythroid cells, considerable
additional work is required to identify additional steps in the multistep
mechanism, to define interrelationships among individual steps, to deter-
mine the importance of individual steps, and to establish how this mecha-
nism operates during hemoglobin switching in vivo.

3.5. Establishment of the histone modification pattern: A role
for intergenic transcription?

Intergenic transcription occurs at multiple sites within the locus (Ashe et al.,
1997; Gribnau et al., 2000; Haussecker and Proudfoot, 2005; Johnson et al.,
2003; Kim et al., 2007a,b; Kong et al., 1997; Ling et al., 2004a) and
represents another prospective determinant of the histone modification
pattern. In principle, Pol II can mediate long-range effects by carrying
coactivator cargo along a chromosome or by physically modifying chroma-
tin structure as a consequence of transcription itself. The elongation inhibi-
tor 5,6-dichloro-1-beta-D-ribofuranosylbenzimidazole (DRB) does not
abrogate the b-globin locus histone modification pattern in G1E–ER-
GATA-1 cells (Im et al., 2005), suggesting that ongoing elongation is not
required for maintenance of the pattern. However, the DRB result does not
rule out an elongation requirement for establishing the pattern, which
might only require a single round of elongation. Intergenic transcripts and
acetylated H4 are reciprocally distributed across the human b-globin locus in
K562 erythroleukemia cells, and knockdown of Dicer upregulates inter-
genic transcripts as well as increases epigenetic marks associated with per-
missive or active chromatin at the b-globin locus (Haussecker and
Proudfoot, 2005). Accordingly, it was suggested that RNAi-dependent
mechanisms regulate intergenic transcription at the b-globin locus, analo-
gous to mechanisms functioning at centromeres (Fukugawa et al., 2004;
Kanellopoulou et al., 2005; Verdel et al., 2004). Nonetheless, further dis-
section of mechanisms underlying establishment and regulation of the
dynamic histone modification pattern at the b-globin locus should be
facilitated by the development of systems that allow one to analyze nucleo-
protein structure at distinct stages of differentiation, rather than piecing
together the components of a dynamic mechanism with data derived from
multiple systems.
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4. Epigenetic Control of the Gata2 Locus

During Erythropoiesis

4.1. Gata2 transcriptional regulation via GATA factor
interplay

Through both unique and overlapping functions, GATA-1 and GATA-2
regulate hematopoiesis (Bresnick et al., 2005; Cantor and Orkin, 2002).
GATA-2 is expressed in hematopoietic stem cells and erythroid progenitors
and functions to maintain the multipotent hematopoietic stem cell population
(Ling et al., 2004b; Tsai and Orkin, 1997; Tsai et al., 1994). As GATA-1 levels
rise during erythropoiesis, GATA-2 expression declines (Grass et al., 2003;
Weiss et al., 1994, 1997).

Quantitative ChIP and ChIP coupled with genomic microarray analysis
(ChIP-chip) studies established a direct link between GATA-1 and GATA-2
function that explains the reciprocal expression pattern. GATA-2 occupies
five conserved GATA motif-containing regions spanning approximately
100 kb of the repressed murine Gata2 locus in erythroid precursor cells
(Grass et al., 2003, 2006; Martowicz et al., 2005). These regions are located
at �77, �3.9, �2.8, �1.8, and þ9.5 kb in relation to the Gata2
hematopoietic-specific 1S promoter, with the þ9.5 kb site located in the
intron between exons four and five (Fig. 3.1B). Gata2 has an additional
promoter, 1G, which appears to be active more broadly in Gata2-expressing
cells (Menegishi et al., 1998). GATA-1 displaces GATA-2 from these sites,
thereby instigating repression (Grass et al., 2003, 2006; Lugus et al., 2007).
Thus, we designated these GATA-binding regions as ‘‘GATA switch sites.’’
GATA-2 occupancy at the GATA switch sites is consistent with positive
autoregulation.

Although GATA-1 and GATA-2 have nearly identical DNA-binding
domains, additional conserved sequences, a similar DNA binding specific-
ity, and common coregulators, occupancy at the Gata2 GATA switch sites
elicits distinct transcriptional outputs. It is instructive therefore to consider
how these factors function in a context-dependent manner and whether
they differentially affect the Gata2 histone modification pattern.

4.2. Context-dependent molecular actions

In untreated G1E cells expressing endogenous GATA-2, acetylated H3 and
H4 and H3dimeK4 are enriched throughout the Gata2 locus, extending
approximately 4 kb upstream of the 1S promoter and downstream to the 30
end of Gata2 (Grass et al., 2003, 2006). ER-GATA-1 activation reduces
acetylated H3 and H4 at the Gata2 1S promoter, ORF, and all GATA
switch sites except the distant �77 kb site (Fig. 3.4; Grass et al., 2003, 2006).
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The deacetylation is not complete, however, as approximately 25–50% of
the acetylation persists upon repression; it is unclear whether this residual
acetylation reflects a certain percentage of persistent active templates or the
incomplete deacetylation of repressed templates. Although 1S promoter-
bound Pol II decreases upon repression, the basal transcription factor TFIIB
persists, indicating that repression does not overtly abrogate chromatin
accessibility—at least not to TFIIB (Martowicz et al., 2006). The GATA-1-
dependent deacetylation is likely to be intrinsic to, and not a consequence
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Figure 3.4 Quantitative ChIP analysis of acH3, acH4, and H3dimeK4 levels at
endogenous Gata2 locus, adapted from Grass et al. (2006). Organization of the Gata2
locus and neighboring genes is shown at the top. Open and filled boxes depict noncod-
ing and coding exons, respectively. Arrows pointing down depict GATA switch sites.
Coordinate 1 reflects the first nucleotide of the Gata2 1S exon. ER-GATA-1 induces
deacetylation at and near the Gata2 promoter and open reading frame but not at the
�77 kb region. The graphs below illustrate quantitative ChIP analysis of acH3, acH4,
and H3dimeK4 levels across the locus with an average distance of 2 kb between primer
sets in untreated (open circles) and b-estradiol-treated (48 h; black bars) G1E–ER-
GATA-1 cells (mean standard error, two to five independent experiments). Asterisks
indicate the limit of signal detection in the treated condition. DNA immunoprecipitated
with preimmune (PI) antibody was analyzed with all primer sets, and the average signal
from all experiments is 0.0035.
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of, repression, as repression instigated by the elongation inhibitor DRB is not
accompanied by deacetylation.

Context-dependent GATA-1 activity is exemplified by the GATA-1-
mediated deacetylation and decreased Pol II occupancy at Gata2 promoters
and GATA-1-induced acetylation and Pol II recruitment at the b-globin
locus (Grass et al., 2003, 2006; Kiekhaefer et al., 2002). Consistent with ER-
GATA-1-mediated histone deacetylation of the Gata2 locus, CBP/p300
occupancy is reduced at certain but not all Gata2 GATA switch sites. ER-
GATA-1 also induces repressive H3K27 methylation at theGata2 promoter
and extending into the ORF post-ER-GATA-1 activation (Vakoc et al.,
2006). Despite the GATA-1-mediated repression of Gata2, H3dimeK4
levels persist (Fig. 3.4; Grass et al., 2003, 2006), implying that the factors
responsible for maintaining H3dimeK4 atGata2 are stable and not displaced
or negated by ER-GATA-1 and its associated corepressors. In terms of
chromatin accessibility, the �77, �3.9, �2.8, and �1.8 GATA switch sites
coincide with DNaseI HSs, and hypersensitivity is differentially affected by
ER-GATA-1 activation. Hypersensitivity at the �1.8 kb site is lost upon
repression and unchanged at the �77 and �3.9 kb sites (Grass et al., 2006;
Martowicz et al., 2005). The�2.8 kb hypersensitivity is weak and therefore
whether this is sustained upon repression is unclear. These results as well as
reporter gene assays in cultured cells and transgenic mouse embryos demon-
strating distinct cell type-specific enhancer activities of the GATA switch
sites (Grass et al., 2006; Martowicz et al., 2005; Wozniak et al., 2007)
indicate that the GATA switch sites have both shared and distinct proper-
ties. Such differences might reflect unique, nonredundant functions in vivo,
or analogous to b-globin locus HSs, major differences might only be
apparent when HSs are analyzed in isolation, away from the endogenous
locus. Studies on the underlying mechanisms hold enormous promise for
revealing novel insights into how complexes dispersed within complex
chromatin domains coordinately establish epigenetic regulation.

5. Principles of Epigenetic Control Emerging

from Studies of Erythropoiesis

Studies of the regulation of complex loci during erythropoiesis have
revealed important insights into epigenetic mechanisms operational during
cellular differentiation. Although histone modification patterns at complex
loci are a composite of multiple epigenetic marks, the establishment and
regulation of individual marks are distinct and can be dissociated via the use
of mutant cells, such as those discussed that lack GATA-1 or p45/NF-E2.
Intriguingly, even within an ‘‘active’’ domain, regions of relative hypoace-
tylation can exist, indicating that complex loci can consist of distinct
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subdomains, each having unique chromatin structural features (Bresnick
et al., 2006; Forsberg and Bresnick, 2001). Furthermore, uniform enrich-
ments in epigenetic marks associated with permissive or active chromatin
are apparently not required to ensure that chromatin domains do not
succomb to the prevalent transcriptional repression machinery.

Currently, it is not possible to make high fidelity predictions of the
functional state of a given chromatin region based on its hallmark histone
modification pattern. In this regard, certain epigenetic marks associated with
permissive or active chromatin, for example H3dimeK4 and acetylated H3
and H4, can persist at repressed loci and can precede differentiation-
associated activation. Thus, these epigenetic marks are not indicative of
active transcription. The apparent complexity in which a given epigenetic
mark is not diagnostic of a specific functional state of chromatin is
further exemplified by H3dimeK9 and H3trimeK9, which are paradoxically
enriched in repressed chromatin (Bannister et al., 2001; Cheutin et al., 2003;
Lachner et al., 2001; Litt et al., 2001a,b; Nakayama et al., 2001; Nielsen
et al., 2001) and induced on activation (Vakoc et al., 2005b). As proposed by
Allis and coworkers, it might be necessary to consider the combinatorial
consequences of a potential histone code (Fischle et al., 2003; Jenuwein and
Allis, 2001), but in other contexts defined biochemical activities of one or a
limited number of epigenetic marks might dominantly establish the regu-
latory mechanism.

Investigations of epigenetic regulation during erythropoiesis have revealed
dramatic context-dependent activities of GATA factors vis-à-vis histone
modification patterns, nucleoprotein complex assembly, and target gene
expression. One can assume that a delicate balance exists between coactivator
and corepressor utilization, analogous to that proposed for nuclear receptor
superfamily members (Perissi et al., 2004). Importantly, however, almost
nothing is known about the molecular parameters underlying this balance
in the context of GATA factors.

As GATA-1 and GATA-2 undergo diverse posttranslational modifica-
tions (Boyes et al., 1998; Chun et al., 2003; Collavin et al., 2004; Crossley
and Orkin, 1994; Hung et al., 1999; Partington and Patient, 1999; Towatari
et al., 1995, 2004; Zhao et al., 2006), it is reasonable to assume that such
modifications control coactivator/corepressor switches. However, initial
studies to examine the functional consequences of such modifications
have yet to yield definitive conclusions. Although multiple amino acid
residues of GATA-1 are phosphorylated in response to cell signaling,
knocking in a gene encoding a triple phosphorylation site-mutant yields
essentially normal mice, albeit colony forming assays with bone marrow
suggest modest decreases in Burst Forming Unit (BFU-E) and Colony
Forming Unit (CFU-E) activity (Rooke and Orkin, 2006). This analysis
demonstrated definitively that three phosphorylation sites are not required
for GATA-1 function in vivo, even under conditions of stress erythropoiesis,
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and therefore raise significant questions regarding the importance of these
sites. Nevertheless, multiple additional posttranslationally modified sites
exist, and it remains an attractive possibility that signal-dependent GATA
factor modifications are a major determinant of coactivator/corepressor
utilization. Analogous to the proposed histone code, it would not be surprising
if signals conferred by multiple modifications must be integrated, and impor-
tantly not a single modification has been shown to be absolutely crucial for
GATA factor function. Understanding how signaling systems converge upon
GATA factors to establish GATA factor-dependent genetic networks during
differentiation promises to be an exciting and productive area of research,
which should yield fundamental insights into epigenetic mechanisms that
control complex loci.
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Abstract

The sequence complexity of the known vertebrate genomes alone is insufficient

to account for the diversity between individuals of a species. Although our

knowledge of vertebrate biology has evolved substantially with the growing

compilation of sequenced genomes, understanding the temporal and spatial

regulation of genes remains fundamental to fully exploiting this information.

The importance of epigenetic factors in gene regulation was first hypothesized

decades ago when biologists posited that methylation of DNA could heritably

alter gene expression [Holliday and Pugh, 1975. Science 187(4173), 226–232;

Riggs, 1975. Cytogenet. and Cell Genet. 14(1), 9–25; Scarano et al., 1967. Proc.

Natl. Acad. Sci. USA 57(5), 1394–1400)]. It was subsequently shown that verte-

brate DNA methylation, almost exclusively at the 50 position of cytosine in the

dinucleotide CpG, played a role in a number of processes including embryonic

development, genetic imprinting, cell differentiation, and tumorigenesis. At the

time of this writing, a large and growing list of genes is known to exhibit DNA

methylation-dependent regulation, and we understand in some detail the mecha-

nisms employed by cells in using methylation as a regulatory modality. In this

context, we revisit one of the original systems inwhich the role of DNAmethylation

in vertebrate gene regulation during development was described and studied:

erythroid cells.We briefly review the recent advances in our understanding of DNA

methylation and, in particular, its regulatory role in red blood cells during differ-

entiation and development. We also address DNA methylation as a component of

erythroid chromatin architecture, and the interdependence of CpG methylation

and histone modification.

1. Introduction

1.1. DNA methylation as an epigenetic signal

As the sequences of the vertebrate genomes have become available and
many of the sequence-specific binding proteins directly involved in the
regulation of transcription have been characterized, it has become increas-
ingly clear that another level of control beyond DNA base sequence exists.
The broad term ‘‘epigenetics’’ has been used to describe heritable regulatory
signals not directly encoded in DNA sequence. A functional definition of an
epigenetic regulatory signal is one that can be passed on during somatic or
germ line cell replication, but that can also be altered without a change in
DNA sequence.

DNA methylation was one of the earliest epigenetic signals to be
identified. Methylation in vertebrates appears to occur only at position 5
in the cytosine ring, and almost exclusively in the dinucleotide CpG.
Histone postsynthetic modification is another well-characterized epigenetic
signaling system. Because the role of the latter in erythroid development is
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covered elsewhere in this volume (Chapter 3 by Wozniak and Bresnick),
the present chapter will be restricted primarily to DNA methylation and its
role in erythroid cell development in vertebrates.

1.2. The mechanism of DNA methylation-mediated
control of gene expression

DNA methylation has long been posited as a potential regulator of gene
expression (Holliday and Pugh, 1975; Riggs, 1975; Scarano et al., 1967).
A direct inverse relationship between DNA methylation and vertebrate
gene expression was first described in the case of the globin genes (Kuo
et al., 1979; McGhee and Ginder, 1979; Razin and Riggs, 1980; Shen and
Maniatis, 1980; van der Ploeg and Flavell, 1980). Despite the many examples
of such a close relationship between DNA methylation and gene transcrip-
tion, there are only a limited number of well-characterized examples in
which a regulatory role in developmental gene expression has been firmly
established. However, DNA methylation clearly has been shown to be
required for normal embryonic development on a global level (Li et al.,
1992; Okano et al., 1999). DNA methylation also has been shown to be
involved in aberrant tumor suppressor gene silencing in cancer (Baylin,
2005; Jones and Baylin, 2002), and may provide a target for molecular
approaches to treating cancer (Baylin, 2005; Egger et al., 2004). The finding
that DNA methylation plays a key role in silencing of retroposons and
repetitive DNA sequences has led some to suggest that this is the major
role of DNA methylation in normal cells in vivo (Walsh and Bestor, 1999;
Warnecke and Bestor, 2000). Nonetheless, a great deal has been learned
recently about the mechanisms through which DNA methylation affects
normal gene expression. These topics have been extensively reviewed
recently, so they will be discussed only briefly here.

DNA methylation is felt to act primarily as an inhibitor of transcription.
This effect occurs through two main mechanisms. The first, and by far the
less common, is through direct interference with binding of transcription
factors to the promoter region of a gene (Tate and Bird, 1993). Much more
commonly, the repressive effect of DNA methylation is mediated indirectly
through methyl cytosine-binding proteins (MCBPs) and their associated
corepressor factors and complexes, which interpret the 50-methyl cytosine
signal. These complexes, in turn, may act through enzymatic modification
of adjacent histones, chromatin remodeling proteins, or direct inhibition of
transcription initiation (Fig. 4.1).

The first MCBPs were identified and initially characterized over 15 years
ago (Boyes and Bird, 1991; Meehan et al., 1989). Two major classes of these
proteins have been characterized. The first class consists of the methyl-
binding domain proteins comprising a family of proteins that share a highly
conserved methyl cytosine-binding domain (MBD) (Hendrich and Bird,
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1998; Hendrich and Tweedie, 2003). The proteins of this family, MBD1–4
and MeCP2, have all been shown to be capable of mediating transcriptional
silencing by binding to methylated CpGs. MBD4, however, appears to act
predominantly as a glycosylase, which is active in DNA mismatch repair
(Bellacosa et al., 1999; Hendrich et al., 1999; Kondo et al., 2005).

Although both the mechanisms of binding of individual MBD proteins
to methylated cytosine and the mechanisms of transcriptional repression
vary, the common theme is that each is associated with one or more
corepressor complexes. MBD2 has been shown to be associated with a
complex known as MeCP1 which includes the NURD corepressor
complex. It contains histone deacetylases (HDAC) 1 and 2 (Feng and
Zhang, 2001; Nan et al., 1998; Ng et al., 1999). MBD2 binding requires
multiple methylated cytosines within 150–200 bp of DNA. Although
repression appears to be mediated by HDAC enzymatic activity in some
cases (Feng and Zhang, 2003; Ng et al., 1999), in others it is based on
transcriptional repressor activity of other components of the NURD
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Figure 4.1 The protein mediators of DNA methylation. The top strand in the figure
illustrates a transcriptionally accessible region of unmethylated DNA. The bottom
strand is methylated at several CpG sites by the action of maintenance and de novo
methyl transferases (DNMT1, DNMT3a, and DNMT3b). DNA methylation results in
transcriptional repression by three principle mechanisms: (1) direct inhibition of protein
binding, (2) recruitment of methyl-binding domain proteins (MBD1, MBD2, MeCP2)
that block transcription, or (3) by the action of corepressor complexes (SetDB1,
HDAC, Sin3) that associate with methyl-binding proteins and modify the chromatin
environment (histone proteins not shown).
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complex, independent of histone deacetylase activity (Singal et al., 2002a;
Wade, 2001). Moreover, NURD is known to be a somewhat heteroge-
neous complex (Bowen et al., 2004), and in the case of the avian primary
erythroid cell MeCP1-like complex, it has been shown to exhibit some
degree of sequence preference compared to the MeCP1 originally isolated
from cultured human tumor cells (Feng and Zhang, 2001; Singal et al.,
2002b).

MeCP2 was originally shown to be associated with the Sin3A core-
pressor complex (Nan et al., 1998), and subsequently, evidence from some
cell types suggested that it is associated with the BRM1 chromatin remo-
deling complex (Harikrishnan et al., 2005), although the latter is somewhat
controversial (Hu et al., 2006). Although MeCP2 has been shown to be
capable of binding to a sequence containing a single methylated CpG
dinucleotide, all of the examples in which it has been shown to bind
in vivo and mediate repression of transcription involve sequences containing
multiple methylated CpGs.

MBD1 contains a transcriptional repressor domain (Fujita et al., 2000)
and is associated with a multiprotein complex containing chromatin-
associated factor 1 (Reese et al., 2003) and the histone lysine methylase,
SETB1 (Sarraf and Stancheva, 2004). MBD3 has been shown to bind
preferentially to methylated DNA in Xenopus but not in birds or mammals
(Ballestar and Wolffe, 2001; Hendrich et al., 2001). MBD3 has frequently
been identified as a component of MBD2-associated NURD complexes,
but is not present in the avian primary erythroid MeCP1 complex
(Kransdorf et al., 2006). Recent studies have suggested that the presence
of MBD2 and MBD3 in NURD complexes in some cell types is mutually
exclusive (LeGuezennec et al., 2006). Interestingly, two isoforms of MBD3
have been described in NURD complexes. One of these, MBD3L1,
appears to have repressor activity, while the other, MBD3L2, opposes
MeCP1-mediated silencing ( Jiang et al., 2004; Jin et al., 2005).

The emerging picture of transcriptional repression by MBD proteins is
one of significant variations in the associated corepressor complexes, even
for a specific MBD (Fig. 4.1). While some of this apparent variability may
be due to the limitations of biochemical purification techniques, it is likely
that much of it is real. This possibility of variability provides for a degree of
tissue and gene specificity of repressor activity that far exceeds the sequence
specificity of DNA binding of individual MBD proteins.

Another well-characterized group of MCBPs is the Kaiso family. These
proteins bind to DNA containing methylated cytosines through a BTB/Poz
domain zinc finger motif, which has independent binding sequence speci-
ficity (Daniel and Reynolds, 1999; Prokhortchouk et al., 2001). Knockout
of the Kaiso gene in Xenopus is embryonic lethal, but in mice the only
detectable phenotype is resistance to intestinal cancer (Prokhortchouk et al.,
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2006; Ruzov et al., 2004). However, these proteins have been implicated in
the sequence-specific repression of several genes (Filion et al., 2006).

Much of the information about the mechanisms of DNA methylation-
mediated repression of vertebrate gene transcription has been obtained from
tumor cells and cultured cell lines, but methylation-mediated regulation in
several normal tissue models also has been studied (Ehrlich, 2005;Walsh and
Bestor, 1999). Of the limited number of systems in which these mechanisms
have been studied in normal tissues, the hematopoietic system, including
the erythroid compartment, is among the best characterized (Burns et al.,
1988; Ginder et al., 1984; Hutchins et al., 2002, 2005; Kransdorf et al., 2006;
Singal et al., 1997, 2002b).

1.3. Acquisition and loss of DNA methylation

DNA methylation is carried out by two major classes of cytosine methyl
transferases, or DNAmethyl transferase (DNMT), enzymes. The first group,
which includes DNMT3a and DNMT3b, carry out de novo methylation on
completely unmethylated substrate DNA. The second group, DNMT1,
copies methylation onto the newly synthesized DNA strand at replication,
thus passing on the methylation pattern to daughter cells. The details of how
methylation patterns are established have been recently reviewed (Klose and
Bird, 2006). Briefly, there are three major possible mechanisms that have
been identified. The first is through direct recognition of DNA sequence by
the methyl transferase, and some evidence exist for this mechanism in the
case of the PWWP domain of DNMT3b (Ge et al., 2004; Qiu et al., 2002).
A second mechanism studied is recruitment of DNMTs by transcriptional
repressors or postsynthetic modifications of chromatin proteins. Both the
PML-RAR and c-MYC proteins have been shown to interact with de novo
DNMTs (Brenner et al., 2005; Di Croce et al., 2002). Recently, it has been
shown that histone lysine 79 methylation is a mark in embryonic stem cells
that appears to recruit de novomethyl transferases to embryonic genes that are
subsequently silenced by the polycomb protein complex in tumor cells,
although the specific role that this mechanism plays in DNA methylation-
mediated gene regulation during normal development has yet to be defined
(Ohm et al., 2007; Schlesinger et al., 2007). A third mechanism, first
described in plants, involves RNAi-mediated transcriptional repression-
dependent DNA methylation (Matzke and Birchler, 2005). A similar rela-
tionship has been described in some mammalian cells (Kanellopoulou et al.,
2005;Morris et al., 2004), but not in others (Murchison et al., 2005; Svoboda
et al., 2004; Ting et al., 2005). Thus, the precise role of RNAi and related
microRNAs in establishing normal tissue-specific or developmentally
specific DNA methylation patterns in animals in general, and in erythroid
cells in particular, remains to be elucidated.
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An important facet of DNA methylation in the regulation of gene
expression is the process of demethylation. The mechanism by which
methylation of cytosines is removed from DNA remains a topic of both
active investigation and some controversy. Considerable evidence supports
the role of passive loss of methylation during embryonic development at the
time of replication through a competition between transcriptional machin-
ery and DNMTs (Reik and Walter, 2001; Santos-Rosa et al., 2002), but
conclusive direct evidence for this mechanism is sparse. Progressive
‘‘demethylation’’ of the g-globin promoter during erythroid differentiation
has recently been described in baboon fetal liver and adult bone marrow
(Singh et al., 2007), as well as in human CD34þ hematopoetic stem cells
(Mabaera et al., 2007). This change in methylation correlates with a tran-
sient period of increased g expression; however, these studies must be
interpreted with caution. The nature of the proposed demethylation is
unclear (i.e., primary or secondary, passive or active), and the precise
cause–effect relationship between demethylation and expression remains
to be established.

A number of investigators have reported that rapid demethylation can
occur during development and in some tissues in the absence of DNA
replication (Kafri et al., 1992; Monk et al., 1987). These results argue for
an active demethylase enzyme, but the details of this enzymatic process
remain to be fully characterized. One type of DNA demethylase that has
been well characterized is a DNA glycosylase repair enzyme, first reported
in chicken embryos and subsequently in mouse myoblasts ( Jost, 1993;
Jost et al., 1995, 2001; Swisher et al., 1998). A truncated form of MBD2,
MBD2b, has been reported to catalyze direct removal of methyl groups
from the 5-position on the cytosine ring in DNA (Bhattacharya et al.,
1999), but other investigators have not been able to confirm this activity
(Ng et al., 1999, Wolffe et al., 1999). Recently, a stage-specific demethylase
activity derived from definitive chicken erythroid cells was shown to target
both hemimethylated and fully methylated DNA substrates in vitro
(Ramachandran et al., 2007). Another recent report describes a mediator
of active DNA demethylation that operates in the absence of maintenance
of DNMT (Barreto et al., 2007). The nuclear protein Gadd45a, known to
be involved in DNA repair and maintenance of genome stability, targets
methylated regions and recruits excision repair enzymes that remove
5-methyl cytosine.Moreover, site-specific demethylation following recruit-
ment of Gadd45a appears sufficient to relieve transcriptional repression.
This unexpected observation introduces another potentially critical player
in determining DNA methylation states. Taken together, the available
evidence support both passive and active demethylation processes. The
latter process appears to be mediated predominantly by enzymes that
directly excise 5-methyl cytosine from DNA.
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1.4. The interplay between DNA methylation and histone
modification in controlling gene expression

It has become increasingly clear that the relationships between DNA
methylation and histone modifications that affect transcription are quite
complex. Studies in Arabidopsis thaliana and Neurospora demonstrated that
disruption of the repressive modification, lysine K9 methylation of histone
H3, caused global loss of cytosine methylation ( Jackson et al., 2002; Tamaru
et al., 2003). Conversely, several studies in mammals have shown that DNA
methylation recruits methylated CpG-binding complexes that contain
enzymes capable of catalyzing repressive methylation of histones. For
example, the complex recruited to methyl cytosines at DNA replication
by MBD1 includes SETDB1 that catalyzes H3 K9 methylation (Sarraf and
Stancheva, 2004), and MeCP2 has also been shown to mediate H3 K9
methylation (Fuks et al., 2003). Similarly, DNA methylation was found to
control histoneH3K9methylation inArabidopsis (Fig. 4.2; Soppe et al., 2002).

A number of studies have also addressed the relationships between DNA
methylation and active histone epigenetic marks such as histones H3 and H4
lysine 9 acetylation and histone H3 lysine 4 methylation. Studies using

Figure 4.2 A dynamic cycle of epigenetic gene silencing. Emerging models suggest
that DNA methylation and postsynthetic histone modification are dependent on one
another and reinforce each other. Through recruitment of enzymes and corepressor
complexes, either mark appears capable of recapitulating the other, initiating a cycle
that reinforces gene silencing.
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stably transfected reporter gene constructs containing the chicken b-globin
locus chromatin insulator element showed that the insulator was capable of
both maintaining histone acetylation and preventing extinction of transcrip-
tion and subsequent DNA methylation (Mutskov et al., 2002; Pikaart et al.,
1998). Similar conclusions about the role of histone H3/H4 acetylation in
protection from DNA methylation have been presented based on studies of
the erythroid-specific carbonic anhydrase II gene (Brinkman et al., 2007).
Conversely, recent evidence from studies of episomes in mammalian cells
suggest that DNA methylation prevents the activating dimethylation modi-
fication of histone H3 K4 in nucleosomes adjacent to the DNAmethylation
mark, regardless of transcriptional activity in the local chromatin environ-
ment (Okitsu and Hsieh, 2007). This suggests that DNA methylation can
act in a dominant fashion to extinguish activating modifications of histones,
as well as to recruit enzymes that catalyze repressive modifications.

The picture that is emerging is one of a dynamic interplay between the
epigenetic signals of DNA methylation and histone postsynthetic modifica-
tions ( Johnson et al., 2007). As depicted in Fig. 4.2, there appears to be a
positive reinforcing relationship between DNA methylation and repressive
histone modifications such as histone H3 K9 methylation. Conversely,
activating histone modifications, such as H3/H4 K9 acetylation, oppose
the process of transcriptional silencing and DNAmethylation. In the case of
the chicken embryonic r-globin gene, evidence from both transfected
primary erythroid cells (Singal et al., 2002b) and in vivo treatment of adult
chickens (Ginder et al., 1984) suggest that blocking histone deacetylation
cannot overcome the silencing effects of DNA methylation on embryonic
r-globin gene transcription, which occur during erythroid development.

2. DNA Methylation in Erythroid Cell

Differentiation

2.1. Direct effects of DNA methylation on erythroid genes

Hematopoietic differentiation is driven by competition between lineage-
specific transcription factors, as reviewed by Cantor and Orkin (2001), as
well as the coordinated appearance of inhibitory factors, which prune
unnecessary gene expression (Hu et al., 1997; Laslo et al., 2006). This is
substantiated by the intriguing observation that hematopoietic stem cells,
rather than displaying conservative gene expression, promiscuously express
genes from a variety of lineages at low levels, which must then be silenced
appropriately as the cell differentiates (Iwasaki et al., 2006; Laslo et al., 2006).
Studies have supported the concept that tissue-specific CpG methylation
can maintain a ‘‘closed’’ chromatin conformation and lead to transcriptional
silencing, ( Jaenisch and Bird, 2003). It is not entirely clear, however,
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whether changes in CpG methylation always precede changes in expression
or whether they are a consequence of promoter activity, that is, increased
occupancy of the promoter region by trans activator factors
and transcription machinery (Enver et al., 1988). Tagoh et al. (2004) have
reported lineage-specific CpG demethylation and chromatin remodeling in
common myeloid precursor (CMP) cells that precede enhancer–promoter
complex formation and mRNA synthesis of cognate genes. These findings,
along with similar observations made by others (Okitsu and Hsieh, 2007),
support the notion that altered DNA methylation status may, at least in
some instances, be an early step in regulating lineage-specific genes and may
be an early determinant of cell fate in primitive erythroid precursors. As
nature is parsimonious, it is likely that other genes involved in the differen-
tiation of erythroid cells are regulated in a similar manner. For the present,
the evidence in many cases supports only the coexistence of gene silencing
and CpG methylation, and often only ex vivo. Even so, the relationship
between CpG methylation and gene expression during hematopoietic
differentiation is a potentially important one. This is particularly true for
maintaining nonerythroid genes silent during maturation of erythroid cells
and vice versa. The ETS transcription factor PU.1, for example, is expressed
in a lineage-specific fashion when demethylated at key CpG dinucleotides
(Amaravadi and Klemsz, 1999). Early during blood cell development,
critical cytosine residues are hypomethylated, and PU.1 is expressed in
CD34þ CD38� hematopoietic stem cells (Voso et al., 1994). However,
persistent expression of this protein prevents differentiation of erythroblasts
into mature erythrocytes (Schuetze et al., 1993). As such, in order for
progenitor cells to undergo erythroid differentiation, PU.1 is selectively
silenced and methylated. This silencing further promotes erythrocyte devel-
opment by removing the antagonism of the critical erythroid transcription
factor GATA1 by PU.1 (Zhang et al., 2000).

2.2. Indirect effects via erythropoietin gene expression

DNA methylation also indirectly regulates erythroid differentiation and
proliferation by mediating tissue-specific expression of erythropoietin
(EPO) (Yin and Blanchard, 2000). Red blood cell differentiation and
proliferation is largely directed by EPO, which is expressed predominantly
in liver and kidney tissues in response to hypoxia. The relatively simple
promoter structure of the EPO gene fails to explain the tissue specificity of
its expression. A hypoxia-induced factor-1 (HIF1) response element confers
upon EPO the ability to sense hypoxic stress; however, HIF1 is expressed in
a large number of tissues in response to hypoxia, once again failing to
account for the restricted expression of EPO. As shown by Yin and
Blanchard (2000), the promoter and 50 UTR elements of the EPO gene
contain CpG-rich regions that are methylated in most tissues, leading to
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MeCP binding and attendant corepressor complex formation. These sites
are hypomethylated in tissues that express EPO, allowing the assembly of an
HIF1-inducible active promoter complex.

3. The b-Globin Locus: A Model for the Role

of DNA Methylation in Developmental

Gene Regulation

The individual genes in the b-globin gene cluster have been shown to
be developmentally regulated by a complex interplay between cis elements,
trans factors, competition for an upstream enhancer/locus control region
(LCR), and epigenetics. However, the exact mechanism of globin gene
switching during development is still not completely understood. The
vertebrate b-type globin genes are among a small group of genes whose
normal developmental expression has been shown to depend on DNA
methylation. The initial correlations between DNA methylation and gene
expression arose from studies of the b-globin gene clusters of the chicken, of
the rabbit, and in humans. Site-specific cytosine methylation within or
adjacent to these genes was found to correlate with transcriptional repres-
sion (Ginder and McGhee, 1981; McGhee and Ginder, 1979; Razin and
Riggs, 1980; Shen and Maniatis, 1980; van der Ploeg and Flavell, 1980).
These b-type globin genes were also the first group of genes for which
the treatment with 5-azacytidine, an irreversible inhibitor of DNMT, was
shown to alter developmentally established patterns of expression by
increasing levels of the fetal g-globin gene RNA. This was first demon-
strated in baboons and subsequently in patients with b-thalassemia and
sickle-cell anemia (Charache et al., 1983; DeSimone et al., 1982; Ley
et al., 1982).

Although globin gene expression correlates inversely with DNA meth-
ylation, debate still exists as to whether DNA methylation is a primary
mechanism involved in initiating globin gene switching (Enver et al., 1988).
There is, however, a general consensus that methylation can serve as a lock-
off mechanism that may follow other events that initiate developmental
globin gene repression. It has become clear that, once in place, DNA
methylation can prevent transcription despite an optimum nuclear trans
factor environment. Recent data from studies of human b-globin YAC
transgenic mice lacking the methyl cytosine-binding protein, MBD2,
revealed delayed silencing of the fetal g-globin gene during embryonic
erythroid development (Fig. 4.3), suggesting a possible role for DNA
methylation in primary developmental globin gene silencing (Rupon
et al., 2006). Despite the absence of CpG islands in the mammalian locus,
recent studies have demonstrated developmental stage-specific methylation
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within the embryonic regions of the mouse b-globin locus in a manner that
suggests a regulatory role rather than a simple reflection of primary changes
in expression (Hsu et al., 2007).

3.1. DNA methylation in developmental regulation of avian
b-type globin genes

Among vertebrates, the role of DNA methylation in the developmental
regulation of b-globin gene switching has been extensively characterized for
the chicken b-globin gene cluster (50 r-bH-bA-e-30) on chromosome 7.
Rho (r) and epsilon (e) are the embryonic globin genes; beta H (bH) and
beta A (bA) are the adult globin genes. The r-globin gene is expressed
abundantly in primitive erythrocytes produced in the yolk sac from 36 h of
embryogenesis to day 5 and is not expressed in definitive erythrocytes,
which are produced beginning at day 5 (Chan et al., 1974). The
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Figure 4.3 Transcription of the human g-globin gene in wild-type and MBD2�/�

b-YAC transgenic mice. (A) Structure of the human r-globin locus and construct
boundaries of two independent b-YAC transgenic mouse lines, A20.1 and A85.68.
(B) RNase protection assay demonstrating marked increase in g-globin mRNA in
MBD2�/� b-YAC compared to wild-type and MBD2þ/� heterozygous b-YAC
mouse adult erythroid cells (from Rupon et al., 2006). (C) Phosphoimager quantitation
of RNase protection assay of g-globin mRNA in adult erythroid cells of control and
5-azacytidine-treated wild-type and either MBD2þ/� or MBD2�/� b-YAC transgenic
mice. Black bars represent the A20.1 line and gray bars represent the A85.68 line.
(D) RNase protection assay showing the levels of Ag- and Gg-globin gene expression
in untreated or 5-azacytidine-treated wild-type or MBD2�/� adult b-YAC transgenic
mice. (E) Quantitative representation of levels of Ag-globin gene relative to total
g-globin mRNA expression.
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transcriptional silencing of the embryonic r-globin gene occurs concomi-
tantly with activation of the adult b-globin gene on day 5 of embryonic
development (Groudine et al., 1981). A strong inverse correlation exists
between site-specific DNA methylation and expression of the chicken
b-type globin genes (Ginder and McGhee, 1981; McGhee and Ginder,
1979). Moreover, early studies showed that treatment with 5-azacytidine in
anemic adult chickens resulted in the activation of r-globin gene transcrip-
tion and not that of e-globin, suggesting a specificity of action even within
the embryonic b-type globin genes (Burns et al., 1988; Ginder et al., 1984).

The sequences immediately upstream and downstream of the transcrip-
tion initiation site of the embryonic r-globin gene contain CpG-rich
regions that meet the criteria for CpG islands. Work in our laboratory has
established that every CpG site in the 235 bp promoter and 248 bp proxi-
mally transcribed region (exon 1 and intron1) is methylated in adult ery-
throcytes but unmethylated in primitive embryonic erythrocytes (Ginder
and McGhee, 1981; Singal et al., 1997, 2002b). Singal et al. showed that
de novomethylation targets the CpG-dense proximally transcribed region in
the r-globin gene in the coding strand, followed by spreading into the 30
region and then into the promoter region during the switch from embry-
onic to definitive erythropoiesis (Singal and vanWert, 2001). Methylation
of the template strand lags behind that of the coding strand, and complete
methylation of both strands occurs only after complete transcriptional
repression has occurred. These results support the concept that methylation
acts as a lock-off mechanism for r-globin gene transcription during ery-
throid development rather than the primary initiating event.

Once completely methylated, the r-globin promoter becomes locked
off and can only be fully activated after loss of methylation. Transcription of
the r-globin gene and a concomitant loss of CpG methylation can be
induced in anemic adult chickens by treatment with the DNA methylation
inhibitor 5-azacytidine (Ginder et al., 1984). The level of unmethylated
r-globin gene transcription is increased five- to tenfold further by the histone
deacetylase inhibitor, butyrate, but this agent alone has no effect on expression
of the methylated r-globin gene. Transfection of primary avian erythroid
cells with r-globin gene constructs methylated at the same CpGs that are
methylated in vivo and in the presence or absence of the histone deacetylase
inhibitor, trichostatin (TSA), recapitulated in vitro the results in adult chickens,
and established the dominance of DNA methylation over histone acetylation
in silencing transcription of this gene (Singal et al., 2002b).

3.2. Erythroid cell-methylated cytosine-binding complex

Work in our laboratory has also shown that the methyl cytosine-binding
protein complex (MeCPC), an erythroid cell-derived methyl cytosine-
binding protein complex containing MBD2, forms in vitro on the
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methylated r-globin promoter and proximal transcribed region more avidly
than HeLa cell-derived MeCP1 complex (Kransdorf et al., 2006; Singal
et al., 2002b). This result indicates that MCBPs may form tissue-restricted
complexes that are targeted to specific sets of genes. Such a mechanism
would result in greater specificity of the transcriptional silencing mediated
by DNA methylation. We recently reported the biochemical characteriza-
tion of primary adult erythroid cell-derived MeCPC. The complex is
similar to MeCP1 in that it contains six components of the MeCP1/
NURD complex, but differs in that it does not contain MBD3 (Kransdorf
et al., 2006). The chicken homologue of MBD2 is a critical component of
MeCPC. Chromatin immunoprecipitation assays showed that MBD2 is
bound to the silenced r-globin gene in adult erythroid cells in vivo, but
not in 5-day embryonic erythroid cells (Fig. 4.4). Conversely, MBD2 is
bound to the adult bA gene in primitive embryonic cells but not in adult
erythroid cells.

The MBD2-containing MeCPC is present in primary adult mouse
erythroid cells and in adult phenotype murine erythroleukemia (MEL)
cells, demonstrating conservation across species (Kransdorf et al., 2006).
Studies in a stably transfected adult erythroid MEL cell model showed
that MBD2 recruits the NURD complex to the silent r-globin gene, and
that transcriptional derepression of the methylated r-globin gene and loss of
association of NURD components occur when MBD2 function is knocked
down by siRNA (Fig. 4.5). Chromatin immunoprecipitation studies in this
stably transfected cell model showed that MBD2 was bound to the methy-
lated r-globin gene and that MBD2 recruits components of the NURD
corepressor complex.

MeCPC appears to utilize a histone deacetylase-independent transcrip-
tion inhibitory mechanism, despite the presence of HDAC1 within the
complex, because repression caused by methylation of the r-globin gene
promoter and the proximal transcribed region is not relieved by trichostatin
(TSA), a histone deacetylase inhibitor, in primary erythroid cell transfection
assays (Singal et al., 2002b).

A proposed model for regulation of the r-globin gene during erythroid
development is illustrated in Fig. 4.6 and is described as follows (Kransdorf
et al., 2006). In day 4 embryonic erythrocytes, the presence of positively
acting trans factors such as GATA1 drives high levels of transcription from
the unmethylated r-globin gene. Transcription of the gene is already
silenced in early (embryonic day 7) definitive erythrocytes before the
methylation of the r-globin gene is complete. In adults, where there is,
by then, complete methylation of the r-globin gene, MBD2 binds to the
methylated gene and recruits MTA2 and the other components of the
MeCPC to the gene (Kransdorf et al., 2006). The complex maintains
transcriptional inactivity either by remodeling local chromatin into a non-
permissive configuration or by direct transcriptional inhibition (Fig. 4.6).
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Figure 4.4 MBD2 occupancy inversely correlates with transcription and histone H3-
lysine 4-trimethylation (H3-K4-Me3) at the r- and bA-globin genes. (A) Enrichment
for MBD2, H3-K4-Me3, and IgG at the r-globin gene in 5-day (light gray) and adult
(black) erythrocytes as determined by ChIP assay. The data show that MBD2 is
depleted from the transcriptionally active r-globin gene in 5-day erythrocytes, but
enriched at the transcriptionally inactive and methylated r-globin gene in adult ery-
throcytes. In contrast, H3-K4-Me3 is enriched at the transcriptionally active r-globin
gene and depleted at the transcriptionally inactive gene. (B) Enrichment for MBD2,
H3-K4-Me3, and IgG at the bA-globin gene in 5-day (light gray) and adult (black)
erythrocytes as determined by ChIP assay. The data show that MBD2 is enriched at the
transcriptionally inactive and methylated bA-globin gene in 5-day erythrocytes, but
depleted from the transcriptionally active bA-globin gene in adult erythrocytes (from
Kransdorf et al., 2006).
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3.2.1. Primate b-type globin genes
A number of studies in other vertebrates support a role for DNA methyla-
tion in developmental b-type globin gene silencing. Primates, including
humans, have been the most extensively studied. Baboons are considered

Figure 4.5 MBD2 is a critical component of the MeCPC in primary mouse spleno-
cytes and MEL-r cells. (A) Graphic depiction of the r-globin mini-locus introduced
into MEL cells. The locus contains: (1) a 4.5-kb r-globin genomic sequence, (2) a 4-kb
chicken LCR enhancer element (HSS2 and HSS3), and (3) 50 and 30 cHS4 insulator
elements that surround the gene and enhancer. A 2.5-kb fragment of the r-globin
genomic sequence extending from 248 bp upstream to 2.2 kb downstream of the cap
site was excised, in vitromethylated and religated prior to transfection into MEL cells to
recapitulate methylation at the same sites as the endogenous gene in chicken adult
erythroid cells. (B) EMSA performed with nuclear extract from primary mouse sple-
nocytes. Extracts derived from spleens of MBD2þ/þ mice form the MeCPC that can be
supershifted by the addition of anti-mMBD2. Corresponding extracts derived from
MBD2�/� mice do not form any complex on the M-r248 probe. (C) RNase protection
assay analyzing expression of r-globin, mMBD2, and 18S RNAs in MEL-r cells treated
with shRNAs targeting mMBD2. Significant knockdown of mMBD2 expression is seen
in MEL-r cells containing shRNA-expressing plasmids that target mMBD2, as com-
pared with control cells (lanes 3 and 4 as compared with 1 and 2). No r-globin
expression is seen inMEL-r cells with wild-type MBD2 expression (lane 2). In contrast,
robust r-globin expression is seen in MEL-r cells in which mMBD2 expression has
been knocked-down by shRNA (lane 4) (from Kransdorf et al., 2006).
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excellent animal models for studies of globin gene regulation because the
structure of the b-globin locus and the developmental pattern of globin
gene expression are highly conserved in baboons and humans (Barrie et al.,
1981; DeSimone and Mueller, 1978). In baboons, an inverse correlation is
observed between DNAmethylation of the e- and g-globin gene promoters
and the expression of the genes during globin gene switching (Lavelle et al.,
2006a). Methylation of the e- and g-globin gene promoters during e-to-g and
g-to-b switching was found to be initiated in an incomplete manner with no
observed preference for any individual CpG sites. These observations support
a stochastic model in which initial low levels of methylation are predicted to
increase over time as a result of both de novo and maintenance methylation.
These data again suggest that DNA methylation may not be the initiating
event in globin gene silencing, but that it is involved in a lock-off mechanism.

The genes of the 70-kb human b-globin gene complex are expressed
sequentially during development in the 50 to 30 order that they appear on

Figure 4.6 Model for the developmental regulation of r-globin transcription in chicken
erythrocytes. (A) In embryonic day 4 primitive chicken erythrocytes, robust expression of
the r-globin gene is seen. The presence of positively acting trans factors, such as GATA1,
recruits RNA polymerase (RNAPII) and drives high levels of transcription from the
unmethylated r-globin gene. Histones throughout the gene exhibit relatively high levels
of active modifications. (B) No r-globin gene transcription is seen in embryonic day 14
definitive chicken erythrocytes in which there is dense methylation in the promoter
and proximal transcribed sequences-methylated r-globin gene in adult cells. MBD2
recruits these components to the methylated r-globin gene. MBD2 binds the methylated
sequences and recruits MTA2 and other components of an NURD corepressor complex.
The complex maintains transcriptional inactivity by remodeling chromatin into a nonper-
missive configuration and/or direct transcriptional inhibition rather than through HDAC
enzymatic activity (from Kransdorf et al., 2006).
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chromosome 11: 50e-, Gg-, Ag-, and b-30 (Fig. 4.6). The e-globin gene is the
major b-like globin gene expressed in primitive, yolk sac-derived red blood
cells. During human development, a shift in the site of erythropoiesis
from yolk sac to liver coincides with e-globin silencing and predominant
expression of g-globin. Later in gestation, a second shift in the site of
erythropoiesis from liver to bone marrow coincides with increased b-globin
expression and decreased g-globin expression. Completion of the switch
from g- to b-globin expression occurs postnatally. The regulation of the
g-globin gene is of special interest because of the ameliorating effects of the
synthesis of fetal hemoglobin in patients with either b-thalassemia syndrome
or sickle-cell disease (Stamatoyannopoulos, 2005).

As noted, a strong inverse correlation occurs between DNAmethylation
and the expression of both baboon and human b-globin genes (DeSimone
and Mueller, 1978; DeSimone et al., 1982; Lavelle et al., 2006a,b; van der
Ploeg and Flavell, 1980). In addition, it was first demonstrated in primate
models and humans that inhibition of DNA methylation by 5-azacytidine
partially reversed the g- to b-globin switch (Charache et al., 1983;
DeSimone et al., 1982; Ley et al., 1982). The role of DNA methylation in
silencing of the human e-globin gene is less clear than in the case of the g-
globin genes. When adult erythroid phenotype mouse erythroleukemia
(MEL) cells containing human chromosome 11 were treated with
5-azacytidine, only g-globin and not e-globin gene transcriptional activa-
tion was detected (Ley et al., 1984). However, unpublished data from our
studies of the human b-globin locus in transgenic mice support a role
for DNA methylation in maintaining the extremely tight silencing of the
e-globin gene.

3.3. A special role for methyl-binding domain protein 2
(MBD2)?

The data on the composition of the MeCPC and the role of MBD2 in
regulating developmental expression of the chicken b-type globin genes
appear to be potentially very relevant to the regulation of globin gene
switching in the human b-globin locus. It has recently been determined
that the fetal g-globin gene is expressed at high levels in adult erythroid cells
from MBD2�/� mice that contain a single copy of a human b-globin locus
YAC (b-YAC) at a level commensurate with b-YAC mice treated with
5-azacytidine (see Fig. 4.3; Pace et al., 1994; Rupon et al., 2006) Moreover,
in the absence of MBD2, the developmental silencing of the g-globin gene
is delayed (Fig. 4.7).

Taken together, these results indicate that DNA methylation may con-
tribute to g-to-b-globin gene switching through MBD2. However, MBD2
does not bind near the g-globin promoter (Rupon et al., 2006), which is not
surprising because there are no true CpG islands within 6 kb of the g-globin

102 Gordon D. Ginder et al.



genes, and MBD2 has been shown to bind in vivo only to methylated CpG
island sequences. In contrast, the chicken r-globin gene promoter and its
proximal transcribed region contain two CpG islands that are methylated in
adult erythroid cells. Based on these results, it seems likely that loss of
MBD2 in the human bYAC transgenic mouse model results in transcrip-
tional activation of a CpG-rich gene or genes that are normally silent in
adult erythroid cells. The product of this gene(s) would, in turn, result in
transcriptional activation of the g-globin gene. Alternatively, MBD2 might
either bind in cis to the g-globin locus at a site very distal to the promoter, or
might participate in a methyl cytosine-associated repressor complex in
which it does not bind directly to DNA. The finding that 5-azacytidine
causes only a minor increase in g-globin gene expression in MBD2 knock-
out bYAC mice (Fig. 4.8) supports the notion that much of the effect of
5-azacytidine on stimulating g-globin gene expression in adult stage ery-
throid cells is through its inhibitory effects on DNA methylation. This
contrasts with the alternative hypothesis that the myelotoxic effects are
the predominant contributor to the high level of induction in vivo of HbF
in patients and baboons treated with 5-azacytidine (Charache et al., 1983;
DeSimone et al., 1982; Ley et al., 1982; Stamatoyannopoulos, 2005).

Many compounds currently available to treat patients with hemoglobi-
nopathies carry short- or long-term potential risks of toxicity and, in
addition, the responses to the agents are variable. Although 5-azacytidine
is successful in inducing fetal hemoglobin (HbF) in patients with sickle-cell
anemia and b-thalassemia, it has been used primarily in older patients with
severe disease because of the concerns associated with its risks of carcinoge-
nicity. Because MBD2 is found to increase HbF to levels similar to those
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Figure 4.7 Loss of methyl cytosine-binding protein 2 delays developmental g-to-b
switching in b-YAC transgenic mice. Quantitative representation of the level of
g-globin gene mRNA in wild-type or MBD2�/� b-YAC mouse fetal liver erythroid
cells from day 14.5 and day 16.5 dpc embryos as determined by RNase protection assay
(from Rupon et al., 2006).
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attained with 5-azacytidine treatment in b-YAC transgenic mice, and
because MBD2 is not required for normal mammalian embryonic develop-
ment and confers a minimally abnormal phenotype in null mice (Feng and
Zhang, 2001), MBD2 may be an excellent target for therapeutic modula-
tion aimed at altering developmental gene expression patterns such as
g-globin gene reactivation in adults.

4. DNA Methylation of the Human

a-Globin Locus

4.1. Comparison to b-locus methylation

Examinations of CpG methylation at the human a-globin cluster on chro-
mosome 16 followed shortly after the initial characterization of the associa-
tion of methylation with b-globin gene regulation. When originally studied
in chickens (Haigh et al., 1982), it appeared that CpG methylation might
account for a measure of the tissue specificity and developmental switching
of a-globin gene expression in all vertebrates in a manner analogous to that
described for the b-globin cluster (Ginder andMcGhee, 1981; McGhee and
Ginder, 1979; Shen and Maniatis, 1980; van der Ploeg and Flavell, 1980).
However, closer inspection of the human a-globin locus revealed CpG
clusters on either side of the transcription start site that remained unmethy-
lated in nonerythroid tissues (Bird et al., 1987). This is in contrast to the
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Figure 4.8 5-Azacytidine induction of g-globin expression in adult stage erythrocytes
mediated by methyl cytosine-binding protein 2. Quantitative real-time PCR was used
to determine g-globin mRNA induction in erythroid cells by 5-azacytidine treatment of
wild-type versus MBD2�/� b-YAC adult mice (from Rupon et al., 2006).
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human b-type globin genes which are relatively CpG-depleted and remain
heavily methylated in nonerythroid tissues (van der Ploeg and Flavell,
1980). As observed by Bird et al., the divergent DNA methylation pattern
of these two loci may explain in part their very different behavior: definitive
a-globin gene expression occurs very early in development, while b-globin
gene expression occurs much later (Peschle et al., 1985). In addition,
optimum expression of the b-globin genes requires an upstream cis LCR.
The analogous enhancer 40 kb upstream from the a-globin locus (HS-40)
does not appear necessary for high levels of a-globin gene expression in
transfected cells (Mellon et al., 1981), and it also differs in its ability to confer
copy number-dependent expression in transgenic mice (Sharpe et al., 1993).
Interestingly, an a-globin pseudo-gene, C-a-1, though bearing high
homology to the native a-1 and a-2 genes, is deficient in the CpG-rich
regions present in the active gene loci. This suggests the possibility that this
gene was inactivated, and coincident heavy methylation of the CpG-rich
regions in the germ line led to eventual depletion of these dinucleotides by
deamination of 5-methyl-cytosine (Bird, 1980).

4.2. Differences in avian a-globin locus methylation

The situation in chickens appears to differ from that in mammals. An
upstream CpG region (�3.5 to 4 kb) was found to be methylated in none-
rythroid cells and unmethylated in erythroid cells in chicken (Razin et al.,
2000). Although the significance of this site is not known, given that the
a-globin genes lie in a region of relatively open/active chromatin in a
variety of tissues, this region may be important for silencing expression in
nonerythroid tissues. It has been demonstrated that recapitulation of devel-
opmental stage-specific methylation of the chicken embryonic type alpha
(ap) promoter region is sufficient to suppress transcription in transfected
adult primary chicken erythroid cells (Singal et al., 2002a). An MeCP
complex containing MBD2 and HDAC1, similar to the r-globin gene-
binding complex (Kransdorf et al., 2006),was shown to associatewithmethy-
lated, but not with unmethylated, embryonic p0-globin gene promoter
proximal sequences. A similar mechanism appears improbable for silencing
human embryonic a-type globin zeta(z)-gene expression, given the absence
of promoter CpG methylation in both erythroid and nonerythroid tissues
(Bird et al., 1987).

4.3. Indirect effects of DNA methylation on a-globin genes

One gene of particular interest in the human a-globin cluster region is
ggPRX, a housekeeping gene that overlaps the upstream regulatory region
of the a-globin gene locus and is transcribed in the opposite direction
(Sjakste et al., 2000). Klochkov et al. (2006) recently proposed a CpG
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methylation-mediated CCCTC-binding factor (CTCF)-dependent silencing
mechanism for normalizing expression of ggPRX in erythroid cells. A putative
CTCF silencer-binding site exists in the CpG-rich upstream regulatory
region, and Klochkov et al. have shown that CTCF binds only in the
demethylated state, which occurs in erythroid cells, but not in lymphoid,
and presumably other tissues, where a-globin gene expression is silenced.
CTCF binding suppresses the ggPRX gene, effectively normalizing expres-
sion in erythroid cells where a-globin gene enhancer elements are active and
may otherwise drive overexpression of the overlapping ggPRX gene.

Mutations in human ATRX, classified as a member of the SWI/SNF
family of chromatin remodeling proteins, produce a-thalassemia in associa-
tion with two syndromes: X-linked mental retardation (ATRX) (Gibbons
et al., 1995) and myelodysplastic syndrome (ATMDS) (Gibbons et al.,
2003). The exact nature of ATRX’s effect on a-globin gene expression,
however, remains undetermined. Interestingly, ATRX contains a putative
N-terminal PHD domain similar to the DNMT3 family of de novo methyl
transferases, and mutations in this protein are associated with changes in the
pattern of DNA methylation (Gibbons et al., 2000). As noted by Higgs et al.
(2005), ATRX’s selective effects on a-globin levels, but not b-globin levels,
may hold the key to understanding its mechanism, particularly given that
these two loci have very different methylation patterns.

Studies of human a-thalassemia have focused on inherited and acquired
mutations in promoter/enhancer elements or the a-globin genes themselves.
Barbour et al. (2000) have described an 18 kb deletion 30 to the a-cluster that
abolishes expression without disturbing any known positive regulator
sequences or the globin genes themselves. This deletion exhibits a so-called
chromosomal position effect by juxtaposing the a-globin genes to a heavily
methylated downstream alu-rich region. These observations, taken as a
whole, highlight the importance of the chromosomal environment for
normal expression of a-globin genes in erythroid and nonerythroid cells.

5. DNA Methylation of Other

Erythroid-Specific Genes

As mentioned above, the role that DNA methylation plays in regulat-
ing gene expression is often uncertain, even amidst evidence that it corre-
lates well with transcriptional repression. Such a correlation has been
established for the ABO blood group genes encoding A and B glycosyl-
transferases (Kominato et al., 1999). The functional role of DNA methyla-
tion at this locus and its relevance in establishing normal ABO expression
patterns remains to be determined. The ABO proximal promoter lies in a
CpG island that is unmethylated in tissues that express these genes, notably

106 Gordon D. Ginder et al.



erythrocytes and some epithelial cells. Conversely, this region is often
hypermethylated in cultured nonerythroid cells and in human epithelial
cancers where ABO expression is absent (Chihara et al., 2005; Gao et al.,
2004). Although aberrant CpG island hypermethylation of tumor suppres-
sor genes is typical in neoplastic tissues (Baylin, 2005; Jones, 2002; Jones and
Baylin, 2002), its role is less broadly defined in establishing tissue-specific
and developmental expression patterns in normal tissues. Nevertheless, it is
tempting to postulate a role for DNA methylation in limiting ABO gene
expression, particularly given the unusual positioning of a CpG island near
this highly tissue-restricted gene. Furthermore, a distal promoter containing
an alternate transcription start site upstream from the CpG-rich region has
been described for the ABO locus that also displays a correlation between
hypermethylation and transcriptional repression (Kominato et al., 2002).
As is the case for many differentially methylated genes, more investigation is
necessary before a conclusive functional relationship can be substantiated.

6. Conclusions and Future Directions

There has emerged an increasing appreciation of the role of DNA
methylation in normal developmental gene regulation, primarily as a lock-
off mechanism for maintaining transcriptional silencing. Among the best
characterized examples of the relatively small group of genes whose normal
developmental expression is controlled, at least in part, by DNA methyla-
tion are the vertebrate globin genes. Another well-characterized example is
the regulation of the IL-4 gene during murine T-lymphocyte development
(Hutchins et al., 2002, 2005). Interestingly, the methylated cytosine-binding
protein, MBD2, plays a key role in mediating the repressive effect of DNA
methylation in both of these intensively investigated cases. This relationship
highlights the general importance of the MCBPs and their associated
corepressor complexes in interpreting the epigenetic mark of DNA meth-
ylation to impart developmental tissue specificity of gene regulation.

Recently, genomic approaches have identified a large number of tissue-
specific and differentially methylated regions, including promoter-
associated CpG islands, in primary murine tissues (Song et al., 2005).
Analysis of CpG methylation patterns of human chromosomes 6, 20, and 22
for comparisons in 12 different tissues from human and mouse led to an
estimate that up to 70% of 50UTR or promoter loci that are orthologous
between human and mouse may have conserved tissue-specific DNA meth-
ylation profiles (Eckhardt et al., 2006). Studies such as these suggest that many
other genes may be regulated by methylation during cell differentiation
and development in erythroid and other cell types. Future studies are needed
to validate the cause–effect relationship between DNA methylation and
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transcriptional silencing in the many specific genes involved, as well as to
characterize the specific mechanism(s) of such silencing, and to define the
complex interplay between DNA methylation and other epigenetic signals.
While the level of complexity involved may appear daunting, these studies
should reveal the diversity of epigenetic interactions that contribute exquisite
specificity to the regulation of gene expression patterns during development in
erythroid cells and other tissues.
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Abstract

The history of globin research is marked by a series of contributions seminal

to our understanding of the genome, its function, and its relation to disease. For

example, based on studies on hemoglobinopathies, it was understood that

gene expression can be under the control of DNA elements that locate away

from the genes on the linear chromosome template. Recent technological

developments have allowed the demonstration that these regulatory DNA

elements communicate with the genes through physical interaction, which

loops out the intervening chromatin fiber. Subsequent studies showed that

the spatial organization of the b-globin locus dynamically changes in relation
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to differences in gene expression. Moreover, it was shown that the b-globin
locus adopts a different position in the nucleus during development and ery-

throid maturation. Here, we discuss the most recent insight into the three-

dimensional organization of gene expression.

1. Introduction: Three-Dimensional Studies

in a Historical Context

The history of studying globin genes goes back to the earliest days of
molecular biology. This is not surprising because globins are the most
abundant molecules in blood, and blood is easily obtained from and regen-
erated by organisms. Importantly its mRNA is abundant that allowed
nucleic acid-based studies even before the advent of recombinant DNA
technology. Moreover, hemoglobinopathies, diseases caused by a defect in
globin production, form the most common single-gene disorder worldwide
and have therefore traditionally been subject of intense research. The
history of globin research is marked by a series of contributions seminal to
our understanding of the genome, its function, and its relation to disease.
More than half a century ago, Pauling et al. (1949) found that globin
molecules from patients with sickle-cell disease were different than those
from healthy persons, thereby establishing for the first time a molecular basis
for disease (Pauling et al., 1949). Ingram (1957), 8 years later, demonstrated
that sickle-cell anemia is caused by globin gene mutations, thus providing
the first example of a genetic disorder, while Max Perutz elucidated the
three-dimensional (3D) structure of hemoglobin in the 1950s and 1960s,
a study he started in the late 1930s (Bernal et al., 1938). In the early 1970s,
the globin cDNAs were among the first eukaryotic genes to be sequenced
(Marotta et al., 1974; Poon et al., 1974; Proudfoot and Brownlee, 1974) and
cloned into bacterial vectors (Rougeon et al., 1975). The existence of
intervening sequences, or introns, in eukaryotic genes was first demon-
strated in the globin genes ( Jeffreys and Flavell, 1977; Tilghman et al.,
1978), and the rabbit b-globin gene was the first gene that transcribed
under the control of its own cis-regulatory sequences in transfection experi-
ments (Mantei et al., 1979). In the 1980s, transgenic mouse studies using
human b-globin gene constructs led to the discovery of the locus control
region (LCR), a dominant regulatory region that confers position-
independent and copy number-dependent expression to linked transgenes
(Grosveld et al., 1987). Finally, intense research in the 1990s focusing on
transgenic and knockout b-globin mouse models provided fundamental
insight into the developmental regulation of gene expression, gene compe-
tition, transcriptional pulsing, and the function of distal transcription
regulatory DNA elements.
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Recent technical developments have enabled studies of the intricate
folding of DNA in the cell nucleus. Nuclear architecture is an emerging
key contributor to genome function and again, pioneering DNA-folding
studies were first done on the b-globin gene locus.

This chapter will summarize our current knowledge on the 3D organi-
zation of DNA in the cell nucleus. We will explain the novel technologies
that have recently boosted progress in this field, discuss the relevance of
DNA topology for genome function, and mention the protein factors that
have been implicated in DNA folding. First, we will summarize some
original observations that led to the idea that the 3D organization of DNA
may be important for gene regulation.

2. Long-Range Gene Activation and Gene

Competition: DNA-Folding Matters?

It has long been recognized that in higher eukaryotes, transcription
regulatory DNA elements, such as enhancers, are located away from the
genes that they control (Banerji et al., 1981; Wasylyk et al., 1983), in some
cases up to hundreds of kilobases. For example, the key regulatory element of
the b-globin locus, the LCR, is positioned 50 kb away from the most distal
b-globin gene.One of themost spectacular examples of transcription control
over distance is the regulator of SHH expression in the developing limb,
which lies 1 Mb away from the SHH gene (Lettice et al., 2003), but many
other regulatory sequences have been described that locate at a large distance
from their target gene (reviewed in Kleinjan and van Heyningen, 2005).

Various models have been proposed in the past to explain how remote
control elements communicate with their target genes. Most of these
models assume that enhancers emit some signal that travels along the
intervening chromatin fiber toward the gene that gets activated. The loop-
ing model, first put forward by Ptashne, states that enhancers and promoters
communicate through direct interactions between proteins bound to these
DNA elements, with the intervening DNA looping out (Ptashne, 1986).
This model assumes flexibility of the chromatin fiber and as a consequence
dispersed DNA fragments will randomly collide. Collision frequency will
depend on the physical constraints of the chromatin fiber and is inversely
correlated to the genomic site separation, that is the distance between two
DNA segments on the linear chromosome template (measured in kilobases).
Productive loop formation depends on affinities between proteins bound to
colliding DNA segments. The model was originally based on work on
bacterial and phage repressor proteins, like the Gal-, AraC, and l repressor
proteins, which were found to function only when homomultimerized and
bound to two separate operator sites. Electron microscopy visually
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demonstrated the DNA in between to loop out (reviewed in Ptashne,
1986). This looping model was the first to consider DNA folding to be
important for gene regulation.

Eukaryotes have more complex gene clusters with regulatory elements
functioning over much greater distances, and for a long time, direct evi-
dence for chromatin looping to occur between enhancers and their genes was
absent. However, with respect to transcription, a number of observations
could only be explained satisfactory by the ‘‘looping model.’’

The first involved studies on trans-activation, that is, the ability of an
enhancer to activate a promoter present on a physically separate DNA
molecule. Most important in this respect is the naturally occurring phe-
nomenon of transvection in Drosophila, where an enhancer can activate a
promoter on the, paired, homologous allele (Bickel and Pirrotta, 1990).
While pairing of homologues frequently occurs in Drosophila, this phenom-
enon is not observed in higher eukaryotes like mice and man, and until
recently evidence for trans-communication in vivo was lacking in these
species (see below). However, Schaffner and coworkers demonstrated
in vitro that enhancers can stimulate transcription in trans, by coupling an
enhancer- to a promoter-containing plasmid via a biotin–streptavidin
bridge (Mueller-Storm et al., 1989). Trans-activation of transcription was
also observed when enhancer-containing and promoter-containing plas-
mids were injected as intertwined catenates into frog oocytes (Dunaway and
Droge, 1989). Similarly, but still artificially, more recent transient transfec-
tion assays with reporter plasmids and GAGA as a DNA-bridging factor also
demonstrated transcriptional activation in trans in mammalian cells
(Mahmoudi et al., 2002). All these studies on trans-activation demonstrate
that a cis configuration of enhancer and promoter is not an absolute prereq-
uisite for interaction, as is only predicted by the ‘‘looping model.’’

Other observations on gene regulation that supported the looping model
are related to gene competition. Multiple genes can compete for a single
enhancer for their activation, as was demonstrated originally by transfection
assays using plasmids containing different numbers of genes and enhancers
(de Villiers et al., 1983; Wasylyk et al., 1983). For b-globin, this was first
demonstrated by experiments done by Choi and Engel, showing that two
developmentally regulated chicken b-globin genes compete for a shared
enhancer that is located in between the genes. The authors proposed that
transcriptional activation of the genes depends on their ability to physically
contact the enhancer, with a looped conformation of the DNA being the
outcome of such interaction (Choi and Engel, 1988).

This mechanism was further investigated in transgenic mice carrying
modified human b-globin locus constructs. Unlike the chicken locus, the
mouse and human b-globin locus have the key transcription regulatory
DNA element, the LCR, located upstream of a series of developmentally
regulated b-globin genes (Fig. 5.1). The human locus contains five b-like
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globin genes, named e-, Gg-, Ag-, d-, and b-globin that are expressed in the
embryo (e), in the fetus (Gg, Ag) and at adult stages (d, b), respectively. The
genes are arranged on the linear chromosome template in the order of their
expression during development, with e-globin located most proximal to the
LCR. Transgenic experiments that changed the order of fetal g-globin and
adult b-globin caused premature activation of the adult b-globin gene and
earlier silencing of the fetal g-globin gene in mice (Hanscombe et al., 1991).
This demonstrated that the adult b-globin gene can express in the fetus, but
the presence of a competing g-globin gene more proximal to the LCR
prevents it from doing so. Thus, correct developmental expression depends
on the gene order and the relative distance of genes to the LCR
(Hanscombe et al., 1991). The authors proposed that the b-globin genes
compete for contacting the LCR for their activation, with proximal genes
having a competitive advantage over more distal genes (Fig. 5.2). On
gradual silencing of the proximal genes, the LCR can contact the more
distal genes more often.

The phenomenon of gene competition was further investigated by
means of fluorescence in situ hybridization (FISH) studies analyzing ongoing
transcription of two b-globin genes in single cells under the microscope.
Cells were taken at a developmental stage that allowed expression of both
fetal and adult b-globin genes and the question was asked whether two
genes present on the same allele can both be actively expressed at the same
time or not. Strikingly, it was shown that either the one, or the other, but
not both genes were active at a given time, with the key experiment
showing that the fetal g-globin gene was transcribed in cells that already
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Figure 5.1 The b-globin loci. Indicated are the hypersensitive sites (arrows), the b-
globin genes (black rectangles), and olfactory receptor genes (gray rectangles).
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contained adult b-globin gene transcripts (Wijgerde et al., 1995). This
observation was interpreted to suggest that at the time of b-globin gene
switching, the LCR alternates between the fetal and adult genes for their
activation and most importantly that the process of transcription is inter-
mittent. This implied that the multiple regulatory elements that together
build up the LCR spatially cluster to form a holocomplex (Ellis et al., 1993)
that can only contact a single gene at a given time.

The competitive advantage of an enhancer proximal gene is lost when
genes are closely spaced at further distance from the regulator, as predicted
by the looping model, but not by any other model. Again, this was first
suggested using plasmid-based assays (Heuchel et al., 1989) and later shown
in vivo using large modified b-globin locus constructs in transgenic mice.
A marked adult b-globin gene inserted at the position of the embryonic
e-globin gene had a clear preference to be transcribed over the endogenous
adult b-globin gene located away from the LCR. However, this competi-
tive advantage was lost when the marked b-globin gene was moved away
from the LCR and positioned just in front of the endogenous b-globin gene
(Dillon et al., 1997).

Although all these experiments supported the idea that regulatory DNA
elements physically contact genes to regulate their expression and that
DNA topology therefore is important for genomic function, none of
them directly showed in vivo that two distal elements linked in cis come in
close spatial proximity, with intervening DNA looping out. Attempts failed
to directly demonstrate DNA looping in vivo by visualization of enhancer,

e gG g A d b

Figure 5.2 Spatial distance matters. Original model by Hanscombe et al. (1991), stating
that correct developmental expression depends on the gene order and the relative spatial
distance of genes to the LCR, which would function as a holocomplex.
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its target gene, and a looped out intervening sequence. The 3D resolution of
microscopes was simply too limited while the resolution of the electron
microscope was too high too analyze a sufficiently large number of cells.
The development, 5 years ago, of two completely unrelated technologies
unexpectedly opened the possibility to uncover the intricate folding of such
relatively small DNA loci.

3. Novel Biochemical Approaches to Study DNA

Topology: Insight into the Spatial

Organization of the b-Globin Locus

In 2002, two very different biochemical approaches were described
that would boost progress in our understanding of nuclear architecture:
RNA-TRAP (Carter et al., 2002) and 3C technology (Dekker et al., 2002).
Both techniques provided unprecedented insight into the intricate folding
of gene loci and confirmed in vivo that regulatory DNA elements commu-
nicate with genes through looping, although it has yet to be shown directly
that the gene is actively transcribed only when it is looped.

RNA TRAP involves the targeting of horseradish peroxidase (HRP)-
labeled probes to nascent RNA transcripts, followed by quantification of
HRP-catalyzed biotin deposition on chromatin nearby. It was originally
applied to an actively transcribedmouse b-globin gene, and strikingly, a peak
of biotin deposition was observed 50 kb away at hypersensitive site 2 (HS2)
of the LCR.This implied that HS2 is in close spatial proximity to the actively
transcribed b-globin gene (Carter et al., 2002), which was in agreement with
genetic data suggesting that HS2 is the most prominent enhancer element in
the b-globin LCR (Fiering et al., 1995; Fraser et al., 1993).

3C (chromosome conformation capture) technology involves the cross-
linking of DNA fragments that are together in the nuclear space of living
cells, followed by restriction enzyme digestion and ligation between cross-
linked DNA fragments. Quantitative polymerase chain reaction across
ligation sites with primers diagnostic for selected DNA fragments then
gives a measure for proximity frequencies between these fragments
(Dekker et al., 2002). The technique was originally applied to study the
conformation of a yeast chromosome (Dekker et al., 2002), and adapted to
study the intricate folding of a mammalian gene locus, the b-globin locus
(Tolhuis et al., 2002). Currently, 3C technology is the preferred technique
to study DNA interactions, possibly because RNA-TRAP technology is
limited to genes such as b-globin that express at very high levels (so that
sufficient primary transcripts are at the locus for efficient biotin deposition).
An additional advantage of 3C technology is that this technique can analyze
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interactions of any (nontranscribed) sequence, while RNA-TRAP can only
be applied to transcribed sequences.

When 3C was applied to the endogenous mouse b-globin locus, it was
found that the actively transcribed adult b-globin genes contacted the HSs
of the LCR, with intervening DNA containing the embryonic b-globin
genes looping out. No such interactions were found in control nonexpres-
sing tissue (Tolhuis et al., 2002). Two independent observations, 3C and
RNA-TRAP, therefore provided the first direct evidence that regulatory
DNA elements in an endogenous mammalian gene locus loop toward the
target genes that they activate in cells where the gene is actively transcribed.

In addition to the LCR-gene contacts, 3C technology also revealed
long-range interactions with HSs upstream (HS-85 and HS-62/60) and
downstream (30HS1) of the b-globin locus. The function of these HSs
was, and still is, unknown, but the data suggested that these outer HSs
spatially cluster with the LCR and the active b-globin genes to form what
is called an active chromatin hub (ACH) (Fig. 5.3). Intervening DNA
containing inactive genes would be looped out from this configuration.

Significantly, in cells that do not express the b-globin genes, no such spatial
conformation is observed. The inactive locus appears to adopt a seemingly
linear conformation, without sites in the locus showing long-range
interactions.

It is important to realize that 3C technology gives a steady-state average
structure as present in the population of cells in the analysis. Thus, the
fact that 3C technology identifies long-range interactions between all
HSs and the active genes of the b-globin locus in red blood cells does not
automatically mean that each locus in every cell adopts such a structure, nor
does it show how many cells in the population have such interactions.
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3� HS 1 3� HS 1HS 1−6
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Figure 5.3 Formation of the b-globin active chromatin hub during erythroid differen-
tiation. Indicated are the transcription factors that are required for each conformational
transition.
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In fact, it is thought that these interactions are dynamic and their stability
will depend on affinities between the proteins bound to these sites. There-
fore, many different conformations are expected to be present in individual
cells at any given time.

3C studies on the b-globin locus at earlier stages in development, when
the embryonic b-globin genes are expressed in primitive erythroid cells,
demonstrated that the b-globin genes switch their interaction with the
ACH in relation to their expression status. Thus, in these primitive red
blood cells, the embryonic (active), and not the adult (inactive), b-globin
genes spatially clustered with the LCR and the outer HSs. This develop-
mental change in the organization of DNA topology appeared conserved
between the murine and human b-globin locus (Palstra et al., 2003).

At each stage of development, erythroid progenitor cells mature into
fully differentiated erythroid cells, being enucleated cells in the case of
definitive erythropoiesis. Erythroid differentiation is accompanied by a
dramatic increase in transcription rates of the b-globin genes. In erythroid
progenitor cells, the b-globin genes express at levels that are comparable
to those seen for most housekeeping genes. Later during differentiation,
b-globin transcription efficiency is increased up to a 100-fold, reaching
expression levels hardly ever observed with other genes. The b-globin
genes need the LCR to reach these exceptionally high transcription rates.
Thus, when the LCR is deleted from the endogenous b-globin locus in
mice, transcription of all b-globin genes drops to 1–4% of the levels
observed in wild-type animals (Epner et al., 1998; Schubeler et al., 2001).
Interestingly, when 3Cwas applied to erythroid progenitor cells that express
the b-globin genes at basal levels, a prestructure was found consisting of
interactions exclusively between the outer HSs and the 50 side of the LCR,
while the b-globin genes, as well as HS1–3 of the LCR, appeared to loop
out from this chromatin hub. The structural transition that occurs during
erythroid differentiation and that establishes contacts between the LCR and
the active genes thus coincides with an increase in b-globin gene expression
levels, going from basal levels, that are LCR-independent, to extremely
high levels that are LCR-dependent (Palstra et al., 2003).

4. The Functional Significance of Long-Range

Interactions Between Regulatory Sequences

All these data strongly suggest that physical contacts between the LCR
and the genes are required for the LCR to regulate gene expression rates.
It is therefore interesting to further think about the functional significance
of long-range contacts between regulatory DNA elements and the
formation of an ACH.
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Enhancers, promoters, and other transcription regulatory DNA elements
have in common that they bind often partially overlapping sets of transcrip-
tion factors that will locally disrupt the nucleosome fiber, rendering these
sites hypersensitive to nuclease digestion. In case of the b-globin locus,
well-known erythroid-specific transcription factors that bind to the
b-globin LCR and gene promoters and that are required for or have been
implicated in b-globin gene expression are GATA-1 (Pevny et al., 1991),
EKLF (Nuez et al., 1995; Perkins et al., 1995), and NF-E2 (Andrews et al.,
1993). Spatial clustering of transcription regulatory DNA elements results in
a high local concentration of binding sites for cognate transcription factors,
which consequently accumulate at the site. Efficiency of transcription is
proportional to the concentration of transcription factors involved (Droge
and Muller-Hill, 2001), and the DNA contacts formed in the context of the
b-globin ACHmay therefore be necessary to drive efficient transcription of
b-globin genes. Possibly, this may be analogous to the microscopically
visible nucleolus, where nucleolar-organizing regions from different chro-
mosomes (rDNA) physically meet to form a nuclear entity dedicated to the
efficient transcription of the ribosomal DNA genes by RNA polymerase I.
The b-globin ACH would be a first example of a structural entity dedicated
to the efficient gene transcription by RNA polymerase II (de Laat and
Grosveld, 2003).

Interestingly, structural analysis of the b-globin locus in cells lacking the
transcription factors EKLF or GATA-1 showed that both are required to
establish LCR-gene contacts, which may explain why b-globin transcrip-
tion efficiency is severely reduced in their absence (Drissen et al., 2004).
The contacts between the outer HSs and the 50 side of the LCR remain
established at least when EKLF is absent, suggesting that EKLF, and possibly
also GATA-1, is required for the b-globin locus to proceed from a chroma-
tin hub to a fully functional ACH during erythroid differentiation. Both
EKLF and GATA-1 are transcription factors that directly bind to DNA, but
they seem to lack the capacity to form homodimers and therefore unlikely
serve as bona fide bridging factors that bring together distant DNA ele-
ments. More likely, the ACH is a complex entity harboring multiple DNA-
binding sites and transcription factors; the removal of one of these factors
may, but not necessarily need to, cause destabilization and the adoption of a
structure that can be formed independent of this factor. In two independent
studies using transgenic mouse models containing modified human
b-globin constructs, it was shown that deletion of a larger region containing
HS3 is not sufficient for the ACH to collapse. One study showed that
deletion of the b-globin gene promoter, in combination with HS3 but
not alone, disrupted ACH formation (Patrinos et al., 2004), while the other
study suggested that removal of only core-HS3 destabilized the ACH (Fang
et al., 2007). The implication of these studies is that the promoter plays an
important role in stabilizing the interactions.
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While the functional significance of LCR-gene contacts seems clear, the
relevance of the outer HSs participating in the ACH is less well understood.
HS-85, HS-62/60, and 30HS1 do not seem to be targets for binding of
EKLF, GATA-1, or NF-E2, the factors that have been implicated in
b-globin gene regulation. Instead, all these sites, as well as HS5 in the
LCR, bind the transcription factor CTCF (Bulger et al., 2003). CTCF
(CCCTC-binding factor) is the prototype vertebrate protein exhibiting
insulator activity that can act as an enhancer blocker in vivo andwas suggested
to also function as a barrier against repressive forces from nearby heterochro-
matin in vitro [Defossez and Gilson, 2002; Recillas-Targa et al., 2002;
reviewed by West et al. (2002)]. The fact that it binds to either end of the
locus has led to the idea that CTCF may serve as an enhancer blocker that
prevents the inappropriate activation of surrounding mouse olfactory recep-
tor genes by the b-globin LCR in erythroid cells (Farrell et al., 2002) or may
be required to prevent spreading of heterochromatin into the b-globin locus.
It is easy to envision howCTCF-mediated chromatin loops may accomplish
such insulation. CTCF was indeed shown to be required for the long-range
interactions between cognate binding sites in the b-globin locus, as was
demonstrated by the depletion of the protein in conditional knockoutmouse
models as well as by the site-specific disruption of a CTCF-binding site in
the b-globin locus (Simonis et al., 2006). Disruption of CTCF-binding to
the b-globin locus, however, had no effect on the expression of the b-globin
genes nor did it cause activation of surrounding mouse olfactory receptor
genes. The balance between active and repressive histone modifications
changed but only locally at the binding sites and not elsewhere in the
locus, demonstrating that CTCF does not serve to insulate the b-globin
locus in erythroid cells (Simonis et al., 2006). Expression of the b-globin
genes was also unaltered inmousemodels carrying combinations of deletions
of the outer HSs (Bender et al., 2006), leaving open the question why these
evolutionary conserved sites participate in the tissue-specific interactions
with the LCR and the active b-globin genes. Possibly, b-globin gene
expression benefits from the CTCF-mediated loops to an extent that is
sufficient for evolutionary selection but too limited to be detected by current
technologies. Alternatively, it is a structural factor that binds to many loci
merely for the folding of their DNA and that would only have a specialized
function in ‘‘imprinted’’ regions, where it has been shown to act as an
enhancer blocker (Bell and Felsenfeld, 2000; Hark et al., 2000).

5. Long-Range Contacts in Other Gene Loci

After the first studies on the b-globin locus, 3C technology has been
applied to many other gene loci in many different cell types. A few examples
are sufficient to illustrate the conclusion that DNA folding and long-range
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DNA contacts are important for the regulation of gene expression by
remote control elements.

The interleukin locus has been analyzed extensively with respect to its
spatial organization. The locus contains the cytokine genes 4, 5, and 13 that
are expressed in T helper type 2 (TH2) cells under the control of an LCR
that is located in between the genes. A poised structure was observed in
various cell types, formed by contacts between the promoters of these genes.
The LCR participated in these interactions in a more lineage-restricted
manner and the transcription factors GATA-3 and STAT6 were shown to
be required for these interactions (Spilianakis and Flavell, 2004). In an
independent series of experiments on the same cytokine locus, special
AT-rich sequence-binding protein 1 (SATB1) was demonstrated to be
important for the formation of a unique transcriptionally active chromatin
structure composed of numerous small loops, all anchored to SATB1 at
their base. SATB1-mediated loop formation was suggested to be important
for expression of the interleukin genes because SATB1-knockdown cells
lacked these small loops and did not express the cytokine genes properly
(Cai et al., 2006). It is interesting to mention that SATB1 shows a very
peculiar, cage-like, nuclear distribution (Cai et al., 2003) and, like CTCF,
has been suggested to be a nuclear matrix protein. In yet another study,
deletion of a HS in the LCR (HS7) was shown to reduce contacts of the
LCR with the TH2 cytokine genes and cause decreased expression of these
genes (Lee et al., 2005), showing again that regulatory DNA element
functions over distance by contacting the target genes.

The same conclusion, but with a different twist, can be drawn from a
study that combined 3C technology with a GAL4 knockin approach to
analyze interactions in the imprinted H19-Igf2 locus. It was demonstrated
that the imprinting control region interacts with other differentially methy-
lated regions in this locus in an allele-specific manner, such that the H19
gene on the maternal allele and the Igf2 gene on the paternal allele are
brought in proximity with the enhancers that activate these genes on these
respective alleles (Murrell et al., 2004). CTCF, which binds exclusively to
the maternal imprinting control region (Bell and Felsenfeld, 2000; Hark
et al., 2000), was shown to play a role in setting up a structure on the
maternal allele that prevents the enhancers from interacting with the Ig f2
allele (Kurukuti et al., 2006).

Evidence for DNA loops playing a role in gene silencing was previously
found at the imprinted Dlx5-Dlx6 locus. Here, the formation of a silent-
chromatin loop was shown to depend on the methyl DNA-binding protein
MeCP2; in the absence of MeCP2, the loop disappeared and gene contacts
were made with distant activating sequences, resulting in the upregulation
of Dlx5 and Dlx6 expression (Horike et al., 2005).

Unlike the b-globin locus that resides in a large cluster of olfactory
receptor genes that are inactive in erythroid cells, the a-globin gene locus
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is located in a gene-dense region full of housekeeping genes. When active in
erythroid cells, the a-globin genes were found to contact key regulatory
DNA elements as well as the promoters of surrounding housekeeping genes,
while in nonexpressing cells the housekeeping gene, promoters still contact
each other but not the a-globin genes (Zhou et al., 2006).

The most spectacular example of long-range contacts between an
enhancer and its target genes was recently provided by a report that
suggested that olfactory receptor genes, present in clusters on different
chromosomes, compete with each other to contact a single enhancer
element for their activation, thereby ensuring that each olfactory neuron
only expresses 1 allele of 1 of 1300 olfactory receptor genes (Lomvardas
et al., 2006).

A final observation based on 3C analysis that is relevant to mention here
is that in yeast the promoter and terminator regions of active genes and
genes poised to be transcribed were found to form a DNA loop (O’Sullivan
et al., 2004), suggesting perhaps that DNA topology facilitates transcription
reinitiation by the recycling of polymerases.

6. Gene Positioning in the Nucleus: Spatial

Coordination of Functionally Related Genes?

Probably the most important contribution of 3C technology so far has
been its demonstration that DNA folds into configurations that brings
together regulatory DNA elements to control gene expression, establishing
the functional significance of chromatin architecture at least at the level of
single gene loci. A major challenge for the future now seems to understand
the significance of even more distant contacts, not between regulatory
DNA elements that collectively control the expression of target genes, but
between complete gene loci that appear to be in proximity in the nuclear
space. In other words, how functionally important is a gene’s exact position
in the nuclear space and are the contacts it may have with other genes
elsewhere on the same chromosome or even on other chromosomes?

Microscopy studies established that genomes are nonrandomly arranged
in the nuclear space. This originally became apparent from studies showing
that densely packed heterochromatin separates from more open euchroma-
tin. More recently, FISH techniques showed that chromosomes occupy
distinct territories in the nuclear space (Cremer and Cremer, 2001).
Although transcription occurs throughout the nuclear interior (Cmarko
et al., 1999; Kimura et al., 2002; Verschure et al., 2003), active genes that
cluster on chromosomes preferentially locate at the periphery or outside of
their chromosome territory (Mahy et al., 2002). Individual genes may
migrate on changes in their transcription status, as measured against
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relatively large nuclear landmarks such as chromosome territories, centro-
meres, or the nuclear periphery (Brown et al., 1997; Chambeyron and
Bickmore, 2004; Grogan et al., 2001; Merkenschlager et al., 2004; Volpi
et al., 2000). Besides transcription, genomic organization is associated with
the coordination of replication (Li et al., 2003), recombination, the proba-
bility of loci to translocate (Roix et al., 2003) (which can lead to malig-
nancies), and the setting and resetting of epigenetic programs (Lemaitre
et al., 2005). Based on such observations, large-scale chromatin architecture
is thought to be a key contributor to genomic function.

The differentiation of an erythroid cell is accompanied by heterochro-
matinization of the nuclear DNA content, shrinking of its cell nucleus
and, finally, eviction of the nucleus. Interestingly, while most gene loci
shut down in this increasingly repressive nuclear environment, the
globin gene loci stay extremely active. It is tempting to assume that their
nuclear position enables their efficient transcription also at later stages of
differentiation.

Several observations suggest that the b-globin LCR can reposition
physically linked DNA loci in the nuclear space. The functionally active
HS2 of the b-globin LCR was shown to reposition a transgene away from
centromeres, while inactivating mutations in HS2 abrogated its ability to do
so, suggesting that a functional enhancer antagonizes silencing of gene loci
by preventing their localization near repressive centromeric heterochroma-
tin (Francastel et al., 1999). The full LCR was suggested to position the
b-globin locus outside its chromosome territory that reportedly would only
occur in proerythroblasts that do not yet fully express the b-globin genes
(Ragoczy et al., 2003). An independent study, however, suggested that the
b-globin locus always remains inside its own chromosome territory at all
stages of erythroid differentiation (Brown et al., 2006), making the relevance
of the first observation uncertain. Based mostly on yeast studies, the nuclear
periphery is thought to constitute an environment repressive for transcrip-
tion, and possibly in agreement, the LCR has also been implicated in
repositioning of the endogenous b-globin locus toward the nuclear interior
in differentiating erythroid cells (Ragoczy et al., 2006). Repositioning was
not a prerequisite for transcription though, as the authors showed, the locus to
be transcribed also at the nuclear rim. Colocalization with transcription
factories, being nuclear sites of increased RNA polymerase II concentrations,
also increased in an LCR-dependent manner (Ragoczy et al., 2006), but it
is not clear yet whether this reflects a more efficient de novo assembly of the
transcriptionmachinery onto theb-globin locus or amore efficient association
with preassembled transcription factories (Chakalova et al., 2005).

The idea that the nucleus contains preassembled transcription factories
that may be important for the folding of the DNA in the nucleus has
regained interest mostly based on studies that performed immunostaining
on fixed cells with antibodies against RNA polymerase II. In one such
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study, a number of selected loci were shown to colocalize with the active
b-globin locus in erythroid cells, despite their chromosomal location being
tens of megabases apart. Colocalization occurred when the loci were
actively transcribed and these interactions took place at transcription fac-
tories, as visualized by an antibody recognizing not only the transcription-
ally active, but also the inactive form of RNA polymerase II. Moreover,
two of the four genes that colocalized with b-globin were other erythroid-
specific genes (Osborne et al., 2004). Physical association between function-
ally related genes located at different positions in the genome has also been
observed in other cell systems. For example, a study in naive T cells showed
the association of, and possibly also cross talk between, two lineage-specific
loci located on different chromosomes (Spilianakis et al., 2005). Other recent
reports suggested the interchromosomal association between two imprinted
loci that would be dependent on the transcription factor CTCF (Ling et al.,
2006) and the interaction between the two X-inactivation centers early
during female embryonic stem cell differentiation (Xu et al., 2006).

Based on these reports, the idea seems to emerge that chromatin in the
nucleus is shaped to a large extent by networks of functionally related genes
that form long-range contacts at transcription factories to fine-tune each
other’s expression. However, the generality of this concept and the func-
tional relevance of such long-range gene associations remain to be estab-
lished. For example, live cell studies on the dynamics of RNAP II do not
particularly support the idea of preassembled transcription factories (Kimura
et al., 2002) and it is important to realize that the nuclear distribution of
RNA polymerase II observed after immunostaining differs depending on
the fixation procedure and antibody used (Martin and Pombo, 2003). The
issue whether the foci observed by immunostaining truly represent preas-
sembled transcription sites reflect the transcription machinery assembled
de novo on the chromatin template (Dundr et al., 2002) or simply are a
fixation artifact is still open. Moreover, it is rarely checked if specific gene
associations are conserved in other species, which would be expected if they
were to be critical for gene regulation. In the exceptional case where such
controls were performed, the data argued against functional relevance of
such interactions. For example, the active a- and b-globin genes, located on
different chromosomes, often come together in human erythroid cells, but
not in mouse cells, showing that spatial proximity is not important for
a- and b-globin gene regulation (Brown et al., 2006).

Clearly, a disadvantage of FISH studies is that they are biased toward the
loci selected for that study and that they only allow for the analysis of a
limited number of loci simultaneously. Results obtained by this technique
are therefore largely anecdotal. In order to get a comprehensive understand-
ing of nuclear architecture, high throughput methods, like the novel 4C
technology, were recently developed to screen for interactions in the
genome in an unbiased manner.
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7. Future Directions for Studies on Nuclear

Architecture: 4C Technology

4C technology (Fig. 5.4) combines 3C technology with microarray or
sequencing approaches to allow for the unbiased identification of DNA
elements that interact with a target sequence in the nuclear space (Ling et al.,
2006; Lomvardas et al., 2006; Simonis et al., 2006; Wurtele and Chartrand,
2006; Zhao et al., 2006). The technique is comparable to chromatin
immunoprecipitation-on-chip, but interrogates cross-linked DNA–DNA,
instead of protein–DNA, interactions. So far, 4C has only been applied to a
few target sequences (Ling et al., 2006; Lomvardas et al., 2006; Wurtele and
Chartrand, 2006; Zhao et al., 2006). Mostly, this involved the sequencing of
a limited amount of interacting DNA elements, ranging from three to
several hundreds of sequences analyzed, and probably therefore results
were not necessarily compatible, even when the same target sequence was
analyzed (Ling et al., 2006; Zhao et al., 2006). High-throughput sequencing
approaches that collect thousands of sequences are expected to provide
datasets that can be analyzed in a statistically meaningful way that is required
to provide robust information about interacting DNA sequences.

In a 4C study focusing on the b-globin locus, tailored microarrays were
used that simultaneously analyzed 400,000 possible interactions across 7
complete mouse chromosomes (Simonis et al., 2006). Here, mathematic
algorithms were applied to define the interacting DNA sequences.
Subsequent analysis of these interactions by a novel high-resolution micros-
copy approach, called cryo-FISH (Branco and Pombo, 2006), confirmed
that this strategy accurately identified long-range DNA interactions, even
when such regions were together only 5% of the time.
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Figure 5.4 4C technology. Outline of the 4C procedure; see text for details.
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Strikingly, based on this analysis, it was found that the active b-globin
locus in erythroid cells contacted a completely different set of loci than the
inactive locus in brain cells (Fig. 5.5). When active, contacts were prefer-
entially made with other actively transcribed loci located elsewhere on the
chromosome, often tens of megabases away from b-globin and mostly
located toward the telomere of the acrocentric mouse chromosome.
When inactive, interactions occurred over similarly large distances, but
now predominantly with loci that were not transcribed and that mostly
located toward the centromeric side of the chromosome. In both tissues,
tens of regions were identified to interact with b-globin, each spanning
�200 kb, meaning that interactions were not confined to single genes or
gene promoters. The erythroid-specific genes that were previously identi-
fied by FISH to interact with the active b-globin locus (Osborne et al.,
2004) were also identified by 4C technology, but 4C also showed that these
genes lie in larger interacting regions that additionally contain other, unre-
lated, genes. Overall, it was found that regions interacting with the active
b-globin locus did not preferentially contain erythroid-specific genes.
When 4C technology was applied to a housekeeping gene located in a
gene-dense cluster of other active genes, this gene was similarly found to
contact many regions in cis (on its own chromosome), but also in trans (on
other chromosomes), and for this, gene contacts were essentially the same
between the two tissues. Thus, the switch in genomic environments
observed for b-globin between erythroid and brain cells was not due to a
peculiarity of the tissues but most likely is directly related to the altered
transcriptional status of the locus in the two tissues (Simonis et al., 2006).

Clearly, this unbiased high-throughput technique provides new insight
into DNA folding. 4C technology is expected to contribute importantly to
a comprehensive understanding of nuclear architecture, picking up inter-
actions not previously anticipated and putting the relative frequency of
interactions in perspective. FISH is not very well suited for screening
purposes, but will be required for validation and, most importantly, for

OR

b-globin

b-globin
UrosOR

OROROR

OR
E14.5 liver

E14.5 brain

Cen

Cen

Figure 5.5 Long-range interactions within the b-globin locus. Schematic representa-
tion of regions of interaction with active (fetal liver, top) and inactive (fetal brain,
bottom) b-globin on chromosome 7, as identified by 4C technology. Note that
interacting regions are on average 150–200 kb and not drawn to scale. Taken from
Simonis et al. (2006).
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single-cell analysis. A current problem of FISH approaches, however, is that
resolution, even of confocal microscopes, is still poor in molecular terms,
meaning that perfect colocalization of two spots measured by FISH does not
need to imply direct, or functionally significant, contact; in fact, they could
still be more than 200 nm apart. Thus, there is an important need for high-
resolution microscopy approaches that better identify truly interacting
sequences. In this respect, 4 pi microscopy is worth mentioning that pro-
vides an almost 10 times better resolution compared to confocal micro-
scopes and should also allow for life cell-imaging studies (Egner and Hell,
2005). The combination of novel biochemical methodologies, such as 4C
technology, and higher resolution microscopy techniques, such as 4 pi
microscopy, should uncover the significance of long-range gene contacts
and reveal whether DNA–DNA interactions beyond those observed
between regulatory DNA elements that collectively regulate the expression
of a target gene are functionally meaningful.
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Abstract

Erythrocytes require iron to perform their duty as oxygen carriers. Mammals

have evolved a mechanism to maintain systemic iron within an optimal range

that fosters erythroid development and function while satisfying other body

iron needs. This chapter reviews erythroid iron uptake and utilization as well as

systemic factors that influence iron availability. One of these factors is hepcidin,

a circulating peptide hormone that maintains iron homeostasis. Elevated levels

of hepcidin in the bloodstream effectively shut off iron absorption by disabling

the iron exporter ferroportin. Conversely, low levels of circulating hepcidin allow

ferroportin to export iron into the bloodstream. Aberrations in hepcidin expres-

sion or responsiveness to hepcidin result in disorders of iron deficiency and iron

overload. It is clear that erythroid precursors communicate their iron needs to

the liver to influence the production of hepcidin and thus the amount of iron
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available for use. However, the mechanism by which erythroid cells accomplish

this remains unclear and is an area of active investigation.

1. Introduction

Iron is an essential nutrient that is required for the oxygen-carrying
capacity of hemoglobin. Failure to incorporate adequate iron into heme
results in impaired erythrocyte maturation, leading to microcytic, hypo-
chromic anemia. Therefore, circulating factors that modulate iron availability
are of major importance in erythropoiesis.

Normally, the total body iron endowment is maintained within a tight
range between 3 and 5 g (Bothwell et al., 1979). Systemic iron is distributed
among erythrocyte precursors in the bone marrow, tissue macrophages,
liver, and all other tissues, with the largest amount found in circulating
erythrocytes. Homeostasis is maintained by regulating the levels of plasma
iron. Hepcidin, a circulating peptide hormone, has recently emerged as a
key modulator of plasma iron concentration, and, thus, a central regulator of
iron homeostasis. This chapter will review erythroid iron uptake and
utilization, and the systemic factors that affect it.

2. Iron Metabolism and Homeostasis

2.1. Iron metabolism

Nearly all circulating iron is bound by the abundant serum glycoprotein
transferrin. Transferrin can carry one (monoferric transferrin) or two (holo-
transferrin) atoms of iron per protein molecule. Erythroid precursors are the
primary consumers of circulating transferrin-bound iron. During differen-
tiation, changing rates of hemoglobin production correlate with variations
in the cell surface complement of transferrin receptor-1 (TFR1) (Chan and
Gerhardt, 1992). Fluctuations in TFR1 expression control the amount of
transferrin-bound iron entering into erythroid cells.

The process by which transferrin delivers iron to these cells is called the
transferrin cycle (Klausner et al., 1983). Upon binding to TFR1 at the cell
surface, transferrin and its iron cargo are endocytosed. These endosomal
compartments are actively acidified by proton pumps. Acidification facil-
itates iron release from transferrin because low pH decreases the affinity of
the protein for iron (Dautry-Varsat et al., 1983). Iron then leaves the
endosome through divalent metal ion transporter 1 (DMT1, also known
as Nramp2 and SLC11A2) to become available for heme biosynthesis
(Canonne-Hergaux et al., 2001; Fleming et al., 1998; Su et al., 1998).
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The insertion of iron into protoporphyrin IX, the final step in heme
biosynthesis, occurs in the mitochondrion. Mitoferrin, a protein mutated
in anemic zebra fish, was recently shown to act as a mitochondrial iron
importer necessary for heme biosynthesis (Shaw et al., 2006). However,
another group has postulated that iron is transferred from endosomes
directly into mitochondria through direct membrane contacts between
the organelles (Sheftel et al., 2007). The discrepancies between these two
models of mitochondrial iron uptake have not yet been resolved. The fates
of TFR1 and apotransferrin are more certain—they are recycled to the cell
surface and circulation, respectively, where they repeat the cycle.

The amount of circulating, transferrin-bound iron is determined by
three coordinated processes: macrophage iron recycling, duodenal iron
absorption, and hepatic iron storage. When iron is administered therapeuti-
cally, it is assimilated by one or more of these three tissues, which play
critical roles in iron metabolism and the maintenance of iron homeostasis.
As discussed later, human iron disorders may result from perturbation of
overall body iron amounts, or tissue iron distribution, or both.

2.2. Macrophage iron recycling

Normal human erythrocytes have a finite life span of approximately
4 months. Tissue macrophages remove senescent and damaged erythrocytes
from circulation and breakdown hemoglobin to recycle iron, supplying
most of the requirement for new erythropoiesis (Knutson and Wessling-
Resnick, 2003). The process by which macrophages distinguish aged and
damaged erythrocytes is not fully understood, but it is likely that morpho-
logical changes in the erythrocyte membrane facilitate recognition and
uptake by macrophages (Bratosin et al., 1998). Binding of erythrocytes to
the macrophage cell surface initiates phagocytosis and lysosome-mediated
degradation of the erythrocyte membrane. Heme oxygenases catalyze the
oxidation of heme to biliverdin, free iron, and carbon monoxide. Because
iron accumulates in macrophages of heme oxygenase-1 (HO-1) knockout
mice and HO-1-deficient humans, it appears that HO-1 is required for
recycling of the metal from heme (Poss and Tonegawa, 1997; Yachie et al.,
1999). Similar to the transferrin cycle, liberated iron may be pumped from
the phagosome into the cytoplasm by DMT1, though this has not been
definitively established ( Jabado et al., 2002). Heme-derived iron can be
utilized by the cell, sequestered within the multimeric iron storage protein
ferritin or exported into the plasma.

The transmembrane transporter ferroportin (also known as IREG1,
SLC40A1, MTP1) is activated in macrophages after erythrophagocytosis
(Canonne-Hergaux et al., 2006). Ferroportin is the only cellular iron
exporter that has been identified in vertebrates (Abboud and Haile, 2000;
Donovan et al., 2000; McKie et al., 2000). It is expressed in cells of the
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extraembryonic visceral endoderm that provide nourishment to the devel-
oping embryo, in the intestinal epithelium and in spleen and liver macro-
phages that recycle iron (Donovan et al., 2005). Global disruption of the
murine ferroportin gene results in early embryonic lethality due to an
inability of the developing embryo to acquire iron. However, when ferro-
portin is deleted in the embryo proper, sparing the extraembryonic visceral
endoderm, mice survive until birth, but rapidly become anemic when they
must rely on intestinal absorption for iron accumulation (Donovan et al.,
2005). Under these circumstances, tissue macrophages contain large
amounts of iron, apparently because they are unable to export it to the
circulation. These results support the idea that most iron liberated from
heme in macrophages is mobilized through ferroportin-mediated iron
export to be utilized for erythropoiesis. Because ferroportin transports
ferrous iron, iron must be oxidized to its ferric form in order to bind
circulating transferrin. A circulating ferroxidase, ceruloplasmin, is thought
to carry out the oxidation of iron exported from macrophages (Harris et al.,
1999). Recently, however, an additional role for ceruloplasmin was discov-
ered. Ceruloplasmin appears to be necessary to keep ferroportin on the cell
surface (De Domenico et al., 2007a). For both of these reasons, it is not
surprising that ceruloplasmin deficiency (aceruloplasminemia) leads to tissue
iron loading with low transferrin saturation and, often, mild anemia (Harris
et al., 1995).

2.3. Duodenal iron absorption

In contrast to some other metals, there is no regulated mechanism for iron
excretion through the liver or kidneys. Nonetheless, macrophage-mediated
iron recycling alone cannot sustain erythropoiesis over the long term. Early
in life, the overall iron endowment must be increased to support growth.
Later, small obligatory iron losses from bleeding and exfoliation of skin and
mucosal cells would lead to negative iron balance if not offset by continuous
iron intake. Thus, iron balance is achieved through regulated dietary iron
absorption (Andrews, 2000). Dietary iron absorption occurs in the most
proximal part of the duodenum, the first section of the small intestine (Muir
and Hopfer, 1985). There, acidity from stomach acid aids in the absorption
of both the heme iron, primarily derived from hemoglobin and myoglobin
in meats and the inorganic iron, from other food sources. Recently, a
molecule postulated to be an intestinal heme transporter was identified
(Shayeghi et al., 2005), but subsequent studies showed that its primary role
is in high affinity folate transport (Qiu et al., 2007). On the other hand,
inorganic iron absorption is now well understood.

Inorganic iron in the intestinal lumen is primarily in its ferric, oxidized
form. In order for iron to be absorbed, it must be reduced to the ferrous
form. Reduction of iron can be carried out by an enterocyte apical
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membrane protein duodenal cytochrome b (Dcytb) (McKie et al., 2001).
However, genetic disruption of Dcytb in mice revealed that the protein was
not required for efficient iron absorption, suggesting that other mechanisms
of ferrireduction must exist, at least in mice (Gunshin et al., 2005b). Once in
its reduced form, the iron transporter DMT1 transfers iron across the apical
membrane into the enterocyte (Fleming et al., 1997; Gunshin et al., 1997,
2005a). The fact that the same iron transporter is used for cellular iron
uptake both in transferrin cycle endosomes and at the apical surface of the
intestinal epithelium is somewhat surprising. These two membrane locales
are quite different and must be reached through distinct targeting signals.
However, both sites are within a low-pHmilieu, important because DMT1
uses cotransport of protons to move iron across the membrane (Gunshin
et al., 1997; Sacher et al., 2001; Xu et al., 2004).

Depending on body iron needs, intracellular iron can be stored within
the enterocyte or exported into the plasma. Net absorption requires transfer
across the basolateral surface of the epithelium—iron retained within enter-
ocytes is lost from the body when those cells senesce and are shed into the
gut lumen. It appears that the transmembrane transporter ferroportin is
responsible for most if not all basolateral iron transfer, because intestine-
specific inactivation of the ferroportin gene in mice results in the rapid onset
of anemia with abundant stainable iron in enterocytes (Donovan et al.,
2005). A ferroxidase activity acts in concert with ferroportin-mediated
export. This can be supplied by the enterocyte-associated multicopper
oxidase, hephaestin (Vulpe et al., 1999), or by its circulating homologue,
ceruloplasmin.

2.4. Hepatocyte iron storage

Hepatocytes serve many important functions including detoxification of the
blood production of proteins that aid in host defense and storage of essential
nutrients such as glucose and iron. Excess circulating iron in both
transferrin-bound and nontransferrin-bound forms can be taken up by
hepatocytes. TFR1 is expressed by hepatocytes. However, the fact that
mice lacking TFR1, or transferrin, accumulate iron in their livers suggests
that hepatocytes do not require the transferrin cycle to import iron from the
plasma (Levy et al., 1999; Trenor et al., 2000). Similarly, DMT1 cannot
account for all hepatocyte iron uptake because DMT1 knockout mice and
human patients carrying loss-of-function mutations in DMT1 accumulate
iron in the liver (Gunshin et al., 2005a; Iolascon et al., 2006; Mims et al.,
2004). Other hepatic iron importers must exist to participate in efficient iron
storage. Hepatocyte membrane proteins such as megalin, TFR2, CD163, and
L-type calcium channels are candidate iron importers that employ a variety of
molecular mechanisms to bring iron into cells (Borregaard and Cowland,
2006; Kawabata et al., 1999; Kozyraki et al., 2001; Kristiansen et al., 2001;

Iron Homeostasis and Erythropoiesis 145



Oudit et al., 2003; Yang et al., 2002). Although hepatocyte iron uptake is not
fully understood, it is clear that once inside the cell iron can be utilized in
cellular processes or sequestered in ferritin. When iron loss or demand is too
great to rely solely on recycling and absorption, iron is mobilized from hepatic
storage to sustain erythropoiesis. Ferroportin and ceruloplasmin are believed
to be involved in the process of iron export from hepatocytes, but this has not
been shown directly.

2.5. Systemic iron homeostasis

Systemic iron homeostasis maintains body iron content within tolerable
limits and dictates iron distribution. As the largest consumer of iron, the
erythron is particularly sensitive to iron insufficiency. When body iron
stores are depleted, iron deficiency anemia ensues. Rarely, iron deficiency
anemia can be caused by genetic lesions that interfere with intestinal iron
absorption, erythroid iron assimilation, or both. The best characterized of
these are mutations preventing the production of transferrin (Beutler et al.,
2000; Hamill et al., 1991) or inactivating DMT1 (Iolascon et al., 2006; Mims
et al., 2004). Far more commonly, deficiency results from an imbalance
between increased iron requirements associated with growth and blood loss
and iron acquisition from the diet. In this case, iron deficiency anemia is
characterized by low plasma iron, decreased iron stores, and the accumula-
tion of iron-free protoporphyrins. Iron-deficient erythrocytes are small
(microcytic), pale (hypochromic), and relatively fragile. Decreased
oxygen-carrying capability caused by iron deficiency has measurable effects
on quality of life, associated with symptoms including fatigue and tachycar-
dia. Iron replacement therapy, through dietary supplementation, intrave-
nous iron, or transfusion of iron-rich erythrocytes, is the only treatment for
iron deficiency anemia.

Although essential for several important cellular functions, iron’s capac-
ity to donate and accept electrons makes the metal toxic. Several proteins
such as transferrin, ferritin, lactoferrin, lipocalin, and myoglobin exist to
bind iron in a variety of contexts. Binding to these proteins renders iron less
able to react with its environment. Thus, a safe upper limit of body iron for
each individual is set by the capacity of iron-binding proteins to sequester
iron. Once this capacity is breached free iron accumulates within the plasma
and cells. The accumulation of excess iron is undesirable because ferrous
iron reacts with hydrogen peroxide via the Fenton reaction to produce
hydroxyl radicals (Gutteridge et al., 1981). These radicals damage macro-
molecules resulting in cellular and tissue dysfunction and organ failure
associated with iron overload disorders (Gutteridge et al., 1985). Complica-
tions associated with iron overload include liver fibrosis and cirrhosis, car-
diomyopathy, diabetes, hypogonadotropic hypogonadism, arthritis, and
hyperpigmentation. Iron overload can be caused by transfusion therapy or
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by genetic mutations that result in abnormally increased intestinal iron
absorption. Iron overload can be managed with phlebotomy in patients
with normal erythropoiesis or by chelation in patients with anemia disorders.

In order to regulate iron homeostasis, there must be sensing mechanisms
that gauge the amount of iron needed to support erythropoiesis and other
functions relative to iron availability (Finch, 1994). For many years, it was
believed that enterocytes of the duodenum-sensed circulating iron and
maintained systemic iron homeostasis accordingly (Britton et al., 2002;
Townsend and Drakesmith, 2002). Within the last few years, however,
there has been a shift from the intestine to the liver as the hypothesized site
of iron homeostatic control. Maintaining iron stores and sampling both
transferrin- and nontransferrin-bound iron in the circulation, the liver is in a
unique position to sense systemic iron availability. The mechanisms of
plasma iron sensing and homeostatic response are not fully understood,
but are under active investigation. The most compelling argument for the
liver as the ‘‘ferrostat’’ organ is the fact that hepcidin, a key homeostatic
regulator, is primarily expressed by hepatocytes.

3. Hepcidin

3.1. Hepcidin and iron homeostasis

Hepcidin was first described as a cysteine-rich peptide with modest antimi-
crobial activity isolated from human plasma and urine (Krause et al., 2000;
Park et al., 2001). The circulating form of hepcidin, cleaved from an
84-amino acid precursor that is expressed primarily in the liver, contains
25-amino acids and forms four disulfide bonds (Hunter et al., 2002; Nemeth
et al., 2006). Over the last few years, it has become clear that hepcidin
functions predominantly as a regulator of iron homeostasis.

The first link between hepcidin and iron metabolism came from a screen
for genes upregulated by iron excess. Pigeon et al. (2001) loaded mice with
carbonyl iron and compared gene expression with untreated controls using
suppressive subtractive hybridization. They found that hepcidinwas robustly
overexpressed under these conditions. They also showed that lipopolysac-
charide, an inducer of inflammation, stimulated hepcidin expression in
primary hepatocytes. This latter finding is consistent with the described
antimicrobial activity of hepcidin and its induction by inflammation in
other species (Krause et al., 2000; Park et al., 2001; Shike et al., 2002).

A compelling rationale for why hepcidin, an antimicrobial peptide,
would be regulated by both iron and inflammation is that nearly all micro-
organisms require iron to proliferate. Individuals with iron overload are
more susceptible to bacterial infection than normal individuals (Weinberg,
1978). Thus, depriving pathogens of iron during an acute inflammatory
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response would prove evolutionarily advantageous to the host. However,
sustained iron sequestration, as seen in chronic inflammation, has the
adverse effect of host iron deprivation (Weiss and Goodnough, 2005).

The first direct evidence of a role for hepcidin in regulating iron homeo-
stasis came from a fortuitous observation in mice carrying a targeted disrup-
tion in the transcription factor upstream stimulatory factor 2 (USF2) (Nicolas
et al., 2001). Inadvertently, the gene-targeting event inactivated the gene
encoding hepcidin, immediately adjacent to the USF2 gene.Mutant animals
developed severe iron overload with a pattern of tissue distribution resem-
bling hemochromatosis, a form of genetic iron overload prevalent in
humans. Diminished hepcidin expression was associated with increased
iron absorption and recycling, hyperferremia, and severe tissue iron over-
load. The iron overload phenotype in these mice was characterized by a lack
of iron in splenic macrophages and duodenal enterocytes despite increased
intestinal iron absorption. Any doubt that the iron phenotype resulted from
loss of hepcidin dissipated after the same authors showed that targeted
inactivation of the hepcidin gene itself produced the same phenotype
(Viatte et al., 2005). Moreover, human mutations in the hepcidin gene that
disrupt protein function lead to an early onset, more severe form of genetic
hemochromatosis, juvenile hemochromatosis (Roetto et al., 2003).

Conversely, transgenic mice overexpressing hepcidin have marked iron
deficiency and anemia because of an inability to respond appropriately to
body iron status (Nicolas et al., 2002a; Rivera et al., 2005a; Roy et al., 2007).
In combination with other studies, these observations suggested that
increased hepcidin expression effectively shuts off iron absorption and
macrophage iron recycling, trapping iron within enterocytes and macro-
phages. This inhibition of iron entry into circulation stalls erythropoiesis
leading to a microcytic, hypochromic anemia. Taken together, these studies
suggested that hepcidin is a negative regulator of cellular iron egress.

3.2. Molecular mechanism of hepcidin action

The lack of iron in enterocytes and macrophages in hepcidin deficiency, and
the accumulation of iron in these cell types when hepcidin is in excess, led
to the hypothesis that hepcidin functions to block ferroportin activity.
Nemeth et al. developed a polarized human embryonic kidney cell line
that expressed ferroportin tagged with green fluorescent protein and treated
them with purified, active, hepcidin peptide. Initially, ferroportin was
expressed on the cell membrane. However, within hours of hepcidin
treatment, ferroportin was internalized into the cytoplasm where it was
targeted for lysosome-mediated degradation. Binding studies indicated that
hepcidin attached directly to ferroportin to trigger these events (Nemeth
et al., 2004b).
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Other investigators have corroborated these results by showing that
hepcidin binds to the cell surface of iron-loaded macrophage cell lines,
resulting in cellular iron retention (Delaby et al., 2005). A detailed model
for hepcidin-mediated degradation of ferroportin has been proposed, based
on in vitro studies (De Domenico et al., 2007b). Hepcidin binding leads to
tyrosine phosphorylation. Phosphorylated ferroportin is internalized,
dephosphorylated, and then decorated with ubiquitin. Ubiquitinated ferro-
portin is trafficked through multivesicular bodies to the lysosome. While
this series of events has not yet been observed in animals, the accumulation
of synthetic hepcidin in ferroportin-expressing organs when administered
to mice suggests that the model is legitimate in vivo (Rivera et al., 2005b).

Additional understanding about ferroportin regulation can be gleaned
from spontaneous mutations observed in human patients with abnormal
iron homeostasis. Genetic lesions in ferroportin lead to two distinct, auto-
somal dominant disorders. A minority of patients have a clinical picture
characterized by hepatic iron loading and elevated plasma iron, very similar
to genetic hemochromatosis (discussed later). However, most patients have
a different presentation, with iron loading in tissue macrophages (‘‘ferro-
portin disease’’). With few exceptions, the pathophysiology of these diseases
can be explained by the effects of the mutations on ferroportin activity with
respect to subcellular localization, iron export capability, and ability to
interact with hepcidin.

Class I ferroportin mutations are associated with the hemochromatosis-
like phenotype. They include Y64D, N144H, N144D, Q182H, C326S,
and S338R (De Domenico et al., 2005, 2006; Drakesmith et al., 2005; Liu
et al., 2005; Schimanski et al., 2005; Sham et al., 2005; Wallace et al., 2007).
These have been characterized as gain of function mutations because they
render the ferroportin protein resistant to hepcidin regulation in spite of
normal or increased hepcidin levels, resulting in uncontrolled iron export.
Class II ferroportin mutations are associated with ferroportin disease
(De Domenico et al., 2005, 2006; Drakesmith et al., 2005; Liu et al., 2005;
Schimanski et al., 2005; Sham et al., 2005; Zoller et al., 2005). They include
A77D, D157G, V162del, G323V, and G490D. These mutations result in a
loss of protein function and/or aberrant subcellular localization. A recently
described mouse mutant appears to have this type of mutation, in a protein
with dominant negative function (Zohn et al., 2007). Several known
ferroportin mutations cannot easily be placed into either of these categories.

Understanding that hepcidin maintains iron homeostasis through a
physical interaction with ferroportin has led to a plausible model for the
normal maintenance of iron homeostasis (Fig. 6.1) and the disruption
of homeostasis in human disease. Increased plasma iron may be sensed by
liver hepatocytes leading to the induction of hepcidin expression and to
increased hepcidin secretion into the plasma. Circulating hepcidin then
binds to ferroportin on the surface of iron-exporting cells, triggering
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internalization and degradation, rendering it unable to export iron. At the
other extreme, increased iron utilization, particularly by developing ery-
throcytes, would deplete plasma iron, signaling for decreased hepcidin
production. As the residual circulating hepcidin is cleared from the plasma
through binding to ferroportin and by urinary excretion, ferroportin is
replaced on the membrane. Iron export into the plasma returns plasma
iron levels to normal. The anemia of inflammation and genetic hemochro-
matosis, discussed in the following sections, are thought to result from
perturbations in this homeostatic regulatory mechanism.

3.3. Hepcidin and the pathogenesis of the
anemia of inflammation

The anemia of inflammation, also known as the anemia of chronic disease, is
an acquired condition that affects patients with a variety of inflammatory
disorders including infection, arthritis, inflammatory bowel disease, trauma,
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Figure 6.1 Normal iron homeostasis mediated by an iron-sensing feedback loop.
When systemic iron (sensed from iron stores and or circulating iron-bound transferrin)
is elevated above a preset threshold, hepatocytes sense the elevation and upregulate
hepcidin accordingly (left side, top to bottom). Hepcidin, in turn, travels in the
circulation to tissues expressing ferroportin. Hepcidin binds ferroportin and targets it
for degradation. Decreased cell surface ferroportin leads to decreased circulating iron.
When systemic iron falls below a set threshold, the liver senses this change and down-
regulates hepcidin (right side, top to bottom). Less circulating hepcidin allows newly
synthesized ferroportin molecules to repopulate the cell membrane and export iron,
increasing both macrophage iron recycling and intestinal absorption. Each branch of
this regulatory loop drives systemic iron levels toward optimal amounts to sustain
erythropoiesis and other body iron needs. An inability to sense high iron and/or to
downregulate ferroportin leads to hemochromatosis. Conversely, inappropriately high
expression of hepcidin in the setting of decreased iron availability results in the anemia
of chronic disease.
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organ failure, and cancer. It is characterized by mild-to-moderate anemia,
low serum iron, macrophage iron retention, and impaired intestinal iron
absorption. This disorder was first linked to aberrant hepcidin expression
through the study of an unusual group of patientswith a congenital metabolic
disorder complicated by anemia and hepatic adenomas (Weinstein and
Wolfsdorf, 2002; Wolfsdorf and Crigler, 1999). The patients had clinical
features of severe anemia of inflammation, attributable to a constitutive high
level of hepcidin expression by hepatocytes comprising the adenomas
(Weinstein et al., 2002). It was unclear why the adenoma tissue failed to
regulate hepcidin expression appropriately, but the inappropriately high
level of hepcidin readily accounted for the anemia. Furthermore, iron
homeostasis returned to normal upon removal of adenomas (Roy et al.,
2003; Weinstein et al., 2002).

Subsequent studies further supported the link between increased hepci-
din expression and the anemia of inflammation in more routine clinical
settings (Nemeth et al., 2003). Induction of an inflammatory response using
a variety of methods increased hepcidin expression in both mice and
humans (Kemna et al., 2005; Lee et al., 2004; Nicolas et al., 2002b; Roy
et al., 2004). Furthermore, a mouse model of induced hepcidin overexpres-
sion recapitulates hallmark signs of the anemia of inflammation (Roy et al.,
2007).

A mechanistic link between inflammation and hepcidin was forged with
the discovery that hepcidin is an acute phase protein upregulated by inter-
leukin-6 (IL-6) in isolated hepatocytes and in hepatocyte-like cell lines
(Nemeth et al., 2003). Administration of IL-6 also caused increased hepcidin
production and consequent hypoferremia in both mice and humans
(Nemeth et al., 2004a). Mice lacking IL-6 failed to induce hepcidin nor-
mally in response to treatment with endotoxin (Nemeth et al., 2004a).
Taken together, these studies show that IL-6-mediated induction of hepci-
din in inflammation can explain, at least in part, the pathogenesis of the
anemia of inflammation.

IL-6 binds to its cell surface receptor to stimulate several distinct signal
transduction pathways. Of these, JAK/STAT3 signaling appears to be
important for induction of hepcidin expression (Pietrangelo et al., 2007;
Verga Falzacappa et al., 2007; Wrighting and Andrews, 2006). An IL-6
responsive, STAT3-binding transcriptional regulatory element was identi-
fied in the proximal hepcidin promoter. STAT3 regulation of hepcidin is
compelling because while inflammation is one stimulus that can activate the
transcription factor, STAT3 can also be activated and repressed by a pleth-
ora of other stimuli (Watson, 2001). Thus, it is reasonable to speculate that
STAT3 regulation might prove to be a more general mode of modulating
hepcidin expression. Conversely, some investigators have suggested that
other cytokines may contribute to hepcidin induction in inflammation,
though probably to a lesser extent than IL-6 (Lee et al., 2005).
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3.4. Hepcidin and the pathogenesis
of genetic hemochromatosis

Hemochromatosis is a genetic iron overload disorder characterized by
increased dietary iron absorption, increased plasma iron, and deposition of
iron in the liver, heart, pancreas, and other tissues. Tissue iron accumulation
can lead to liver fibrosis and cirrhosis, heart failure, diabetes, and other
endocrinopathies. The disease is caused by mutations in any of five known
genes: the classical hemochromatosis gene (HFE) (Feder et al., 1996), TFR2
(Camaschella et al., 2000), hemojuvelin (HJV) (Papanikolaou et al., 2004),
ferroportin (as discussed above), and hepcidin itself (Roetto et al., 2003).
While mutations in other genes can also lead to iron overload in certain
tissues (e.g., ceruloplasmin, transferrin, DMT1), those disorders lack the
characteristic features seen in hemochromatosis caused by mutations in the
hepcidin, HFE, ferroportin, TFR2, and HJV genes. The pathogenesis of
hemochromatosis resulting from ferroportin and hepcidin mutations has
already been discussed in the context of known human mutations and
animal models. It is now clear that hemochromatosis due to mutations in
HFE, TFR2, and HJV genes is invariably associated with inappropriately
low hepcidin expression for the amount of total body iron (Bridle et al.,
2003; Nemeth et al., 2005; Papanikolaou et al., 2004; Roetto et al., 2003).
This implies that all three of those proteins are involved in the regulation
of hepcidin expression. In further support of a role for HFE upstream of
hepcidin, forced expression of hepcidin in HFE knockout mice not only
rescues the iron overload phenotype but also causes anemia (Nicolas et al.,
2003). However, the exact cellular functions of HFE, TFR2, and HJV are
not fully understood.

HFE encodes an atypical major histocompatibility class I-like protein
that forms a heterodimer with b-2-microglobulin but is unable to present
small peptide antigens. The large majority of hemochromatosis patients are
homozygous for a C282Y missense allele derived from a unique Celtic
ancestor. The first clue to its role came when it was discovered that HFE
associates with TFR1 to form a stable protein complex (Bennett et al., 2000;
Feder et al., 1997, 1998; West et al., 2000). HFE competes with holotrans-
ferrin for binding to TFR1. It has been unclear, however, whether the
dynamic interactions among these proteins are involved in iron sensing or in
modulating cellular iron uptake.

TFR2 is a membrane glycoprotein homologue of TFR1 (Kawabata
et al., 1999). It is predominantly expressed in the liver and has been
proposed to act as an iron sensor because its cell surface expression increases
and is stabilized in response to holotransferrin ( Johnson and Enns, 2004;
Johnson et al., 2007; Robb andWessling-Resnick, 2004). In fact, TFR2 has
been shown to bind holotransferrin and mediate its internalization, although
with decreased efficiency compared to TFR1 (Kawabata et al., 2000).

152 Diedra M. Wrighting and Nancy C. Andrews



Despite these studies, the physiological function of TFR2 remains
unknown.

Similar to those with mutations in the hepcidin gene, patients with
mutations in the HJV gene have severe, early onset ( juvenile) hemochro-
matosis (Papanikolaou et al., 2004). When the gene was first discovered it
was found to have two homologues, termed RGM-A and RGM-B (for
‘‘repulsive guidance molecules’’ A and B). Both homologues were predom-
inantly expressed in the central nervous system (Oldekamp et al., 2004), and
RGM-A had been implicated in axonal patterning (Monnier et al., 2002).
The functions of these proteins were uncertain until it was discovered that
RGM-B could act as a bone morphogenetic protein (BMP) coreceptor
(Samad et al., 2005). This type of coreceptor enhances the signal of an
agonist by increasing receptor sensitivity. It was subsequently shown that
HJV also acts as a BMP coreceptor to regulate hepcidin transcription (Babitt
et al., 2006). Targeted inactivation of the HJV gene in mice caused marked
iron overload in a hemochromatosis distribution pattern (Huang et al., 2005;
Niederkofler et al., 2005). In parallel, it was shown that hepatocyte-specific
inactivation of the murine gene encoding SMAD4, a key intracellular com-
ponent of the BMP signaling pathway, resulted in inappropriately low
hepcidin expression and an indistinguishable juvenile hemochromatosis-
like phenotype (Wang et al., 2005). Finally, administration of BMP to
animals induced hepcidin expression in vivo (Babitt et al., 2007). Several
different BMPs are active in inducing hepcidin expression in cultured cells,
but it remains uncertain which are important in vivo (Babitt et al., 2006,
2007; Truksa et al., 2006; Wang et al., 2005).

It is not immediately obvious how the BMP coreceptor activity of HJV
itself is regulated, but presumably it must respond in some way to informa-
tion about body iron needs and availability. Part of the answer may relate to
a soluble form of HJV, sHJV, which is a proteolytic cleavage product of the
mature protein (Kuninger et al., 2006). Treatment of cultured cells with
recombinant sHJV can suppress hepcidin gene expression (Lin et al., 2005).
In fact, injection of mice with a soluble form of hemojuvelin decreases
SMAD signaling and hepcidin expression, resulting in an increase in splenic
ferroportin, serum iron, transferrin saturation, and liver iron (Babitt et al.,
2007). Furthermore, sHJV shedding can be repressed by treatment with
holotransferrin (Silvestri et al., 2007; Zhang et al., 2007). Taken together,
these studies suggest that sHJV may be involved in transducing a signal for
increased iron absorption, possibly frommuscle cells where HJV is abundantly
expressed.

The mechanism of action of sHJV remains uncertain. It might function
by disrupting a complex between HJV and BMP receptors (or other
molecules) to decrease BMP signaling. Alternatively, sHJV might directly
bind BMP, sequestering the ligand to block signaling. Other HJV regu-
latory mechanisms may involve neogenin, a protein primarily known for its
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functions in the nervous system. Neogenin interacts with related RGM
proteins and has been shown to form a complex with HJV (Rodriguez et al.,
2007; Zhang et al., 2005). Interaction of neogenin with HJV prevents the
liberation of sHJV in response to iron (Zhang et al., 2007).

Loss-of-function mutations in TFR2 and HFE, both in human patients
and in animal models, typically result in less severe, later onset iron overload
compared with hemochromatosis associated with mutations in hepcidin or
HJV (Zoller and Cox, 2005). Moreover, TFR2 and HFE have been shown
to interact, and this interaction can be modulated by holotransferrin
(Goswami and Andrews, 2006). Based on these observations, it is reasonable
to speculate that HJV serves as a major regulator of hepcidin expression
while HFE and TFR2 play accessory roles. To date, however, it has been
unclear whether these proteins operate in parallel pathways or through a
common pathway.

Direct links between ambient iron concentration and changes in hepci-
din expression have been difficult to establish in vitro because treatment of
cultured cells with various forms of iron generally fails to induce hepcidin
expression (Muckenthaler et al., 2003; Nemeth et al., 2003; Pigeon et al.,
2001). When induction has been observed, the effect has been modest at
best (Lin et al., 2007). While this suggests that the mechanism of hepcidin
regulation in vivo is more complex than can be reproduced in vitro, it leaves
investigators with few clues to the identities of hepcidin regulators down-
stream of an iron stimulus. In an alternate approach, Flanagan et al. (2007)
have developed an in vivo bioluminescence imaging system for studying
real-time hepcidin expression. This system may aid in pinpointing the
region of the hepcidin promoter that is responsive to iron, providing insight
into the signaling mechanism involved.

4. Hepcidin and Erythropoeisis

4.1. Hepcidin expression is regulated in response
to bone marrow needs

It has long been known that iron absorption is increased in patients with
congenital anemias characterized by ineffective erythropoiesis (intramedul-
lary destruction of immature erythrocytes in the bone marrow). Clinically,
increased intestinal iron absorption compounds the effects of transfusional
iron overload in patients with thalassemia syndromes, sideroblastic anemia,
or congenital dyserythropoietic anemias. Finch (1994) proposed the exis-
tence of an erythroid regulator of systemic iron homeostasis. The erythron,
composed of developing erythroid cells in the bone marrow and circulating
erythrocytes, utilizes about 80% of the iron found in the plasma. Anemia
results from the inability of the erythroid compartment to receive its full

154 Diedra M. Wrighting and Nancy C. Andrews



complement of iron. The putative erythroid regulator communicates the
iron needs of the erythron to influence changes in intestinal iron absorption.

Because hepcidin is an effective inhibitor of iron absorption, it is reason-
able to speculate that the erythroid regulator includes a mechanism to
decrease hepcidin production. Accordingly, low hepcidin levels have been
reported in mice and patients with thalassemia and other disorders with
ineffective erythropoiesis (Adamsky et al., 2004; Breda et al., 2005;
Gardenghi et al., 2007; Jenkins et al., 2007; Kattamis et al., 2006; Kearney
et al., 2007; Kemna et al., 2007; Roy et al., 2003; Weinstein et al., 2002;
Weizer-Stern et al., 2006b). In these disorders, decreased hepcidin expres-
sion leads to relief of inhibition of ferroportin, resulting in increased iron
release from recycling macrophages and absorptive enterocytes, increasing
availability of the metal for erythropoiesis. However, the iron cannot be
effectively utilized by the erythron, leading to accumulation and tissue iron
overload in the face of anemia.

But what upstream signal shuts off hepcidin production in the service of
the erythron? One possibility is that developing erythrocytes secrete a factor
that circulates to hepatocytes to negatively regulate hepcidin expression.
Supporting this hypothesis, hepcidin expression was downregulated in a
hepatocytic cell line after treatment with thalassemic sera (Weizer-Stern
et al., 2006a). However, in earlier experiments that predated the discovery
of hepcidin, others reported no change in intestinal iron absorption when
serum from severely anemic, hyperabsorbing, hypotransferrinemic mice
was infused into normal mice (Buys et al., 1991). Those results could
support an alternative hypothesis that the erythroid regulator involves
decreased action of a factor that normally stimulates hepcidin synthesis.
Alternatively, the failure to see increased intestinal absorption in vivo
might simply mean that an inhibitor of hepcidin expression is short-lived.

Soluble transferrin receptor-1 (sTFR1) could be a compelling candidate
for a humoral inducer of hepcidin expression. Plasma levels of sTFR1
increase during iron deficiency and ineffective erythropoiesis, both situa-
tions of increased erythron demand for iron (R’Zik and Beguin, 2001). The
function of sTFR1 in plasma is unknown, but high sTFR1 levels correlate
with low hepcidin levels. However, a recent study showed that transgenic
expression of sTFR1 did not have an effect on iron absorption in mice
(Flanagan et al., 2006). Other factors secreted by developing erythroid cells
could be candidate-negative regulators of hepcidin expression. Elucidation
of the upstream portion of the erythroid regulator remains an area of active
investigation.

Intestinal iron absorption also increases in response to hypoxia. While
iron deficiency anemia can certainly cause hypoxia, it is not yet known
whether the erythroid and hypoxia regulators are distinct or overlap at least
in part. Hypoxia causes decreased hepcidin expression both in vivo and in
cell culture models (Nicolas et al., 2002b). Leung et al. (2005) correlated
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hypoxia-induced repression of hepcidin expression with a concomitant
increase in intestinal iron absorption. Others have shown that hypoxia
increases intestinal iron absorption in mice, but its effects are reversed by
administration of turpentine, an inflammatory stimulus that is known to
increase hepcidin expression (Raja et al., 1988). Although it is clear that
hypoxia reduces hepcidin expression and increases iron absorption, the
mechanism by which hypoxia regulates hepcidin has only recently been
explored.

Hypoxia-inducible factor (HIF) is a transcription factor that induces and
represses a variety of genes involved in responding to the stress associated
with hypoxia. HIF regulates erythropoiesis by promoting the expression of
erythropoietin (Goldberg et al., 1991). Additionally, HIF regulates iron
availability for erythropoiesis through upregulation of HO-1 and transferrin
(Lee et al., 1997; Rolfs et al., 1997). The active form of HIF is a heterodimer
of one of three distinct a-subunits and one of two b-subunits. Because
the b-subunit is constitutively expressed, posttranscriptional regulation of
the a-subunit determines the activity of the transcription factor. Under
normoxic conditions, iron-dependent prolyl hydroxylases modify HIF-1a
(Schofield and Ratcliffe, 2005). Modified HIF-1a readily binds to von
Hippel-Lindau (VHL) protein, an E3 ligase that rapidly targets the protein
for proteasome-mediated degradation. This repression does not occur
under hypoxic conditions. Instead, the two HIF subunits dimerize, translo-
cate into the nucleus, and bind to HIF responsive elements in the promoter
regions of target genes. The fact that HIF is involved in regulating genes that
increase iron availability and erythropoiesis suggested that repression of
hepcidin in hypoxic conditions might be mediated by HIF, either directly
or indirectly.

Peyssonnaux et al. (2007) tested the hypothesis that HIF can act as a
direct repressor of hepcidin expression. They showed that HIF-1a activity
was increased in iron-deficient cells. They argued that HIF-1a decreases
hepcidin expression in the setting of iron deficiency. Furthermore, they
identified functional HIF responsive elements within a putative transcrip-
tional regulatory region upstream of the hepcidin gene (Peyssonnaux et al.,
2007). These in vitro results were supported by in vivo data from a VHL-
deficient mouse. VHL deficiency resulted in constitutively active HIF-1a
subunits and decreased hepcidin expression that was dependent on the
presence of functional HIF-1a subunits (Peyssonnaux et al., 2007). These
results were consistent with their model for hepcidin regulation in hypoxia.
Another group, however, argued that HIF is not a key mediator of hepcidin
regulation, and proposed an alternative mechanism involving reactive oxy-
gen species (Choi et al., 2007). Their data suggested that two positively
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acting transcription factors—CEBP-a and STAT3—are negatively regu-
lated by hypoxia independent of HIF (Choi et al., 2007; Courselaud et al.,
2002; Pietrangelo et al., 2007; Verga Falzacappa et al., 2007; Wrighting and
Andrews, 2006).

Although there is still uncertainty about the mechanisms, it is clear that
ineffective erythropoiesis and hypoxia have the capacity to negatively
regulate hepcidin expression. Because ineffective erythropoiesis can cause
hypoxia and hypoxia can influence erythropoiesis, it is difficult to distin-
guish between the actions of these stimuli on hepcidin expression. Regard-
less, the net effect of both, individually or in combination, is to increase
intestinal iron absorption and macrophage iron recycling to provide more
iron for red blood cell production.

5. Conclusions

Over the last 10 years, our understanding of iron metabolism has
increased dramatically (Fig. 6.2). Central to this understanding were the
discoveries of hepcidin, its mechanism of action, and its role as a hormone
regulator of iron homeostasis. Hepcidin indirectly regulates erythropoiesis
by controlling iron availability. In response to inflammation or systemic iron
overload, hepcidin levels rise to decrease iron egress from enterocytes and
tissue macrophages. Conversely, hepcidin levels fall in response to hypoxia,
increased erythroid drive, or iron deficiency to release iron from enterocytes
and tissue macrophages to meet the needs of maturing erythroid cells. Thus,
modulating hepcidin expression serves to maintain iron homeostasis.
Appropriate systemic iron homeostasis ensures that erythrocytes develop
with an appropriate allowance of iron.

Figure 6.2 Pivotal discoveries in iron homeostasis over the last decade. With the
discovery of hepcidin and its role in regulating iron homeostasis, the iron field has
developed a hepcidin-centric view of how systemic iron homeostasis is maintained. The
discoveries listed on this time line have been instrumental in identifying molecules and
mechanisms involved in regulating iron homeostasis. The identification of HFE, TFR2,
HJV, and ferroportin and the characterization of their involvement in the etiology of
hereditary hemochromatosis have provided the basis for the current understanding of
hepcidin regulation and action. The discovery that hepcidin binds ferroportin and
targets it for lysosome-mediated degradation has provided a mechanism for how
hepcidin mediates iron homeostasis. Identification of regulatory networks involving
iron, inflammation, anemia, hypoxia, and bone morphogenetic proteins has provided
novel insights into the way hepcidin gene expression may be regulated. Finally, the
ability to detect hepcidin in serum, to understand its gene regulation in vivo, and to
recapitulate iron regulation of hepcidin in vitro will undoubtedly propel the field into a
future filled with more discovery.
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Abstract

Nitric oxide (NO) is a diffusible free radical generated primarily by NO synthases

(NOS), isoenzymes that convert the L-arginine and molecular oxygen to citrul-

line and NO in cells. Endothelial cells as well as macrophages, components of

hematopoietic microenvironment and potent NO producers, play an active role
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in the modulation of human hematopoietic cell growth and differentiation.

A role of NO in erythroid cell differentiation has been postulated based on

demonstration that NO inhibits growth, differentiation, and hemoglobinization

of erythroid primary cells. Endothelial NOS (eNOS) mRNA and protein levels,

as well as bioactivity, decrease during erythroid differentiation, concomitantly

with the elevation of hemoglobin levels. Human red blood cells (RBCs) have

been reported to contain some eNOS activity; NO appears to affect RBC’s

deformability. Generally, NO activates cellular soluble guanylyl cyclase (sGC)

to produce a second messenger molecule cGMP. NO increases cGMP, g-globin,
and HbF levels in human erythroid cells whereas inhibition of sGC prevents

NO-induced increase in g-globin gene expression. Activation of sGC increases

g-globin gene expression in primary human erythroblasts. High cAMP levels

continuously decrease in contrast to steady but low levels of cGMP during

erythroid differentiation. The activation of the cAMP pathway has also been

reported to induce expression of the g-globin gene in human erythroid cells.

NO is hydrophobic and accumulates in lipid membranes, and most autoxidation

to nitrite in vivo occurs there. The reaction of NO with deoxyhemoglobin

produces nitrosylhemoglobin (HbFe(II)NO), while that with oxyhemoglobin pro-

duced methemoglobin and nitrate. Nitrite can also react with deoxyhemoglobin

to produce NO. This reaction as well as the postulated formation of a thiol-NO

derivative of hemoglobin (SNO-Hb) appears to be major mechanisms for the

preservation and transport of NO bioactivity by red cells—making NO act as a

‘‘hormone.’’ Thus, RBCs and hemoglobin molecules are essential factors in

regulating the bioactivity of NO throughout the mammalian body and may be

important in the pathophysiology of several circulatory diseases and be the

basis for new therapeutic approaches to these diseases.

1. Nitric Oxide

Nitric oxide (NO) is reported to have been first prepared in about
1620 by the Belgian scientist Jan Baptist van Helmont (Encyclopedia Brit-
annica, 15th edn., vol. 8, p.726). In the 1840s, Walter Crum devised a
method for preparing pure NO by shaking together nitric acid, concen-
trated sulfuric acid, and mercury, and in 1908, Fritz Haber described the
synthesis of NO in an electric arc. NO is a colorless gas with good solubility
in water. NO is one of the simplest odd-electron species in which the
presence of the unpaired electron gives it paramagnetic properties and
makes it reactive with many atoms in biological molecules and other free
radicals. The biological half-life of NO is generally considered to be about
1–10 s (Ignarro et al., 1993).

Nitroglycerine has been used for over a century to treat coronary heart
disease, and it has long been suggested that humans synthesize oxides of
nitrogen (see for example Mitchell et al., 1916). Murad discovered in 1977
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that nitroglycerin and similar substances release NO, which relaxes smooth
muscle cells. The existence of an endothelium-derived relaxing factor (EDRF)
was first postulated by Furchgott and Zawadzki (1980). EDRF was later
identified as NO gas synthesized from L-arginine by the action of nitric
oxide synthase (NOS, Palmer et al., 1988). In addition, involvement of
Ca2þ in NO-mediated signal transduction was demonstrated in blood
vessels (Rees et al., 1989) and neurons (Garthwaite et al., 1988). At a
scientific conference in 1986, Furchgott and Ignarro presented their con-
clusions that NO transmits signals in the human organism. NO was named
as a molecule of the year by the journal Science in 1992. The winners of
the 1998 Nobel Medicine Prize, scientists who won for discovering new
properties ofNO, areRobert F. Furchgott, Louis J. Ignaro, and FeridMurad.

NO mediates vasodilatation, causes inhibition of platelet aggregation,
has a role as an important effector molecule of the host defense system
(septic shock, acute and chronic inflammation, destruction of invading
bacteria, viruses, and tumor cells), and functions in neuronal transmission.
As both NO and O2 are hydrophobic, they accumulate in lipid membranes,
and most autoxidation to nitrite in vivo occurs there (Liu et al., 1998b). NO
reacts rapidly with oxyhemoglobin or oxymyoglobin to form nitrate. The
rapid rate of this reaction, together with the high hemoglobin (Hb) con-
centration in blood and the rapid diffusion of NO, makes nitrate the major
endpoint of NOmetabolism in vivo (Liu et al., 2005). It has been determined
that the rate constant of NO consumption by 5�106 red blood cells (RB)/
mL at 37 �C is 0.54 s-1. The half-life of NO calculated from this rate
constant is 1.3 s (Cassoly and Gibson, 1975).

1.1. Chemistry of NO

NO is a small, highly reactive, diffusible free radical. NO is a gas at room and
body temperature, making it highly diffusible within the vasculature. In the
gaseous phase, reaction of NO with oxygen results in the formation of
nitrogen dioxide (NO2). In aqueous aerobic solutions (e.g., supernatant
medium), NO2 decomposes to give mainly nitrite and to a smaller extent
nitrate. Assuming that enough NO is available, NO2 reacts with it to form
dinitrogen trioxide adding to NO’s nitrosative action (Liu et al., 2005). NO
reacts with deoxy- and (as noted above) oxyhemoglobin (deoxyHb and
oxyHb, respectively) at a very high rate to form nitrosyl hemoglobin
(HbNO) and methemoglobin (metHb), respectively (Cassoly and Gibson,
1975; Eich et al., 1996). NO can react rapidly in the intracellular environment
to form nitrite and nitrate, S-nitrosothiols, or peroxynitrite. NO has been
shown to bind rapidly, and with high affinity, to ferrous iron (Fe2þ). As a
consequence of this, NO can bind easily to three forms of iron: free, within
iron–sulfur centers, and within hemoproteins (Thomsen et al., 1995).
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1.2. Synthesis of NO

NO is generated by NOS, a group of evolutionarily conserved cytosolic
or membrane-bound isoenzymes that convert the nonaromatic amino acid
L-arginine, and molecular oxygen, to citrulline and NO in mammalian
and nonmammalian animals (including protozoa and insects) as well as in
plants (Klessig et al., 2000; Nappi et al., 2000; Stuehr, 1999). The neuronal
NOS (nNOS), inducible NOS (iNOS), and endothelial NOS (eNOS)
genes were localized to human chromosome 12q24.2, 17cen–q12, and
7q35–q36, respectively. The human eNOS comprises 26 exons that span
21 kb. The 28-exon nNOS gene on human chromosome 12q24.2 extends
over 100 kb. Human chromosome 17cen-q11.2 houses the 26-exon, 37 kb
iNOS gene (Chartrain et al., 1994; Hall et al., 1994; Robinson et al., 1994).
Cloning of the human and bovine eNOS shows that these proteins have
approximately 60% sequence identity with nNOS and 50% with iNOS.
A sequence similarity between iNOS and nNOS is 53%, and between
iNOS and eNOS is 51%. Murine iNOS and human iNOS share a similarity
of some 80% (Taylor and Geller, 2000).

1.2.1. NOS isoforms
All NOS isoforms are homodimeric enzymes that require the same cosub-
strates [molecular oxygen, nicotinamide adenine dinucleotide phosphate
(NADPH)] and cofactors [flavin mononucleotide (FMN), flavine adenine
dinucleotide (FAD), tetrahydrobiopterin (H4B), heme, Ca2þ/calmodulin
(CaM), and, possibly, also Zn2þ ions, Stuehr, 1999]. NOS isoforms oxidize
L-arginine in a process that consumes NADPH (catalyzes the NADPH-
dependent oxidation) and produces stoichiometric amounts of L-citrulline
and NO. NOS isozymes are divided into two functional classes, constitutive
and inducible.

Constitutive NOSs are present in unstimulated cells, and enzyme activity
is stimulated by increased intracellular calcium levels and interaction with
CaM. Constitutive isoforms are given below:

1. Neuronal NOS (nNOS or NOS I). nNOS first isolated from rat cerebel-
lum (Bredt and Snyder, 1990). nNOS is expressed in: central nervous
system, sympathetic ganglia, adrenal glands, certain areas of the spinal
cord, skeletal muscle, pancreatic islets, macula densa cells of the kidney,
epithelial cells of lung, uterus, and stomach.

2. Endothelial NOS (eNOS or NOS III). eNOS first isolated from
cultured bovine aortic endothelial cells (Forstermann et al., 1991).
eNOS has been purified from arterial and venous endothelial cells,
kidney tubular epithelial cells, and the syncytiotrophoblast of human
placenta.
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3. Mitochondrial NOS (mtNOS). An additional Ca-dependent mtNOS also
synthesizes NO-inhibiting oxidative phosphorylation, that is mitochon-
drial energy producing metabolic process, and protects mitochondria
from oxygen radicals. Mitochondrial membrane possess an electrogenic
uniporter transporting Ca into mitochondria (stimulation of mtNOS),
while the Naþ/Ca2þ exchanger removes Ca from mitochondria. Mito-
chondrial disorders with low mtNOS activity participate in accelerated
aging and age-related diseases. mtNOS has the same cofactor and sub-
strate requirements as other constitutive NOS. mtNOS has been identi-
fied as the a-isoform of nNOS, acylated at a Thr or Ser residue, and
phosphorylated at the C-terminal end. Endogenous NO reversibly
inhibits oxygen consumption and ATP synthesis by competitive inhibi-
tion of cytochrome oxidase. NO is the first molecule that fulfills the
requirement for a cytochrome oxidase activity modulator: it is a com-
petitive inhibitor, produced endogenously at a fair rate near the target
site, at concentrations high enough to exhibit an inhibitory effect on
cytochrome oxidase (Giulivi, 1998; Tatoyan and Giulivi, 1998).

Two different constitutively present isoforms of NOS (eNOS and nNOS)
are responsible for biosynthesis of the relatively small but physiologically very
important amounts of NO. Such small amounts of NO are completely
noncytotoxic. nNOS, in the CNS, is activated by increases in postsynaptic
intracellular Ca2þ levels mediated by glutamate and theN-methyl-d-aspartate
receptor, a glutamate receptor subtype. Glutamate release is stimulated by a
signal from the presynaptic neuron. In brain, nNOS is mainly a soluble
enzyme that migrates with a molecular mass of 150–160 kDa in SDS-
PAGE. In skeletal muscle, nNOS is linked to plasma membrane through a
PDZ–PDZ domain interaction (Brenman et al., 1996). The endoplasmic
reticulum localization was suggested for the major portion of the particulate
nNOS fraction in rat cerebellum (Hecker et al., 1994). The enzyme can be
phosphorylated at serine and threonine residues by Ca2þ/CaM-dependent
protein kinase II and protein kinases A, C, and G.

Myristylation at the N-terminal glycine (glycine-2 before removal of the
initiation methionine by a specific aminopeptidase) is mainly responsible for
the membrane association of the eNOS enzyme; palmitoylation may also
contribute (Shaul et al., 1996). eNOS can undergo serine phosphorylation
in response to bradykinin resulting in a translocation from the particulate to
the cytosolic fraction. The presence of a consensus sequence for N-terminal
myristoylation, absent in the other two isoforms, accounts for the observa-
tion that more than 90% of the enzymatic activity remains associated with
the particulate fraction. The terminal amino acid in the mature eNOS
expressed in mammalian cells is a glycine due to posttranslational processing
of the terminal methionine. Both human and bovine endothelial proteins
are proline-rich and contain a consensus target sequence for myristoylation
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by acyltransferases. It has been proposed that caveolin protein members
function as scaffolding proteins to target signaling proteins to the caveolae,
vesicular organelles located at or near the plasma membrane (Galbiati et al.,
1998). Caveolin-1 targets eNOS to the caveolae and inhibits eNOS activity
via a direct interaction with the enzyme (Govers et al., 2002). Other groups
have proposed a dynamic cycling of eNOS from the Golgi apparatus to the
plasma membrane thereby regulating eNOS activity (Sessa et al., 1995).
In cultured aortic endothelial cells and intact blood vessels, eNOS is pri-
marily expressed in the Golgi region of the cells (Garcia-Gardena et al.,
1996). eNOS is involved in the regulation of blood pressure, organ blood
flow distribution, the inhibition of the adhesion and activation of platelets
and polymorphonuclear granulocytes.

iNOSs or NOS II with a tightly bound CaM are present in cells after
incubation with cytokines and/or lipopolysaccharide (LPS), and enzyme
activity is relatively insensitive to intracellular calcium levels. iNOS was first
isolated from activated rat peritoneal macrophages (Yui et al., 1991). iNOS
is prominent in a wide array of cells and tissues: macrophages (MacMicking
et al., 1997), chondrocytes (Charles et al., 1993), Kupffer cells, hepatocytes
(Geller et al., 1993), neutrophils (Sethi and Dikshit, 2000), pulmonary
epithelium (Asano et al., 1994), colonic epithelium (Perner et al., 2002),
vasculature (Hickey et al., 2001), and various neoplastic diseases. The main
switch for activity of iNOS is the level of its mRNA.

An inducible isoform of NOS, which is a distinct gene product from the
constitutive isoforms, is responsible for high-output production of NO.
Generation of large amounts of NO is associated with cytotoxicity and
pathophysiology. A CaM consensus sequence has also been found in the
iNOS. This was unexpected because this isoform had demonstrated no
dependence on Ca2þ or CaM. Nathan and coworkers report that the
macrophage iNOS contains CaM that is tightly bound and requires very
low levels of Ca2þ for activation. These results suggest that iNOS is also
regulated by Ca2þ and CaM but shows no apparent requirement because of
an apparently high affinity for the Ca2þ/CaM complex. iNOS has a dena-
tured molecular mass of 125–135 kDa and like nNOS it is a predominantly
soluble enzyme. Once expressed, no regulatory mechanisms (except for
product inhibition by NO) are known to regulate the activity of iNOS.
Examples include induction of NOS in vascular smooth muscle resulting in
profound vasorelaxation and hypotension, the characteristics of endotoxin
shock; induction of NOS in brain microglia and astrocytes thereby resulting
in production of large amounts of NO that permeate nearby oligodendro-
cytes resulting in impaired myelin production, the hallmark feature of
multiple sclerosis; induction of NOS in joint tissues resulting in acute and
chronic inflammation, characteristic signs of arthritic disease. nNOS and
eNOS produce low NO concentrations for neurotransmission, insulin
release, penile erection, vasorelaxation, oxygen detection, and memory
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storage, whereas cytokine-iNOS produces larger NO concentrations
to counter pathogens and coordinate the T-cell response [through the
production of peroxynitrite (ONOO–)].

1.2.2. NOS structure
All NOS isoforms catalyze a five-electron oxidation of guanidino nitrogen
of the amino acid L-arginine to NO. This process involves the oxidation of
NADPH and the reduction of molecular oxygen. All NOS isoforms are
homodimers, the dimer being the catalytically active form. Each monomer
comprises three distinct domains:

1. The reductase domain: a C-terminal electron-supplying reductase domain
(NOSRED, residues 531–1144 for iNOS). NOSRED is homologous
to cytochrome P450 reductase and binds FMN, FAD, and NADPH.
Consensus sequences for the reduced form of NADPH, FAD, and FMN
binding are located within the C-terminal half of NOS.

2. The oxygenase domain: a catalytic N-terminal oxygenase domain (NOSOX,
residues 1–498 for iNOS). NOSOX binds heme, H4B, and substrate
L-arginine. NOS oxygenase domain is formed by one continuous fold
made up of several overlapping or winged ß sheets. Thus, the structural
elements responsible for binding L-arginine, H4B, and iron containing
heme group (iron protoporphyrin IX) are located throughout the oxyge-
nase domain, rather than being arranged in a linear series of subdomains
along polypeptide sequence. The heme iron is predominantly five-
coordinated and has high spin in its ferric form in NOS. It is bound to
the protein through a cysteine thiolate axial ligation, with proximal sub-
strate L-arginine binding and an overall ligand environment similar to the
heme iron in the cytochrome P450s. The FAD- and FMN-containing
reductase domain transfers the electrons from NADPH to heme iron,
enabling it to activate oxygen. Heme-activatedO2 first oxidizes L-arginine
to hydroxyl-L-arginine (NOH-Arg), and this intermediate is then oxidized
to L-citrulline and NO by a second molecule of O2 that is bound to the
same heme cofactor. These reactions occur on the oxygenase domain and
require three electrons fromNADPH. Approximately 1.5 molNADPH is
oxidized per mole of NO formed (Fig. 7.1).

3. CaM binding: the domains are linked by a Ca2þ/CaM-binding region. In
eNOS and nNOS, Ca2þ/CaM binding aligns the domains and stimulates
electron flow, accounting for enzyme activation. The intervening CaM-
binding region (residues 499–530 for iNOS) regulates reduction of
NOSOX by NOSRED. The CaM-free form of nNOS was found to load
NADPH-derived electrons exclusively into its flavins, and could transfer
electrons to its heme iron only upon CaM binding. iNOS also appears to
require its tightly bound CaM to carry out heme iron reduction.
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L-Arginine þ 2O2 þ 1.5 NADPH !
L-Citrulline þ NO þ 1.5 NADPþ þ 2H2O

Most NOS inhibitors described to date bind to the oxygenase domain of
NOS and interact with the guanidinium region of the L-arginine-binding
site within NOS.

1.2.3. Arginine–citrulline cycle
Citrulline, the by-product of NO synthesis, is recycled to arginine through
the intermediate formation of arginosuccinate. The relevant metabolic
enzymes for this recycling, arginosuccinate synthase and arginosuccinase,
are highly active in brain, endothelium, and other tissues enriched in NOS.
The formation of citrulline from arginine via the urea cycle is largely
restricted to liver and kidney, as ornithine transcarbomoylase and carbamoyl
phosphate are not present inmost cell types, including neurons and endothelial
cells (Fig. 7.2).

1.3. Degradation of NOS in human cells

iNOS, eNOS, and nNOS protein levels are increased in the presence of the
proteasome inhibitors (Bender et al., 2000; Cokic et al., 2007b; Musial and
Eissa, 2001). Proteasomes are large multi-subunit complexes, localized in
the nucleus and cytosol that selectively degrade intracellular proteins. The
ubiquitin–proteasome pathway has been implicated in the destruction of
proteins that participate in cell cycle progression, transcription control,
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Figure 7.1 The synthesis of nitric oxide by eNOS. The FAD- and FMN-containing
reductase domain transfers the electrons from NADPH to the enzyme’s heme iron,
enabling it to activate O2. Heme-activated O2 oxidizes L-arginine to hydroxyl-L-
arginine (NOH-Arg), and this intermediate is then oxidized to L-citrulline and NO
by a second molecule of O2 that is bound to the same heme cofactor. These reactions
occur on the oxygenase domain and require three electrons from NADPH. Approxi-
mately 1.5 mol NADPH oxidized per 1 mol NO formed.
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signal transduction, and metabolic regulation. A protein marked for degra-
dation is covalently attached to multiple molecules of ubiquitin, which
escorts it for rapid hydrolysis to the multicomponent enzymatic complex
known as the 26S proteasome. The proteolytic core of this complex, the
20S proteasome, contains multiple peptidase activities and functions as the
catalytic machine (Magill et al., 2003). NO upregulates p21 protein expres-
sion through the prevention of p21 protein degradation by the ubiquitin–
proteasome pathway and NO-induced accumulation of tumor suppressor
protein p53 is also mediated by inhibition of the proteasome (Glockzin
et al., 1999; Kibbe et al., 2000). Proteasome inhibitors completely blocked
tumor necrosis factor (TNF)- and interleukin (IL)-1b-stimulated cell sur-
face expression of VCAM-1 and ICAM-1 in endothelial cells (Cobb et al.,
1996). NO donors, as well as proteasome inhibitors, inhibited cytokine-
induced ICAM-1 and -VCAM-1 expression (Cobb et al., 1996; De
Caterina et al., 1995). The proteasome inhibition also significantly enhanced
endothelial-dependent vasorelaxation of rat aortic rings (Stangl et al., 2004).
In addition, the proteasome inhibitors increased NO production in endo-
thelial cells (Cokic et al., 2007b). The proteasome inhibitor bortezomib
decreases proliferation, induces apoptosis, enhances the activity of chemo-
therapy and radiation, and reverses chemoresistance in a variety of hemato-
logic and solid malignancy models in vitro and in vivo (Hamilton et al., 2005;
Hideshima et al., 2001).
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Figure 7.2 Nitric oxide synthesis in endothelial cells. The diagram shows how signal
transduction is transmitted to activate the NOS via calcium, the arginine–citrulline
cycle, and the effects of NO on conversion of GTP to cGMP.
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1.4. NO–cGMP pathway

1.4.1. Guanylyl cyclase and a second messenger molecule cGMP
cGMP acts as an intracellular signal molecule in the regulation of various
cellular events. cGMP is recognized as a second messenger molecule
involved in smooth muscle relaxation (Lincoln, 1989), inhibition of platelet
aggregation (Mellion et al., 1981), and neurotransmission (Garthwaite et al.,
1988). cGMP applies its effects through cGMP-dependent protein kinases,
cGMP-regulated phosphodiesterases, and cGMP-regulated ion channels.
Most of the cGMP effects have been shown to be mediated by the
cGMP-dependent kinase.

Although cGMP-forming activity was first described in 1969 (Hardman
and Sutherland, 1969), it took until the mid-1970s to find out that there are
two different types of guanylyl cyclase (GC; Chrisman et al., 1975), which
were subsequently found to differ not only in their cellular localization.
Two major types of cGMP-forming enzymes are the membrane-spanning
peptide-regulated guanylyl-cyclases and the NO-sensitive guanylyl-cyclases
(NO-sensitive GCs) found mainly in the cytosol. NO-sensitive GC consists
of two distinct subunits, a and b. The enzyme (a1b1) was purified from lung
tissue and both subunits were cloned and sequenced 20 years ago (Koesling
et al., 1988). Two additional subunits, a2 and b2, were obtained by homol-
ogy screening (Harteneck et al., 1991). The a2-subunit was able to form a
catalytically active and highly NO-sensitive GC upon coexpression with
the b1-subunit in COS cells (Yuen et al., 1990) and a2b1-heterodimers have
been shown to exist physiologically (Russwurm et al., 1998). The enzyme
contains a prosthetic ferrous heme group to which NO binds with high
affinity (Gerzer et al., 1981). Formation of NO–heme complex and a
subsequent conformational change are responsible for the up to 200-fold
increase in the catalytic rate (Stone and Marletta, 1995). NO-sensitive GC,
similar to other nucleotide-converting enzymes, requires Mg2þ as cofactor
for catalysis. The NO-sensitive GCas well as the adenylyl cyclases contain
two different catalytic, whereas the peptide-regulated GCs contain two
identical catalytic domains. Each subunit of NO-sensitive GC can be
divided into three parts: a C-terminal catalytic domain, a domain com-
monly referred to as dimerization domain, and an N-terminal regulatory
domain involved in heme binding. The C-terminal catalytic domains are
highly conserved among the subunits of NO-sensitive GC and show
homologies to the respective regions in the peptide receptor GCs and the
adenylyl cyclases. The N-terminal parts of the subunits bind and coordinate
with the heme and are therefore commonly designated as regulatory
domains. The enzyme binds heme in a ratio of one mole per mole hetero-
dimer (Brandish et al., 1998) The enzyme contains a five-coordinated
ferrous heme iron with a histidine, as the axial ligand, at the fifth coordinat-
ing position (Stone and Marletta, 1994). The histidine 1 residue (His-105)
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of the b1-subunit was identified as the proximal heme ligand (Wedel et al.,
1994). The prosthetic heme group mediates the NO-induced stimulation
subsequent to binding NO. Activation of NO-sensitive GC is initiated by
NO binding to the sixth coordinating position of the heme iron that leads to
breakage of the histidine–iron bond yielding a five-coordinated nitrosyl–
heme complex (Gerzer et al., 1981). The change in heme conformation is
transduced to the catalytic cGMP forming domain resulting in the up to
200-fold activation of the enzyme. By replacing the heme, the heme
precursor protoporphyrin IX stimulates the enzyme NO independently
indicating that protoporphyrin IX, due to the lack of the central iron, is
able to mimic the conformation of NO-bound heme (Ignarro et al., 1982).
The finding is compatible with the assumption that the release of the
histidine–iron bond is required for stimulation of GC. Several models
exist to explain the activation of NO-sensitive GC, the simplest is thought
to occur in two steps: binding of NO to the sixth coordination position of
the heme results in a six-coordinated NO-Fe2þ–His complex. The
subsequent breakage of the histidine-to-iron bond leads to the formation
of a five-coordinated nitrosyl–heme complex (Gerzer et al., 1981). The
opening of the histidine-to-iron bond is considered to initiate a conforma-
tional change resulting in the activation of the enzyme, up to 200-fold.
In support of this simple model, protoporphyrin IX activates NO-sensitive
GC independently of NO (Ignarro et al., 1982).

Generally, dissociation of NO from the heme group is considered to
trigger deactivation of GC. Other five-coordinated heme proteins exhibit
very slow NO dissociation rates (Kharitonov et al., 1997); with respect to
NO-sensitive GC, this would imply that the enzyme is not able to imme-
diately respond to changing NO concentrations. The half-life of the NO–
GC complex of 2 min in the absence of substrate has been confirmed
(Brandish et al., 1998). NO-sensitive GC is catalytically active only as a
heterodimer (Budworth et al., 1999; Harteneck et al., 1990; Kamisaki et al.,
1986). Besides the interaction of the a2b1-isoform with PDZ-containing
proteins, translocation of the a1b1-isoform to the plasma membrane in
response to elevated calcium concentrations has been reported. Further-
more, the membrane-associated enzyme appeared to display a higher NO
sensitivity. The tissue distribution of the NO-sensitive GC has been studied
on RNA and protein levels. Northern blot analysis revealed a broad distri-
bution of both the a1- and b1-subunits, which is in accordance with the
notion of the a1b1-isoform being the predominant isoform. The a2-subunit
was only detected in brain, placenta, and uterus (Budworth et al., 1999).
In rat brain, a widespread distribution of the a1-, a2- and b1-subunits was
demonstrated by RT-PCR and in situ hybridization; some regions predom-
inantly expressed either the a1-subunit or the a2-subunit explaining mis-
matches between the a1 and b1 distributions observed earlier (Furuyama
et al., 1993; Gibb and Garthwaite, 2001). The major occurrence of a1b1 in
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brain is compatible with the concept that this isoform represents the
neuronal isoform of NO-sensitive GC and plays a specific role in synaptic
transmission. This is supported by the finding that this isoform is targeted to
synaptic membranes. On the other hand, the a2b1-isoform is most promi-
nent in vascularized tissues and therefore may represent the vascular form of
the enzyme. Thus, the differential subcellular and tissue localization of the
two GC-isoforms may reflect the association to the neuronal and eNOS,
respectively.

2. NO Influence on Cell Differentiation

2.1. Role of NO in hematopoietic cell differentiation

2.1.1. NO paracrine effects via stromal cells
Bone marrow stromal cells serve hematopoietic microenvironments where
different blood cells are controlled in their growth and differentiation. The
different components of human bone marrow stroma (fibroblasts, fat cells,
macrophages, and endothelial cells) may provide the preferable microenvi-
ronment for a rapid expansion of the lineage-restricted progenitor cells
(Gordon et al., 1983). Numerous growth factors, cytokines, and chemo-
kines are secreted by human CD34þ cells, myeloblasts, erythroblasts, and
megakaryoblasts and regulate normal hematopoiesis in an autocrine/para-
crine manner (Majka et al., 2001). G-protein signaling induces mobilization
of hematopoietic stem/progenitor cells in mice (Papayannopoulou et al.,
2003). eNOS is regulated in endothelial cells by reversible and inhibitory
interactions with G–protein-coupled receptors (Marrero et al., 1999). Mice
deficient in eNOS demonstrate a defect in progenitor cell mobilization.
These findings indicate that eNOS, expressed by bone marrow stromal cells,
influences recruitment of stem and progenitor cells (Aicher et al., 2003).
The G–protein-coupled, extracellular calcium-sensing receptor (CaR) is
expressed in bonemarrow-derived cells, including stromal cells. CaR agonists
stimulate phosphorylation of ERK1/2 and p38 MAPK (Yamaguchi et al.,
2000). Furthermore, inhibition of ERK activity induced erythroid differen-
tiation, and it acted synergistically with hydroxyurea, a g-globin inducer,
on Hb synthesis, whereas inhibition of p38 activity inhibited induction of
Hb production by hydroxyurea in human erythroleukemic K562 cells
(Park et al., 2001).

2.1.2. Hematopoietic stem cells
Since its inception in the 1960s, the hematopoietic stem cells research
community has accumulated a tremendous amount of knowledge regarding
stem cell systems, as well as developing a large number of techniques with
uses for both basic research and clinical application (Metcalf, 2001).
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Hematopoietic stem cells are pluripotent cells able to give rise to at least 10
different functional cell types (neutrophil, monocytes/macrophages, baso-
phils, eosinophils, RBCs, platelet, mast cells, dendritic cells, B and T
lymphocytes; Abramson et al., 1977). Two types of stem cells have been
defined. The long-term repopulating cells are capable of producing all
blood cell types for the entire life span of the individual and of generating
progeny that display similar potentiality on secondary transplant. The short-
term repopulating cells reconstitute myeloid and/or lymphoid compart-
ments for a short period (Harrison and Zhong, 1992; Morrison and
Weissman, 1994). The process by which stem cells give rise to terminally
differentiated cells occurs through a variety of committed progenitor cells,
often overlapping in their hemopoietic capacity (Dexter et al., 1984).

2.1.3. Erythropoietin and a role of NO in erythroid cell differentiation
Erythropoietin (Epo) acts primarily on apoptosis to decrease the rate of cell
death in erythroid progenitor cells in the bone marrow (Koury and
Bondurant, 1990; Lin et al., 1985). Epo is predominantly synthesized and
secreted by tubular and juxtatubular capillary endothelial and interstitial cells
of the kidney (Fisher et al., 1996; Mujais et al., 1999), whereas approximately
10–15% of the total amount Epo comes from extrarenal sources and is
predominantly produced by hepatocytes and Kupffer cells of the liver
(Eckardt et al., 1994). Epo acts on the later stages of development of erythroid
progenitor cells, primarily on colony-forming unit erythroid (CFU-E) to
induce these cells to proliferate and mature through the normoblast into
reticulocytes and mature RBCs (Gregory and Eaves, 1974). Epo acts syner-
gistically with SCF, GM-CSF, IL-3, IL-4, IL-9, and IGF-1 to cause matura-
tion and proliferation from the stage of the burst-forming unit erythroid
(BFU-E) and CFU-E to the normoblast stage of erythroid cell development
(Wu et al., 1995). The Epo receptor is apparently expressed primarily on
erythroid cells between the CFU-E and the pronormoblast stage of erythroid
cell development (Sawada et al., 1990). Epo binding to the receptor changes
the conformation of the Epo receptor, which is necessary for JAK2 activation
by a mechanism of self-dimerization (Constantinescu et al., 2001). It has been
recently reported that an increase in eNOS expression as well as in NO and
cGMP production occurs in response to Epo during hypoxia in endothelial
cells (Beleslin-Cokic et al., 2004).

A role of NO in erythroid cell differentiation has been postulated based on
demonstration that exogenous NO inhibits growth of erythroid primary cells
and colony cultures (Maciejewski et al., 1995). NO levels decreased signifi-
cantly erythroid differentiation in hemin-induced and control cells; the
decrease was, however, more in the hemin-induced group (Kucukkaya
et al., 2006). NO is able to inhibit erythroid cell differentiation induced
by some (butyric acid and the anthracycline antitumor drugs aclarubicin
and doxorubicin), but not all (hemin) agents. Also, erythroid cell
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hemoglobinization was inhibited by NO donors (Chenais et al., 1999). NO
decreased CFU-E and colony-forming unit-granulocyte macrophage (CFU-
GM) formation derived from mononuclear cells isolated from human bone
marrow. However, NO increased CFU-GM and decreased CFU-E forma-
tion derived from CD34þ cells (Shami and Weinberg, 1996). Although NO
increased intracellular levels of cGMP in bone marrow cells, addition of a
membrane permeable cGMP analogue did not reproduce the previous men-
tioned NO effects on bone marrow colonies (Shami and Weinberg, 1996).

2.2. NO function in endothelial cell differentiation

2.2.1. Endothelial cell as a component of bone marrow stroma
The endothelial cells as well as macrophages, normal components of bone
marrow stroma, play an active role in the modulation of human hemato-
poietic stem cell growth. The murine endothelial cell lines stimulate the
proliferation and differentiation of erythroid precursors, where close cell
contact is necessary for erythropoiesis (Ohneda and Bautch, 1997). A media,
conditioned by human endothelial cell cultures, also stimulates the growth
of human multipotent and committed erythroid (BFU-E, CFU-E) pro-
genitors (Yamaguchi et al., 1996). It has been shown that human umbilical
vein endothelia cells (HUVEC), as well as human bone marrow endothelial
cell line (TrHBMEC), can also support hematopoietic progenitor cells as a
stromal microenvironment and induce formation of erythroid colonies
(Yamaguchi et al., 1996).Nopreferential adhesionofhematopoieticprogenitor
cells toHBMECcompared toHUVECcells was observed (Rood et al., 1999).
NO produced by endothelial stromal cells should have a paracrine effect
on erythroid cells in the bone marrow, as well as HbF induction. The
erythroblast–macrophage contact in the erythroblastic islands promotes prolif-
eration and terminal maturation of erythroid cells leading to their enucleation
(Wilson and Tavassoli, 1994), whereas the growth and composition of granu-
locytic and erythroid colonies were unaffected in fibroblast-deficient human
marrow cells (Abboud et al., 1986). Hb synthesis of K562 cells was increased
after coculture with HUVEC and most monolayers of bone marrow-derived
macrophages, as well as with cell-free culture media conditioned by blood
monocyte-derived macrophages (Zuhrie et al., 1988). Further, induction of
NO production in macrophages by hydroxyurea has been reported, which
would also amplify effects on hematopoietic cells (Pai et al., 1997).

2.2.2. Control of eNOS activity in endothelial cells
Several reports suggest that cytokines and interleukins, once thought to be
explicit for the hematopoietic system, particularly granulocyte-macrophage
colony-stimulating factor (GM-CSF), IL-3, IL-4, IL-6, and IL-8, are capa-
ble of affecting metabolism and function of endothelial cells (Bussolino et al.,
1989, 1991). G-CSF, GM-CSF, vascular endothelial growth factor,
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sphingosine-1-phosphate, and shear stress are known to activate endothelial
NO production through the phosphatidylinositol 30-kinase (PI3K)/protein
kinase B (PKB/Akt) pathway and to induce endothelial cell proliferation
and migration (Boo et al., 2002; Dimmeler et al., 1999; Michell et al., 2001;
van der Zee et al., 1997). eNOS is rapidly activated and phosphorylated on
both Ser-1177 and Thr-495 in the presence of cGMP-dependent protein
kinase II and the catalytic subunit of PKA in endothelial cells (Fig. 7.3). These
processes are more prominent in the presence of Ca2þ/CaM. PKA signaling
acts by increasing phosphorylation of Ser-1177 and dephosphorylation of
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Figure 7.3 Activation of eNOS enzyme. eNOS enzyme is a homodimer composed of
two identical subunits that contain the reductase (yellow), oxygenase (green), and
calmodulin (CaM)-binding domains. cAMP-dependent protein kinase A (PKA) signal-
ing acts by increasing phosphorylation of residue Ser-1177 and dephosphorylation of
Thr-495 to activate eNOS. cAMP-mediated eNOS activation depends on Ca2þ release
from internal stores. Ca2þ/CaM binding aligns the domains and stimulates electron
flow, accounting for enzyme activation. eNOS oxidizes L-arginine in a process that
consumes NADPH and produces L-citrulline and NO. NO activates soluble GC to
produce cGMP. An elevated cGMP level attenuates the store-operated Ca2þ entry. The
phosphatidylinositol 30-kinase (PI3K)/protein kinase B (PKB/Akt) pathway can also
activate eNOS. Caveolin-1 targets eNOS to the caveolae, vesicular organelles located
at the plasma membrane. Myristylation at the N-terminal glycine (glycine-2 before
removal of the initiation methionine by a specific aminopeptidase) is mainly responsible
for the membrane association of the eNOS enzyme; palmitoylation may also contrib-
ute. 26S proteasome are large multi-subunit complexes that selectively degrade eNOS
protein. The proteolytic core of this complex is the 20S proteasome.
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Thr-495 to activate eNOS (Boo et al., 2002). Shear stress stimulates
phosphorylation of bovine eNOS at the corresponding serine in a PKA-
dependent, but PKB/Akt-independent manner, whereas NO production is
regulated by the mechanisms dependent on both PKA and PKB/Akt (Boo
et al., 2002). The cAMP elevation activates the L-arginine/NO system and
induces vasorelaxation in rabbit femoral artery in vivo and human umbilical
vein (Ferro et al., 1999; Xu et al., 2000), as well as inhibition of platelet
adhesion to endothelium (Queen et al., 2000). A relaxant response of
rat aorta to cAMP-mediated vasodilators is regulated by NO production
in endothelium and subsequent increase in cGMP in vascular smooth
muscle cells (Toyoshima et al., 1998). cAMP-mediated eNOS activation is
associated with phosphorylation of residue Ser-1177 in HUVEC in a
PI3K)-independent manner (Kaufmann et al., 2003). It has been reported
that Akt is transiently activated in bradykinin-stimulated BAEC down-
stream from PI3K and that a rapid increase in NO production by bradykinin
is mediated by the PKA-dependent phosphorylation of eNOS at Ser-1179
(Bae et al., 2003). cGMP responses to bradykinin were greater in cells with
increased cAMP levels than in control cells with basal levels of cAMP.
The transient rises of cGMP levels induced by bradykinin and endothelin,
which both cause release of Ca2þ from internal stores, were similarly
enhanced by activation of adenylyl cyclase. Therefore, cAMP seems to
enhance NO formation that depends on Ca2þ release from internal stores
(Reiser, 1992). An elevated cGMP level attenuated the store-operated Ca2þ
entry in vascular endothelial cells (Kwan et al., 2000). The cGMP-mediated
[Ca2þ]i-reducing mechanisms may operate as a negative reaction to
protect endothelial cells from damaging effect of excessive [Ca2þ]i. The
main targets of cGMP are phosphodiesterases, resulting in interference with
the cAMP-signaling pathway (Vaandrager and de Jonge, 1996).

2.3. NO induction of differentiation in different cell types

NO is a negative regulator of proliferation of neuroblasts. Its function in
neuronal differentiation basically consists in permitting neuroblasts escape
from the proliferative condition, and supporting their differentiation to a
neuronal phenotype (Contestabile and Ciani, 2004). NO, as a molecule
involved in myoblast proliferation and fusion, also enhanced myoblast
differentiation (Long et al., 2006). NO–cGMP pathway stimulates the
proliferation and osteoblastic differentiation of primary mouse bone
marrow-derived mesenchymal stem cells and osteoblasts (Hikiji et al.,
1997). At low concentrations, NO has a selective enhancing effect on the
induction and differentiation of Th1 but not Th2 cells. NO, at high
concentrations, inhibits the differentiation and development of Th1 cells
via the suppression of IL-12 synthesis (Huang et al., 1998). NO synergizes
with TNF-a and LPS to trigger a modified dendritic cells maturation
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program, resulting in an enhanced ability to stimulate T-lymphocyte
proliferation. NO’s action on maturing dendritic cells depends on activation
of guanylate cyclase and generation of cGMP (Paolucci et al., 2003).

2.4. NO effects on cancer cells

Both NO gas and NO generated by activated macrophage lysates inhibit
tumor cell ribonucleotide reductase. NO-dependent cytostasis begins with a
rapid and reversible inhibition of ribonucleotide reductase, progressively
reinforced by other, long-lasting antiproliferative effects (Lepoivre et al.,
1994).

2.4.1. NO and leukemic cells
NO decreased the viability and the growth of freshly isolated acute non-
lymphocytic leukemia cells in vitro (Shami et al., 1995). It was also reported
that iNOS-transfected erythroleukemic cells grew more slowly than control
cells (Rafferty et al., 1996). The host defense against human erythroleuke-
mic cells is, in part, based on the production of NO by activated macro-
phages (Kwon et al., 1991). Stimulated alveolar rat macrophages release
reactive nitrogen intermediates, in the form of NO, which are cytostatic to
murine leukemia L1210 cells (Huot et al., 1992). After maturation of human
monocytes to macrophages, reactive nitrogen intermediates are employed
in mediating macrophage cytotoxicity toward human erythroleukemic
K562 cells (Martin and Edwards, 1993). However, cells of the blood vessels
can also participate in antitumor defense responses. They produce NO
constitutively (endothelial cells) and after stimulation by proinflammatory
cytokines (endothelial cells and vascular smooth muscle cells). Treatment
with IFN-g and TNF-a induced death of human erythroleukemic K562
cells cocultured with vascular smooth muscle cells or endothelial cells. K562
cells did not produce any appreciable levels of NO, but they were targeted
by reactive nitrogen intermediates released from the cytokine-stimulated
vascular cells that showed formation of nonheme iron–nitrosyl complexes
in the tumor cells (Geng et al., 1996).

2.4.2. Apoptotic properties of NO
High NO concentrations promote apoptosis in most cases, while low NO
concentrations can result in resistance to apoptosis. NO induces biochemi-
cal characteristics of apoptosis in macrophages (Albina et al., 1993), thymo-
cytes (Fehsel et al., 1995), pancreatic islets (McDaniel et al., 1997), certain
neurons (Heneka et al., 1998), and tumor cells (Cui et al., 1994). The factors
affecting cell-specific sensitivity to NO-mediated apoptosis can be asso-
ciated with the redox state within the cells, activation of the apoptotic
signaling cascade (such as caspases, Kim et al., 2000b), the mitochondrial
cytochrome c release (Brown and Borutaite, 1999), or regulation of cell
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survival and apoptotic gene expression (Tamatani et al., 1998). The
induction of apoptosis often requires exposure to high levels of exogenous
NO donors (Messmer et al., 1995), which may overwhelm the natural
protective mechanism of cells. Furthermore, the threshold of the NO
level triggering apoptosis is different from one cell to the other. The
cytosolic cytochrome c activates the caspase-dependent apoptotic signal
cascade, resulting in the degradation of the inhibitor of caspase-activated
DNase (CAD), activation of CAD, and DNA fragmentation (Sakahira et al.,
1998). NO binds to cytochrome c oxidase in the mitochondrial electron
transfer chain (Poderoso et al., 1996). NO produces peroxynitrite
(ONOO�) in response to a rapid reaction with superoxide (O2

�), a powerful
oxidant with sufficient stability to diffuse through cells to react with targets
(Blaise et al., 2005). Enhanced formation of ONOO� induces DNA damage.
In response to DNA damage, p53, a key player in the caspase-independent
pathway, is upregulated and thereby activates the DNA repair enzyme poly-
ADP ribose polymerase. The amount of energy necessary forDNA repair may
stimulate the cell to initiate apoptosis (Borst and Rottenberg, 2004). Perox-
ynitrite induces both the nitration of the tyrosine residue in proteins and the
apoptotic cell death in thymocytes (Salgo et al., 1995), neuronal cells (Bonfoco
et al., 1995), and HL-60 cells (Lin et al., 1995). In the case of apoptosis
promotion, the physiological relevant concentration of peroxynitrite induces
apoptosis in HL-60 human leukemia cells, but fails to affect normal human
endothelial and mononuclear cells (Lin et al., 1995). The sustained activation
of JNK/SAPK and p38 MAPK contributes to NO-mediated apoptosis by
activation of caspase-3 through the release ofmitochondrial cytochrome c into
the cytosol (Assefa et al., 2000; Tournier et al., 2000).

2.4.3. Antiapototic properties of NO
Although NO promotes apoptosis in some cells, it becomes apparent that
NO displays antiapototic properties in other cell types. These include
hepatocytes (Kim et al., 1997a), human B lymphocytes (Mannick et al.,
1994), endothelial cells (Dimmelder et al., 1997), splenocytes (Genaro et al.,
1995), and eosinophils (Beauvais et al., 1995). The intracellular elevation of
cGMP activates PKG and in turn decreases the cellular Ca2þ concentration,
which is one of the key signals of apoptosis. The interference of the
NO–cGMP pathway with the apoptotic signal transduction is controversial.
Undoubtedly, cGMP production by NO can prevent apoptosis in some cell
types including hepatocytes (Kim et al., 1997b), embryonic motor neurons
(Estevez et al., 1998), B lymphocytes (Genaro et al., 1995), eosinophils
(Beauvais et al., 1995), and ovarian follicles (Chun et al., 1995). NO also
counteracts the reactive oxygen species generated by proapoptotic cera-
mides and, in turn, inhibits the assembly of Apaf-1 and pro-caspase-9,
which are essential for apoptosis (Zech et al., 2003). Through a cGMP-
independent mechanism, NO can directly inhibit the activity of
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downstream caspase-3 by S-nitrosylation of the enzyme, resulting in sup-
pression of apoptotic activity. NO oxidative products (NO2, ONOO�,
HNO2, and NOx) may deaminate, crosslink, and oxidize DNA bases.

2.4.4. NO effects on angiogenesis during tumor growth
NO has been shown to stimulate angiogenesis during tumor growth
through its stimulation of proliferative and migratory function of endothe-
lial cells ( Jenkins et al., 1995). Within a tumor microenvironment, NO can
be produced by cancer cells and/or endothelial cells in the vasculature of the
tumor. Also, macrophages and stromal cells within the tumor can produce
NO. All NOS isoforms have been found to be expressed in many different
cancers, in vitro and/or in vivo (Barreiro Arcos et al., 2003; Cobbs et al., 1995;
Jenkins et al., 1994; Klotz et al., 1998; Lee et al., 2003; Mortensen et al.,
1999; Park et al., 2003). In many different types of cancer, NOS expression
has been positively correlated with tumor progression. These include
human gastric carcinoma tissue, where total NOS activity was 75% higher
than in normal tissue (Wang et al., 2005). Moreover, iNOS is dominant
because 81% of cancer tissues showed iNOS expression compared with 20%
of normal and iNOS expression was positively correlated with lymph node
metastasis and clinical stage (Wang et al., 2005). Increased iNOS protein
expression was associated with an increase in tumor growth in primary
breast cancer tissue (Loibl et al., 2005). In addition to breast cancer, iNOS
has also been shown to be markedly expressed in approximately 60% of
human adenomas and in 20–25% of colon carcinomas, while expression was
either low or absent in the surrounding normal tissues (Ambs et al., 1998b).
In human ovarian cancer, iNOS activity has been localized in tumor cells
and not found in normal tissue (Thomsen et al., 1994). Other tumors that
have demonstrated iNOS gene expression are brain (Cobbs et al., 1995),
esophagus (Wilson et al., 1998), lung (Ambs et al., 1998a), prostate (Klotz
et al., 1998), bladder (Swana et al., 1999), pancreatic (Hajri et al., 1998), and
Kaposi’s sarcoma (Weninger et al., 1998). eNOS was shown to be positively
correlated with breast cancer progression through sequential activation of
sGC and mitogen-activated protein kinase (MAPK, Jadeski et al., 2003).

3. NO Interaction with RBCs

3.1. NO production in RBCs

3.1.1. NOs levels in RBC
It has been reported that human RBCs contain iNOS and eNOS as well as
CaM, suggesting that RBCs may synthesize their own NO ( Jubelin and
Gierman, 1996). This notion was supported by the observation that RBCs
have an active eNOS protein (Chen and Mehta, 1998). However, it was
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later reported that RBCs possess iNOS and eNOS, but the proteins are
without catalytic activity (Kang et al., 2000). Recent studies revealed eNOS
protein in the cytoplasm and in the internal side of RBC membranes
according to its activity, apparently serving essential functions for RBC
deformability and, indirectly, platelet aggregation (Bor-Kucukatay et al.,
2003; Kleinbongard et al., 2006). This eNOS is regulated by L-arginine,
calcium, and phosphorylation via PI3K (Kleinbongard et al., 2006). Human
erythroid progenitor and precursor cells also contain eNOS mRNA and
protein, and demonstrate eNOS activity (Cokic et al., 2007a). The eNOS
mRNA and protein levels, as well as its activity, descend during erythroid
differentiation, parallel with the elevation of Hb levels. The continuous
decline of eNOS presence and activity, throughout erythroid differentia-
tion, suggests that such activity may be a residual of eNOS production at an
earlier stage (Cokic et al., 2007a).

NO produced in vitro by iNOS in RBCs can convert Hb contained in
the RBCs to S-nitrosohemoglobin (Mamone et al., 1999). The half-life of
NO in the presence of 2.1�106 RBCs/ml is 4.2 s. Estimated half-life of
NO in whole blood is 1.8 ms (Liu et al., 1998a). Relaxations induced by
endogenous, endothelium-derived, NO were more inhibited by fetal than
by adult RBCs suggesting that fetal RBCs have a higher NO scavenging
effect than those present in adult blood (Calatayud et al., 1998). Low
concentrations of NO were reported to augment the oxygen affinity of
sickle RBCs in vitro and in vivo without significant metHb production
(Head et al., 1997), but this was later shown to be incorrect (Gladwin
et al., 1999).

3.1.2. External NO consumption rate by RBC
It is now recognized that the NO consumption rate by RBC is much slower
than that expected based on the in vitro reaction rate of NO with free Hb
(Vaughn et al., 1998). The in vivo quenching of NO by RBC is first reduced
by the RBC-free zone created by the flow field (Liao et al., 1999; Vaughn
et al., 1998). However, even without the RBC-free zone, the NO con-
sumption byRBC is still about 500–1000 times slower than theNO reaction
rate with free Hb (Liao et al., 1999). NO produced from the endothelium
must go through four steps to react with theRBC-enclosedHb: (1) diffusion
through the RBC-free region near the vessel wall, created by intravascular
flow (Liu et al., 1998a), to the bulk solution, (2) diffusion from the bulk
solution to the RBC surface, (3) diffusion across RBC membrane, and
(4) diffusion and reaction inside RBC cytosol. The first two are affected by
extracellular factors, whereas the last two steps are affected by intracellular
components intrinsic to RBC itself (Liu et al., 1998a; Vaughn et al., 2000).
The difference in NO consumption by RBCs and free Hb is also hematocrit
dependent (Tsoukias and Popel, 2002).
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The RBC membrane contains a spectrin–actin protein skeleton
connected to the integral membrane proteins: band 3 and glycophorin C,
via the bridging proteins: ankyrin, and protein 4.1. The band 3 anion
exchanger is the major integral protein of the RBC membrane and exists
as dimers (60%) and tetramers (40%). The tetrameric form of band 3 binds
ankyrin and protein 4.2 constituting the major attachment site of the RBC
membrane to the underlying cytoskeleton (Michaely and Bennett, 1995;
Rybicki et al., 1996). The N-terminal cytoplasmic domain of band 3 binds
to the 2,3-disphosphoglycerate binding site of deoxyHb with high affinity
(Fig. 7.4). Liao and coworkers proposed a mechanism for the modulation of
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Figure 7.4 Nitric oxide uptake through the membrane skeleton of RBC. On the
cytosolic side of the RBC membrane, there is a cytoskeletal network of proteins,
including spectrin and band 3 tetramers association with ankyrin, which significantly
slow the diffusion of NO. In addition to diffusing through the lipid membrane, it is
thought that NO and nitrite ions may use band 3 and/or aquaporin to pass through the
RBC membrane. The band 3 protein binds both deoxyhemoglobin and carbonic anhy-
drase II (CAII, forms the Hþ necessary for nitrite reduction by deoxyhemoglobin), and
thus may channel nitrite. The products of deoxyhemoglobin (deoxyHb, HbFeII) and
nitrite (NO2

�) reaction are methemoglobin (metHb, HbFeIII) and NO, which rapidly
reacts with deoxyhemoglobin to form iron-nitrosyl-hemoglobin (HbNO, HbFeIINO).
The RBC-free region, near the vessel wall, and laminar intravascular flow limit NO
delivery from the endothelium to RBC-enclosed Hb, in contrast to extracellular Hb,
which is more rapidly exposed to NO and appears to destroy its activity to a much greater
extent than intracellular Hb. 2,3-disphosphoglycerate (2,3-DPG).
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NO uptake by RBCs in which HbNO binds band 3 tetramers in the
cytoskeleton and thereby displaces ankyrin. Kim-Shapiro et al. suggests
that the binding of deoxyHb to band 3 may be primarily responsible for
distraction to the cytoskeleton barrier and changes inRBCNOpermeability
(Huang et al., 2007).

3.2. Interactions between NO and hemoglobin

The first hemoglobins (Hbs) evolved before the presence of oxygen in
atmosphere. Moreover, the principal function of the primordial prokaryotic
(Hbs) appears to be utilization of NO equivalents to supply protection from
nitrosative stress. Several of the invertebrate (Hbs) come out to enclose
structural elements considered to promote their redox activity. There are
microorganism (Hbs) that additionally function to control nitrosative stress,
plant (Hbs) that regulate NO levels, and the Hb from Ascaris that uses NO
to modulate O2 levels. These observations have lead to the proposition that
(Hbs) have evolved, in part, to handle NO and that their use as oxygen
transport proteins is a relatively recent evolutionary development (Minning
et al., 1999).

3.2.1. Reaction of NO with oxyHb and deoxyHb
As discussed earlier in this chapter, it has been known for about a century
that NO reacts with oxyHb to form metHb and nitrate and in the last
several decades it was realized that NO reacts with deoxyHb to form
nitrosylhemoglobin (HbFe(II)NO), with the iron bound to the ferrous
heme iron instead of oxygen. In view of the slow dissociation rate of this
species and the stability of nitrate ions, it was generally believed that both of
these reactions were effectively irreversible from a physiological perspective
and that the main effect of Hb on NO was to destroy its bioactivity.

In the last 10 years, two additional mechanisms of NO interaction with
Hb both intracellular and normally small amounts of the extracellular forms
circulating in the plasma have been postulated. Stamler and his coworkers
have presented a series of papers suggesting that NO can react with the
highly conserved b-93 cysteine thiols of each Hb tetramer to form S-
nitrosyl Hb (SNO-Hb) and that the stability of this species is allosterically
linked to oxygen binding at the heme, that is, it is more stable in the oxyHb
form (R state) than in the deoxyHb form (T state, Gow and Stamler, 1998;
Jia et al., 1996; Stamler et al., 1997). Such a mechanism could form the
basis for a model in which blood flow (and other properties dependent
on NO concentration) was regulated in a homeostatic fashion: NO would
be carried (and not destroyed) by Hb from the lungs and other oxygenated
tissues to the regions of low pO2 where the NO would dissociate from
the SNO-Hb and lead to vascular dilatation, increased blood flow, and
increased oxygen delivery. Various molecular mechanisms for these
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reactions were proposed but work by other groups have largely disproved
each aspect of this model and ultimately this now controversial proposal
rests on a unique way (photolysis-based assay) in which the original group
has quantitated SNO-Hb and obtained much higher values for its formation
than have been obtained with several other assays (Gladwin et al., 2000a,
2002; Xu et al., 2003).

This work did lead to extensive studies on NO–Hb interactions by other
research groups and an alternate model of how Hb may effectively transport
NO bioactivity in the blood and thus allow NO to act as a hormone.
Reduction of nitrite by deoxyHb was first reported by Brooks (1937) and
later studied by Doyle et al. (1981). The primary reaction of nitrite with
deoxyHb produces NO and MetHb. The NO can then bind to available
deoxyHb, forming HbNO. This model involves the postulate that nitrite
ions are the major storage source of NO in the body (Cosby et al., 2003;
Dejam et al., 2005). Although bacteria and other organisms can reduce
nitrite to NO, this reaction was thought to occur to a very limited extent
under ordinary conditions in mammalian tissues. However, in the last few
years, data have been presented that suggest that deoxyHb proteins, espe-
cially Hb, can reduce nitrite to NO (Grubina et al., 2007). This hypothesis is
based on in vitro studies that show that partially deoxygenated RBCs can
dilate vascular rings when nitrite ions are present (Cosby et al., 2003),
inhalation and infusion administration of nitrite to experimental animals
resulting in vasodilatation and NO production (Duranski et al., 2005;
Hunter et al., 2004; Pluta et al., 2005), and studies in human volunteers
where nitrite infusions at slightly superphysiological doses cause measurable
peripheral vasodilatation (Gladwin et al., 2000b). These studies, which have
also been extended to demonstrations of potential therapeutic value of
nitrite administration in preventing ischemia–reperfusion injury in models
of coronary artery obstruction (Duranski et al., 2005) and subarachnoid
hemorrhage (Pluta et al., 2005), have raised the possibility of using nitrite
administration in the therapy of various circulatory diseases. Studies are in
progress on the mechanism of production of nitrite in the human body, in
addition to that which occurs due to dietary ingestion, the control of nitrite
levels in human RBCs (Lauer et al., 2001; Nagababu et al., 2003), and the
effects of storage of blood on nitrite levels. In addition, there has recently
been growing recognition of the fact that extracellular Hb—markedly
increased in acute hemolysis as well as in chronic hemolytic anemias (such
as sickle-cell disease and thalassemia)—has different properties with regard
to NO and nitrite metabolism than intracellular Hb (Reiter et al., 2002;
Rother et al., 2005). In particular, whereas intracellular is partitioned from
NO by cell-poor plasma streaming, unstirred layers, and the RBC mem-
brane itself, extracellular Hb is much more efficient in reacting with both
NO and nitrite. Indeed, it has been proposed that many of the manifestations
of hemolytic diseases may be due to the destruction of NO by the increased
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cell-free Hb levels in these syndromes (Minneci et al., 2005; Rother et al.,
2005). Clearly the RBC and Hb molecule are crucial factors in regulating the
bioactivity of NO and its storage form, nitrite ions. Nitrite ions increase blood
flow in the human circulation as well as vasodilation of rat aortic rings.
Formation of both NO gas and NO-modified Hb results from the nitrite
reductase activity of deoxyHb and deoxygenated RBCs levels (Fig. 7.5).

4. Effects of NO on Hemoglobin Expression

4.1. NO interaction with cyclic nucleotides

High cAMP levels continuously decrease in contrast to steady low levels of
cGMP during erythroid differentiation (Cokic et al., 2007a). NO increases
cGMP levels in human erythroid progenitor cells. NO also increased levels
of HbF protein and g-globin mRNA in the primary erythroid cells, as well
as in erythroleukemic cells. Soluble GC inhibitors prevented g-globin
induction by the NO donor in human erythroid progenitor cells (Cokic
et al., 2003). However, the ability to induce HbF is reduced upon full
erythroid maturation, likely secondary to reduced gene expression with
pyknosis of the nuclei and the increase in intracellular Hb, which is a potent
NO scavenger. NO increases intracellular cGMP levels, however it reduces
cAMP levels in erythroid progenitor cells (Cokic et al., 2007a). Further-
more, sGC activators or analogs increased g-globin gene expression in
primary human erythroblasts (Ikuta et al., 2001). It has been described that
guanine, guanosine and guanine ribonucleotides are inducers of erythroid
differentiation of erythroleukemic cells, associated with a larger g-globin
mRNA accumulation (Osti et al., 1997).

4.2. Signaling pathways related to hemoglobin induction

There are several transcription factors regulated by the NO/cGMP signal-
ing pathway that might participate in Hb switching. The enhancer activity
and inducibility of the g-globin promoter region are both dependent upon
the synergistic action of proteins bound to the tandem activator protein-1
(AP-1), which is a heterodimeric protein consisting of c-fos and jun sub-
units (Moi and Kan, 1990; Safaya et al., 1994). The NO–cGMP pathway is
known to increase both c-fos and jun mRNA levels and promotes AP-1
binding to DNA (Haby et al., 1994; Idriss et al., 1999). JunB is a member of
the AP-1 family of transcription factors that binds to a specific DNA
sequence to activate transcription of target genes. Expression of junB
induced erythroid differentiation of an erythroleukemic cell line. In both
murine and human primary erythroid progenitors and precursors, elevated
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Figure 7.5 A model of intravascular metabolism of nitric oxide. NO produced by
eNOS may diffuse into the vascular lumen as well as the underlying smooth muscle.
The majority of this NO enters the erythrocyte and reacts with oxyhemoglobin
(oxyHb) to form nitrate (NO3

�); a minor portion may escape the Hb scavenger and
react with plasma constituents to form nitros(yl)ated species (RXNO), including
nitrosothiols (RSNO), nitrated lipids (NO2 lipids), and nitrite (NO2

�). Each of these
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Nitrite may diffuse into the erythrocytes where it appears in a higher concentration than
in plasma. In the erythrocyte, nitrite reacts with deoxyhemoglobin (deoxyHb) to form
NO and methemoglobin (metHb) and other NO adducts. NO can then diffuse out of
the erythrocyte either directly or via an intermediate NO metabolite. The question
mark circled in white refers to the possibility of an intermediate during nitrite bioacti-
vation. NOHb, iron nitrosylhemoglobin; SNOHb, nitrosohemoglobin; L-Arg,
L-arginine; L-Cit, L-citrulline; NxOy: higher N oxides. This figure was originally
published in Blood (Dejam et al., 2005) and is reproduced with permission. # The
American Society of Hematology.
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junB expression is observed during differentiation of the cells in the pres-
ence of Epo ( Jacobs-Helber et al., 2002). The cellular AP-1 activity is also
regulated by the phosphorylation of c-fos and jun proteins by the MAPK.
MAPK are activated by phosphorylation by upstream MAPK kinases
(MEKs) that in turn are activated in response to growth factors, cytokines,
or various forms of cellular stress (including NO). There have been previous
reports of increased phosphorylation of p38 MAPK in human neutrophils
(Browning et al., 1999) and other cell types (Browning et al., 2000; Kim
et al., 2000a) by both NO and cGMP. The inhibition of ERK1/2 and p38
also caused a significant downregulation in the expression and production of
IL-8 where the phosphorylation of ERK1/2 was essential for the activation
of AP-1 (Kumar et al., 2003). Previous studies showed that p38 MAPK is
involved in inducing IL-8 gene transcription via AP-1 activation in human-
vascular smooth muscle cells ( Jung et al., 2002). In correlation with that, it
was reported that proteasome inhibitors through upstream signaling mole-
cules ERK and JNK induce AP-1 activation and IL-8 gene expression
(Wu et al., 2002). In addition, the Sp1-binding CCACCC motif is also
thought to be critical for high activity of the g-globin promoter
(Fischer et al., 1993). It was reported that NO increased the activity of the
TNF-a promoter by targeting the Sp1-binding site (Wang et al., 1999).
Thus, NO could potentially affect g-globin expression through Sp1 as
well as AP-1.

5. Role of NO During Malaria Pathogenesis

During the course of malaria pathogenesis, there are two possible
mechanisms of hemolysis. First, Plasmodium parasites rupture RBCs after
completing their development within them, thus releasing progeny mer-
ozoites. The rupture will also release the remaining contents of the RBC,
which includes Hb. Second, there are more complex, immune system-
mediated mechanisms of RBC lysis leading to malaria anemia (McDevitt
et al., 2004). Complement-mediated erythrophagocytosis has long
been postulated as a major mechanism of malaria anemia but the other
nonphagocytic mechanisms, such as T-cell-mediated and TNF-mediated
cytotoxicity, might also be involved (Saxena and Chandrasekhar, 2000).
Several hypotheses are postulated regarding the role of NO during
malaria pathogenesis. In first one, NO derived from iNOS-expressing
monocytes or macrophages kills Plasmodium as part of innate immunity
(Stevenson and Riley, 2004). The second hypothesis suggests that NO is
overproduced during Plasmodium infection and that NO has a function in
pathogenesis. For example, it has been demonstrated that iNOS-derived
overproduction of NO in the brain might disrupt the regulatory role
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of NO in the CNS, leading to the impaired consciousness of cerebral
malaria (Clark and Cowden, 2003). Several lines of evidence argue against
the hypothesis that NO is overproduced during malaria and that the excess
NO functions systemically to mediate severe malaria pathogenesis. First, the
presence of hypoargininemia in malaria patients suggests that NO produc-
tion might be limited in malaria (Lopansri et al., 2003). Human RBCs
contain arginase; the rupture of RBCs by the parasite will increase
plasma arginase levels, which is a mechanism of hypoargininemia in
sickle-cell patients (Rother et al., 2005). Finally, mononuclear cells iNOS
protein and mRNA levels correlate inversely with disease severity
(Anstey et al., 1996; Chiwakata et al., 2000). Collectively, these observations
suggest that NO is not overproduced and that iNOS-derived NO might be
valuable. The increased production of NO might be beneficial, either by
killing the parasite or by preventing the development of disease. There
are two main candidates for NO scavenging: Hb and superoxide.
Free Hb released during the asexual cycle of blood-stage Plasmodium
might quench NO, thus having an important role in limiting NO bioavail-
ability during malaria (Reiter et al., 2002). iNOS activities have been
reported to correlate inversely with Hb levels (Keller et al., 2004). Free Hb
is a powerful in vivo scavenger of NO, leading to vasoconstriction and
impaired microvascular blood perfusion, which are major determinants of
tissue and organism survival. The efficiency of free Hb at scavenging NO is
almost 1000-fold that of Hb packaged in RBCs (Liu et al., 1998a).

Malaria is associated with genetic blood disorder sickle-cell anemia in
individuals who are homozygous for the S gene. Sickle-cell anemia is an
autosomal recessive genetic disorder caused by a mutation in the hemoglo-
bin-b gene found on chromosome 11. The b-subunit has the amino acid
valine at position 6 instead of the glutamic acid that is normally present. The
presence of two defective genes (SS) is needed for sickle-cell anemia,
whereas one defective gene is necessary for sickle-cell trait. The gene
causing sickling provides a classic example of overdominance; heterozygotes
are healthier than either homozygote when malaria is present (Allison,
1954). Protective effects of the S gene are associated with reduced
parasitemia and clinical symptoms (Lell et al., 1999).

6. Effects of Fetal Hemoglobin Inducers

on NO–CGMP Pathway

6.1. Effects of butyric acid and 5-azacytidine

Sodium butyrate activated p38 MAPK and increased g-globin mRNA
levels in human primary erythroid progenitors (Pace et al., 2003). Butyric
acid, a cytostatic agent used to increase HbF in genetic diseases of Hb,
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increased NO production in endothelial cells (Cokic et al., 2006). This is
very consistent with the known vasorelaxation effect of butyrate. However,
in contrast to hydroxyurea induction of NO, it has been reported that
butyrate-induced vasorelaxation was unaffected by inhibition of NOS,
although it was abolished by cAMP stimulation (Aaronson et al., 1996).
Moreover, butyric acid suppressed eNOS protein and mRNA levels
in HUVEC (Aaronson et al., 1996; Urbich et al., 2002). 5-Azacytidine, an
inhibitor of DNAmethyltransferase activity, increased eNOSmRNA levels
in nonendothelial cell lines (human aortic vascular smooth muscle cells
and several human carcinoma cell lines). In contrast, the expression of
eNOS mRNA levels in HUVEC was not increased by treatment with
5-azacytidine (Chan et al., 2004). These observations indicate that cytostatic
agents do not generally induce NO or eNOS activity, as was demonstrated
by the lack of NO production by 5-azacytidine (Cokic et al., 2006).
Cytostatic agents are used in the treatment of myeloproliferative disorders
as well as to increase HbF in genetic diseases of Hb.

6.2. Effects of hydroxyurea

6.2.1. In human endothelial cells
Hydroxyurea, a HbF inducer, increased NO production through eNOS
phosphorylation and therefore eNOS activity in endothelial cells (Fig. 7.6,
Cokic et al., 2006). Hydroxyurea stimulation of NO production is regulated
by the mechanisms dependent on both PKA and PI3K-induced stimulation
of PKB/Akt (Cokic et al., 2006). Involvement of eNOS, the major eNOS
enzyme, in hydroxyurea induction of NO is supported by finding of
phosphorylation of eNOS at Ser-1177, which represents the activation site
of the enzyme. Phosphorylation of Ser-1177 by hydroxyurea was comple-
tely PKA, and partially PKB/Akt dependent. Subsequently hydroxyurea
induction of eNOS is accompanied by rise of the intracellular calcium
concentration (Cokic et al., 2006). Further, cAMP and cGMP levels are
amplified in HUVEC during incubation with hydroxyurea, which is in
accordance with reported results that hydroxyurea induced cGMP levels in
erythroid progenitor cells (Cokic et al., 2003). Furthermore, cGMP produc-
tion demonstrated eNOS dependence during stimulation by hydroxyurea.
Phosphorylation of eNOS and induction of NO levels, as well as of cGMP
levels, suggest that eNOS contributes to hydroxyurea effects on endothelial
cells (Cokic et al., 2006). Beyond short-term phosphorylation of eNOS
protein, the effects of hydroxyurea on endothelial cells appear to be also
mediated by long-term posttranscriptional increases in eNOS protein
levels by inhibiting protein degradation (Cokic et al., 2007b). Incubation
of aortic rings with hydroxyurea weakly enhanced endothelial-dependent
vasorelaxation (Chalupsky et al., 2004).
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6.2.2. In human erythroid cells
Hydroxyurea, a drug which changes the phenotype of human erythroid
cells, increased intracellular cGMP levels as well as cAMP levels in human
erythroid progenitor cells (Cokic et al., 2007a). Moreover, the cAMP-
dependent pathway was activated in erythroleukemic cells in which
the cGMP-dependent pathway was stimulated by hemin, which is also a
g-globin inducer as hydroxyurea (Inoue et al., 2004). The cAMP-depen-
dent pathway, which is independent of the MAPK pathways, appears to
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Figure 7.6 Hydroxyurea effects on blood vessels. Hydroxyurea oxidizes oxy- and
deoxyhemoglobin to methemoglobin (metHb), which may react directly with other
molecules of hydroxurea (or via hydroxylamine) to form nitrosylhemoglobin (HbNO)
which can slowly release NO. Hydroxyurea may also chemically or enzymatically
(peroxidase, urease, catalase) decompose to NO, as well as directly effect intracellular
levels of cations, production of VCAM-1, RBC adhesion, etc. Our data show that
hydroxyurea also stimulates the phosphorylation and thus activation of endothelial
NOS (eNOS) with resultant production of NO. This effect is modulated by increased
intracellular calcium levels and increases in cAMP that stimulates phosphorylation at
Ser-1177 by PKA. NO production is regulated by both PKA and PKB/Akt. The
increase in eNOS activity presumably leads to increases in cGMP in endothelial and
surrounding cells, which result in many of the pleiotropic effects of endothelial pro-
duced NO. SMm smooth muscle cells; E, endothelial cells. This figure was originally
published in Blood (Cokic et al., 2006) and is reproduced with permission. # The
American Society of Hematology.
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play a negative role in g-globin gene expression in K562 erythroleukemia
cells (Inoue et al., 2004). In contrast to these results, there have been two
reports of cAMP apparently increasing HbF levels. Ikuta’s group
(Kuroyanagi et al., 2006) has reported that expression of the g-globin gene
is induced upon activation of the cAMP pathway, while Dover and co-
workers (Keefer et al., 2006) found that adenylate cyclase inhibition mark-
edly decreased HbF induction by hydroxyurea in human erythroid cells. It
has been demonstrated that hydroxyurea stimulated cAMP production in
erythroid progenitor cells (Cokic et al., 2007a), whereas Dover and co-
workers (Keefer et al., 2006) reported that hydroxyurea failed to signifi-
cantly stimulate adenylate cyclase activity in erythroid precursor cells
culture. Further work is necessary to clarify the role of the cAMP pathway,
while the importance of the cGMP pathway now seems clearly established.

6.2.3. In patients with sickle-cell anemia
Induction of HbF of similar magnitude in the cells of normal individuals
(1.3- to 3.5-fold) and sickle-cell patients (2- to 5-fold) by hydroxyurea was
reported using a similar erythroid cell culture system (Moi and Kan, 1990).
The increase in HbF levels in erythroid progenitor cells treated with hydroxy-
urea in vitro is comparable to the rise of peripheral blood HbF production
(in vivo) following hydroxyurea therapy in patients with sickle-cell anemia
(Yang et al., 1997). Hydroxyurea has little suppressive effect on effective
erythropoiesis but increases RBC survival (life span from 18.6 � 11 days to
70 � 21 days) as a result of decreased hemolysis in patients with sickle-cell
anemia (Ballas et al., 1999), presumably due to reduced intracellular HbS
polymerization as a result of increased intracellular HbF levels. These selective
effects prolong the period of increase of HbF to reach a therapeutically
significant level in peripheral blood of sickle-cell patients and could
account for the fact that maximal increases in HbF levels may take months
to occur (Rodgers et al., 1993). Indeed maximal increments in F-reticulocytes
are attained at 10–11 days after the start of hydroxyurea treatment in
patients with sickle-cell anemia (Veith et al., 1985), suggesting a rapid effect
on the fundamental mechanisms responsible for determining globin gene
phenotype. Measurements of F-cells also show maximal increases in 14–21
days, confirming the disparity between cellular responses and HbF levels
(Charache et al., 1987).

cGMP levels were found to be significantly higher in RBCs of
patients with sickle-cell disease (who also have small baseline elevations of
HbF) and were further increased with hydroxyurea therapy, and cGMP levels
correlated with HbF levels in hydroxyurea treated sickle-cell patients (Conran
et al., 2004). Chronic hydroxyurea therapy also significantly increased NO,
cGMP, and HbF levels in the blood of patients with sickle-cell anemia
(Nahavandi et al., 2002). NOS activity has been reported as higher in RBCs
of sickle-cell disease patients, on hydroxyurea therapy than in untreated
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patients (Iyamu et al., 2005). This is in accordance with results that L-arginine
alone does not increase serum NOx production in steady-state patients;
however, it does when given together with hydroxyurea (Morris et al.,
2003). In vitro NOx production by RBCs (normal and sickle) is increased by
treatment with hydroxyurea, but is not decreased by NOS inhibition
(Nahavandi et al., 2006). However, it has been also shown that hydroxyurea
increased NO production via induction of eNOS activity in endothelial
cells (Cokic et al., 2006). Inhibition ofNOS partially reversed the hydroxyurea
effects on HbF synthesis in BFU-E colonies (Haynes et al., 2004),
but did not decrease NOx production in RBCs during incubation with
hydroxyurea (Nahavandi et al., 2006). However, the inhibition of eNOS
reduced hydroxyurea-stimulated NO production in endothelial cells (Cokic
et al., 2006).

7. Summary: NO and Erythropoiesis

Human erythroid precursors contain an active eNOS protein. The
eNOS mRNA and protein levels, as well as their activities, decrease during
erythroid differentiation, corresponding with the rise of Hb levels. The
continuous decline of eNOS presence and activity, throughout erythroid
differentiation, suggests that any activity in mature erythroid cells may be a
residual of eNOS production at an earlier stage. Human RBCs contain
iNOS and eNOS as well as CaM, and RBCs may synthesize their own
NO via an active eNOS protein. The eNOS protein is present in the
cytoplasm and in the internal side of RBC membranes, as measured by
activity, and may affect RBC deformability, platelet aggregation, and other
properties.

cAMP production constantly declines in distinction to stable cGMP
levels during erythroid differentiation. NO increases cGMP levels and
decreases cAMP levels, in human erythroid progenitor cells. NO also
augments levels of HbF protein and g-globin mRNA in primary erythroid
cells during their differentiation, as well as g-globin mRNA in erythroleu-
kemic cells. Activation of sGC increases g-globin gene expression in pri-
mary human erythroblasts. Soluble GC inhibitors prevented g-globin
stimulation by NO in human erythroid progenitor cells.

These findings open the gate to novel therapeutic strategies based on
NO delivery by NO donors, arginine salt administration, or increasing NO
synthase expression or activity, or based on the amplification of NO signal
transduction with phosphodiesterase inhibitors. Modulators of the eNOS–
cGMPpathwaymay result in synergistic regimens that increase responsiveness
and reduce morbidity linked to cytotoxic therapy.
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200 Vladan P. Čokić and Alan N. Schechter



Beleslin-Cokic, B. B., Cokic, V. P., Yu, X., Weksler, B. B., Schechter, A. N., and
Noguchi, C. T. (2004). Erythropoietin and hypoxia stimulate erythropoietin receptor
and nitric oxide production by endothelial cells. Blood 104, 2073–2080.

Bender, A. T., Demady, D. R., and Osawa, Y. (2000). Ubiquitination of neuronal nitric-
oxide synthase in vitro and in vivo. J. Biol. Chem. 275, 17407–17411.

Blaise, G. A., Gauvin, D., Gangal, M., and Authier, S. (2005). Nitric oxide, cell signaling and
cell death. Toxicology 208, 177–192.

Bonfoco, E., Krainc, D., Ankarcrona, M., Nicotera, P., and Lipton, S. A. (1995). Apoptosis
and necrosis: Two distinct events induced, respectively, by mild and intense insults with
N-methyl-D-aspartate or nitric oxide/superoxide in cortical cell cultures. Proc. Natl.
Acad. Sci. USA 92, 7162–7166.

Boo, Y. C., Sorescu, G., Boyd, N., Shiojima, I., Walsh, K., Du, J., and Jo, H. (2002).
Shear stress stimulates phosphorylation of endothelial nitric-oxide synthase at Ser1179
by Akt-independentmechanisms:Role of protein kinase A. J. Biol. Chem. 277, 3388–3396.

Bor-Kucukatay, M., Wenby, R. B., Meiselman, H. J., and Baskurt, O. K. (2003). Effects of
nitric oxide on red blood cell deformability. Am. J. Physiol. Heart Circ. Physiol. 284,
H1577–H1584.

Borst, P., and Rottenberg, S. (2004). Cancer cell death by programmed necrosis? Drug
Resist. Update 7, 321–324.

Brandish, P. E., Buechler, W., and Marletta, M. A. (1998). Regeneration of the ferrous
heme of soluble guanylate cyclase from the nitric oxide complex: Acceleration by thiols
and oxyhemoglobin. Biochemistry 37, 16898–16907.

Bredt, D. S., and Snyder, S. H. (1990). Isolation of nitric oxide synthetase, a calmodulin-
requiring enzyme. Proc. Natl. Acad. Sci. USA 87, 682–685.

Brenman, J. E., Chao, D. S., Gee, S. H., McGee, A. W., Craven, S. E., Santillano, D. R.,
Wu, Z., Huang, F., Xia, H., Peters, M. F., Froehner, S. C., and Bredt, D. S. (1996).
Interaction of nitric oxide synthase with the postsynaptic density protein PSD-95 and
alpha1-syntrophin mediated by PDZ domains. Cell 84, 757–767.

Brooks, J. (1937). The action of nitrite on haemoglobin in the absence of oxygen. Proc. R.
Soc. Lond. B Biol. Sci. 123, 368–382.

Brown, G. C., and Borutaite, V. (1999). Nitric oxide, cytochrome c and mitochondria.
Biochem. Soc. Symp. 66, 17–25.

Browning, D. D., Windes, N. D., and Ye, R. D. (1999). Activation of p38 mitogen-
activated protein kinase by lipopolysaccharide in human neutrophils requires nitric
oxide-dependent cGMP accumulation. J. Biol. Chem. 274, 537–542.

Browning, D. D., McShane, M. P., Marty, C., and Ye, R. D. (2000). Nitric oxide activation
of p38 mitogen-activated protein kinase in 293T fibroblasts requires cGMP-dependent
protein kinase. J. Biol. Chem. 275, 2811–2816.

Budworth, J., Meillerais, S., Charles, I., and Powell, K. (1999). Tissue distribution of the
human soluble guanylate cyclases. Biochem. Biophys. Res. Commun. 263, 696–701.

Bussolino, F., Wang, J. M., Defilippi, P., Turrini, F., Sanavio, F., Edgell, C. J., Aglietta, M.,
Arese, P., and Mantovani, A. (1989). Granulocyte- and granulocyte-macrophage-colony
stimulating factors induce human endothelial cells to migrate and proliferate. Nature 337,
471–473.

Bussolino, F., Ziche, M., Wang, J. M., Alessi, D., Morbidelli, L., Cremona, O., Bosia, A.,
Marchisio, P. C., and Mantovani, A. (1991). In vitro and in vivo activation of endothelial
cells by colony-stimulating factors. J. Clin. Invest. 87, 986–995.

Calatayud, S., Beltran, B., Brines, J., Moncada, S., and Esplugues, J. V. (1998). Foetal
erythrocytes exhibit an increased ability to scavenge for nitric oxide. Eur. J. Pharmacol.
347, 363–366.

Effects of NO on RBC Development and Phenotype 201



Cassoly, R., and Gibson, Q. (1975). Conformation, co-operativity and ligand binding in
human hemoglobin. J. Mol. Biol. 91, 301–313.

Chalupsky, K., Lobysheva, I., Nepveu, F., Gadea, I., Beranova, P., Entlicher, G., Stoclet, J. C.,
and Muller, B. (2004). Relaxant effect of oxime derivatives in isolated rat aorta: Role of
nitric oxide (NO) formation in smooth muscle. Biochem. Pharmacol. 67, 1203–1214.

Chan, Y., Fish, J. E., D’Abreo, C., Lin, S., Robb, G. B., Teichert, A. M., Karantzoulis-
Fegaras, F., Keightley, A., Steer, B. M., and Marsden, P. A. (2004). The cell-specific
expression of endothelial nitric-oxide synthase: A role for DNA methylation. J. Biol.
Chem. 279, 35087–35100.

Charache, S., Dover, G. J., Moyer, M. A., and Moore, J. W. (1987). Hydroxyurea-induced
augmentation of fetal hemoglobin production in patients with sickle cell anemia. Blood
69, 109–116.

Charles, I. G., Palmer, R. M., Hickery, M. S., Bayliss, M. T., Chubb, A. P., Hall, V. S.,
Moss, D. W., and Moncada, S. (1993). Cloning, characterization, and expression of a
cDNA encoding an inducible nitric oxide synthase from the human chondrocyte. Proc.
Natl. Acad. Sci. USA 90, 11419–11423.

Chartrain, N. A., Geller, D. A., Koty, P. P., Sitrin, N. F., Nussler, A. K., Hoffman, E. P.,
Billiar, T. R., Hutchinson, N. I., and Mudgett, J. S. (1994). Molecular cloning, structure,
and chromosomal localization of the human inducible nitric oxide synthase gene. J. Biol.
Chem. 269, 6765–6772.

Chen, L. Y., and Mehta, J. L. (1998). Evidence for the presence of L-arginine-nitric oxide
pathway in human red blood cells: Relevance in the effects of red blood cells on platelet
function. J. Cardiovasc. Pharmacol. 32, 57–61.

Chenais, B., Molle, I., and Jeannesson, P. (1999). Inhibitory effect of nitric oxide on
chemically induced differentiation of human leukemic K562 cells. Biochem. Pharmacol.
58, 773–778.

Chiwakata, C. B., Hemmer, C. J., and Dietrich, M. (2000). High levels of inducible nitric
oxide synthase mRNA are associated with increased monocyte counts in blood and have
a beneficial role in Plasmodium falciparum malaria. Infect. Immun. 68, 394–399.

Chrisman, T. D., Garbers, D. L., Parks, M. A., and Hardman, J. G. (1975). Characterization
of particulate and soluble guanylate cyclases from rat lung. J. Biol. Chem. 250, 374–381.

Chun, S. Y., Eisenhauer, K. M., Kubo, M., and Hsueh, A. J. (1995). Interleukin-1
beta suppresses apoptosis in rat ovarian follicles by increasing nitric oxide production.
Endocrinology 136, 3120–3127.

Clark, I. A., and Cowden, W. B. (2003). The pathophysiology of falciparum malaria.
Pharmacol.Ther. 99, 221–260.

Cobb, R. R., Felts, K. A., Parry, G. C., and Mackman, N. (1996). Proteasome inhibitors
block VCAM-1 and ICAM-1 gene expression in endothelial cells without affecting
nuclear translocation of nuclear factor-kappa B. Eur. J. Immunol. 26, 839–845.

Cobbs, C. S., Brenman, J. E., Aldape, K. D., Bredt, D. S., and Israel, M. A. (1995).
Expression of nitric oxide synthase in human central nervous system tumors. Cancer
Res. 55, 727–730.

Cokic, V. P., Smith,R.D., Beleslin-Cokic, B. B.,Njoroge, J.M.,Miller, J. L., Gladwin,M.T.,
and Schechter, A. N. (2003). Hydroxyurea induces fetal hemoglobin by the nitric oxide-
dependent activation of soluble guanylyl cyclase. J. Clin. Invest. 111, 231–239.

Cokic, V. P., Beleslin-Cokic, B. B., Tomic, M., Stojilkovic, S. S., Noguchi, C. T., and
Schechter, A. N. (2006). Hydroxyurea induces the eNOS–cGMP pathway in endothelial
cells. Blood 108, 184–191.

Cokic, V. P., Andric, S. A., Stojilkovic, S. S., Noguchi, C. T., and Schechter, A. N. (2007a).
Hydroxyurea nitrosylates and activates soluble guanylyl cyclase in human erythroid cells.
Blood. Prepublished Novembar 9; DOI 10.1182/blood-2007-05-088732.
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soluble guanylate cyclase: Catalytic activity requires two subunits. FEBS Lett. 272,
221–223.

Effects of NO on RBC Development and Phenotype 205



Harteneck, C., Wedel, B., Koesling, D., Malkewitz, J., Böhme, E., and Schultz, G. (1991).
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and Koesling, D. (1994). Mutation of His-105 in the b1 subunit yields a nitric oxide-
insensitive form of soluble guanylyl cyclase. Proc. Natl. Acad. Sci. USA 91, 2592–2596.

Weninger, W., Rendl, M., Pammer, J., Mildner, M., Tschugguel, W., Schneeberger, C.,
Sturzl, M., and Tschachler, E. (1998). Nitric oxide synthases in Kaposi sarcoma are
expressed predominantly by vessels and tissue macrophages. Lab. Invest. 78, 949–955.

Wilson, J. G., and Tavassoli, M. (1994). Microenvironmental factors involved in the
establishment of erythropoiesis in bone marrow. Ann. NY Acad. Sci. 718, 271–283.

Wilson, K. T., Fu, S., Ramanujam, K. S., and Meltzer, S. J. (1998). Increased expression of
inducible nitric oxide synthase andcyclooxygenase-2 in Barrett s esophagus and associated
adenocarcinomas. Cancer Res. 58, 2929–2934.

Wu, H., Liu, X., Jaenisch, R., and Lodish, H. F. (1995). Generation of committed erythroid
BFU-E and CFU-E progenitors does not require erythropoietin or the erythropoietin
receptor. Cell 83, 59–67.

Wu, H. M., Wen, H. C., and Lin, W. W. (2002). Proteasome inhibitors stimulate interleu-
kin-8 expression via Ras and apoptosis signal-regulating kinase-dependent extracellular
signal-related kinase and c-Jun N-terminal kinase activation. Am. J. Respir. Cell Mol. Biol.
27, 234–243.

Xu, B., Li, J., Gao, L., and Ferro, A. (2000). Nitric oxide-dependent vasodilatation of rabbit
femoral artery by beta(2)-adrenergic stimulation or cyclic AMP elevation in vivo.
Br. J. Pharmacol. 129, 969–974.

Xu, X., Cho, M., Spencer, N. Y., Patel, N., Huang, Z., Shields, H., King, S. B.,
Gladwin, M. T., Hogg, N., and Kim-Shapiro, D. B. (2003). Measurements of nitric
oxide on the heme iron and beta-93 thiol of human hemoglobin during cycles of
oxygenation and deoxygenation. Proc. Natl. Acad. Sci. USA 100, 11303–11308.

Yamaguchi, H., Ishii, E., Saito, S., Tashiro, K., Fujita, I., Yoshidomi, S., Ohtubo, M.,
Akazawa, K., and Miyazaki, S. (1996). Umbilical vein endothelial cells are an important
source of c-kit and stem cell factor which regulate the proliferation of haemopoietic
progenitor cells. Br. J. Haematol. 94, 606–611.

Yamaguchi, T., Chattopadhyay, N., Kifor, O., Sanders, J. L., and Brown, E. M. (2000).
Activation of p42/44 and p38 mitogen-activated protein kinases by extracellular
calcium-sensing receptor agonists induces mitogenic responses in the mouse osteoblastic
MC3T3-E1 cell line. Biochem. Biophys. Res. Commun. 279, 363–368.

Yang, Y. M., Pace, B., Kitchens, D., Ballas, S. K., Shah, A., and Baliga, B. S. (1997). BFU-E
colony growth in response to hydroxyurea: Correlation between in vitro and in vivo fetal
hemoglobin induction. Am. J. Hematol. 56, 252–258.

Yuen, P. S., Potter, L. R., and Garbers, D. L. (1990). A new form of guanylyl cyclase is
preferentially expressed in rat kidney. Biochemistry 29, 10872–10878.

Yui, Y., Hattori, R., Kosuga, K., Eizawa, H., Hiki, K., and Kawai, C. (1991). Purification of
nitric oxide synthase from rat macrophages. J. Biol. Chem. 266, 12544–12547.
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Abstract

Diamond Blackfan anemia (DBA) is an inherited hypoplastic anemia that typi-

cally presents in the first year of life. The genes identified to date that are

mutated in DBA encode ribosomal proteins, and in these cases ribosomal

protein haploinsufficiency gives rise to the disease. The developmental timing

of DBA presentation suggests that the changes in red blood cell production that

occur around the time of birth trigger a pathophysiological mechanism, likely

linked to defective ribosome synthesis, which precipitates the hematopoietic
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phenotype. Variable presentation of other clinical phenotypes in DBA patients

indicates that other developmental pathways may also be affected by ribosomal

protein haploinsufficiency and that the involvement of these pathways is

influenced by modifier genes. Understanding the molecular basis for the devel-

opmental timing of DBA presentation promises to shed light on a number of

baffling features of this disease. This chapter also attempts to demonstrate how

the marriage of laboratory and clinical science may enhance each and permit

insights into human disease that neither alone can accomplish.

1. Introduction

Diamond Blackfan anemia (DBA; OMIM #205900) is one of a rare
group of genetic disorders known as the inherited bone marrow failure
syndromes (IBMFS) (Young and Alter, 1994). These disorders have in com-
mon proapoptotic hematopoiesis, bone marrow failure, birth defects (Gripp
et al., 2001), and a predisposition to cancer (Lipton et al., 2001). Interest in
these disorders has grown dramatically as the study of each has clarified, or
revealed for the first time, new molecular events in development or cellular
function. Significant expectations await the complete elucidation of these
events.

DBA was first reported in 1936 ( Josephs, 1936) and more completely
described by Diamond and Blackfan (1938). The diagnostic criteria for
DBA published in 1976 consist of presentation of anemia prior to the first
birthday with near normal or slightly decreased neutrophil counts, variable
platelet counts, reticulocytopenia, macrocytic anemia, and normal marrow
cellularity with a paucity of red blood cell precursors (Diamond et al., 1976).
These criteria have, until recently, remained the accepted standard.
In addition to macrocytosis, the presence of elevated fetal hemoglobin levels
and an elevation in red blood cell adenosine deaminase enzyme activity
are important supporting features associated with DBA. The presence of
macrocytosis and elevated fetal hemoglobin levels each felt to be a conse-
quence of ‘‘stress erythropoiesis’’ and skipped erythroid cell divisions is not
unique to DBA but is observed in most incidences of bone marrow failure.
These features are also found in recovery from anemia such as that caused by
iron deficiency when erythropoietin levels are elevated. The reason for the
elevated eADA activity in DBA has remained obscure nearly 25 years after
the original observation (Glader et al., 1983).

The careful analysis of DBA-affected pedigrees for the presence of
members with the DBA-associated findings of macrocytosis, elevated fetal
hemoglobin (HbF) levels and/or increased erythrocyte adenosine deami-
nase (eADA) activity (elevated in 85% of patients with DBA) and congenital
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anomalies strongly suggested a greater number of autosomal dominant cases
than previously thought (Vlachos et al., 2001). With the discovery of the
first gene mutated in DBA (Draptchinskaia et al., 1999; Gustavsson et al.,
1997), it has become evident that the penetrance of autosomal dominant
DBA is quite variable with regard to both hematologic and non-
hematologic manifestations. Indeed the estimate of 10–15% of DBA cases
being familial has increased to around 45% as a consequence of mutation
analysis of family members of probands (Orfali et al., 2004). Although
described classically in children less than one year of age, the disorder may
present in adults, more frequently than first recognized (Balaban et al.,
1985).

As mentioned, birth defects have long been known to be a feature of
DBA. A distinct facial appearance and triphalangeal thumbs have been
classically described in DBA as the Cathie facies (Cathie, 1950) and Aase
syndrome (Aase and Smith, 1969), respectively. A cute snub nose and wide-
spaced eyes originally described by Cathie, as well as possibly severe cranio-
facial anomalies are the most common physical anomalies described in
DBA. Abnormal thumbs are classic (Alter, 1978). In all, congenital anoma-
lies were found in 30–47% of the patients in the Italian (Campagnoli et al.,
2004), French (Willig et al., 1999), UK (Orfali et al., 2004), and North
American registries (Lipton et al., 2006). Additional anomalies of the upper
limb and hand, genitourinary system and heart each are described in as many
as 30–40% of patients. It is important to note that the prevalence of
genitourinary and cardiac anomalies may be underestimated when abdomi-
nal/pelvic and cardiac ultrasonography are not routinely performed in
asymptomatic patients. More than one anomaly is described in about a
quarter of all patients. Short stature is clearly constitutional in many patients.
However, an accurate assessment of linear growth retardation is compli-
cated in patients who may be anemic, iron-overloaded or taking corticos-
teroids all from a very young age. A representative table of malformations
has been published (Willig et al., 1999). These data indicate that the muta-
tions that give rise to DBA likely affect other developmental pathways. The
heterogeneity with which these other pathways are affected in DBA
strongly suggests the influence of modifier genes manifested by genomic
background affects.

A combination of laboratory and clinical investigations has begun to
reveal the relationships between the moribund erythron, the biology of
erythropoiesis, and the non-hematologic manifestations of DBA. More-
over, recent advances in the understanding of DBA, in part as a result of data
from international DBA registries (Campagnoli et al., 2004; Ohga et al.,
2004; Orfali et al., 2004; Vlachos et al., 2001a; Willig et al., 1999), are
resulting in more sophisticated diagnostic criteria and improvements in
clinical care (Vlachos et al., submitted for publication).
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2. Pathophysiology and Genetics: DBA,

a Disorder of Ribosome Biosynthesis

2.1. DBA genes identified to date encode ribosomal proteins

A number of theories regarding the pathophysiology of DBA have been
proposed and discarded (Ershler et al., 1980; Hoffman et al., 1976; Ortega
et al., 1975; Sawada et al., 1985). Evidence debunking the notion that DBA is
the result of immune-mediated red blood cell failure in favor of the concept
of DBA as an intrinsic hematopoietic progenitor defect first appeared in
1976 when the group from Toronto (Freedman et al., 1976) suggested that
some patients with DBA had decreased numbers of erythroid colony-
forming units (CFU-E). Investigators in Boston (Nathan et al., 1978)
extended this observation and suggested a block in erythroid maturation
prior to the burst-forming unit-erythroid (BFU-E) stage. These findings
may not, however, be true in all instances as later studies showed that both
BFU-E and CFU-E colonies are present, often in normal numbers, in the
marrow of young DBA patients, but their differentiation to mature erythro-
cytes is defective (Lipton et al., 1986). Interestingly, Chan et al. (1982)
demonstrated that the growth in vitro of DBA progenitor cells in semisolid
media could be enhanced by the addition of corticosteroids similar to the
in vivo response (Nathan et al., 1978). Studies exploring the pathophysiology
of DBA have been hampered by the fact that there are currently no animal
models for this disease. Sadly, the knockout of the first DBA gene described
below is a homozygous lethal and the hemizygote lacks a DBA phenotype
(Matsson et al., 2004). Furthermore, no naturally occurring animal models
of DBA exist as the anemic and macrocytic W/Wv and Sl/Sld mice do not
respond to steroids and have mutations in genes for c-kit and kit ligand (now
known not to be involved in the molecular pathology of DBA), respectively
(Alter et al., 1993). Based on available data, it is now widely accepted that
DBA results from an intrinsic cellular defect in which erythroid progenitors
and precursors are highly sensitive to death by apoptosis (Lipton et al., 1986;
Ohene-Abuakwa et al., 2005; Perdahl et al., 1994; Tsai et al., 1989).

Familial DBA appears to be inherited as an autosomal dominant trait.
No instance of autosomal recessive inheritance has been confirmed and
apparent recessive inheritance is likely a consequence of nonpenetrance
(Gripp et al., 2001) or rarely, gonadal mosaicism (Cmejla et al., 2000). The
first DBA gene,DBA1, is located at chromosome 19q13.2 and is mutated in
approximately 25% of patients. DBA1 has been cloned and identified as
RPS19, a gene that codes for a ribosomal protein (Draptchinskaia et al., 1999;
Gustavsson et al., 1997). Two classes of RPS19mutations have been identi-
fied in DBA patients. In the first class, expression of the RPS19 protein
is disrupted by insertions, deletions, splice site mutations, and nonsense
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mutations with nonsense-mediated mRNA decay. Many missense muta-
tions, which comprise the second class of RPS19 mutations, disrupt the
assembly of the protein into 40S ribosomal subunits. This often results in
the rapid turnover of the free protein (Angelini et al., 2007; Da Costa et al.,
2003; Gazda et al., 2004). Thus, current evidence suggests that in those
patients for whom RPS19 is mutated the disease results from Rps19 protein
haploinsufficiency.

In general, ribosomal proteins lack specific roles in translation, but
instead function primarily in the assembly of ribosomal subunits. The
assembly process can be monitored by analyzing intermediates in the path-
way by which mature ribosomal RNAs (rRNAs) are liberated from a
primary rRNA transcript containing three of the four mature rRNAs
(Fig. 8.1). It has been recently demonstrated that the yeast homologue of
Rps19 is required for the maturation of the 30-end of 18S rRNA. In cells
depleted of Rps19 immature subunits containing a 30-extended 18S rRNA
precursor accumulate in the nucleus leading to a deficit of functional 40S
subunits in the cytoplasm (Leger-Silvestre et al., 2005). Related defects in
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Rps24 40S subunit
assembly, DBA
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assembly, DBA
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21S
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28S

Dyskerin, rRNA modification, DC
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nuclease, CHH
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Treacle, pol I transcription,
rRNA modification, TCS

Figure 8.1 Putative biochemical function for Treacle, Dyskerin, Rps19/Rps24,
RMRP, and Sbds in ribosomal biogenesis. A simplified version of the human pre-
rRNA processing pathway is shown. Functions are deduced from data for either yeast
or human orthologues. Mature rRNA species (denoted in bold) are liberated from the
45S pre-rRNA primary transcript by a series of processing steps. 50 and 30 ETS represent
external transcribed sequences found on the 50 and 30 ends of the primary transcript,
respectively. ITS represents internal transcribed sequences present in the primary
transcript that are not retained in mature rRNAs. The 18S rRNA is a component of
the 40S ribosomal subunit. The 5.8S and 28S rRNAs, together with the 5S rRNA (not
shown), are components of the 60S ribosomal subunit.
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the maturation of the 30-end of 18S rRNA have been reported in human
cell lines where Rps19 expression was reduced by siRNA technology or in
bone marrow and lymphoblastoid cells derived from DBA patients with
mutations in the RPS19 gene (Choesmel et al., 2007; Flygare et al., 2007;
Idol et al., 2007). These data point to a defect in 40S ribosomal subunit
production in this subset of DBA patients.

It is also possible, however, that a defect in an extraribosomal function
attributable toRps19may ultimately be responsible for the pathophysiology of
DBA. In this regard, Rps19 has been implicated in the postapoptotic media-
tion ofmonocyte chemotaxis (Yamamoto, 2000).Other possible functions for
Rps19 may be a consequence of interactions with a novel nucleolar protein
S19-binding protein (Maeda et al., 2006), fibroblast growth factor 2 (Soulet
et al., 2001), and the PIM-1 oncoprotein (Chiocchetti et al., 2005). These
alternative scenarios now seem less likely given the identification of a second
DBA gene as encoding another small subunit ribosomal protein. This gene,
RPS24, is mutated in approximately 2% of DBA patients (Gazda et al., 2006).

The identification ofRPS24 as a second DBA gene strongly suggests that
defective ribosome synthesis and/or function are responsible for the disease
pathophysiology. The yeast orthologue of Rps24, like Rps19, is required
for 18S rRNA processing and maturation of 40S ribosomal subunits
(Ferreira-Cerca et al., 2005). In contrast to Rps19, which is required for
efficient processing of the 30 end of 18S rRNA however, Rps24 is required
for an early step in the pathway giving rise to the mature 50 end of 18S
rRNA (Fig. 8.1). Thus, these two proteins have distinct roles in 40S subunit
maturation suggesting that the specific nature of the processing defect may
not be as important as a net effect on the production of 40S ribosomal
subunits. An alternative hypothesis that Rps19 and Rps24 have a common
function that sets them apart from most other ribosomal proteins is sup-
ported by the observation that antibodies to Rps19, Rps24, and two other
small subunit proteins block the binding of initiation factor 2 (eIF2) to 40S
ribosomal subunits (Bommer et al., 1988). Enthusiasm for this hypothesis is
tempered by the fact that since both proteins are required for subunit
biogenesis, subunits lacking these proteins are unlikely to be transported
to the cytoplasm where this specific function in translation could be
impaired. Most recently, the existence of a third DBA gene, RPS17, has
been reported (Cmejla et al., 2007). Thus, the current data point toward a
defect in ribosome synthesis as the underlying molecular basis for DBA.

2.2. Ribosomal protein haploinsufficiency can have
differential effects on cell fates during development

Recent studies by Sulic et al. (2005) provide insight into the effect of
defective ribosome synthesis on cell growth and development. In this
study, they conditionally deleted one of two copies of the gene encoding
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ribosomal protein S6 in the T-cell lineage of transgenic mice. These
mice showed normal T-cell maturation in the thymus. RPS6 mRNA levels
were decreased in thymic T cells from hemizygous mice relative to wild-
type animals but Rps6 protein and ribosome levels were unaffected. The
disparate effects of RPS6 hemizygocity on RPS6 mRNA and protein levels
may be explained by the recent observation in HeLa cells that ribosomal
proteins are synthesized in excess of that typically needed for ribosome
assembly, with excess protein rapidly degraded by the proteasome
(Lam et al., 2007). If this condition were met in thymic T cells, a reduction
in Rps6 protein synthesis as a result of decreased mRNA levels may not be
reflected in the steady-state level of the Rps6 protein as long as the synthesis
rate did not fall to the point where Rps6 became limiting for ribosome
synthesis. The observation that ribosome levels in thymic T cells were
unchanged between wild-type and hemizygous mice further suggests that
Rps6 protein levels in the hemizygous state are not limiting for ribosome
synthesis during normal homeostatic development.

In contrast to thymic T cells, peripheral T cells were reduced in RPS6
hemizygous mice relative to controls. In order to study the effect of RPS6
hemizygocity on T-cell activation, cells were stimulated with anti-CD3 or
CD28 antibodies and growth and proliferation analyzed. T cells from
the hemizygous mice showed a normal increase in size with activation
despite a decrease in the steady-state level of Rps6 protein and defective
ribosome biogenesis. Conversely, the proliferative response in activated T
cells with lower Rps6 and ribosome synthesis was severely compromised
relative to wild type. This defective proliferative response was linked to a
p53-dependent G1/S arrest and increased apoptosis. These data indicate
that within a single cell lineage defects in ribosome synthesis and associated
physiological changes can be precipitated at specific stages of development
in response to changing demands for protein synthetic capacity. Further-
more, the relationship of the nucleolus and defective ribosome synthesis to
p53-mediated apoptosis suggests a role for interdicting mutations in p53 and
distal pathways in oncogenesis in DBA (see below).

3. Other Diseases Linked to Defects

in Ribosome Synthesis

3.1. Hematologic disorders

DBA is one of a growing family of human diseases linked to defects in
ribosome biogenesis (Liu and Ellis, 2006). Most of these disorders such as
Shwachman Diamond syndrome (SDS), dyskeratosis congenita (DC), and
cartilage hair hypoplasia (CHH) are congenital bone marrow failure syn-
dromes like DBA. Interestingly, the genes affected in DBA to date encode
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structural components of the ribosome, whereas the other bone marrow
failure syndromes listed above are caused by mutations in genes encoding
factors present in the myriad of extraribosomal factors required for proper
subunit assembly, pre-rRNAmaturation, and subunit transport from nucle-
olus to cytoplasm (Fig. 8.1). In some cases, the ribosome biogenesis defect
may be secondary to other functions ascribed to affected genes such as
telomerase and mRNA turnover defects in DC and CHH, respectively
(Thiel et al., 2005; Vulliamy and Dokal, 2006). In contrast, there are
intriguing similarities and differences between SDS and DBA, where in
both cases the primary defect appears to reside in ribosome synthesis and/or
function.

Classical SDS is characterized by neutropenia (although other hemato-
poietic lineages may be affected), exocrine pancreas dysfunction, leukemia
predisposition, and a heterogeneous collection of other congenital anomalies
(Shimamura, 2006). A perplexing problem is trying to understand the
absence of nonhematologic cancers in SDS, a feature quite distinct from
the other IBMFS associated with the predisposition to malignancy. SBDS,
the gene affected in SDS, encodes a protein associated with 60S subunits that
shuttles between the nucleolus and cytoplasm (Austin et al., 2005; Ganapathi
et al., 2007). The yeast orthologue of SBDS, SDO1, is needed for the
functional activation of 60S subunits through its involvement in the release
of antisubunit association factor Tif6 from pre-60S subunits, newly trans-
ported to the cytoplasm (Menne et al., 2007). Secondary effects on recycling
of Tif6 back to the nucleolus likely also affect earlier steps in the ribosome
synthesis pathway. Thus, in contrast to mutations in RPS19, RPS24, and
RPS17 that affect the production of 40S ribosomal subunits, mutations in
SBDS affect the functional activation of 60S subunits.While mutations in all
three genes affect the production of functional ribosomes, the differences in
clinical features between DBA and SDS suggest that defects in the synthesis of
ribosomal subunits can impact cell growth and development in a manner
distinct from defects in the functional activation of ribosomal subunits.
Alternatively, the putative extraribosomal functions of these proteins are
more important than previously surmised. Further complicating the issue,
recent evidence supports a mutation in a gene encoding a large subunit
ribosomal protein in a subgroup of DBA patients (Robert Arceci, personal
communication). Sorting out similarities and differences in the pathophysiology
of DBA and SDS should help us understand more about both diseases.

3.2. Nonhematologic disorders: Relationships between DBA
and Treacher Collins syndrome

A number of patients with unequivocal DBA have a phenotype indistin-
guishable from Treacher Collins Syndrome (TCS; OMIM #154500),
another developmental disorder linked to diminished ribosome biogenesis
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(Gripp et al., 2001; Hasan and Inoue, 1993). TCS is characterized in classical
cases by ‘‘bilateral down slanting palpebral fissures, frequently accompanied
by colobomas of the lower eyelids and a paucity of eyelashes medial to the
defect, abnormalities of the external ears, atresia of the external auditory
canal and bilateral conductive hearing loss, hypoplasia of the zygomatic
complex and mandible and cleft palate’’ (Teber et al., 2004). As in DBA,
the disorder is inherited as an autosomal dominant with approximately 60%
of cases occurring spontaneously. The incidence of both disorders is of the
same order of magnitude at about 1 in 50,000 live births for TCS (Fazen
et al., 1967) and 1 in 100,000 for DBA (Willig et al., 1999). Case ascertain-
ment of mild phenotypes in both disorders is clearly a cause for
underreporting.

Additional similarities between TCS and DBA also exist. Orofacial clefts
have been reported in 3% of cases of DBA in the literature (Lipton and
Alter, 1993) and in 5.7% of cases from the Diamond Blackfan Anemia
Registry (DBAR) (Vlachos et al., 2001a). Gripp et al. (2001) identified
first cousins, male children of sisters, with bilateral microtia and cleft palate
consistent with TCS, but with hematologic abnormalities consistent with
DBA. The proband had been previously enrolled in the DBAR of North
America, a database of over 400 patients (Vlachos et al., 2001a), while his
cousin with similar facial anomalies had not developed classical DBA at the
time of the report. The cousin’s relevant hematologic parameters were
significant for macrocytosis, elevated HbF level, and increased eADA activ-
ity, and therefore consistent with a nonclassical hematologic DBA pheno-
type. Physical and hematologic evaluations of the patients’ mothers were
normal. Therefore, both mothers appear to be obligate heterozygotes for
this dominantly inherited disorder, with neither demonstrating any hema-
tologic evidence of DBA nor even minimal congenital anomalies. This
multiplex family demonstrates the extremely variable penetrance and
expressivity of this DBA gene. In all, the described proband and 2 other
of the 21 patients with DBA and a cleft palate reported to the DBAR were
originally diagnosed with ‘‘classical’’ TCS. However, none of these three
patients had mutations at TCOF1 (5q32-q33.1), the gene mutated in 90%
of patients with TCS (Wise et al., 1997). Moreover, although these patients
met the criteria for a diagnosis of DBA, none of the patients with craniofa-
cial anomalies had RPS19 mutations (Vlachos et al., 2002). Thus, although
not yet statistically significant, a possible genotype–phenotype correlation is
suggested in which the ‘‘TCS-like’’ phenotype in DBA is not associated
with mutations in RPS19 (Vlachos et al., 2002). Whether genes encoding
other ribosomal proteins are affected in this subset of DBA patients is
currently unknown.

TCOF1 encodes the nucleolar phosphoprotein treacle (Dixon et al.,
1997; So et al., 2004; Wise et al., 1997). Analogous to RPS19 in DBA,
TCS most likely results from treacle haploinsufficiency (Dixon, 1996).
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Treacle has been reported to interact with upstream binding factor (UBF), a
known transcription regulator of RNA polymerase I (Pol I), which parti-
cipates in the initiating event in ribosomal DNA (rDNA) transcription,
generating the 47S pre-rRNA (Valdez et al., 2004). Treacle is also involved
in other steps in ribosome synthesis, linking rDNA transcription to pre-
rRNA posttranscriptional methylation (Gonzales et al., 2005). Thus, treacle
haploinsufficiency would inhibit multiple events in the ribosome biosyn-
thetic pathway, having a profound effect upon ribosome synthesis. Compa-
rable to proapoptotic erythropoiesis in DBA, the mechanism for the
disruption of craniofacial structures in TCS appears to be increased apopto-
sis in the neural crest cells of the prefusion neural folds just prior to fusion
during embryogenesis (Dixon et al., 2000).

Here again we are left with some intriguing similarities and differences
between DBA and another disease. This discussion must be qualified to
indicate that it presupposes that the ‘‘TCS-like’’ DBA phenotype also
results from a mutation resulting in dysfunctional ribosome biogenesis.
Mutations in RPS19 and RPS24 interfere with the maturation of 40S
subunits, whereas mutations in TCOF1 have effects on Pol I transcription
and rRNA methylation, the latter of which likely affects downstream
processing events. Mutations in all three genes, again, interfere with the
production of functional ribosomes. Yet only some of the clinical features
of the diseases overlap and then not with all patients. In this regard, only
about 30% of DBA patients have craniofacial abnormalities, many identical
to those observed in TCS. Interestingly, the effects of TCOF1 mutations in
mice show that they are highly dependent on genetic background indicat-
ing a powerful influence of modifier genes on TCOF1 phenotype. We
need to consider if these background effects are related to genes controlling
the expression of structural components of both the ribosome and the
extraribosomal factors involved in ribosome synthesis. The tissue-specific
influences of these genes on the expression of genes involved in ribosome
synthesis could account for tissue specificity, whereas polymorphisms in
these controlling genes could potentially explain how genetic background
affects the penetrance of disease-related mutations.

4. Ribosome Dysfunction and Red Blood

Cell Development

Conventional wisdom describes selective red blood cell hypoplasia
as the defining characteristic of DBA, which seems at odds with the fact
that ribosomes are a ubiquitous feature of all cell types with the exception
of mature erythrocytes. However, this uniquely hematologic perspective
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disregards the existence of growth retardation and other congenital anoma-
lies in DBA patients. Furthermore, in rare instances other significant hema-
tologic cytopenias are also observed. How then does haploinsufficiency
for Rps19, Rps24, and Rps17 manifest clinically by selectively affecting
only certain tissues and most evidently red blood cell production? It has
been argued that the high demand for ribosome synthesis associated with
the proliferation and differentiation of red blood cell precursors may make
these precursors unusually sensitive to the effects of a reduction in ribosome
synthesis (Liu and Ellis, 2006; Morimoto et al., 2007; Ohene-Abuakwa
et al., 2005). It is important to consider this point of view from the
perspective of distinct features of red blood cell development between the
fetus, the neonatal period, and the transition to adult erythropoiesis. Red
blood cell production in rapidly growing fetuses in the third trimester is
reported to be approximately three to five times that in the adult steady state
(Palis and Segel, 1998). If DBA is solely a consequence of the unusually
high demands for ribosome synthesis in red blood cell progenitors, one
would predict DBA to manifest initially during fetal development.
Although there are instances of early fetal loss (perhaps attributable to
erythroid failure) and hydrops fetalis in DBA, the median age at presentation
of classical DBA is 8 weeks (range, birth to 6 years) with 93% of DBA
patients presenting during the first year of life.

A number of developmental and physiological changes conspire to
decrease red blood cell production shortly after birth. After birth, erythro-
poietin production decreases in response to high partial pressures of oxygen,
a high hemoglobin level, and the switch to the lower O2-affinity adult
hemoglobin allowing more oxygen delivery to tissues (Palis and Segel,
1998). Because erythropoietin provides proliferative, survival, and differen-
tiation signals to erythroid progenitors, the fall in its production with birth
contributes to a diminished erythron. There is also evidence to suggest that
erythroid progenitors become less sensitive to erythropoietin in the transi-
tion from the fetal/neonatal state to the adult state (Weinberg et al., 1992).
Together, these changes lead to a transient physiological anemia at 4–8
weeks after birth until a new steady state of red blood cell production is
reached. The failure to reach a new steady state would result in an anemic
presentation of DBA at 8 weeks, the time when new red blood cell
production is required. An important question relevant to DBA pathophys-
iology is, after 8 weeks of postnatal life, what effect these changes in
developmental and physiological signals have on ribosome synthesis and
whether, as conditions change beyond this 8 week time point, a state is
triggered where mutational inactivation of an allele of either RPS19,
RPS24, or RPS17 limits ribosome synthesis in erythroid progenitors.
Ribosome synthesis defects, in turn, could result in p53-dependent cell
cycle arrest and enhanced apoptosis similar to that reported for activated
T cells (Sulic et al., 2005).
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The analogy between DBA and the results obtained by Sulic et al. (2005)
on T-cell development is limited by the fact that in the latter study
haploinsufficiency was induced in a single-cell type through genetic engi-
neering whereas in DBA the affected genes are found in all nucleated cells.
Yet DBA manifests primarily as a red blood cell aplasia with growth
retardation and select birth defects. To account for this tissue specificity, it
has been hypothesized that ribosomal proteins are expressed in amounts
differing relative to one another in a tissue-specific manner, and that
haploinsufficiency for a particular protein may make that protein limiting
for ribosome assembly in some tissues and not others (Ellis and Massey,
2006). Whether a ribosomal protein would limit assembly when an allele is
mutationally inactivated would be dependent on the level of the protein
relative to the factor that limits ribosome assembly under normal conditions.
The amount of a ribosomal protein relative to the factor-limiting assembly
could in principle differ from one cell type to another and within a part-
icular cell type at different stages of development. Consequently, if a
ribosomal protein was expressed at levels comparable to that of the limiting
factor in a particular cell type under normal conditions, diminished expres-
sion linked to mutational inactivation of one allele could decrease expression
to the point where the ribosomal protein now becomes limiting for assembly.

Under normal conditions, synthesis of the primary pre-rRNA transcript
is thought to be the major factor defining ribosome levels within cells
(Mayer and Grummt, 2006). Limiting ribosome synthesis at the level of
pre-rRNA synthesis avoids the accumulation of partially assembled inter-
mediates in the subunit maturation pathway that have been shown to cause
nucleolar stress and activate p53 checkpoints (Pestov et al., 2001). Such
partially assembled intermediates have been shown to accumulate in cells
where ribosomal proteins limit assembly (Choesmel et al., 2007; Flygare
et al., 2007; Idol et al., 2007). Related mechanisms could explain the p53-
mediated effects on cell cycle progression and apoptosis reported by Sulic
et al. (2005) in T cells.

To account for the timing of DBA presentation, we would propose that
under the conditions of rapid growth found in the third trimester fetus,
ribosomal proteins are expressed at high enough levels relative to pre-
rRNA that even with the mutational inactivation of one allele they do
not become limiting for ribosome assembly. After birth, when the demand
for red blood cell production decreases, the demand for ribosome synthesis
also likely decreases. Then upon the reestablishment of an erythroid drive
and the establishment of a new steady state of ribosome synthesis and red
blood cell production, the presence of haploinsufficiency for critical ribo-
somal proteins becomes manifest. Whether all of the factors involved in
ribosome synthesis decrease proportionally from fetal levels to this new
steady state is unknown but would seem unlikely given the involvement
of somewhere between 200 and 300 gene products in the synthesis of
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functional ribosomes. Thus, in the new steady state defined after birth, the
expression of certain ribosomal proteins relative to pre-rRNA may change
to such an extent that mutational inactivation of a ribosomal protein allele
could now limit ribosome assembly with ensuing effects on cell proliferation
and enhanced apoptosis (Fig. 8.2). The fact that the level of some ribosomal
proteins may change relative to pre-rRNA and others may not would
indicate that only a subset of ribosomal protein genes when mutated
could give rise to DBA. We can therefore surmise that it is the level of
expression of individual ribosomal proteins relative to factors that determine
the number of ribosomes per cell that determines the consequence of germ
line haploinsufficiency in a particular cell type. Factors that contribute to
first and second trimester fetal loss and a prenatal presentation of anemia
(hydrops fetalis) as well as the remission of anemia in approximately 20% of
cases (Lipton et al., 2006) will need to be elucidated to validate this hypothesis.
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Figure 8.2 Proposed mechanism for developmental timing of RPS19 haploinsuffi-
ciency. Ribosomal proteins are shown as numbered circles with only a small number of
ribosomal proteins shown. Dashed circles represent rapidly degraded proteins synthe-
sized in excess of that needed for ribosome assembly. Circles with filled numbers are
proteins assembled into ribosomal subunits that have relatively long half-lives. Lines
represent rRNA. The pre-40S precursor that accumulates when Rps19 becomes limit-
ing for assembly is shown in red. Developmental state and RPS19 genotypes are listed
for each diagram. Based on its level of expression relative to pre-rRNA at year 1, RPS1
would presumably not be a DBA gene.
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5. DBA Is a Cancer Predisposition Syndrome

At least 26 cases of cancer in patients with DBA have been reported in
the literature. Sixteen were hematopoietic malignancies. Of these, 10 were
cases of acute myeloid leukemia (AML), 2 myelodysplastic syndrome
(MDS), 2 Hodgkin disease, 1 non-Hodgkin lymphoma, and 1 acute lym-
phoblastic leukemia. Ten solid tumors have been reported; three osteogenic
sarcoma, two breast cancer, two hepatocellular carcinoma, and one each of
gastric carcinoma, vaginal melanoma, and malignant fibrous histiocytoma
(Lipton et al., 2001). A number of cases have been reported from interna-
tional registries and a large institutional cohort ( Janov et al., 1996; Willig
et al., 1999). Of the 420 patients registered in the DBAR at the time of the
most recent analysis, there were 8 patients who were found to have solid
tumors, hematopoietic malignancies, or MDS. Some of these patients also
appear as case reports in the literature. Three patients were diagnosed with
osteogenic sarcoma (total of five known cases) and one each with AML,
MDS, and myelofibrosis with myeloid metaplasia, colon cancer, and soft
tissue sarcoma. There is an individual who is a DBA-affected relative of a
registered patient with melanoma, who is not yet enrolled in the DBAR.
Although cancer is relatively rare in DBA as compared to Fanconi anemia,
the incidence appears to be well in excess of what would be expected for the
age group represented. In particular, cases of breast and colon cancers have
been described in very young adults (Lipton et al., 2001; Willig et al., 1999).
The prognosis for patients with DBA and cancer is extremely poor. This is
due in part from severe chemotherapy-induced myelosuppression (Lipton
et al., 2001). The presence of these malignancies and the young age at
diagnosis of many of these cancers appears to define DBA as a cancer
predisposition syndrome. However, before a true cancer incidence is deter-
mined, data from international DBA registries will need to undergo a careful
analysis as has been applied to Fanconi anemia (Rosenberg et al., 2003) and
severe congenital neutropenia (Rosenberg et al., 2005).

A mechanism leading to AML and MDS in Fanconi anemia has been
postulated (Lensch et al., 1999). In this model, the existence of pro-apoptotic
hematopoiesis exerts a selective pressure on the myeloid compartment. This
results in the emergence of clones with apoptosis-contravening mutations,
resulting in leukemia. It seems reasonable to suggest that a similar mechanism
could exist for DBA (Fig. 8.3). Several recent studies, including work already
cited, have shown that nucleolar stress can induce p53-dependent cell cycle
arrest and/or apoptosis (Lindstrom et al., 2007; Pestov et al., 2001). Mutations
in the p53 gene andMDM2 could potentially subvert this process providing a
growth advantage to clones harboring p53 mutations, which at the same time
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could favor malignant outgrowth. Other mechanisms also exist that could
explain the increased cancer incidence in DBA patients. Because DBA
patients characterized to date have one remaining active ribosomal gene,
mutations that enhance ribosomal protein gene expression could potentially
compensate for the inactive allele. The oncogene, c-Myc, is known to
upregulate many components of the translational machinery in its role in
stimulating cell growth and proliferation (Boon et al., 2001; Oskarsson and
Trumpp, 2005). Activating mutations in c-Myc could therefore compensate
for a ribosomal protein deficiency allowing for the emergence of clones with
a survival advantage predisposed to malignancy. As many signaling pathways
promoting cell growth and division regulate ribosome synthesis as a down-
stream target, numerous other targets also exist to explain the increased cancer
incidence in DBA patients (Ruggero and Pandolfi, 2003). Finally, heterozy-
gous mutations in 11 different ribosomal protein genes in zebra fish have
recently been found in fish with peripheral nerve sheath tumors (Amsterdam
et al., 2004). These dominantly inherited mutations appear to result from loss
of function, raising the specter that under certain circumstances ribosomal
protein genes may act as tumor suppressor loci.

Malignancy

Malignancy

Myc

Growth factor
signaling

Interdicting
mutation

Interdicting
mutation

p53
Activation

Cell cycle arrest/
apoptosis

Cytoplasmic subunits

Nucleolar subunits

Pre-rRNA

rDNA
Nucleus

Nucleolus
Nucleolar

Assembly

stress
intermediates

Assembly
intermediates

r-Protein
haploinsufficiency

Figure 8.3 Proposed mechanism for cancer predisposition in DBA. Ribosomal pro-
tein haploinsufficiency results in the accumulation of partially assembly intermediates
that result in nucleolar stress signaling. Nucleolar stress, in turn, leads to p53 activation
and either cell cycle arrest or apoptosis. These steps are outlined in red. Interdicting
mutations that subvert the p53 pathway and favor the outgrowth of malignant clones
are shown in green. Also shown in green are interdicting mutations that could enhance
ribosomal protein synthesis and diminish nucleolar stress but because of the oncogenic
nature of the genes involved could again favor the outgrowth of malignant clones.
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6. Treatment and Outcomes

Since 1938 when first recognized as a distinct clinical entity, treatment
strategies for DBA have changed only as the consequence of the introduc-
tion of corticosteroids in 1951 and a developing understanding of steroid
toxicity, ongoing improvements in blood product safety, the introduction
of and improvements in the administration of iron chelation since the mid-
1970s, and finally improvements in hematopoietic stem cell transplantation
since the first successful transplants reported in 1968. As well advances in
genetics and have made possible prevention in the form of newly available
reproductive strategies. Although these developments have lead to major
increments in both the quantity and the quality of life for patients with
DBA, they are based on non-DBA-specific advances in medical knowledge.
Thus, DBA shares with many disorders, perhaps most notably the hemoglo-
binopathies, the frustration that improvements in care do not derive from the
burgeoning understanding of the molecular pathology of the disorder. The
following sections briefly describe the current state of the art in the hope that
readers will be inspired toward a more enlightened path.

6.1. Corticosteroids and red blood cell transfusions

Corticosteroids and red blood cell transfusions are the mainstays of therapy
for DBA. Since 1951 (Gasser, 1951), it has been known that the anemia of
DBA can be ameliorated by corticosteroids. It seems that the suggestion to
use corticosteroid therapy was based on the theory that DBA was somehow
an ‘‘allergic’’ disorder. The response to corticosteroids further perpetuated
the erroneous notion of DBA as an autoimmune disease, even when only
miniscule doses were required to maintain adequate erythropoiesis. Corti-
costeroids do not appear to be efficacious through increasing the expression
of ribosomal proteins, thereby compensating for haploinsufficiency (Ebert
et al., 2005). Thus, despite the widespread use of corticosteroids in treating
DBA, their mechanism of action remains obscure.

Clinically the almost unlimited use of corticosteroids, even when toxic
doses were required, continued into the early twenty-first century. This
appears to be due largely to the persistent fear, in patients and physicians, of
transfusion-acquired HIV and hepatitis C as well as the difficulty encoun-
tered in the almost daily subcutaneous administration of the iron chelator,
deferoxamine (DesferalÒ, Novartis) (Olivieri and Brittenham, 1997). Data
from international registries have clarified the efficacy and toxicity of
corticosteroid therapy. Data from the DBAR are representative (Lipton
et al., 2006). As has been reported in the literature, 79% of patients are
initially responsive to steroids, 17% were nonresponsive, and 4% were never
treated with steroids. Somewhat unpredicted was the high incidence of
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significant untoward effects. Not surprising, nearly half of the patients had
developed cushingoid features. However, with the finding that 22% and
12% of patients ever treated with steroids developed pathologic fractures
and cataracts, respectively, the use of steroids is being modified. Currently,
37% of the patients are receiving corticosteroids and 31% are receiving red
blood cell transfusions. Of the transfusion-dependent patients, 35% were
never steroid responsive, 22% became steroid refractory over time, and 33%
could not be weaned to an acceptable dose. Five percent never received
steroid therapy and 5% are being transfused for unknown reasons. Although
too soon to statistically validate, there appears to be a recent increase in the
number of patients judged as ‘‘unweanable’’ as well as an increase in patients
who never received steroids. The ability to wean a patient is dependent to
some extent upon the side effects that the patient and the physician are willing
to tolerate. In general, a corticosteroid dose-equivalent of 0.5 mg/kg/day of
prednisone is suggested as amaximum ‘‘maintenance’’ dose after an initial dose
of 2 mg/kg/day (Vlachos et al., in preparation). Patients who fail to respond
within a month are considered steroid refractory. Clearly the recognition that
the blood supply is safe combined with the recent availability of the oral iron
chelatorDeferasirox (ICL670, ExjadeÒ, Novartis) (Nisbet-Brown et al., 2003)
has allowed for the more liberal use of packed red blood cell transfusions in
patients rather than toxic doses of corticosteroids. The number of patients
never on steroids has increased, reflecting the older and safer age at which
steroid treatment is being commenced (Lipton et al., 2006).

Although remissions had been reported in DBA, data on the fraction of
patients who were able to sustain erythropoiesis for over 6 months without
treatment has been sparse. The DBAR has provided some actuarial
data (Lipton et al., 2006). About 20% of patients will enter remission, the
majority sustained. Of these, about 75% do so prior to their 10th birthday.
These data may reflect the bias to a younger age of patients in the DBAR
as anecdotal observations suggest a surge in remissions in adolescent males
and occasional remissions in older patients. Proportionally an equal number
of patients remit from both transfusion and steroid therapy. However, there
are very few remitters who had never responded to corticosteroids. Preg-
nancy and the use of birth control pills contribute to relapse (Alter et al.,
1999). It is possible that many of the same mechanisms offered for cancer
predisposition in DBA patients could also factor into mechanisms of remis-
sion or vice versa. Clearly more studies are needed on this important subject.

6.2. Hematopoietic stem cell transplant

Although curative in DBA, hematopoietic stem cell transplantation remains
the most controversial therapy (Alter, 1998; Vlachos et al., 2001b; Vlachos
et al., 2005; Willig et al., 1999). A recent series from the IBMTR and a
compilation from the literature are consistent with findings from the DBAR
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(Roy et al., 2005; Vlachos et al., 2001b). In this database, 36 patients have
undergone stem cell transplant (SCT), 21 HLA-matched related, and 15
alternative donor SCT. The major indication for SCT was transfusion
dependence. In addition, two patients developed severe aplastic anemia
and one had significant thrombocytopenia. Two patients transplanted
using a nonmyeloablative conditioning regimen, one receiving a matched
related umbilical cord and one receiving unrelated bone marrow, are alive
and well. The majority of alternative donor transplants were performed
using total body irradiation for conditioning whereas busulfan/cyclophos-
phamide containing regimens were typical of the matched-related trans-
plants. Sixteen of the 21 HLA-matched sibling donor transplants are alive
and red blood cell transfusion independent. Of the 15 alternative donor
SCT, 2 patients received mismatched related bone marrow, 4 patients
unrelated cord blood, 8 unrelated bone marrow, and 1 unrelated peripheral
blood stem cells. Four of these 15 patients are alive. Of the 16 deaths, 15
were related to infection, graft versus host disease, and/or veno-occlusive
disease of the liver with only 1 death, in the alternative donor group,
occurring as a consequence of graft failure. In contrast to Fanconi anemia,
DC, and SDS, these deaths do not appear to be the consequence of
intolerance to typical transplant conditioning regimens. The survival for
allogeneic sibling versus alternative donor transplant is 72.7% � 10.7%
versus 19.1% � 11.9% at greater than 5 years from SCT ( p ¼ 0.01) or
17.1% � 10.8% (including a patient diagnosed with osteogenic sarcoma
posttransplant, p ¼ 0.012). The survival rate for patients less than age of
10 years receiving matched related SCT is greater than 90%. This success has
led to an increase in families looking to preimplantation genetic diagnosis
with in vitro fertilization to ‘‘create’’ HLA-matched, non-RPS19-mutated
sibling donors. A number of patients worldwide have been successfully
transplanted using umbilical cord-derived stem cells from donors produced
in this way. A discussion of the complicated religious, ethical, and economic
questions generated by this approach is beyond the scope of this chapter
(Kuliev et al., 2005; Wagner et al., 2004).

6.3. Outcomes

Of the 36 deaths reported to the DBAR, 25 (70%) are treatment-related:
5 from infections (2 Pneumocystis jiroveci pneumonia, 1 varicella pneumonia,
1 pseudomonas pneumonia/sepsis, 1 unknown infection), 5 from compli-
cations of iron overload, 1 from cardiac tamponade secondary to a vascular
access device complication, and 14 from stem cell transplant complications.
Only 3 of the deaths related to stem cell transplantation were in patients
with life-threatening cytopenias. Just 8 deaths were directly related to
DBA: 1 from severe aplastic anemia, 7 from malignancy (2 of whom also
received a stem cell transplant), and 3 were from undetermined causes.
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Thus, although SCT is potentially curative and reduces the risk of aplastic
anemia, AML and MDS, the poor outcomes for unrelated donor SCT
suggest restraint in the use of this modality. The probability of remission
must also be taken in to account when high-risk SCT is being considered.

The overall actuarial survival at greater than 40 years of age is 75.1% �
4.8; 86.7% � 7.0% for corticosteroid-maintainable patients and 57.2% �
8.9% for transfusion-dependent patients (Lipton et al., 2006). There is a
trend to increased survival in patients with sustained remission versus
corticosteroid-maintainable patients (p ¼ 0.08) and a statistically significant
survival advantage for steroid-maintainable patients as compared to
transfusion-dependent patients (p ¼ 0.007). Seven transfusion-dependent
patients died as a consequence of stem cell transplant-related complications.

7. Summary

The data summarized in this chapter define DBA as a developmental
disorder. The timing of DBA presentation in most patients in the first year
of life strongly suggests that the changes in red blood cell production that
accompany birth trigger a pathophysiological mechanism, likely linked to
defective ribosome synthesis, which precipitates the clinical phenotype.
As with many features of DBA, this timing is not absolute with some
patients presenting in utero and others later in life. The response to corti-
costeroids and a fairly high remission rate remain unexplained. DBA is not
solely a disease of red blood cell development as witnessed by the heteroge-
neous array of congenital anomalies found in many patients. The heteroge-
neous nature of these anomalies together with the variation in timing of
hematologic features of DBA indicates that the pathophysiological mechan-
isms underlying this disease are strongly influenced by modifier genes.
Understanding the underlying mechanisms responsible for the develop-
mental features of DBA is not only critical to identifying the underlying
mechanisms for the disease itself leading to a more rationale treatment
strategy but also for drawing further attention to the role of ribosome
synthesis defects in a growing number of developmental disorders.
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