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Much of our understanding of human
physiology, and of many aspects of pa-
thology, has its antecedents in laboratory
and clinical studies of hemoglobin. Over
the last century, knowledge of the genet-
ics, functions, and diseases of the hemo-
globin proteins has been refined to the
molecular level by analyses of their crys-
tallographic structures and by cloning
and sequencing of their genes and sur-

rounding DNA. In the last few decades,
research has opened up new paradigms
for hemoglobin related to processes such
as its role in the transport of nitric oxide
and the complex developmental control
of the �-like and �-like globin gene clus-
ters. It is noteworthy that this recent work
has had implications for understanding
and treating the prevalent diseases of
hemoglobin, especially the use of hy-

droxyurea to elevate fetal hemoglobin in
sickle cell disease. It is likely that current
research will also have significant clinical
implications, as well as lessons for other
aspects of molecular medicine, the origin
of which can be largely traced to this
research tradition. (Blood. 2008;112:
3927-3938)

Introduction

During the past 60 years, the study of human hemoglobin, probably
more than any other molecule, has allowed the birth and maturation
of molecular medicine. Laboratory research, using physical, chemi-
cal, physiological, and genetic methods, has greatly contributed to,
but also built upon, clinical research devoted to studying patients
with a large variety of hemoglobin disorders. During this period,
the pioneering work of Linus Pauling, Max Perutz, Vernon Ingram,
Karl Singer, Herman Lehmann, William Castle, Ruth and Reinhold
Benesch, Titus Huisman, Ernst Jaffé, Ernest Beutler, and many
others still active has been instrumental in these studies. Our
understanding of the molecular basis of hemoglobin developmental
and genetic control, structure-function relations, and its diseases
and their treatment is probably unparalleled in medicine. Indeed,
this field, especially during the first 25 years of the existence of the
American Society of Hematology, provided the model for develop-
ments in many other areas of research in hematology and other
subspecialities. This review attempts to highlight some recent
developments in hemoglobin research most relevant to the hema-
tologist in the context of the current understanding of the functions
of these proteins and their genes. I am occasionally asked, “What’s
new in hemoglobin?” I believe that this review will show that we
are still learning much that is very relevant to our understanding of
human physiology and disease.

Hemoglobin structure

The human hemoglobin molecules are a set of very closely related
proteins formed by symmetric pairing of a dimer of polypeptide
chains, the �- and �-globins, into a tetrameric structural and
functional unit. The �2�2 molecule forms the major adult hemoglo-
bin. Their main function in mammals is to transport oxygen (O2)
from the lungs to tissues, but they also specifically interact with the
3 other gases, carbon dioxide (CO2), carbon monoxide (CO), and
nitric oxide (NO), that have important biological roles.

The functional properties of hemoglobin molecules are primar-
ily determined by the characteristic folds of the amino acid chains

of the globin proteins, including 7 stretches of the peptide �-helix
in the �-chains and 8 in the �-chains (Figure 1).1,2 These helices are
in turn folded into a compact globule that heterodimerizes and then
forms the tetramer structure.3 These 4 polypeptides of the hemoglo-
bin tetramer each have a large central space into which a heme
prosthetic group, an iron-protoporphyrin IX molecule, is bound by
noncovalent forces, and thus the iron atom is protected from access
of the surrounding aqueous solution. The iron atoms in this
environment are primarily in the physiologic ferrous (FeII) chemi-
cal valence state, coordinated to 4 pyrrole nitrogen atoms in one
plane, to an imidazole nitrogen atom of the invariant histidine
amino acid at position 8 of the “F”-helix, and to a gas atom on the
side opposite (with respect to the porphyrin plane) the histidine
residue. The reversible binding of gases to these 4 ferrous iron
atoms in the tetramer of globin polypeptides allows hemoglobin to
transport O2, CO, and NO.4 CO2 is transported in the blood in
solution and by interactions with the amino-terminal residues of
hemoglobin as a weak carbamino complex and not by binding to
the iron atoms.

In recent years, knowledge of the properties of the character-
istic folds of each of the globin polypeptides and their ability to
bind heme prosthetic groups has led to the development of a
detailed evolutionary tree to describe the ontogeny of this
family of genes from bacteria to vertebrates.5,6 In bacteria, they
are known as flavohemoglobins and appear to be primarily NO
dioxygenases for detoxifying NO; in the protist and plant taxa,
these single-chain globin proteins are largely involved with
electron transfer and O2 storage and scavenging. In inverte-
brates, the O2 transport function of the globins develops as do
several other biochemical functions. It is in the vertebrate taxa
that the characteristic pattern of highly expressed intracellular
globins, frequently functioning as multimers, for oxygen trans-
port over relatively long distances evolved (Figure 2). These
several globin proteins also include, however, the single-chain
myoglobin, in high concentrations in many muscle tissues, as
well as the homologous (to myoglobin and to each other) �- and
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�-globins and their very stable �/� dimers that pair to form
hemoglobin. In the highly specialized mammalian enucleated
cell, the erythrocyte, these molecules are expressed at very high
concentrations (Figure 1), resulting in a tremendously efficient

transport mechanism. The genes of myoglobin (and other
globins) separated from the �- and �-globin genes during
vertebrate evolution, and these 2 genes themselves evolved into
complex genetic loci on separate chromosomes. The numbers of

Figure 1. The X-ray determined structure of the
hemoglobin molecule and a representation of its
very high concentration in the erythrocyte. (A) The
arrangement of the �-helices (shown as tubes) in each
�� unit—one on the left and one, 180° rotated, on the
right—is shown, as are the 4 heme groups with their
iron atoms where gas molecules bind. The site of the
sickle mutations on mutant �-chains as well as the �93
conserved cysteine residues is also shown. Hemoglo-
bin molecules in the red blood cell, shown in an inset on
the right, are very tightly packed (at a concentration of
approximately 34 g/dL) and have little access to sol-
vent; this allows efficient oxygen transport by each cell
but also affects the chemical behavior of the molecules,
such as promoting sickle cell hemoglobin polymeriza-
tion upon slight deoxygenation. (B) A representation of
the quaternary structural changes in the hemoglobin
tetramer, in a top-down view, in the transition from the
oxy conformation (left) to the deoxy conformation (right).
The iron atoms shift relative to the planes of the heme
groups and a central cavity between the �-chains
opens, facilitating 2,3 BPG binding. These diagrams
are based on drawings of Irving M. Geis. Illustration by
Alice Y. Chen.

Figure 2. A diagram of the proposed evolutionary
relationships of the human globin proteins as in-
ferred from sequence analyses. NGB, neuroglobin;
CYGB, cytoglobin; MB, myoglobin. Reprinted from
Pesce et al (EMBO Rep. 2002;3:1146-1151) with per-
mission. Illustration by Alice Y. Chen.
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these genes, their chromosomal locations, and their developmen-
tal control vary greatly among species; however, the basic
globin gene structure and protein folds are conserved in
evolution among all mammals.

Myoglobin has a very high affinity for O2 compared with
hemoglobin, but a detailed understanding of its function has still
not been achieved. Mice with knockout of the myoglobin gene
have almost normal physiology. Myoglobin is thought to serve
more to facilitate oxygen diffusion in muscle, especially to
mitochondria, than to act as a storage site, as previously thought.7

Myoglobin also appears to act as an NO dioxygenase and a nitrite
reductase. In the last decade, several other homologous proteins—
neuroglobin and cytoglobin—have been detected in low amounts
in certain tissues and appear to protect against hypoxia; again,
however, there is much controversy about their functions.8,9

Hemoglobin function

The role of erythrocyte-encapsulated hemoglobin in transporting
oxygen has been the focus of many of the greats of physiology,
including Christian Bohr, August Krogh, J. B. Haldane, F. J. W.
Roughton, and others in the last century and has been reviewed in
detail.10,11 More recently elucidated was how this finely tuned
system is regulated via heterotropic interactions with other mol-
ecules, such as protons, anions, and bisphosphosphoglyceric acid
(2,3 BPG or, in the older convention, 2,3 DPG),12 and by
intramolecular, or homotropic, interactions for optimal normal
respiratory function.13 Cooperative oxygen binding can be ex-
plained very precisely in terms of the allosteric model14 of protein
regulation of Monod, Wyman, and Changeux, but alternative
models are still being developed.15 Understanding the physiologic
fine-tuning of this function by proton binding (the Bohr effect) or
2,3 BPG binding has been a triumph of basic protein chemistry and
applied physiology during the last 50 years.10,11

In the 1950s, the methods of protein sequence determination
and X-ray crystallography allowed the determination of the amino
acid sequences of various hemoglobins and the spatial arrange-
ments of their atoms. This work, marked in particular by the
high-resolution structural analysis—among the first for any pro-
tein—by Nobelist Max Perutz (Figure 3) and his colleagues in the
late 1960s,2,16 soon resulted in a detailed explanation of the
relationship of hemoglobin function as an oxygen transporter to its
molecular structure. Furthermore, this information allowed for the
explanation of the clinical phenotypes of most of the many
hundreds of characterized mutations in the globin genes and
proteins, which cause changes in function and include the many
“hemoglobinopathy” diseases, in terms of this molecular structure.
These correlations, initiated by Perutz and Lehmann17 and pio-
neered in the United States by Ranney, Beutler, Nathan, Bunn,
Forget, and others, remain among the landmark accomplishments
of the then-new field of molecular medicine. Although much of this
information is now securely rooted in the textbooks, studies of
hemoglobin function have recently become quite active again.

In the last decade, there has been considerable attention to
understanding the interactions of normal hemoglobin with CO, in
recognition of the fact that as well as being a toxic hazard, CO is
produced in the body from free heme by heme oxygenase and can
itself activate soluble guanylyl cyclase.18 For this and other
reasons, it has potential pharmacological applications. This atten-
tion to non–oxygen-related functions has been even more appli-
cable to the study of NO/hemoglobin interactions since the

important realization in the mid-1980s that NO is a ubiquitously
produced cell signaling molecule, acting via both soluble guanylyl
cyclase production of cyclic GMP and other mechanisms, throughout
almost all life forms. It is especially important in mammals in the
regulation of vascular tone, cell interactions, and neural function.19

It has been known since before World War I that NO reacts with
oxyhemoglobin to produce methemoglobin, with ferric (FeIII) iron
and nitrate ions. Recent work suggests that most of the methemoglo-
bin circulating in red blood cells is derived from this oxidation
process,20 which is normally reversed by the erythrocytic methemo-
globin reductase system. In the past 40 years, a second reaction of
NO with deoxyhemoglobin to form nitrosyl(heme)hemoglobin
(NO-hemoglobin), with the NO liganded to the ferrous iron atom,
has also been studied intensively. Like the reaction with oxyhemo-
globin, this reaction had generally been assumed to be irreversible.
However, there is now evidence that NO-hemoglobin in the circulating
red blood cell may be capable of releasing NO molecules—thus
potentially allowing a mechanism for hemoglobin-based, endocrine-like
transport of NO from one tissue to another within the body.21

Ten years ago, a third reaction of NO with oxyhemoglobin was
postulated to be physiologically important: the binding of NO to
the strongly conserved �-chain cysteine amino acid at position 93
(Figure 1) to form S-nitrosylhemoglobin (SNO-hemoglobin).22 It
was suggested that SNO-hemoglobin can physiologically dissoci-
ate to release NO at low oxygen concentrations. Thus, this could be
a mechanism for homeostatic control of blood flow to tissues,
because the NO released would promote vascular dilatation and
increase blood flow and oxygen delivery. This hypothesis, although
teleologically attractive, has been very controversial, with many
studies negating it, and very recent work with transgenic mice
lacking the �93 cysteine residues appears to disprove it.23 More
recently, an alternate hypothesis to account for the transport of NO
by erythrocytes has been advanced. It has been suggested that

Figure 3. A photograph of Max F. Perutz (1914-2002) demonstrating an early
model of the structure of hemoglobin. He devoted more than a half-century to the
study of the detailed molecular structure of hemoglobin but was always directly
concerned with the relevance of his work to understanding its function and its role in
human disease. Courtesy of the Medical Research Council (London, United Kingdom).
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nitrite ions within erythrocytes can be reduced to NO by
deoxyhemoglobin—with reaction kinetics maximal at approximately
50% oxygen saturation—so that NO is increasingly generated as red
blood cells enter regions of relative hypoxia.24 Thus, there are now
several potential explanations for a likely central function of NO in
controlling blood flow via hypoxic vasodilation (Figure 4).

These recent studies of NO interactions with hemoglobin point
to the increasing realization in the last few years that hemoglobin
has evolved with functional properties important for the physiology
of several gases, especially NO, as well as that of the paradigmatic
delivery of O2. There is also some indication that abnormalities in
hemoglobin levels or localization (for example, the increases in
total intracellular hemoglobin that occur in polycythemia or of
cell-free hemoglobin in chronic and acute anemias [Figure 4]) may
result in clinical abnormalities because of their overall tendency to
deplete available NO. The major toxicities of all hemoglobin-based
blood substitutes seem to be similar and are likely to be due largely
to enhanced destruction of NO by the cell-free hemoglobin25 but
could possibly be overcome by replacement of the NO.26

The hemoglobin phenotype

In erythrocytes of normal human adults, hemoglobin A (�2�2)
accounts for approximately 97% of the protein molecules, hemoglo-
bin A2 (�2�2) for 2%, and hemoglobin F or fetal hemoglobin (�2�2)
for 1% (Figure 5). This distribution reflects the patterns of
expression of the �-globin gene locus on human chromosome 16
and the �-globin gene locus on human chromosome 11. After the
evolutionary separation of the 2 mammalian globin loci, each locus

has undergone complex changes that resulted in the presence of
multiple genes and nonexpressed pseudogenes in the human
genome. The pattern of expression of these genes shifts from the
more 5� genes on the DNA to more 3� genes during fetal, then
neonatal, and then adult development stages (Figure 6).27 In the
fetus, the � and ε genes are initially expressed primarily in the yolk
sac, para-aortic region, and then the liver, resulting in the formation
of hemoglobins Gower 1, Gower 2, and Portland. Their down-
regulation in early embryonic life is followed by the expression of
the 2 �-genes and the 2 �-genes (G� and A�); they are functionally
identical but are different in that there is either a glycine or an
alanine at position 136. This causes the accumulation of hemoglo-
bin F, which predominates in the last 2 trimesters of gestation and
has a slightly higher oxygen affinity than the adult hemoglobins
because it binds 2,3 BPG less strongly. At birth, although the �
genes remain fully active, the � genes are effectively down-
regulated and the �-like (� and �) genes are up-regulated so that,
normally, by the end of the first year of life, the “adult” hemoglobin
phenotype, hemoglobins A and A2, is predominant. In some cases,
expression of the �-globin persists in adult erythroid cells; this
largely asymptomatic state is known as hereditary persistence of
fetal hemoglobin (HPFH).28

The covalent modification of the major adult hemoglobin by
nonenzymatic glycation of the �-chain amino-terminal residue by
glucose forms hemoglobin A1c.29 This was observed in electro-
phoretic studies of hemoglobin phenotypes and has opened a vast
area of diabetes-related research. There has also been much
progress in understanding the diverse causes, manifestations, and
treatment of methemoglobinemia.30,31 Indeed, the discovery of a
deficiency of cytochrome b5 reductase (methemoglobin reductase)

Figure 4. A representation of nitric oxide (NO)/hemoglobin reactions in the arterial microcirculation. Reactions that appear to predominate under physiologic conditions
(center), as well as pathologic lesions due to hemolysis (right) and results of high or pharmacologic levels of NO (left) are indicated. Under basal conditions, NO (a short-lived
free radical) produced by endothelial NO synthase enzymes largely diffuses into surrounding smooth muscle to activate soluble guanylyl cyclase (sGC) to produce cyclic GMP
and regulate vascular tone. The interactions of NO with red cells under these conditions seem to be limited by several barriers to diffusion, at the red cell membrane and
streaming of plasma near the endothelium. With hemolysis (or with administration of hemoglobin-based blood substitutes), cell-free oxyhemoglobin acts as an efficient
scavenger of NO, causing vasoconstriction and perhaps pathological organ conditions. When endogenous NO levels become very high, or when it is administered by inhalation
or by infusion of nitrite ions or other NO donors, reactions in the plasma and within erythrocytes become very important. Reactions with oxygen will tend to oxidize NO to nitrite
and nitrate. Reactions with plasma molecules will form thiol (SNO) compounds and other species; plasma nitrite can also be reduced by endothelial xanthine oxidoreductase
(XOR) to NO. Small amounts of SNO-Hb form, but its function is not at all clear. Nitrite from the plasma may enter the red cell or be formed in the cell itself, where reactions with
hemoglobin and the ascorbate cycle can reduce it to NO. Although the prevalent reactions with oxyhemoglobin to form methemoglobin and nitrate tend to destroy NO
bioactivity, these other reactions may allow its preservation and modulation for physiologic functions. Adapted from Schechter and Gladwin (N Engl J Med.
2003;348:1483-1485), with permission. Illustration by Alice Y. Chen.
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as a cause of familial methemoglobinemia may be considered the
first description of an enzyme defect in a hereditary disorder.32

There have also been significant advances in understanding the
complex physiologic adaptive responses to acute and chronic
hypoxia, especially of populations at high altitudes.33

During the last 30 years, an enormous amount of effort has been
devoted to understanding the molecular and cellular mechanisms
that underlie these changes (called hemoglobin “switching”) in
expression of the �- and �-globin gene clusters.34 This has been
because of the intrinsic interest of this system as one of developmen-
tal gene control but also because of the potential relevance of this
information to developing therapies for the 2 most common groups
of genetic diseases of hemoglobin, the sickle cell syndromes and
the thalassemia syndromes. Before reviewing these studies of
globin developmental control, I note some of the relevant work—
especially recent findings—on the pathophysiology of these 2 groups
of diseases and how altering the hemoglobin phenotype might be
clinically beneficial.

Sickle cell disease

The discovery by Linus Pauling and his associates in 194935 that
the molecular basis of sickle cell anemia is due to an abnormal

hemoglobin virtually created the field of molecular medicine
and moved research hematology to its forefront. It is sometimes
forgotten that this molecular medicine paradigm also required
understanding of the inheritance pattern of this disease, which
was supplied in the same year by J. V. Neel,36 whose publication
is also one of the founding articles of the field of medical
genetics. We now have a detailed understanding of how a single
nucleotide change (A to T) in the �-globin gene leads to the
valine for glutamic acid substitution37 in the �-globin protein.
This in turn allows the formation of stable intermolecular
interactions (linear polymers of the tetramers) in the concen-
trated intracellular solutions of deoxyhemoglobin S (�2�2

S or
sickle hemoglobin).38 This process is the basis for our understand-
ing of the pathophysiology of this disease39,40 at the genetic,
molecular and cellular levels. Sickle cell anemia pathophysiol-
ogy is a consequence of this reduced solubility, causing
polymerization of hemoglobin S tetramers in red blood cells
upon partial deoxygenation and the impaired flow of these cells
in the microcirculation.38 Other mechanisms secondary to
intracellular polymerization have been extensively studied,
especially in animal models, but their relative importance to
human pathophysiology remains unclear.

Figure 5. The genomic structure of the clusters of
�-like and �-like globin genes, on chromosomes 16
and 11, in human beings. The functional �-like genes
are shown in dark blue and the pseudogenes are in
light blue; 2 of these (� and �-1) code for small amounts
of RNA. The functional �-like genes are shown in light
green. The important control elements, HS-40 and the
LCR, discussed in the text, are also shown at their
approximate locations. The �-gene cluster is approxi-
mately two thirds of the length of the �-gene cluster; it is
transcribed from telomere toward centromere, the oppo-
site of the � cluster. The various hemoglobin species
that are formed from these genes, with their prime
developmental stages, are shown in the lower part of
the figure. Illustration by Alice Y. Chen.

Figure 6. The timeline of the expression of the human globin genes
from early stages of fetal development to the changes that occur at
birth and in the first year of life. Also shown are the major sites of
erythropoiesis and the types of hemoglobin-containing cells during these
periods. These analyses are largely based on observations of clinical
samples made by Huehns et al in the 1960s; the figure is reprinted from
Wood (Br Med Bull. 1976;32:282) with permission. Illustration by Alice Y.
Chen.
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More than 50 years ago it was postulated (probably first by
J. B. S. Haldane) that the sickle mutation results in increased
resistance to malaria in heterozygotic persons or carriers41; subse-
quent work indicates that this is true for thalassemia as well.42

Current research suggests the importance of redox and immuno-
logic processes in this protection, but the exact cellular mecha-
nisms are not yet clear.42,43 Again, as with so many other studies of
the clinical biology of hemoglobin, this concept of selective
advantages for carriers of certain disease-causing (in the homozy-
gous state) genes has been applied widely.

Another new concept from sickle cell anemia research quickly
extended to other diseases was the realization by Y. W. Kan and his
colleagues in 197844 that restriction enzymes could be used to
detect DNA polymorphisms linked to the abnormal �-globin gene
to identify prenatally those fetuses who have one or both of the
mutant hemoglobin genes. These studies also initiated the gradual
transition of the molecular diagnosis of hemoglobin disorders from
protein methods to the current wide range of extremely sensitive
and precise nucleic acid analyses.45

However, despite the detailed characterization of the abnormal
gene and protein and the behavior of hemoglobin S in red cells, we
understand relatively little of how these abnormalities affect
specific organs and the overall health of affected persons. The best
indicator of this conundrum is the unexplained heterogeneity in age
of onset and severity of disease in persons whose hemoglobin
genotype and phenotype appear similar or identical.46 Unlike
“classical” monozygotic diseases, even many of the thalassemic
syndromes, clinical progression and the need for treatment in
patients with sickle cell anemia patients can only be predicted in
limited circumstances, such as in children detected to have
abnormal blood flow in the large vessels of the brain as measured
by the transcranial-Doppler ultrasound method47 or in adults with
pulmonary hypertension.48

Although many other measurements, such as globin cluster
haplotype analysis or white blood cell levels, have been suggested
to have explanatory and predictive value, only 2, the presence of
�-thalassemia and the levels of hemoglobin F, have been validated
comprehensively. Coexisting �-thalassemia leads to a reduction in
MCHC, which inhibits hemoglobin S polymerization, but this beneficial

effect seems to be counter-balanced by the increase in total hemoglobin
levels, which may have some deleterious effects.49,50

The beneficial effects of hemoglobin F have been confirmed by
clinical observations, epidemiologic studies, biophysical measure-
ments, and therapeutic trials. In 1948, Janet Watson51 noted that
until adult hemoglobin displaces the form present at birth (hemoglo-
bin F), manifestations of sickle cell disease are limited. Population
studies among different groups of persons with sickle cell disease
(eg, Saudi Arabs vs African populations) or within single geo-
graphic areas, as well as a large “natural history” study in the
United States confirmed that various measures of severity were
inversely related to hemoglobin F levels but suggested that very
high (	 25%) levels were needed for major benefit. At the same
time, diverse laboratory studies showed the mechanism by which
hemoglobin F had a sparing effect on intracellular polymerization
(Figure 7) and confirmed clinical estimates of the levels of
hemoglobin F needed for benefit.52 Equally importantly, several
drugs were found to increase hemoglobin F levels in nonhuman
primates. DeSimone and Heller53 and Letvin et al54 showed that
5-azacytidine and hydroxyurea (now frequently designated as
hydroxycarbamide) had such effects. This work was extended to
patients by Platt, Charache, Dover, Nienhuis, Ley, Rodgers, and
their colleagues (reviewed by Rodgers55). In a multicenter, double-
blinded study of adults with frequent pain crises, led by Charache,56

hydroxyurea improved several clinical parameters compared with
placebo. In 1998, hydroxyurea was approved by the US Food and
Drug Administration for treating these types of patients, and a
recent systematic review has confirmed its efficacy in adult patients
with sickle cell disease.57

However, many patients do not respond at all to hydroxyurea
with elevations of hemoglobin F, whereas some clinical manifes-
tations seem to be little affected by even the 10% to 15% levels
of hemoglobin F obtained in some patients with the drug.
Furthermore, there is yet limited evidence that the drug prevents
damage of crucial organs, such as the lungs, kidneys, and brain,
or improves survival in adult patients.58 Long-term and con-
trolled studies in children to assess the effects and safety of
hydroxyurea have only been recently initiated. Thus, in addition
to further clinical outcome studies with hydroxyurea, there is a

Figure 7. A diagram of the postulated effect of
hydroxyurea in inhibiting hemoglobin S-polymeriza-
tion, by increasing hemoglobin F levels (shown as
25%) in each sickle erythrocyte and thus decreas-
ing the degree of microvascular obstruction at any
oxygen level. The sparing effect of hemoglobin F,
greater than that of hemoglobin A, occurs because the
mixed hybrid �2�S� that forms inside the red cell does
not enter the polymer phase. Adapted from Schechter
and Rodgers (N Engl J Med. 1995; 334:333-335), with
permission. Illustration by Alice Y. Chen.
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strong need to find other agents that may singly or in combina-
tion with hydroxyurea have a more robust effect on hemoglobin
F levels. To this end, studies with erythropoietin, butyrate
compounds, and deoxyazacytidine are being pursued, but at
present, none seems strongly promising. Clearly, much more
work, both clinical and laboratory, is needed to test these drugs
further and to find new agents if we are to improve on this
partially effective pharmacologic approach to this disease.

Although the utility of hydroxyurea in treating sickle cell
disease has been generally accepted in the academic community,
its more general use in the treatment of patients with sickle cell
disease has been quite limited, even among patients who are
likely to benefit.59 Further complicating its evaluation has been
that its clinical effects have been attributed by some to
mechanisms other than inducing hemoglobin F, such as lowering
neutrophil counts or adhesion molecules, generating NO, and
others. The evidence for these is minimal, and some of these
effects may be indirect results of elevating hemoglobin F.
Likewise, many pathophysiologic mechanisms have been pro-
posed in sickle cell disease studies as alternatives or comple-
ments to the intracellular polymerization of deoxyhemoglobin S
and its effects on the rheologic properties of the sickle
erythrocyte. None has the weight of evidence that surrounds the
primary polymerization phenomenon, and they are likely to be
secondary factors; none of the therapeutic approaches based on
these hypotheses has been promising up to now compared with
inhibiting polymerization of deoxyhemoglobin S with hemoglobin F.

However, it has recently been proposed that as a consequence
of the fragility of the sickle erythrocyte (due to intracellular
polymerization, which results in intravascular hemolysis and the
chronic anemia characteristic of this disease), circulating cell-
free hemoglobin levels are increased, and this acts as a strong
NO scavenger. This hypothesis60 postulates that some of the
clinical manifestations of sickle cell disease (pulmonary hyper-
tension, leg ulcers, and possibly stroke) relate to this NO
deficiency, whereas others (vaso-occlusive pain crises, acute
chest syndrome) are due primarily to occlusion of microcircula-
tory flow by red cells made rigid (not necessarily “sickled”) by
intracellular polymer. Patients with sickle cell disease appear to
differ in the relative importance of the hemolytic and the
occlusive mechanisms for reasons that are not clear. This model
suggests possible treatment with NO to dilate vessels so as to
diminish sickle cell entrapment, in addition to attempts to inhibit
polymerization itself, and thus should be amenable to clinical
testing in the near future.

The thalassemia syndromes

Studies of the �- and �-thalassemia syndromes, especially by
Weatherall, Wood, Higgs, Nathan, and their colleagues, during
the past 50 years have also tremendously informed the basic
understanding of the hemoglobin genes and proteins, as have the
laboratory studies informed the clinical description of patients
with these syndromes.61 The genetic mechanisms causing reduc-
tion of �-globin synthesis in the �-thalassemias and of �-globin
synthesis in the �-thalassemias have been models for the study
of other genetic diseases. These have been reviewed in de-
tail,61,62 as has been the explanation of pathophysiology as being
due to chain imbalances within the thalassemic erythroid
precursors resulting in ineffective erythropoiesis and medullary
as well as intravascular hemolysis, perhaps as a result of
oxidative processes and resulting apoptosis-like events during
erythroid development.63 In recent years, studies of patients

with de novo �-thalassemia and mental retardation and with
�-thalassemia and myelodysplastic syndrome have identified a
somatic mutation in the gene ATRX, the role of which in
chromatin remodeling has a strong effect on �-globin gene
expression.64 These studies again illustrate the continued impact
of hemoglobin genetics on other aspects of molecular medicine.

Among the major unanswered questions in thalassemia
research has been the variability of clinical symptoms for some
patients with �-thalassemia intermedia65 but especially for the
large numbers of patients who are doubly heterozygous for
hemoglobin E and �-thalassemia.66 Recent studies have led to
the conceptualization of this variability in terms of primary,
secondary and tertiary factors.67,68 The primary factors are those
of the �-globin genotype, in particular the amount of globin
mRNA and protein (eg, �o with no globin versus �
 with
reduced globin levels of expression from each mutant gene).
The secondary factors are other genetic changes in the globin
gene clusters that either contribute to levels of �-globin or
determine �-globin levels in response to deficiencies of �-globin
expression. Among the latter are the Xmn1-G � polymorphism at
position �158 of the G�-gene, which up-regulates its expres-
sion, as well as other less well understood genetic changes that
may cause the markedly high levels of hemoglobin F levels seen
in HPFH or increase these levels only slightly. The tertiary
factors are much more diverse and include factors that affect
iron absorption, bilirubin metabolism, and other factors known
and unknown. A protein that binds to free �-chains, the �
hemoglobin stabilizing protein, has been identified as a molecu-
lar chaperone (affecting the folding of the �-chains) in globin
biosynthesis69 and is postulated to influence the severity of
�-thalassemia syndromes.70

These analyses confirm the likelihood that pharmacologic or
genetic methods to elevate hemoglobin F could have great therapeu-
tic value for most cases of �-thalassemia, as with sickle cell
disease. Unfortunately, the response to agents such as hydroxyurea
and even the more potent 5-azacytidine that work in many patients
with sickle cell disease have been relatively disappointing in
patients with thalassemia.71 It has been suggested that recent blood
transfusions, which are generally more necessary in patients with
thalassemia than in those with sickle cell disease, blunt the effects
of these drugs because they seem to need rapidly proliferating bone
marrow to increase expression of hemoglobin F.72,73 Clinical
studies, with respect to timing of therapies or the use of other
factors, such as erythropoietin and iron, may establish regimens
with greater clinical benefit. With regard to other recent research in
�-thalassemia, it may be noted that new understanding of the
control of iron absorption and metabolism and improved chelation
agents may also allow amelioration of some of the clinical
complications that cause morbidity and mortality without changing
the fundamental genetic imbalance.74

Genetic testing and the availability of prenatal diagnosis has
greatly reduced the numbers of �-thalassemia patients in certain
countries during the last 2 decades. Stem cell transplantation has
also been very successful in treating many patients with these
syndromes when the requisite medical facilities are available.
Overall, survival and cure of the thalassemic syndrome approaches
90% in several major centers.75 High-resolution human leukocyte
antigen typing has extended this success to unrelated donors, and
the use of less intense conditioning regimens, with the goal of
achieving stable mixed chimerism, promises also to expand the
utility of stem cell transplants.
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However, both transplants and prenatal diagnosis have been
much less used or successful in the sickle cell disease population. Stem
cell transplants seem to be unfeasible for most patients for economic
reasons or because of the lack of matched stem cell donors.

Treatment of the thalassemic and sickle cell syndromes by gene
transfer therapy, the original goal of many gene therapy investiga-
tors, has been beset by all of the tribulations that have affected this
field in general. It has not been possible to achieve high-efficiency
transfer of globin gene vectors into erythroid cells with resultant
prolonged robust expression of the normal globin gene. Equally
important, the recent cases of leukemia resulting from insertional
mutagenesis in children with X-linked severe combined immunode-
ficiency who were being treated with gene therapy has greatly
increased safety concerns with regard to viral vectors. Furthermroe,
there are reasons to expect that because of the need for high levels
of globin protein production with precise chain balances, these
diseases will not be easy to treat. However, clinical advances
related to the stem cell transplants mentioned above, as well as
improvements in the design of globin gene vectors and transfection
methods, suggest that clinical studies of gene therapy protocols for some
genetic diseases of hemoglobin will soon be undertaken.76-78 An entirely
new approach to therapy of genetic diseases, with induced pluripotent
stem cells (iPS) generated from autologous skin, has just now been
demonstrated in a sickle cell anemia mouse model.79

Human globin genetics

The �-like globin gene clusters shown in Figure 5 are at the p13.3
locus of chromosome 16 in a region of ubiquitously expressed
genes near the telomere. The �-like genes are in the p15.5 region of
chromosome 11, which contains multiple DNA sequences that act
as strong tissue and developmental stage-specific enhancers of
transcription. These differences probably account for the fact that
the 2 �-globin genes are expressed strongly and continuously in
erythroid cells from a short time after early embryonic develop-
ment to adulthood (Figure 6). However, the 5� �-2 gene is
expressed much more strongly than the more 3� but identical �-1
gene. In contrast the �-globin gene cluster undergoes sequential
expression of the ε-globin gene, then the 2 �-globin genes, and then
the adult �- and �-globin genes, but with a marked preponderance
of �-globin compared with �-globin. The embryonic �-globin gene,
which is expressed briefly in early fetal life, is 5� to the 2 �-globin
genes on chromosome 16.

In the �-globin gene locus, a DNA region 5� to the cluster called
hypersensitivity site-40 (HS-40) acts as an erythroid-specific enhancer
of transcription of closely linked genes.61,80 In contrast, on chromosome
11, the �-globin gene is regulated by its proximity to a group of at least
5 DNAsites, termed the locus control region (LCR), that are hypersensi-
tive to cleavage by the DNAse I nuclease (for reviews, see Li et al81 and
Dean82). The LCR appears to contribute significantly to regulation of the
sequential 5�-to-3� expression of the globin genes during development,
as well as their very high level of expression—necessary to obtain, with
matched contributions from the �-locus, the very high hemoglobin
levels of the normal erythrocyte.

Each of the segments of DNAin the 2 globin gene clusters that codes
for an RNA transcript for a particular globin protein is by convention
called a globin “gene.” All of these genes, 8 in the human, have very
similar structures. There are 3 coding exons and 2 intervening se-
quences, or introns of DNA, the RNA copy of which is spliced from the
pre-messenger RNA after transcription, that are subject to many
mutations that affect splicing efficiency. The preservation of this
structure of the globin genes, which may be related to the preservation of
the protein folds, among the human genes and even among many

mammalian species, is in contrast to the much greater variability of the
number and arrangement of the genes among species.

Immediately 5� to each gene are regulatory DNA sequences, termed
promoters. These, and other more distant DNA elements, contribute to
the regulation of expression of each of these genes (for reviews, see
Stamatoyannopoulos et al,34 Weatherall and Clegg,61 Higgs et al,80

Orkin,83 Martin et al,84 Chakalova et al,85 and Mahajan et al86), and
mutations in them also affect the transcription efficiency of each gene.
Such mutations, as well as those within the coding sequence that affect
post-transcriptional modifications or translational efficiency, are mani-
fest clinically as the thalassemia syndromes discussed above. Such
regulatory single nucleotide or point mutations, now numbering in the
hundreds, are more common in the �-thalassemias than in the �-thalasse-
mia syndromes, which are mainly caused by large deletions in the �-gene
cluster. A registry of these hemoglobin variants and much other informa-
tion about these molecules and their genes, initiated by Titus Huisman, is
available online at the database HbVar (http://globin.bx.psu.edu/hbvar).87,88

Globin gene regulatory mechanisms

Directly flanking each of the globin genes at its 5� end are regions
of DNA sequences designated the proximal promoter that regulate
the binding of a complex of proteins that control the initiation and
rate of transcription of the mRNA.34,89,90 These cis-acting elements
include, in the immediate or proximal region, the ATA, CCAAT,
and CACCC nucleotide sequences, frequently found in these
regions in many genes. More distant 5� sequences, up to 1 or
2 kilobases from the gene and called the distal promoter, may also
serve to contribute to activation or silencing of each of the globin
genes. GATA sequences [(A/T)GATA(A/G)] in the DNA, which
bind GATA-1 transcription regulatory proteins, are found through-
out the globin gene clusters and have strong erythroid specificity.
The transcription regulatory protein (or trans-acting factor) EKLF
was originally thought to have strong specificity for positive
regulation of the �-globin gene but is now known to also have
effects on many erythroid genes. Figure 8 shows a relatively simple
model compatible with these results for how developmental control
of the �-globin gene cluster may occur via interactions with the
LCR and these major factors, but a host of other factors (see below)
clearly also play crucial roles.

In recent years, based on the pioneering studies of Felsenfeld,
Orkin, Bieker, Engel, and others, evidence has been presented for a
role of a variety of other transcription factors or complexes in the
control of individual globin genes or their sequential expression,
including NF-E2, BP-1, SSP, FOG, FKLF, DRED, and PYR (for
reviews, see Stamatoyannopoulos et al,34 Orkin,83 Martin et al,84

Chakalova et al,85 Mahajan et al,86 Giardino et al,88 and Stamatoy-
annopoulos89). No simple picture of how any of these might
regulate the developmental pattern of the globin genes has emerged.
DNA sequencing of the globin gene clusters has revealed an
enormous number of other DNA motifs in the globin cluster, some
within the LCR, that appear to be binding sites for many other
proteins that also contribute to enhancing or silencing transcription,
revealing the enormous complexity of this system.

The DNA sequences coding for the pre-mRNA of each globin
gene includes that for the mRNA cap site, the initiator codon,
splicing sites, terminator codons, and mRNA polyadenylating
signals. Mutations in any of these can affect transcription effi-
ciency; mRNA processing, stability, and transport from the nucleus
to the cytoplasm; and the efficiency of translation into globin
protein on ribosomes. Impairment in any of these can lead to a
thalassemia syndrome, as can more distal mutations or deletions in
the globin cluster. Conversely, mutations affecting the binding of
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transcription factors near the �-globin genes or DNA deletions that
change the relationship of these genes to cis-acting sequences can
up-regulate �-gene expression as in the HPFH syndromes.28

The molecular mechanisms of the �-globin LCR have been
partially elucidated by 2 decades of research by the laboratories of
Tuan, Grosveld, Groudine, and others, with in vitro, cellular, and
genetically modified animal assays. These closely spaced DNAse
hypersensitivity sites were initially postulated to act singly or as a
group as a major regulator of globin gene expression, both as a
strong general enhancer of transcription and as a specific mediator
of developmental control of the �-cluster. Both mechanisms are
believed to occur by interactions of all or parts of the LCR
sequentially with the embryonic, then the fetal, and then finally the
adult-like globin genes during ontogeny and, in adult life, during
maturation of marrow erythroblasts (Figure 6). They seem to
somehow “open” the chromatin of the relevant segments of DNA,
allowing the transcription initiation complex and other trans-acting
factors to bind at the appropriate gene.91

Much effort has been extended to understand how the LCR
affects transcription of the entire �-globin gene cluster. Models
have ranged from those based on binding of transcription factors to
the LCR and their subsequent migration or “tracking” to the
individual genes (compatible with observed intergene RNA tran-
scripts) to the more generally accepted “looping” concepts. Re-
cently, de Laat et al92 have refined these looping models by
showing the formation of “active chromatin hubs” or “transcription
factories” during erythroid maturation and stochastic interactions of the
LCR with the individual globin genes. Current work also emphasizes
the possible importance of cell-cycle control and of intergenic transcrip-
tion in the formation of these transcription domains.93

In some species, parts of the LCR seem to act as insulators,
which can shield the �-cluster from the effects of other cis-acting
elements or, conversely, limit the spread of the effects of chromatin
changes that occur within the globin gene cluster from affecting
genes outside of the cluster.94,95 A hypersensitive site 3� to the
�-globin gene cluster has also been noted, but its role is not well
characterized. Recent data, however, have suggested that very
strong enhanced transcription of later genes may give the appear-
ance of “switching” as early genes are diluted out.96 Finally, it
should be noted that virtually all the work just reviewed is focused

on initiation and rates of transcription. It is clear that post-transcriptional
factors, such as stability of mRNA of the �-globin genes or translation
rates (as affected by heme) are also very important in the regulation of
intracellular hemoglobin phenotypes.97,98 Unfortunately, relatively little
research has occurred in these areas in recent years because the
transcription paradigm has dominated the field.

Developmental biology of hemoglobin

Much information about the developmental modulation of hemoglo-
bin initially came from clinical examination of human fetuses and
newborns. In recent years, most data have come from studies of
erythroid cells in culture or from genetically modified animal
models, none of which is a precise model of these processes in
humans.99 With that caveat, it should be noted that investigations in
mice and, to a limited extent, in humans suggest that erythropoiesis
can be divided into a primitive phase or stage in the yolk sac and
then a definitive stage, initially in the liver and spleen and later in
the bone marrow of the fetus. Extensive delineation of the genetic
signals and hematopoietic factors that control primitive erythropoi-
esis has been accomplished100; mechanisms of the control of globin
gene expression during the clinically important definitive erythro-
poiesis stage have been much less tractable to these approaches.

It has been generally accepted that the specificity of expression
of the globin genes is not directly related to the site of hematopoi-
esis, to clonal control of cell maturation, or to growth factors or
other signaling molecules. However, recent work has provided
evidence for cells of different phenotypes during ontogeny in
humans96 and, at least in vitro, the influence of certain cytokines,101

such as stem cell factor (SCF), on the hemoglobin phenotype.
Erythropoietin, a very important cell growth factor, stimulates
production of erythroblasts that mature into hemoglobin producing
cells and thus markedly increases the production of hemoglobin102

but does not seem to affect directly the expression of the globin
genes or their developmental control.

Mechanisms of hemoglobin F inducers

In an era striving for “rational” therapeutics, our chances of
improving the efficacy of hydroxyurea for sickle cell disease or
obtaining agents that work in the thalassemia syndromes would

Figure 8. A simplified model of the developmental
control of �-globin gene transcription at the embry-
onic, fetal, and adult developmental stages (see
Figures 5 and 6). The sequential interaction of the LCR
and trans-acting factors, such as GATA and EKLF, with
the promoters of the several globin genes are shown as
are putative cis-acting silencers that may down-
regulate expression for “switching.” Evidence for silenc-
ers is stronger for the �-globin gene, but it has been
assumed that they would also affect the �-globin
genes. Levels of expression are indicated by the
lengths of the arrows above each gene. In 3 dimen-
sions, these interactions would be represented by
loops of DNA with bridging transcription and chromatin
proteins between the LCR and the genes, now called
active chromatin hubs. A more detailed model would
include many other transcription factors, modifications
of chromatin structure, and the possible role of mi-
croRNA molecules as well as many post-transcription
control mechanisms. Illustration by Alice Y. Chen.
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clearly be improved if we understood the mechanisms of the drugs
currently used. A major conceptual advance in this field was based
on the observations of Stamatoyannopoulos, Papayannopoulou,
and their collaborators that adult erythroid cells in culture could
express fetal globins and their development of a model based on
this to separate cell differentiation and proliferation events.34,89

These concepts helped frame studies in the late 1970s of the
importance of methylation of CpG “islands” in the DNA of
promoters in suppressing transcription103 and led to the use by
others of 5-azacytidine, a demethylating agent, to elevate hemoglo-
bin F in baboons. However, controversy about this mechanism—
and the suggestion that the hemoglobin F induction was due to an
effect of cytostasis on cell differentiation—led to trials with
hydroxyurea and other agents. Although less potent then 5-azacyti-
dine, hydroxyurea appeared safer and thus became the focus of
most subsequent research. Later, butyrate compounds, which are
elevated in the plasma of mothers with diabetes whose fetuses have
delayed “switching,” was tried, and its effect has been ascribed to
another gene regulatory mechanism, the acetylation of chromatin
proteins.104 Thus attention focused on agents that appeared to
change the epigenetic expression of the globin genes directly or
indirectly by affecting the cell cycle.

Unfortunately, despite 2 decades of such sophisticated mecha-
nistic research, our understanding of how any of these compounds
affects the hemoglobin phenotype of human erythroid cells is really
quite limited.89,105,106 Nor do we have good assays for such agents
except for studies in nonhuman primates and in humans. Thus it is
likely that the search for new drugs must remain both empiric and
mechanistic, but now with very precise analytical tools for
measuring RNA and protein changes, for the immediate future.

Conclusions

Hemoglobin, perhaps the best studied of all macromolecules, has
not revealed all its secrets even at the clinically relevant levels, to
say nothing of biophysical studies at the levels of its atoms and
electrons. In recent years, although unexpected new functions have
been found, the central goal of most biomedical hemoglobin
research has been the development of a mechanistic description of
the developmental control of the �- and �-globin gene clusters.
This field of research has been of great interest to those interested in
the whole range of hemoglobin studies—from the most basic
molecular genetics, to various “translational” models, to clinical
problems in treating patients. It has been the hope that understand-
ing these control mechanisms would lead to the discovery or design
of drugs to treat the genetic hemoglobin diseases by efficient
elevation of fetal hemoglobin and would also improve the effi-
ciency of stem cell and gene transfer approaches to therapy.
Although some of these therapies have progressed greatly during
this period, we are still far from understanding the basic processes
controlling developmental changes in the globin gene clusters.
Despite the enormous body of experimental data obtained from
cell, animal, and clinical studies, no predictive model has yet been
proposed to explain the control of this obviously complex system.

New experimental approaches to these problems are needed.
Very recently genome-wide association studies have demonstrated
a gene (BCL11A) encoding a zinc-finger protein on chromosome
2p15 that modulates hemoglobin F levels.107,108 There is much
current interest in the potential role of microRNA (miRNA)
molecules, rather than more traditional protein trans-factors, in
controlling erythroid differentiation.109 It has recently been re-
ported that the transcription factor GATA-1 activates transcription
of 2 miRNA molecules that are essential for erythropoiesis.110 This
newly emerging paradigm for the control of much gene expression
by small, noncoding RNA molecules (the RNA “world”) is only
now being investigated in the hemoglobin gene loci.

These and other totally new approaches suggest that our
concepts of hemoglobin, and especially its genetics, will be as
different in 10 or 20 years as our current concepts differ from those
of the investigators who made the first electrophoretic separations
of this abundant and convenient protein 60 years ago. However,
studies of normal human beings and patients with hemoglobin
diseases must continue as vigorously as that of the many model
systems that complement clinical work in this field. If improving
health is the goal, results from model studies will only be useful if
the reiterative processes of “bedside to bench to bedside” continue
at all stages of the research.
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Alan N. Schechter

I have been fortunate to have worked as an investigator in the Intramural Research Program at the
National Institutes of Health (NIH) in Bethesda, Maryland, for more than 40 years. The intellectual
caliber and diverse backgrounds and interests of its staff, and the freedom to range widely from
basic to clinical science, have been a beacon for me and many other medical investigators over
this period.

As an undergraduate at Cornell, I experienced for the first time the excitement of experimental biological
science, working in Howard A. Schneiderman’s insect physiology laboratory, and participated in a
graduate seminar on the very new science that we now call molecular biology. In 1960, as a second-year
medical student at Columbia, I was able to begin to work in the cancer laboratory of I. Bernard Wein-
stein. Bernie had just come from a fellowship at MIT and was among the few scientists I met who were
excited about the implications of molecular biology for medicine. We contributed one of the first papers
showing the universality of the genetic code. In my senior year at Columbia, I was fortunate to partici-
pate in a weekly faculty seminar conducted by Vernon M. Ingram, commuting from Boston, in which I
learned of the elegance of hemoglobin research. Although Irving M. London at Albert Einstein was not
enthusiastic about my continuing my laboratory research as an intern and resident in Internal Medicine,
I managed to read enough during those years to develop a certain skepticism about some of what was
taught as fact on the wards. This confirmed my already evolving career choice of a research career.

By July 1965 I was at NIH, and not in Vietnam, as a Commissioned Officer in the US Public Health Ser-
vice, working with Charles J. Epstein in Christian B. Anfinsen’s Laboratory of Chemical Biology. The first
7 years, working with Charlie on myoglobin and then with Chris on staphylococcal nuclease, were for
me the equivalent of getting a PhD in protein chemistry and allowed me to contribute a bit to the studies
of protein refolding for which Chris shared the 1972 Nobel Prize in Chemistry. After that event I finally
had to figure out what I wanted to do on my own and, after several false starts, began to work in the mid-
1970s on normal and sickle hemoglobin. These studies have included the development of immunologi-
cal assays, attempts to inhibit chemically sickle hemoglobin polymerization, and analyses of the bio-
physics of intracellular polymerization and of the molecular genetics of globin gene expression.
However, this laboratory work eventually drew me to studies of sickle cell patients in our attempts to

quantitate the severity of the disease, to evaluate the efficacy of 5-azacytidine and hydroxyurea in elevating fetal hemoglobin and—most recently in conjoint labo-
ratory and clinical studies—to study the interaction of nitric oxide with hemoglobin. I have been most fortunate in the hundred or so research fellows with whom I
have worked, especially my long-term colleague Constance T. Noguchi and many superb physician-scientists who came to the NIH for training and careers over
these decades.

In addition to these studies I have, to the puzzlement of many of my colleagues, been interested in the history, philosophy, and ethics of medical research. In addi-
tion to my day job, I served for 2 years as Acting NIH Historian and I now serve as coeditor of Perspectives in Biology and Medicine. On the basis of my career ob-
servations, I have recently been particularly concerned about the loss of clinical research in the entire NIH portfolio and continue to write on this subject.

In all of this, it has been the support of my family, especially the real hematologist, my wife, Geraldine P. Schechter (who considers me a “hemoglobinologist”), that
has allowed me to enjoy the wonderful opportunities of academic medicine, including collaborations and other interactions with many in the national and interna-
tional community of hemoglobin investigators.
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