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This book is a completely revised new edition of the defini-
tive reference on disorders of hemoglobin. Authored by
world-renowned experts, the book focuses on basic sci-
ence aspects and clinical features of hemoglobinopathies,
covering diagnosis, treatment, and future applications of
current research. While the second edition continues to
address the important molecular, cellular, and genetic
components, coverage of clinical issues has been signifi-
cantly expanded, and there is more practical emphasis on
diagnosis and management throughout.

The book opens with a review of the scientific under-
pinnings. Pathophysiology of common hemoglobin disor-
ders is discussed next in an entirely new section devoted to
vascular biology, the erythrocyte membrane, nitric oxide
biology, and hemolysis. Four sections deal with o and B
thalassemia, sickle cell disease, and related conditions,
followed by special topics. The second edition concludes
with current and developing approaches to treatment,
incorporating new agents for iron chelation, methods
to induce fetal hemoglobin production, novel treatment
approaches, stem cell transplantation, and progress in
gene therapy.

Martin H. Steinberg is Professor of Medicine, Pediatrics,
Pathology and Laboratory Medicine at Boston University
School of Medicine and Director of the Center of Excel-
lence in Sickle Cell Disease at Boston Medical Center. He
received his BA from Cornell University and an MD from
Tufts University School of Medicine. Dr. Steinberg is a
diplomat of the American Board of Internal Medicine in
the subspecialty of Hematology, a Fellow of the American
Association for the Advancement of Science and a mem-
ber of the American Society for Clinical Investigation and
Association of American Physicians.

Dr. Steinberg’s research and clinical interests are
focused on disorders of the red blood cell with a special
emphasis on sickle cell disease and inherited disorders
of hemoglobin. His current work focuses on genotype-
phenotype relationships in sickle cell disease and tha-
lassemia, and how multiple genes influence the phe-
notype of disease. Dr. Steinberg has published nearly
300 articles in his areas of interest and has edited three
textbooks that focus on the basic science and clinical
aspects of sickle cell disease and other disorders of the
hemoglobin molecule.

He has served as a scientific consultant for the Ameri-
can Heart Association, FDA, NIH, NSE Doris Duke Char-
itable Foundation, US-Israel Binational Science Founda-
tion, Wellcome Trust, Telethon2002, ISERM, Accreditation
Council for Graduate Medical Education, and the Depart-
ment of Veterans Affairs, and served on the editorial
boards of the American Journal of Hematology, American

Journal of the Medical Sciences, BMC Medical Genet-
ics, Haematologica, Journal of Laboratory and Clinical
Medicine and Hemoglobin.

Bernard G. Forget is a distinguished physician scientist
in Hematology, nationally and internationally recognized
for research accomplishments in the field of Molecu-
lar Hematology pertaining to the molecular biology of
gene expression in blood cells and the molecular basis
of hereditary disorders of the red blood cell, including
hemoglobinopathies. He is the co-author with Dr. H. E
Bunn of a highly respected textbook entitled Hemoglobin:
Molecular, Genetic and Clinical Aspects, (WB Saunders Co.,
Philadelphia, 1986). He is the senior author of a large
number of scientific publications in the field of Molecular
Hematology and red blood cell disorders, published in
leading journals He has also co-authored a number of
chapters on thalassemia and other red blood cell disorders
in various leading hematology textbooks.

Douglas R. Higgs qualified in medicine at King’s College
Hospital Medical School in 1974 and trained as a haema-
tologist. He joined the MRC Molecular Haematology Unit
(Oxford) in 1977 and is currently Professor of Molecular
Haematology at the University of Oxford and Director
of the MRC Molecular Haematology Unit. The current
interests of the Unit are (i) to understand the processes
of lineage commitment in haemopoiesis with particular
emphasis on erythropoiesis (ii) to understand how the
globin genes are activated and regulated during normal
erythropoiesis (iii) to study the human genetic diseases
affecting these processes. The main interest of his own
laboratory has been to understand how the human alpha
globin genes are regulated from their natural chromo-
somal environment in the telomeric region of 16p13.3.
Recently the group has characterised the terminal 2 Mb of
chromosome 16 and concentrated on understanding how
gene expression is influenced by epigenetic modifications
of this region (e.g. chromatin structure, histone acetyla-
tion, methylation, timing of replication, nuclear position-
ing) and the proteins that mediate these processes.

David J. Weatherall is currently Regius Professor of
Medicine Emeritus, University of Oxford and Chancel-
lor, Keele University, Keele, UK. His major research
contributions have been in the elucidation of the clini-
cal, biochemical and molecular characteristics of the tha-
lassaemias and their related disorders, the population
genetics of these conditions, and the application of this
information to the development of programmes for the
prevention and management of these diseases in the
developing countries.
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Foreword

H. Franklin Bunn

The study of hemoglobin continues to be a rewarding
endeavor. Cumulative progress since the turn of the last
century has laid cornerstones in protein chemistry and
molecular genetics and has provided a wealth of insight
into the pathogenesis of some of the world’s most preva-
lent and devastating disorders. The first edition of Disor-
ders of Hemoglobin, published 8 years ago, was a com-
prehensive compilation and analysis of the basic science
of hemoglobin and its application to the thalassemias,
sickle cell disease, and other globin mutants that spawn
a wide range of clinical phenotypes. This second edition
now presents an updated overview of all aspects of the
hemoglobin story as well as a detailed account of the
impressive advances that have been made in biochemistry,
genetics, and clinical investigation.

Hemoglobin boasts a proud history. By the end of the
nineteenth century, it was well established that hemoglobin
was a composite of protein and heme that could reversibly
bind oxygen and that this substance was found in almost
all living creatures. Entry into the twentieth century marked
the dawn of quantitative physiology, biochemistry, and the
application of the scientific method to medicine. All three
of these developing disciplines owe their early impetus to
hemoglobin and the lessons learned from this remarkable
molecule. Physiologists from Scandinavia (Bohr and Krogh)
and England (Barcroft, the Haldanes, and Roughton) made
accurate equilibrium and kinetic measurements of oxygen-—
hemoglobin binding as a function of pH and thereby pro-
vided a mechanistic understanding of the reciprocal trans-
port of oxygen from lung to tissues and of acid waste
from tissues to lung. These early contributions set the
stage for an appreciation of how the homeostasis of the
organism depends on the orderly integration of its organ
systems.

The fledgling science of biochemistry was given a jump
start by the studies of Adair and Svedberg, which estab-
lished that hemoglobin is a uniform protein with a large
but narrowly defined molecular weight and was therefore,

like sodium chloride and glucose, a bona fide molecule.
Hemoglobin and its cousin myoglobin were the first pro-
teins whose structures were solved at high resolution by
X-ray crystallography by Perutz and Kendrew, respectively,
thereby, providing an opportunity for detailed exploration
of structure-function relationships. Hemoglobin was the
first multisubunit protein to be understood at the molec-
ular level and therefore was the model system used by
Monod, Changeux, and Wyman for establishing the prin-
ciples of allostery, which dictate the regulation of a broad
range of enzymes, receptors, transcription factors, and
SO on.

The linkage of specific diseases to abnormalities of
specific molecules began with Pauling’s demonstration
in 1949 that patients with sickle cells have hemoglobin
with an altered surface charge. Within 8 years, Ingram
demonstrated that sickle hemoglobin differs from normal
hemoglobin only by a substitution of valine for glutamic
acid in the sixth residue of the B-globin subunit. This was
the first example of how an abnormal gene can change
the structure of a protein and, therefore, verified in a most
satisfying way the Beadle-Tatum one gene-one enzyme
hypothesis.

During the last quarter of the twentieth century, with the
development of recombinant DNA technology and geno-
mics, hemoglobin again became primus inter pares among
biological molecules. Indeed, the human globin genes were
among the first to be molecularly cloned and sequenced.
This soon led to the identification of a wide range of
globin gene mutants responsible for the o and B thalas-
semias. Understanding the mechanisms by which these
genotypes impair globin biosynthesis provided insight into
the diverse clinical manifestations encountered in patients
with different types of thalassemia. In addition, the evolv-
ing knowledge of human globin genes enabled the develop-
ment of molecular techniques for antenatal diagnosis and
polymorphism-based population studies, both of which
were then applied to many other disorders.

To date, more than 1,000 hemoglobin variants have been
discovered and characterized. Study of these variants, so
amply documented in this book, established the principle
of how a mutant genotype alters the function of the pro-
tein it encodes, which in turn can lead to a distinct clini-
cal phenotype. This linkage is at the heart of how molecular
genetics impacts our understanding of pathophysiological
mechanisms.

Thus, hemoglobin held center stage in the biomedical
discoveries of the twentieth century, and, in the new mil-
lenium, there is no indication that the pace has slackened.
This book begins with authoritative and up-to-date cover-
age of all aspects of hemoglobin, beginning with overviews
of erythropoiesis, globin gene regulation, and structure—
function relationships. Subsequent sections of the book are
devoted to in-depth coverage of the thalassemias, sickle cell
disease, and other hemoglobinopathies. A recurrent theme
is how understanding pathophysiology at the molecular

XV
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level has informed the design and development of novel,
rationally based therapy.

This second edition incorporates a number of advances
thathave been made in the past 8 years. Chapter 4 describes
the important insights that have accrued from the dis-
covery of a-hemoglobin stabilizing protein (AHSP), the
chaparone that protects the a-hemoglobin subunit during
assembly of the tetramer. Chapters 6, 10, and 11 include
new information on nitric oxide and its controversial roles
in allosteric modulation of hemoglobin function and in the
pathophysiology of sickle cell disease and other types of
hemolytic anemia. Chapter 27 presents recent information
on the contribution of genetic polymorphisms to the clin-
ical phenotypes of sickle cell disease and thalassemia. The
last 4 chapters cover the development of oral iron chelators

Foreword

as well as bolder therapeutic strategies, including impres-
sive progress in globin gene therapy.

The creative energy that continues to bear down on
all aspects of hemoglobin research is well represented by
the impressive list of basic and clinical investigators who
have contributed to this book. As in any field at the cutting
edge of science, controversies enrich the scientific dialogue
among hemoglobinologists. In carefully reading chapters
on closely related topics, the thoughtful reader will adopt
a policy of caveat emptor, appreciating that strongly held
opinions need to be vetted by both experimentation and
alternative hypotheses. This proviso notwithstanding, Dis-
orders of Hemoglobin offers authoritative and comprehen-
sive coverage of one of the most exciting and fruitful areas
at the interface of bioscience and clinical medicine.



Preface

Eight years have passed since this monograph first ap-
peared, and the advances in basic, translational, and clin-
ical research during this interval justify a new edition.
To conserve space and avoid duplicating our first edi-
tion, we review very briefly historical aspects, summarize
established older information, and focus on the progress
of the past 8 years. Although some older references are
retained, we have tried to focus on the literature since
2001. In expanding our coverage of clinical issues, we
also have decreased the length of the book by consider-
ing together pathophysiological features common to many
hemoglobin disorders such as vasculopathy, erythrocyte
membrane damage, and mechanisms of hemolysis. More
than half of the contributors to this volume are either new
authors or previous authors addressing different topics;
David Weatherall has joined the editorial team.
Hemoglobin has been an interest of basic and trans-
lational scientists, clinicians, and clinical diagnostic labo-
ratories. So, we continue to address the molecular, cellu-
lar, genetic, diagnostic, and clinical aspects of hemoglobin
disorders. When applicable, we provide practical recom-
mendations for diagnosis and treatment. The first sec-
tion of the book again focuses on molecular, cellular, and
genetic aspects of hemoglobin and includes discussions
of developmental hematopoiesis, erythropoiesis, globin
genes and their regulation, minor normal hemoglobins,
and an update on new structural and functional features
of normal and variant hemoglobins. Pathophysiology of
hemoglobin disorders follows, with new chapters on vascu-
lar biology, the erythrocyte membrane, the biology of nitric
oxide, mechanisms of hemolysis, and how animal models

of disease provide new pathophysiological insights. Four
sections deal with diagnosis, complications, and treatment
of a thalassemia, B thalassemia, and related conditions,
including hemoglobin E diseases, sickle cell disease, and
less common genetic and acquired hemoglobin disorders.
This is followed by special topics such as population genet-
ics and the health burden of hemoglobin disorders, the
genetic modulation of sickle cell disease and thalassemia,
and developments in laboratory detection, including ante-
natal diagnosis. Finally, current and developing approaches
to treatment, incorporating new agents for iron chelation,
methods to induce fetal hemoglobin production, novel
treatment approaches such as antioxidants, antiinflamma-
tory agents, enhancement of nitric oxide effects, and agents
that modulate membrane cation and water transport are
discussed, concluding with the use of stem cell transplan-
tation and progress in gene therapy.

Ronald L. Nagel (pictured), a coeditor of the first edition,
has retired as Irving D. Karpas Professor of Medicine, Phys-
iology and Biophysics and Head of the Division of Hema-
tology at Albert Einstein College of Medicine. Although
no longer a coeditor of this monograph, his influence in
the field is felt in most chapters. His contributions to
the structure, function, pathophysiology, and genetics of
hemoglobin disorders are vast and time tested. The editors,
and the field of hematology, will miss his scientific insight
and originality.

The Editors
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Introduction

David J. Weatherall

A few years ago, an eminent British professor of medicine,
while reviewing a new edition of a well-known textbook of
medicine, suggested that works of this type were becom-
ing valueless because they were already out of date by
the time they were published. His derogatory comments
went further: Having taken the trouble to weigh the book,
he suggested that volumes of this type would suffer the
same fate as dinosaurs and become extinct by collapsing
under their excessive weight. Even allowing for this bizarre
and completely erroneous view of the biological fate of the
dinosaurs, does this argument carry any weight beyond its
metaphorical context?

Undoubtedly, there is feeling rife among medical pub-
lishers that the day of the major monograph in the biologi-
cal sciences may be coming to an end. They argue that there
is so much information online that the need for works of
this type is becoming increasingly limited. Is this really the
case? Although it is impossible to deny that the long gesta-
tion of monographs of this type may lead to the omission
of the occasional “breakthrough” in a field, it seems very
important that in any rapidly moving area of the biomed-
ical sciences there is a regular and broad critical review of
where it has got to and how it has been modified by recent
advances. Not uncommonly in medical research and prac-
tice, today’s breakthrough is tomorrow’s breakdown.

Is the hemoglobin field moving rapidly? This was
another question that had to be considered by the editors
of this new edition. As judged by the amount of space given
to disorders of the red cell in current journals, the volume of
work in this field seems to have declined considerably over
recent years. A visitor from outer space, browsing through
the journals, might be excused for wondering how Homo
sapiens transfers oxygen to their tissues. Hence, it might
have been perceived that there is insufficient material to
warrant this new edition.

A broader review of the field over recent years suggests,
however, that this is not the case. There undoubtedly have

been major advances in our understanding of the regu-
lation of hematopoiesis, some of which have important
implications for a better understanding of the pathophys-
iology of the hemoglobin disorders that may, in the longer
term, lead to more definitive approaches to their manage-
ment. Furthermore, there have also been dramatic devel-
opments in many areas of genome technology that have
direct application to the many unanswered questions of
the hemoglobin field, not in the least the reasons for the
remarkable phenotypic variation of its diseases. Of even
greater importance, there has been a genuine increase in
the appreciation of the major public health burden that
these diseases are likely to cause in the future. This is partic-
ularly relevant to the poorer countries of the world in which
the epidemiological transition following improvements in
nutrition and basic public health is resulting in a reduc-
tion in neonatal and childhood mortality; many babies with
severe hemoglobin disorders who would previously have
died in early life are now surviving to present for diagnosis
and management.

It is only in the last few years that these public health
issues have been recognized by the major international
health agencies. In 2002, the World Health Organization
(WHO) published a report, Genomics and World Health, in
which the hemoglobin disorders were described as a prime
example of how the new technology of molecular genetics
can be applied for the benefit of poorer countries. At the
118th session of the WHO Executive Board, held in 2006,
the sickle cell disorders and thalassemias were formally rec-
ognized as major health burdens that required immediate
action. In 2007, it was decided to include the hemoglobin
disorders in the Global Burden of Disease Program, an
international study conducted under the auspices of sev-
eral universities, the WHO, the Bill and Melinda Gates
Foundation, the World Bank, and others that attempts to
define the relative global burden posed by each of the major
diseases. Previous versions of this work have undoubtedly
had a major influence on developing healthcare policies by
governments and international healthcare agencies.

Clearly, this new edition is appearing at the same time
as a major drive to define the most appropriate ways of
controlling and managing the hemoglobin disorders, par-
ticularly in the developing countries, and to determine the
most cost-effective and efficient ways of approaching this
problem. We hope, therefore, that this updated distillation
of knowledge about the scientific, clinical, and epidemio-
logical aspects of this field will be of value to scientists and
clinicians, not only to those in wealthier countries but par-
ticularly to those who are attempting to cope with these dis-
eases with limited resources in the developing countries of
the world.

There is also an important message for our younger
readers. There are still some extraordinarily exciting areas
of this field to be pursued, not in the least a better
understanding of the reasons for the remarkable clinical
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diversity of all the hemoglobin disorders; a better appreci-
ation of their pathophysiology at the molecular level with
respect to novel approaches for their more definitive man-
agement; and an understanding of the long-neglected role
of the environment in their clinical diversity, the cellu-
lar mechanisms whereby protection against malaria has
resulted in their extremely high frequency, how current
knowledge of their diagnosis and control may be applied
in the poorer countries of the world, and many other stim-
ulating questions. Currently, the hemoglobin field offers
challenges ranging from basic cell and molecular biology

Introduction

through clinical research at the bedside to epidemiology,
public health, and the social sciences.

Finally, we thank Cambridge University Press and partic-
ularly Beth Barry and more recently Larry Fox for continued
support of this project. We are also extremely grateful to the
authors from many parts of the world who have willingly
given their time to writing parts of this new edition, and for
the personal help that we have received from Liz Rose, dur-
ing its preparation. It is particularly gratifying to be able to
report that the marriages of the four editors have survived
another edition.



THE MOLECULAR, CELLULAR, AND
GENETIC BASIS OF HEMOGLOBIN
DISORDERS

Douglas R. Higgs and Bernard G. Forget

Over the past 30 years we have become familiar with the
way in which different types of hemoglobin are expressed
at different stages of development. In the human embryo
the main hemoglobins include Hb Portland ({,vy,), Hb
Gower I ({2€,), and Gower II (az¢€5). In the fetus, HbF (ay2)
predominates and in the adult, HbA (a2f2) makes up the
majority of hemoglobin in red cells. These simple facts belie
the complexity of the cellular and molecular processes that
bring about these beautifully coordinated changes in the
patterns of globin gene expression throughout develop-
ment.

To understand these phenomena we have to consider
the individual components including 1) the origins of ery-
throid cells in development, 2) the processes by which
erythroid cells differentiate to mature red cells at each
developmental stage, and 3) the molecular events that pro-
duce the patterns of gene expression we observe.

Two different types of erythroid cells are observed dur-
ing development. The first erythroid cells to be seen in
the developing embryo are located in the blood islands
of the yolk sac. These primitive erythroid cells are mor-
phologically different from the definitive erythroid cells
made in the fetal liver and bone marrow and contain pre-
dominantly embryonic hemoglobins. Somewhat later dur-
ing embryonic development, definitive erythroid and other
hematopoietic cells originate from multipotent cells identi-
fied in a part of the embryo that lies near the dorsal aorta,
in the region close to where the kidneys first develop: the
so-called aorta-gonads-mesonephros (AGM) region. It is
thought that the cells that are destined to provide fetal-
(liver) and adult- (bone marrow) derived red cells originate
from AGM cells, although the ultimate origin of hematopoi-
etic stem cells is still a matter of controversy. In the first
trimester of pregnancy, fetal erythroid cells derived pre-
dominantly from hematopoiesis in the liver contain mainly
HbF with small amounts of embryonic hemoglobin. There
are no circumstances in which expression of embryonic
globins persists at high levels or becomes substantially

reactivated in fetal or adult life, although low levels of
{-globin chains are present in the most severe form of « tha-
lassemia. Until approximately the time of birth, fetal cells
continue to make predominantly HbF but switch to making
HbA between 30 and 40 weeks postconception. In contrast
to the situation in embryonic cells, there are many con-
ditions in which HbF synthesis persists or becomes reac-
tivated in adult red cells. The simplest explanation for all
of these observations is that the switch from embryonic
to fetal-adult patterns of hemoglobin synthesis involves
the replacement of embryonic cells (with one program of
expression) by definitive cells (with a different program
of expression). In contrast, the switch from fetal to adult
hemoglobin expression takes place in definitive cells so this
represents a true change in the molecular program within a
single lineage of erythroid progenitor cells.

At present we do not know when during development
the embryonic and fetal programs are established in the
differentiating hematopoietic cells. Furthermore we do not
fully understand by what mechanisms the programs of
globin gene expression are initiated or maintained. Per-
haps the greatest progress toward such an understanding
has been to identify key regulatory molecules, including
transcription factors, cofactors, and chromatin-associated
proteins that play important roles in specifying the for-
mation of erythroid cells from multipotent hematopoietic
stem cells. Of greatest importance in this area has been the
characterization of the tissue-restricted zinc finger proteins
(GATA-1 and GATA-2), their cofactors (FOG-1 and FOG-
2), the b-Zip family of proteins (NF-E2, Nrfl, Nrf2, Nrf3,
Bachl and Bach2), and the erythroid Kriippel-like factors
(EKLF and FKLF). Experiments in which GATA-1, GATA-2,
and FOG-1 have been inactivated in the mouse genome
show that these proteins play a major role in establishing
the erythroid lineage and allowing differentiation to mature
red cells.

A major focus of interest over the past 20 years has
been to understand how these developmental programs
are played out on the «- and B-globin gene clusters. We
now know that in most mammals in each cluster the globin
genes are arranged along the chromosome in the order
in which the genes are expressed in development: the o-
like globin gene cluster on chromosome 16 ({-a;-a;-) and
the B-like globin gene cluster on chromosome 11 (g-Svy-
Av-8-B-), suggesting that gene order may be important
in unfolding this program. Expression of each cluster is
dependent on remote regulatory elements, originally iden-
tified as DNase I hypersensitive sites in the chromatin of
nucleated erythroid cells. In the a-globin gene cluster there
is a single regulatory element (RE or HS -40) that lies 40
kb upstream of the gene complex, and in the B-globin
gene cluster there are five major hypersensitive sites, col-
lectively referred to as the B-globin locus control region
(B-LCR) lying 5-20 kb upstream of the locus. Again, many
details remain unknown but it appears that the { and ¢
genes are switched on in embryonic cells and are largely
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off in definitive cells in which they cannot be substantially
reactivated. With regard to the switch from y- to B-globin
gene expression during fetal development and neonatal
life, the situation is complex. There is strong evidence for
autonomous silencing of the y genes, in a manner analo-
gous to that of the € gene, but it also appears that there
may exist some degree of competition between the +y-
and B-globin genes that is modified by the transcriptional
milieu, which can change dramatically during this time
of development, with the balance tipped toward +y-globin
gene expression in fetal life and B-globin gene expression
in adult life. The balance between y- and B-globin gene
expression may be altered in vivo (in hereditary persis-
tence of fetal hemoglobin and other hemoglobinopathies)
as well as in various experimental systems. Changes in the
repertoire or amounts of transcription factors may influ-
ence the switch from y- to B-globin gene expression. For
example, without EKLF the B-globin genes cannot be fully
activated during development. Alternatively, alterations in
the arrangement of the B-LCR and the y- and B-like genes
with respect to each other may alter the pattern of switch-
ing. The precise molecular mechanisms underlying these
changes are still poorly understood but it seems unlikely
that changes in the patterns of globin gene expression are
only brought about through changes in the repertoire of
trans-acting factors present in embryonic, fetal, and adult
red cells, as originally proposed; however, they may be
influenced by other epigenetic changes in the chromo-
some (e.g., chromatin structure and modification, replica-
tion timing, and methylation).

Despite our continuing interest and frustrated attempts
to fathom how the entire globin clusters are regulated, we
do know a lot about the structure and function of individ-
ual genes. The globin genes have provided the paradigm
for understanding the general arrangement of mammalian
genes including their promoters, exons, introns, and pro-
cessing signals. Furthermore, the mechanisms by which
these genes are transcribed into pre-RNA, processed into
mature RNA, and translated into protein are now under-
stood in detail. This brings us back in a full circle to where
modern molecular biology started by establishing the struc-
ture and function of the proteins that are expressed by
globin genes. Hemoglobin was one of the first proteins
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whose amino acid sequence and crystal structure were
solved, which in turn led to a complete understanding of
how it captures, transports, and releases oxygen. Given the
very large number of natural mutants of hemoglobin that
have now been identified it also provides an unsurpassed
example of how mutations can give rise to “molecular dis-
eases,” the best example still being sickle cell disease.

Even with this apparent depth of knowledge, there are
still surprises. We know from theory and experiment that
erythrocytes containing embryonic hemoglobins and fetal
hemoglobins have a higher affinity for oxygen than those
containing adult hemoglobin. Traditionally we have sur-
mised that this enables the developing fetus to acquire
oxygen more efficiently from the maternal circulation, a
seemingly important consideration. We have known for
many years, however, that the babies of mothers whose
blood contains mainly fetal (high-affinity) hemoglobin are
entirely normal. Similarly, thanks to experimental work
in model systems, we know that mice, which by design
only make embryonic hemoglobin throughout fetal and
adult life, survive normally and thrive as adults. Presum-
ably the complex system of hemoglobin switching that
keeps investigators so busy has been molded in very sub-
tle ways by natural selection. So why do we pursue this
subject with such enthusiasm? There are two main rea-
sons. The first is that the globin system still provides the
most thoroughly studied and comprehensively understood
example of mammalian gene expression we have. If there
are undiscovered general principles governing the regu-
lation of mammalian genes, then analysis of globin gene
expression is likely to elucidate them. The second is that
understanding how these genes are controlled offers the
best hope of developing strategies to ameliorate or cure the
many thousands of severely affected patients who inherit
defects in the structure or production of the a- and B-like
globin chains that make up embryonic, fetal, and adult
hemoglobins.

The following seven chapters trace the genesis of
hemoglobin, from the earliest appearance of erythroid cells
during development, through the nuclear factors that gov-
ern its synthesis, the evolution of globin genes, their organi-
zation and switching, to the production of hemoglobin and
its functions in the erythrocyte.



A Developmental Approach to
Hematopoiesis

Elaine Dzierzak

INTRODUCTION AND GENERAL CONSIDERATIONS

During mammalian development, the first morphologi-
cally recognizable blood cells in the conceptus are those
of the erythroid lineage. The early production of erythroid
lineage cells in the yolk sac is required for the develop-
ment of the vertebrate embryo. These blood cells are short-
lived, however. In contrast, long-term adult hematopoiesis
results from a complex cell lineage differentiation hierar-
chy that produces at least eight functionally distinct lin-
eages of differentiated blood cells. The founder cells for
this hierarchy are the hematopoietic stem cells (HSCs),
which undergo progressive differentiation, proliferation,
and restriction in lineage potential. The adult blood system
is constantly replenished throughout adult life from rare
HSCs harbored in the bone marrow. The field of “develop-
mental hematopoiesis” investigates how this complex adult
system is generated in the conceptus. Current research
interests in this field include 1) the embryonic origins, cell
lineage relationships, and functions of the cells within the
multiple embryonic hematopoietic compartments; 2) the
changing developmental microenvironments that support
hematopoietic (stem) cell growth; and 3) the molecular pro-
gramming of the hematopoietic system during ontogeny.
This chapter will focus on our current knowledge concern-
ing the embryonic beginnings of the adult hematopoietic
system. Insights emerging from such a developmental
approach should lead to novel molecular and cellular
manipulations that could aid in the ex vivo generation
and/or expansion of HSCs and progenitors for clinical use
in transplantations for leukemias or blood-related genetic
disease.

ONTOGENY OF THE HEMATOPOIETIC SYSTEM

Developmental studies provide insight into the initiation,
growth, and function of cells in the wide variety of adult
tissues. The cellular interactions and molecular programs

governing tissue development are conserved throughout
evolution, as revealed in a variety of animal models rang-
ing from invertebrates to mammalian vertebrates. Similarly,
conserved developmental principles also govern the gener-
ation of the hematopoietic system. Our current knowledge
of the embryonic origins of the adult hematopoietic system
has been gained from the study of nonmammalian verte-
brate embryos such as frogs and birds!'? and the widely
used mammalian vertebrate model, the mouse.® These
cumulative results have provided wide support for mul-
tiple de novo hematopoietic specification events, at least
three independent embryonic origins of hematopoiesis,
and for the colonization theory of hematopoiesis. The vari-
ety of in vivo and in vitro hematopoietic assays and the
ease of genetic manipulation of mice have significantly
expanded our molecular knowledge of mammalian blood
development. Studies of human embryonic hematopoiesis
are further facilitated through xenotransplantation studies
of human cells into mice* and induced hematopoietic dif-
ferentiation of embryonic stem cells (ESCs) (mouse and
human).®® Thus, a more dynamic view of human embry-
onic hematopoiesis has been realized.

Initiation and Appearance of Hematopoietic Gells

Mesoderm

The hematopoietic system is one of the earliest tissues
to develop during ontogeny. It is derived from the meso-
dermal germ layer of the conceptus, and in the human
this embryonic stage is referred to as the “mesoblastic”
period.” The mesoderm forms through an inductive inter-
action between the ectodermal and endodermal germ lay-
ers during the midblastula stage (Fig. 1.1A). Much of our
knowledge of mesoderm induction comes from studies
of amphibian embryos in which the manipulation, graft-
ing, and culture of embryos are facilitated by their large
size and development outside the mother. Nieuwkoop®
was the first to demonstrate that culture of the amphib-
ian midblastula stage animal cap (ectoderm) alone leads
to the production of epidermis, whereas coculture of the
animal cap with the vegetal pole (endoderm) leads to
the generation of mesodermal structures such as mus-
cle, notochord, heart, pronephros, and blood (Fig. 1.1B).
Cell lineage mapping studies show that mesodermal cells
are formed from the presumptive ectoderm that receives
signals from the underlying vegetal component and pre-
sumptive endoderm.”'® Recent studies suggest that the
earliest hematopoietic mesoderm is derived from a spe-
cialized mesendodermal layer of cells.'""!'? Animal cap
assays have identified mesoderm-inducing factors includ-
ing transforming growth factor-g8, (TGF,) family mem-
bers BMP-4, activin, and Vg1, and members of the fibroblast
growth factor (FGF) family.''~'® The production (by endo-
dermal cells) of these factors and their graded distribution
suggest that they act as morphogens. Together with the
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Figure 1.1. Schematic diagram of germ layer development in vertebrate
embryos. (A) Mesoderm arises from an inductive interaction between ecto-
derm and endoderm. (B) Experimental scheme in Xenopus embryos that shows
that mesodermal cells arise from the ectoderm (animal cap cells) under the
inductive influence of the endodermal vegetal fragment.'? (See color plate 1.1.)

extensive rearrangements of cell movement during gastru-
lation, different lineages of mesoderm are formed: dorsal,
paraxial, lateral, and ventral. Numerous secreted factors (as
well as transcription factors and adhesion molecules) play
roles in this patterning of mesoderm.'? 14

Similarly, mesoderm induction is the first step leading to
the specification of hematopoietic cells in the mammalian
conceptus. Mesoderm induction occurs in the primitive
streak of the mouse conceptus beginning at embryonic day
(E) 6.5/7.0. Single-cell marking of the presumptive meso-
derm in the mouse epiblast showed that the first mesoderm
emerging from the posterior primitive streak contributes to
extraembryonic hematopoietic tissue, that is, yolk sac and
allantois'® (Fig. 1.2A). Mesodermal derivatives within the
rostral embryo body arise from epiblast cells that ingress
through the anterior primitive streak. Thereafter, cells that
give rise to lateral blood-forming mesoderm of the anterior
trunk (Fig. 1.2B) transit through the primitive streak. Meso-
derm emigrating from more caudal regions of the streak
forms the mesoderm of the remaining trunk regions.'® In-
terestingly, the entire epiblast of the early- and midstreak
stage mouse embryo contains hemogenic potential, but
that potential is later restricted to the trunk and poste-
rior region of the embryo.!” Thus, induction of prospective
hematopoietic mesoderm is conserved between vertebrate
species.'®

Extraembryonic Hematopoiesis: Yolk Sac

Yolk sac blood islands containing primitive erythrocytes
are detectable in the mouse conceptus at E7.5'% and in
the human conceptus at approximately 16-20 days of ges-
tation.'” Mesodermal cells migrate to this extraembryonic
site and come in close contact with the endoderm. As
shown in avian embryos, interaction with the endoderm
is required for the initiation of hematopoiesis.”’ Several
endodermally produced developmental factors and mor-
phogens in the chick? and the Indian hedgehog factor
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produced by the endoderm in mouse embryo cultures?”?*
play inductive roles in patterning hematopoietic meso-
derm.

The close temporal and spatial appearance of hemato-
poietic and endothelial cells in the yolk sac has led to spec-
ulation of a common mesoderm precursor cell for these
two lineages, the hemangioblast.”?**° Indeed, the shared
expression of markers such as Flk-1 (KDR), SCL, and CD34
by hematopoietic cells and endothelial cells and the com-
plete lack of endothelial and hematopoietic cells in Flk-1-
deficient embryos support the existence of hemangioblasts
in the mammalian conceptus.?6=28

ESC hematopoietic differentiation cultures have facili-
tated the isolation and characterization of hemangioblasts.
Stepwise differentiation of ESCs toward the mesodermal
lineage and thereafter to hematopoietic and endothelial
lineages closely parallels such development in the yolk
sac.? Under controlled culture conditions, ESCs differenti-
ate to form cells expressing Brachyury, a well-known meso-
dermal marker. Brachyury expression in mouse ESCs is
upregulated following exposure to mesodermal inducing
factors such as FGE TGF-B;, and BMP-4. Shortly thereafter
these cells express Flk-1 and have potential to differenti-
ate to angioblasts and SCLTCD34" blast colony-forming
cells (BLCFC)*® The ESC-derived BLCFCs are considered
to be hemangioblasts. This cell type has also been identi-
fied in the early mouse embryo. At E7.5 Brachyury™ cells
become Flk1™. When put in culture, these cells (and a
small fraction of the Brachyury'Flkl~ cells) exhibit the
functional properties of BLCFC.*! Additional studies have
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Figure 1.2. Mesodermal migration during mouse embryogenesis. (A) Sche-
matic diagram of a mouse conceptus at the early primitive streak stage.
Emerging from the posterior primitive streak are waves of yolk sac mesoderm
migrating to form this extraembryonic tissues. Slightly later, this mesoderm
also forms the allantois. Hemangioblasts are found in the posterior primitive
streak. (B) Schematic diagram of a mouse conceptus at the mid—late primitive
streak stage. Mesoderm emerging from the anterior primitive streak forms the
paraxial and lateral mesoderm of the trunk region of the embryo (mesoderm
for the prospective PAS/AGM region). At this stage the allantois is visible, as
are the first primitive erythroid cells in the yolk sac blood islands. (Drawings
adapted from ref. 3.) (See color plate 1.2.)
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established that subsequent SCL expression can be used
to isolate the hemangioblast from angioblasts.?® Surpris-
ingly, hemangioblasts in vivo are localized not in yolk sac
but in the posterior primitive streak®! (Fig. 1.2A). As they
migrate to the yolk sac they become committed endothe-
lial and hematopoietic progenitors and several of these cells
contribute to the formation of each blood island.*> Studies
with human ESCs and other animal models further demon-
strate the existence of hemangioblasts in the earliest stages
of mesoderm and blood development, and there are some
suggestions that hemangioblasts may persist in postnatal
stages.?®

Extraembryonic Hematopoiesis: Chorion, Allantois,
and Placenta

The placenta has long been recognized as a site where
hematopoietic cells are harbored and circulate; however,
it is only recently that this tissue was shown to possess
hemogenic properties.***** Placenta organogenesis is initi-
ated through the fusion of the chorionic membrane with
the allantois, both derived from the extraembryonic meso-
derm. The growth of this highly vascularized extraembry-
onic tissue is a cooperative effort between fetus and mother,
allowing nutrients to be delivered to the fetus and wastes
exported to the mother.

The hemogenic properties of the allantois were initially
studied in avian embryos. The avian allantois, before it
becomes vascularized, contains clusters of hematopoietic
cells resembling blood islands®® and, upon grafting, forms
adult blood and endothelium.*® In contrast, initial graft-
ing studies of the mouse allantois did not reveal erythroid
lineage contribution in vivo, although a small population
of erythroid cells was found in cultured tissues.*” Recently,
both the mouse allantois and chorion have been shown
to possess intrinsic hematopoietic potential that is not
dependent on chorioallantoic fusion.>*** Mouse allantois
and chorion tissues contain multilineage hematopoietic
potential as shown by colony—forming unit-culture (CFU-
C) assays. They express the Runxl transcription factor, a
molecule required for hematopoietic induction. The rudi-
ments of the prospective placenta are hemogenic before
the vascular continuity between the allantois and yolk sac
is established, and thus are thought to generate de novo
hematopoietic cells. In addition, soon after the formation
of the placenta, potent hematopoietic progenitor and stem
cell activity can be found at high frequency in this tis-
sue.*®-%0 It remains to be determined what percentages of
these hematopoietic cells are de novo generated in the pla-
centa and whether placental cells contribute long term to
the adult hematopoietic system.

Intraembryonic Hematopoiesis: Paraaortic
Splanchnopleura/Aorta-Gonad-Mesonephros

In the mid-1970s, amphibian and avian embryo culture
and grafting approaches were used extensively to study
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Figure 1.3. Nonmammalian vertebrate embryo—grafting experiments used for
determining the origin of the adult hematopoietic system. (A) A schematic dia-
gram of the avian embryo grafting strategy in which quail embryo bodies were
grafted onto chick yolk sacs at the precirculation stage of development. (B) A
schematic diagram of the amphibian embryo grafting strategy in which geneti-
cally marked dorsal lateral plate (DLP) or ventral blood island (VBI) regions were
transplanted onto unmarked Xenopus or Rana embryos. (C) Genetic marking
experiment in 32 blastomere Xenopus embryo (left). Marking of the C3 blas-
tomere, D4 blastomere, and C1 and D1 blastomeres allowed the tracing of
progeny cells to the DLP, pVBi, and aVBI, respectively, at the larval stage (right).
(Drawings adapted from ref. 3.) (See color plate 1.3.)

cell fate, morphogenesis, and organogenesis. In the avian
species, grafts between quail and chick embryos or between
different strains of chicks were used to create chimeras
in which the embryonic origins of adult blood cells were
determined.!"*! Donor-specific nucleolar or immunohis-
tochemical markers determined whether the differenti-
ated adult blood cells were derived from the graft or the
recipient. For example, yolk sac chimeras were constructed
by grafting a quail embryo body onto the extraembry-
onic area of a chick blastodisk (Fig. 1.3A). The combined
results of many such experiments’'~** led to the follow-
ing conclusions: 1) the first emergence of hematopoi-
etic cells is extraembryonic, in the yolk sac; 2) slightly
later, hematopoietic cells emerge both extraembryoni-
cally and intraembryonically; and 3) intraembryonically
derived hematopoietic cells are permanent contributors to
the adult hematopoietic system. Most extraembryonically
derived hematopoietic cells become extinct. Furthermore,
multipotential hematopoietic progenitors as assayed in in
vitro clonal cultures are associated with the dorsal aorta
of avian embryos.*® The close association of hematopoietic
cell clusters and endothelial cells on the ventral aspect of
the dorsal aorta*! led to the hypothesis that hematopoietic
cells are derived from endothelial cells. Indeed, when chick
aortic endothelial cells are labeled in situ with lipophilic
dye during prehematopoietic stages,’®*” labeled intraaor-
tic hematopoietic clusters are found 1 day later, thus



demonstrating a precursor—-progeny relationship between
endothelial cells and hematopoietic clusters.?

Similarly, chimeric embryo studies in amphibians have
demonstrated independent intraembryonic and extraem-
bryonic mesodermally derived sites of hematopoiesis.*®~>°
Using DNA content as a marker, chimeric frog embryos
were generated by reciprocal grafting of the ventral blood
island (VBI) region (a region analogous to avian and mam-
malian yolk sac) and the dorsal lateral plate (DLP) (a region
analogous to the avian intraembryonic region contain-
ing the dorsal aorta) from diploid and triploid embryos
(Fig. 1.3B). Again, the ventral mesodermal yolk sac ana-
log produces the first hematopoietic cells, and slightly
later, the dorsal mesodermal intrabody compartment gen-
erates adult hematopoietic cells. Unlike birds, some ven-
trally derived hematopoietic cells persist to adult stages
and appear to contribute to red and white blood cell
populations.*®*? The specific localization of intrabody he-
matopoiesis has been found to be associated with the
dorsal aorta and pronephros, with the most abundant
hematopoiesis in the pronephros.®! Indeed, lineage-tracing
experiments in which individual blastomeres in the 32-cell
stage embryo are marked show that the blastomeres con-
tributing to the formation of the VBIs (anterior and poste-
rior) are distinct from each other and from the blastomere
that contributes to the formation of the DLP? (Fig. 1.3C).
Moreover, in early embryos the prospective hematopoietic
cells in the VBI (primitive) and DLP (adult) can be repro-
grammed to an adult or primitive hematopoietic fate. The
programs become fixed at a later time point and are thought
to become restricted through regulatory interactions from
the local environment.>® Thus, there are three distinct ori-
gins of prospective hematopoietic cells in Xenopus that are
influenced by the local microenvironment. Similarly, in the
early-stage mammalian embryo, there are at least three dis-
tinct mesodermal tissue origins of hematopoietic cells, the
yolk sac, intraembryonic aorta-gonad-mesonephros (AGM)
region, and the chorioallantoic placenta (and possibly the
vitelline and umbilical vessels) (Fig. 1.4A). The AGM region
de novo produces the first adult type HSCs*'~>° (reviewed in
Dzierzak®®). This intraembryonic region contains a single
central aorta surrounded by the differentiated urogenital
tissue (Fig. 1.4B). At early developmental stages, the AGM
is identified as the paraaortic splanchnopleura (PAS)®") and
consists of the paired dorsal aortae and the surrounding
mesenchyme adjacent to the gut endoderm.

The establishment of the vascular connection between
the mouse embryo body and the extraembryonic sites
at E8.25°7 precludes the identification of extra-versus
intraembryonically derived hematopoietic cells. Potent
hematopoietic progenitors CFU-spleen (S)°® B lymphoid,*
and multipotent (erythroid-myeloid-lymphoid) hemato-
poietic progenitors®® have been found in the E9 PAS/AGM
region. At slightly later stages of mouse embryogenesis
(E10), adult-type HSCs are autonomously generated in the
AGM region®*>° and more specifically the dorsal aorta.®
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Figure 1.4. Sites of hematopoietic activity in the midgestation mouse con-
ceptus. (A) A whole E10.5 mouse conceptus is shown. The placenta, AGM,
yolk sac, and the vitelline (V) and umbilical (U) vessels harbor and/or gener-
ate hematopoietic cells at this time. (B) Transverse section through the AGM
region of an E10.5 mouse embryo is shown. The dorsal aorta is located in the
midline, with the neural tube on the dorsal and gut on the ventral side. The
urogenital ridges laterally flank the aorta. Hematopoietic cell clusters are found
in the lumen of the dorsal aorta as they emerge from the ventral hemogenic
endothelium. (See color plate 1.4.)

As reported in a wide range of species,*!"°*'5:% hematopoi-
etic foci appear as clusters adhering tightly along the ven-
tral wall of the dorsal aorta (Fig. 1.4B). Cell surface mark-
ers, such as CD34 and CD31,%*5! are shared between the
hematopoietic cell clusters and endothelial cells. Both cell
types also express the Runxl (AMLI1, CBFa2) transcription
factor,® which is required for definitive hematopoiesis®-°”
and the Sca-1 marker used for sorting adult HSCs.%® Thus,
the PAS/AGM region plays an important role as an early and
potent intraembryonic site of hematopoiesis. Hemogenic
potential is localized to a subset of endothelial cells lin-
ing the wall of the dorsal aorta. Interestingly, the other
major vasculature (umbilical and vitelline vessels) of the
mouse embryo also contain hematopoietic clusters and it
is thought that potent hematopoietic cells emerge from
hemogenic endothelium in the midgestation vasculature.

Secondary Hematopoietic Territories: Liver and Bone Marrow

In mammalian species, the liver serves as a temporary
hematopoietic territory during fetal stages of develop-
ment. The colonization theory of hematopoiesis first sug-
gested that the hematopoietic cells generated within the
extraembryonic yolk sac migrate and colonize the fetal
liver and then later move to the bone marrow where
they contribute to adult hematopoiesis.®> Now included
in the colonization theory of the fetal liver are the potent
hematopoietic cells generated in the PAS/AGM and allan-
tois/chorion/placenta (Fig. 1.5). Abundant evidence from
coculture experiments and quantitative temporal and spa-
tial analyses of hematopoietic progenitors/stem cells sup-
ports the currently accepted dogma that fetal liver does
not de novo generate hematopoietic cells but instead is
seeded with cells from these generating tissues.> Moreover,
the demonstration that mouse embryos with a deficiency
of B,-integrin contain normal yolk sac hematopoiesis but

lack fetal liver hematopoiesis provides the first genetic
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Figure 1.5. Sites of hematopoiesis and possible migration and colonization
events during mouse embryonic development. It is generally accepted that
migration to the fetal liver and adult bone marrow occurs, as indicated by
the solid arrows. Cell migration between the embryonic tissues (yolk sac,
AGM, and placenta) generating different types of hematopoietic cells is as yet
undetermined (dotted arrows).

evidence that adhesion/homing molecules play arole in the
colonization process.””"! In addition to providing a niche
for harboring hematopoietic cells, the fetal liver expands
and differentiates the newly emigrated cells, particularly
directing differentiation toward the erythroid lineage.”
Colonization with hematopoietic progenitors begins at late
E97®7 and HSCs appear at E11 in the mouse fetal liver.>®: ">
The liver remains a hematopoietic niche until birth when

the hematopoietic cells again migrate and colonize the
newly established trabecular spaces in the long bones, the
so-called bone marrow. In the human fetal liver, CD34+
hematopoietic progenitors appear at 30 days of gestation
and hematopoiesis continues in this tissue only until 20
weeks of gestation. At week 10, the bone trabeculae are
being established and marrow hematopoiesis commences
1 week later.'?

The Embryonic Hematopoietic Hierarchy

The complex lineage relationships of the cells within the
adult mammalian hematopoietic hierarchy are well known
and are based on results of in vivo and in vitro differen-
tiation assays of bone marrow cells’® (see Table 1.1 for
assay descriptions). These assays measure the matura-
tional progression of cells at the base and branch points
of the hematopoietic system all the way through to the
terminally differentiated cells of all the distinct blood lin-
eages. The stem cells and progenitors measured by in vitro
hematopoietic assays such as CFU-C, fetal thymic organ
culture, stromal cocultures, CAFC and LT-CIC, and in vivo
transplantation approaches for CFU-S and short-term and
long-term repopulating HSCs have led to a placement of
these cells within the “textbook” depiction of the hierarchy
for adult hematopoiesis. Molecules expressed by distinct
hematopoietic lineages and undifferentiated hematopoi-
etic progenitor and stem cells have been instrumental

Table 1.1. Assays to detect hematopoietic cells in the mouse cconceptus

Hematopoietic

Cell type assay Method Lineage Reference
Erythroid—myeloid CFU-C In vitro culture for 5-14 d in semisolid Erythrocytes, macrophages, 77
progenitor medium with growth factors granulocytes, mast
Erythroid—myeloid CFU-S In vivo transplantation into lethally irradiated  Erythrocytes, macrophages, 58
progenitor adult recipients leading to macroscopic granulocytes
spleen colony formation at 8-16 d
T-lymphoid Fetal thymic organ In vitro culture with T-depleted thymus for T lymphoid 60, 94
progenitor culture/OP9-delta 9-21 d or coculture with delta producing
coculture stromal line
B-lymphoid Stromal coculture In vitro 14-d coculture with IL-7 and stromal B lymphoid 60, 95
progenitor cells
Multipotent Single-cell A two-step in vitro culture. Tissue Erythroid, myeloid, Band T 60
progenitor multipotential explants/cells cultured on S17 or OP9 lymphoid
assay cells followed by CFU-C and B/T lymphoid
assay or in vivo transplantation to
immunodeficient adults
Neonatal Neonatal liver In vivo transplantation directly in the liver of All hematopoietic lineages 111
repopulating HSC transplantation 1-day-old hematopoietic ablated
recipients. Yields long-term, multilineage
repopulation
Adult repopulating Adult transplantation In vivo transplantation into lethally irradiated
HSC adult recipients.
Yields long-term, high-level, multilineage All hematopoietic lineages 55,75,123

repopulation




in assigning direct precursor-progeny relationships and
prospectively isolating the cells within the adult hierarchy.

The adult hierarchy begins with the HSC and proceeds
unidirectionally, with restrictive events occurring through-
out hematopoietic differentiation to produce all the differ-
entiated cells in the hematopoietic system. Although these
events are represented by discrete cells in the hierarchy; it is
most likely that there is a continuum of cells between these
landmarks. Indeed, use of the Flt3 receptor tyrosine kinase
surface marker along with many other well-studied mark-
ers has redefined the early branch points of the adult hier-
archy and the subsets of cells committing to myeloid and
lymphoid lineages.”” With the description of further mark-
ers to identify additional intermediate cell subsets, it may
be possible to determine all the molecular events needed
for the differentiation of entire adult hematopoietic system
and the transit time necessary for differentiation to the next
subset.

Until recently, little was known about the embryonic he-
matopoietic hierarchy.® Although the adult hematopoietic
system is usually in a state of equilibrium, the hematopoi-
etic system of the embryo is vastly different: It must de novo
generate the entire hematopoietic system, generate these
cells within a short span of time in several mesodermally
derived microenvironments (yolk sac, amnion/chorion/
placenta, and PAS/AGM), and promote the sequential
migration, colonization, and maintenance of hematopoi-
etic cells in yet other microenvironments (liver, circulation,
other) before they are finally localized in the bone mar-
row of the adult (Fig. 1.5). Additionally, different subsets
of hematopoietic cells exist in the embryo, possess unique
functions, and are not long-lived. Thus, to model the
embryonic hematopoietic hierarchy cell origins, precursor—
progeny relationships and lifespans of the hematopoietic
cells throughout ontogeny must be established. A descrip-
tion of the types of terminally differentiated cells, commit-
ted progenitors, immature progenitors, and HSCs existing
within the mouse conceptus, and in some cases the human
conceptus, is provided here.

Erythropoiesis

Histological sectioning reveals that cells of the erythroid
lineage are the earliest differentiated hematopoietic cells in
the human and mouse conceptus. Primitive erythroblasts
are observed in the yolk sac blood islands of the human at
E16-20,® and mouse at E7.0/7.5.'%7%980 In human embryos,
up to 100% of all nucleated blood cells at 4-8 weeks of gesta-
tion are erythropoietic. These cells are found in the chorial
and umbilical vessels, liver sinusoids, and other intraem-
bryonic blood vessels. A switch to enucleated definitive ery-
thropoietic cells occurs at 7-10 weeks of gestation in the
blood, and slightly earlier in the fetal liver’® (Fig. 1.6). Simi-
larly, in the mouse, nucleated primitive erythropoietic cells
predominate in the yolk sac and fetal liver until a switch
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Figure 1.6. Developmental expression of the human globin genes. Sites of
primitive and definitive hematopoiesis throughout development are shown.
Sequential waves of € (epsilon), y (gamma), and 3 (beta) globin synthesis begin
with e-globin expression in the first month of human development, followed
by y-globin expression in the fetal stage, to just after birth when B-globin
becomes the predominant hemoglobin type in definitive erythroid cells. The
chromosomal organization of the genes of the human B-globin locus is in a
linear arrangement that correlates with developmental expression. The arrows
indicate the DNase1 hypersensitive sites of the LCR (locus control region), which
is a region important for globin gene regulation.

from primitive to definitive cell types occurs between E10
and E12.8%:82

In both species, the switch from primitive to definitive
erythropoiesis is characterized by changes in the expres-
sion of the developmentally regulated fetal and adult globin
genes (reviewed in refs. 83, 84 [Fig. 1.6]). Individual ery-
throid progenitors from ESC differentiation cultures can
give rise to both fetal and adult erythroid cells®® and single
fetal liver cells can switch from a fetal to adult globin gene
expression program.®® The general populations of mature
erythroid cells, however, are derived from developmentally
separate stem cell populations in the embryo.2”%” More-
over, the receptor tyrosine c-kit appears to be required for
fetal liver hematopoiesis but not yolk sac erythropoiesis,®®
suggesting the origins of primitive and definitive erythroid
cells from distinct and differentially regulated hematopoi-
etic progenitor/stem cell populations. Additional molec-
ular differences in primitive and definitive erythropoietic
programs, particularly in the requirements for erythropoi-
etic growth factors such as erythropoietin and transcription
factors (GATA-1 and EKLF) are well documented.®’

Myelopoiesis

The first cells of the monocyte-macrophage lineage appear
in human conceptuses at 4-5 weeks in gestation.”® Mono-
cytes are routinely represented in human embryos at
approximately a 1%-4% frequency in nucleated blood
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populations after 11 weeks of gestation. Interestingly,
macrophages can be found in early human blood smears
only until approximately 14 weeks of gestation. This is con-
sistent with findings in the mouse that two separate lin-
eages of macrophages are thought to develop in ontogeny:
primitive macrophages and the monocytic lineage of
macrophages.”’ In the mouse, primitive macrophages
(which begin to appear at E9 in the yolk sac) are thought
to arise from alocal precursor and not a monocytic progen-
itor. These primitive macrophages proliferate and colonize
other embryonic tissues. In contrast, adult macrophages do
not circulate through the blood. These cells of the mono-
cytic lineage begin to appear in the fetal liver and yolk sac
at E10. Thus, the ontogeny of the monocyte-macrophage
is different in the early embryo compared with its later
developmental stages and it has been suggested that adult
macrophages are the progeny of monocytic precursors
from the AGM.%!

Lymphopoiesis

The production of lymphoid cells begins in the human at
7-10 weeks of gestation.”® Small lymphocytes are found in
the blood: 0.2% of nucleated cells at weeks 9-10 and 14%
after 14 weeks. Large lymphocytes represent 3%-5% of
nucleated blood cells after 11 weeks of gestation. No lym-
phoid cells are found in the yolk sac, although the presence
of lymphoid progenitors has not been examined. Lym-
phopoiesis begins in the human fetal liver, thymus, gut-
associated lymphoid tissue, and lymph plexuses at approxi-
mately 7 weeks of gestation, whereas the bone lymphocytes
are found only at week 12.

Extensive analyses on the development of lymphoid
progenitors have been performed in the mouse. Although
no functional lymphocytes are found in the mouse concep-
tus at early gestational stages, cells with lymphoid poten-
tial are present. E8.5 yolk sac contains T lymphoid poten-
tial when cultured in depleted fetal thymic explants.””% B
lymphoid potential is found in the embryo body (E9.5) and
subsequently the yolk sac (E10) of the mouse conceptus
by coculturing such cells in the presence of stromal cells.”*
Dissection of the PAS/AGM region has revealed the pres-
ence of an AA4.1-positive progenitor for the Bla lineage of
B cells as early as E8.5.°7%° A two-step culture system with
E7.5 mouse embryo tissues has demonstrated multipoten-
tial lymphoid progenitors in the intraembryonic PAS but
not in the yolk sac. Only beginning at E8.5 does the yolk sac
acquire such multipotential lymphoid activity,’’” suggest-
ing that PAS-generated multipotential lymphoid progeni-
tors may migrate to the yolk sac after E8.5 when the intra-
and extraembryonic circulation is connected. Alternatively,
the yolk sac may be capable of producing such progenitors
de novo but 1 day later than the PAS. At E10, multipotent
B-lymphoid progenitors are found in the circulation, reach
a maximum number at E12, and are undetectable in the
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blood at E14.% B-cell precursors are detected in the fetal
liver at E14 and in the embryonic marrow at E15.

Interestingly, adult mouse bone marrow and fetal liver
HSC-enriched populations exhibit different T- and B-
lymphoid lineage potentials. In the T-lymphoid lineage,
fetal liver but not bone marrow HSCs produce Vy3 and Vy4
T-cell receptor—positive subsets.”® Such T cells can also be
cultured from yolk sac after E8.5.% Similarly in the B-
lymphoid lineage, the Bla subset of cells is produced by
fetal liver,”” yolk sac,”® and PAS,*® but not by adult bone
marrow. It is interesting to propose that the distinct Bla—
B cell subset, as well as Vy3-4 T-cell subsets, may be the
product of a special subset of developmentally regulated
progenitors or HSCs in the PAS of the early embryo. It is
not known whether such lymphoid subsets and progenitors
exist in human embryos.

Erythroid—Myeloid Progenitors: CFU-C

The early presence of hematopoietic progenitors within the
developing mouse yolk sac was established using in vitro
culture approaches developed initially for measuring the
hematopoietic potential of adult mammalian bone mar-
row. The culture of yolk sac cells in semisolid medium
in the presence of colony-stimulating factors revealed the
presence of erythroid and granulocyte-macrophage pro-
genitors beginning at E7.°%° Burst-forming unit-E (BFU-
E) and CFU-Mix are also found in the yolk sac at E8,%
and mast cell precursors are found at E9.5.'°° At E8.25,
following the first wave of primitive erythropoiesis and
before the circulation is established, myeloid progeni-
tors are detected in the yolk sac.!°! After the circulation
is established myeloid progenitors are also found in the
trunk region.®® Tissue explant culture prior to CFU-C assay
reveals that both the E8 yolk sac and E8 PAS contains
cells with potential to become myeloid progenitors.®” Sim-
ilar cultures of precirculation allantoides® also revealed
cells with myeloid potential. By E9 the placenta contains
an abundance of myeloid progenitors.*® Analyses of two
mutant mice, Cdh5~'~ and NcxI1~'~, have provided strong
in vivo evidence for the de novo production of definitive
myeloid progenitors in the yolk sac. In Cdh5~'~ concep-
tuses there is no vascular connection, whereas in Ncx1~/~
conceptuses the vitelline vessels are intact but there is
no heartbeat to promote the circulation between the yolk
sac and embryo body. Similar numbers of myeloid pro-
genitors were found in the E9.5 Cdh5~'~ yolk sac com-
pared with wild-type conceptuses, although macrophage
and mixed colony-forming progenitors were decreased in
number.'’>'% In NcxI~/~ conceptuses, the numbers of
myeloid progenitors of all types in the yolk sac were found
to be equivalent to the cumulative number of progenitors
in the NcxI™* conceptuses in all anatomical sites.'”® No
progenitors were found in the NcxI~'~ PAS, suggesting that
the yolk sac normally generates all of these progenitors and
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distributes them to the PAS and liver. Alternatively, Ncx1-
deficient conceptuses, which lack hemodynamic stress,
do not produce the proper signals to induce myeloid
progenitor formation in the PAS.'"* Thus, several types of
definitive myeloid progenitors are generated de novo in
the yolk sac and also in the chorioallantoic placenta and
PAS/AGM.

In the human, yolk sac hematopoiesis covers the period
from midweek 3 in gestation to week 8. BFU-Es have been
found at early stages in the yolk sac but begin to decrease
in frequency at week 5, when the fetal liver BFU-E fre-
quency increases,'” thus suggesting a colonization of the
fetal liver by yolk sac progenitors. Along with erythroid pro-
genitors, the yolk sac and embryo body have been found
to contain clonogenic myeloid progenitors and erythroid-
myeloid multipotent progenitors at 25-50 days into human
gestation.!’% 107 At the 4- to 5-week stage of gestation, a
discrete population of several hundred cells bearing the
cell surface phenotype of immature hematopoietic cells
(CD45%, CD34", CD31%, and CD38™) are found adhering
to the ventral endothelium of the dorsal aorta.5*''%” These
clusters are similar to those described in the chick and
mouse. Interestingly, when these cell clusters are cocul-
tured with bone marrow stromal cells and assayed in
methylcellulose for CFU-Cs, they yield many progenitors
and large multilineage hematopoietic colonies.®

Erythroid-Myeloid Progenitors: CFU-S

To determine whether the more immature hematopoietic
progenitor compartment of the adult hierarchy is present
early during embryonic development, in vivo transplanta-
tion analyses for CFU-S have been performed in irradiated
mice. CFU-S are immature erythroid—-myeloid progenitors
that yield macroscopic colonies on the spleens of lethally
irradiated mice 9-14 days following transplantation.!% 109
Beginning at E9, statistically significant numbers of CFU-S
are found both in the yolk sac and PAS/AGM.®% Tt is diffi-
cult to determine from which tissue these in vivo progeni-
tors originate because the vascular connection between the
yolk sac and embryo body is made at E8.5. The absolute
numbers of CFU-S from the developing mouse embryo up
to late E10 reveal that the AGM region contains more CFU-
S than the yolk sac.’*°® When an organ culture step is used
before in vivo transplantation of yolk sac or AGM, the num-
bers of AGM CFU-S increase substantially, whereas only a
slight increase in yolk sac CFU-S numbers is observed.”*
Thus, the AGM region is the more potent generator of CFU-
S. CFU-S are localized to both the aorta subregion and uro-
genital subregion of the AGM and are also found in the
vitelline and umbilical arteries.'*

Erythroid-Myeloid-Lymphoid Multipotential Progenitors

Within the mouse embryo, these in vitro progenitors are
found at E7.5 within the intrabody PAS/AGM region by
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a two-step culture system, 1 full day earlier than in the
yolk sac.®” Results of temporal studies suggest that preliver
intrabody hematopoiesis is more complex and potent than
extraembryonic yolk sac blood formation, and such PAS-
generated multipotent progenitors may seed the yolk sac
after the circulation is established at E8.5. The multipo-
tential progenitors in the E8-9 PAS have also been tested
in vivo for CFU-S and adult repopulating HSC activity. In
vivo, these cells do not repopulate lethally irradiated adult
recipient mice short term or long term after transplanta-
tion; however, they do contribute to long-term, low-level
hematopoiesis following transplantation into immuno-
compromised adult recipients. These results suggest that
they are not fully competent adult HSCs but could be
candidates pre-stem cell population. Similarly, the human
AGM but not the yolk sac contains multipotent progeni-
tors beginning at day 24 in gestation. They express CD34,
and CD34" hematopoietic cell clusters begin to appear
on the ventral wall of the dorsal aorta at day 27. These
multipotent cells could be HSCs or precursors of such
Cells'19,28,l 10

Neonatal Repopulating Hematopoietic Stem Cells

A more potent in vivo repopulating multilineage hema-
topoietic cell has been described through the use of
another transplantation assay. Neonatal mice from preg-
nant dams treated with busulfan (for myeloablation to
enhance engraftment) were injected (directly into the liver
at the time of birth) with yolk sac or PAS/AGM cells. When
E9 CD34tc-kit" cells from E9 yolk sac and E9 PAS/AGM
were transplanted in this manner, both were capable of
multilineage engraftment and secondary engraftment into
adult lethally irradiated recipient mice.!'! Neither of these
sorted populations could repopulate primary adult lethally
irradiated recipients nor engraft the hematopoietic system
of the primary neonatal recipient to 100%. Because the
yolk sac contains more neonatal repopulating cells than
the PAS/AGM, these investigators suggest that the yolk sac
may be the generating source. Previous studies have sug-
gested that the early-stage yolk sac cells can indeed lead
to long-term hematopoiesis when transferred into embry-
onic recipients, either transplacentally or into the yolk sac
cavity.''>!13 These studies showed donor yolk sac-derived
cells in the erythroid and lymphoid lineages, respectively,
of fully developed adults. Thus, neonatal/fetal repopulat-
ing cells are long-lived multilineage progenitors that have
the potential to become competent adult-type HSCs when
exposed to the appropriate microenvironment.

Hematopoietic Stem Cells

At the base of the adult hematopoietic hierarchy are HSCs.
They are defined by their ability to high-level, multilin-
eage, long-term repopulate irradiated adult mouse recip-
ients. The presence of differentiated hematopoietic cells
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and many restricted, multipotent and in vivo immature
hematopoietic progenitors in the PAS/AGM region, yolk
sac, and chorioallantoic placenta of the mouse conceptus
leads to the prediction (within the context of the adult
hematopoietic hierarchy) that HSCs should be present
from the onset of embryonic hematopoiesis at E7.0/7.5. In
mouse embryos, however, the first adult repopulating HSCs
are found only beginning at E10 in the AGM region®® and at
E11 in the yolk sac®®% 7" and placenta.**"® Organ explant
culture before in vivo transplantation has revealed that the
AGM region is the first tissue to generate autonomously
HSCs.>* The yolk sac and placenta may subsequently be
seeded by AGM-generated HSCs, or alternatively, these tis-
sues may be capable of de novo generating their own
HSCs.

Direct Precursors to the Hematopoietic Lineages

Primitive erythroid cells arise from hemangioblasts, where-
as the “definitive” classes of hematopoietic progenitor
stem cells are thought to arise through different pre-
cursors, the so-called “hemogenic endothelium.” Discrete
subsets of vascular endothelial cells in the conceptus
exhibit hemogenic potential.>> Cross-species immunohis-
tochemical studies have shown hematopoietic clusters
tightly adherent to the ventral endothelium of the dor-
sal aorta and that of the umbilical and umbilical arteries?
(Fig. 1.4B). The first appearance of hematopoietic clus-
ters is in parallel to the appearance of the first defini-
tive HSCs that can be detected. In the chick embryo,
metabolic lineage tracing (AcLDL-Dil) or retroviral labeling
of endothelial cells prior to hematopoietic cell appear-
ance has confirmed the endothelial-hematopoietic lin-
eage relationship of aortic hematopoietic clusters.®*” Sim-
ilar marking attempts in ex utero cultured E10 mouse
embryos show AcLDL-Dil* definitive erythroid cells in the
circulation 12 hours after intracardiac injection and mark-
ing of aortic endothelium.''* The phenotypic profile and
spatial localization of HSCs in the AGM are also sup-
portive of hemogenic endothelium as the direct precur-
sor to definitive hematopoietic cells. All AGM HSCs are
CD45%, Ly-6A (Sca-1) GFP*, c-kit*CD34*, Runx1*, SCL*,
and Gata2+.5%115-119 These markers (with the exception of
CD45) are also expressed by some or all endothelial cells
in the ventral aspect of the dorsal aorta at E10/11. Most
or all AGM HSCs express cell surface vascular endothe-
lial cadherin,''”'?* which is typically thought of as an
endothelial marker. Interestingly, not all the cells in the
hematopoietic clusters express the same hematopoietic
markers: Only some cells express CD417'?! or the Ly-6A
GFP transgene,'? indicating that some cells in the clus-
ters take on the HSC fate whereas others are fated to be
progenitors. Studies in the mouse conceptus have identi-
fied hematopoietic clusters on both the ventral and dorsal
aspects of the dorsal aorta.'”® Functional studies indicate
that definitive hematopoietic progenitors reside on both
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aspects of the aorta, but only the ventral aspect contains
fully potent HSCs.!?* Thus, there appear to be subsets of
hemogenic endothelium.

In contrast, some studies suggest that HSCs are derived
from mesenchyme located directly underneath endothe-
lial cells in the ventral aspect of the dorsal aorta, or in dis-
crete patches ventral-lateral to the dorsal aorta (subaor-
tic patches). In Runx1-haploinsufficient AGMs, HSCs are
present within the Runxl-expressing mesenchymal cells
underlying the ventral aspect of the dorsal aorta (as defined
by the phenotype CD45~, CD31~, and vascular endothe-
lial cadherin™). AGM cells similarly sorted from wild-type
embryos did not contain HSCs,'!” suggesting that HSCs
are normally localized in the aortic endothelium. When
cells from the subaortic patches (CD45~ ckittAA4.1%) are
transplanted into immunodeficient adult recipients, some
long-term repopulating activity was found but the level of
engraftment was low, ranging from 0.4% to 1.9%.'** These
cells are not as potent as the Runxl* or Ly-6A (Sca-1)
GFP* aortic endothelial/cluster HSCs that provide up to
100% engraftment of irradiated adult recipients.®®!'” The
hematopoietic cells localized in the subaortic patches may
be precursors to the fully potent HSCs found in the aor-
tic endothelial hematopoietic clusters or may represent dif-
ferentiated progeny of hemogenic endothelium that have
ingressed (as in the chick embryo) into this site. Together,
these mouse data strongly indicate that the direct pre-
cursors of HSCs are predominantly hemogenic endothelial
cells. In addition, the vascular endothelium of the human
embryo has blood-forming potential.'*

A Model of the Embryonic Hematopoietic Hierarchy

The appearance of terminally differentiated primitive ery-
throcytes in the mouse conceptus 3 days before the
appearance of adult-type HSCs is the antithesis of the
adult hematopoietic hierarchy. In the conceptus, the step-
wise progressive appearance of distinct cells with increas-
ingly complex hematopoietic potential supports a model
in which the embryonic hematopoietic system is not a
single-lineage differentiation hierarchy but is instead many
hierarchies. It is a continuum of hematopoietic fate deter-
mining events occurring within distinct subsets of pre-
sumptive hemogenic mesoderm that specify a variety of
temporally and spatially separate precursor cells — heman-
gioblasts and hemogenic endothelium (Fig. 1.7). Depen-
dent on developmental time and position within the
extra- and intraembryonic tissues (yolk sac, placenta, and
AGM), cells emerge with different hematopoietic potentials.
Thus, the embryonic hematopoietic hierarchy is modeled
on the appearance of functionally different cells without
indications for lineage relationships. Although it is clear
that “hemangioblasts” and hemogenic endothelium play
roles, further results are necessary to determine whether
the wide range of hematopoietic activities in the con-
ceptus are achieved directly through hematopoietic fate
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Mesodermal populations
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Figure 1.7. The early embryonic/developmental hematopoietic hierarchy is
unlike that of the adult. The temporal appearance of hematopoietic cells in
the mouse conceptus suggests that many of these cells do not arise from
an HSC but instead they arise directly from mesodermal populations that go
through a hemangioblast and/or hemogenic endothelial intermediate. There-
after, hematopoietic fate is acquired and hematopoietic cells are generated. The
sequential appearance of primitive erythroid—myeloid cells, followed by increas-
ingly more complex definitive hematopoietic cells and finally the appearance
of definitive HSCs is contrary to adult hematopoietic differentiation hierarchy
with the expected precursor—progeny relationships. Instead, the hematopoietic
system in the embryo is generated at least five independent times in different
mesodermal populations.

determination events in a variety of nonhematopoi-
etic precursors (hemangioblasts and different subsets of
hemogenic endothelium) or through the acquisition of
more complex hematopoietic activities imposed by the
microenvironment after hematopoietic fate determination
of a small cohort of similarly active cells. In the human
conceptus, the sequential appearance of differentiated and
more complex hematopoietic progenitors is consistent with
what has been observed in the mouse conceptus.'!07
Moreover, the distribution of these hematopoietic cells
occurs similarly in the yolk sac, AGM, liver, spleen, and
bone marrow (the hematopoietic activity of the placenta is
predicted but is as yet uncertain (Fig. 1.8).
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Figure 1.8. The sites of hematopoietic activity and the temporal appearance
of the distinct hematopoietic lineages in the human embryo. There is a general
correspondence of the hematopoietic sites and the temporal appearance of
hematopoietic cells between the human and the mouse embryo. (Figure adapted
from ref. 196.)
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Hematopoietic Colonization and Migration
During Development

Until 1965 it was thought that the hematopoietic popula-
tions found in adult vertebrates were intrinsically gener-
ated in tissues such as the liver, spleen, bone marrow, thy-
mus, and bursa of Fabricius (only found in avian species). A
paradigm shift occurred when it was shown that hemato-
poietic cells generated in earlier embryonic tissues colo-
nized these secondary hematopoietic tissues. The generat-
ing sources of the hematopoietic cells are likely to be one or
more of these tissues: the yolk sac, PAS/AGM, and chorioal-
lantoic placenta. In this section a summary of the findings
demonstrating the migration of hematopoietic cells during
development is provided.

Avian

The results of experiments by Moore and Owen,'?® in which

parabiosed chick embryos were examined, suggested that
the thymus, spleen, bursa of Fabricius, and bone mar-
row were colonized by blood-borne cells. Definitive proof
that the hematopoietic cells in adult tissues are extrinsi-
cally derived comes from the quail-chick and chick—chick
embryo grafting experiments. Initial experiments focused
on the colonization of the grafted thymus and spleen rudi-
ments with embryonic hematopoietic precursors.*!"** Each
tissue rudiment provided the stroma or microenvironment
for the seeding and differentiation of extrinsic precursors.
Interestingly, it was found that several short periodic waves
of lymphoid precursors enter the thymus, whereas a sin-
gle long wave of precursors enter and colonize the bursa.'?’
These studies showed that the tissue rudiments exhibited
limited times of receptivity for emigrating hematopoietic
cells and suggested the emergence of progenitors at several
discrete developmental times.

Similarly, the ontogeny of the multilineage hematopoi-
etic system was examined in embryo grafting experiments
in which yolk sac chimeras were made (reviewed in ref. 1
and references therein) (Fig. 1.3A). The sites of de novo
hematopoietic cell emergence were determined to be the
yolk sac and the intraembryonic region containing the dor-
sal aorta. Only very briefly in early stages of embryoge-
nesis do yolk sac-born erythrocytes predominate in the
blood. Subsequently, intrabody-born erythrocytes rapidly
predominate and red cells from the yolk sac disappear com-
pletely by the hatching stage. At least two generations of
hemoglobin-producing cells were observed: the first from
yolk sac-derived cells and the second from yolk sac- and
intrabody-derived cells. During embryonic stages a small
number of intrabody-derived cells can be found in the
yolk sac and likewise, a small number of yolk sac-derived
macrophage-like (microglial) cells can be found intraem-
bryonically in the eye and in the brain. These cellular
exchanges are thought to occur through the circulation of
small populations or subsets of hematopoietic cells that
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may serve a specialized, short-lived function. In the adult,
the originating source of adult blood was confirmed to be
the intrabody region. When the prevascularized quail allan-
toic bud was grafted in the coelom of a chick host, cells
of both the hematopoietic and endothelial lineages were
found in the bone marrow of the host.’® Thus, the bone
marrow is seeded by hematopoietic and endothelial precur-
sors that arise in situ in the allantois. Hence, the allantois-
as well as the paraaortic-derived cells of the avian embryo
migrate and seed the adult blood system.

Amphibians

Waves of colonization are also observed in the amphibian
model system. Embryo grafting experiments show that the
larval liver is colonized by intrabody-derived hematopoi-
etic cells.!?® The liver is thought to be seeded by intra-
body cells that migrate through the interstitium because
intrabody cells are not found in the circulation. Intersti-
tial migration of cells is an efficient means of cell distri-
bution within the amphibian embryo body and has been
found to occur even before the completion of the vascu-
lar network.>® Support for interstitial migration has been
provided recently in the zebrafish. CD41" hematopoietic
cells in the interstitium enter the circulation by intravasa-
tion via the posterior cardinal veins.'? In later stages of
amphibian development, near the time of metamorphosis,
intrabody-derived hematopoietic clones fluctuate in their
contribution to the liver and some ventral blood island-
derived clones are detected'?®'*" but do not become the
predominant cell type.

Mammals

In contrast to the ease of in vitro culture and manipula-
tion of amphibian and avian embryos for the analysis of
hematopoietic cell migration and colonization, the in utero
inaccessibility of the mouse conceptus necessitates the use
of other approaches for these studies. Some of the first
experiments probing hematopoietic migration and colo-
nization involved culturing whole E7 mouse embryo bod-
ies in the presence or absence of the yolk sac.®” After 2
days, tissues were dissected and analyzed for granulocyte—
macrophage colony formation. Only embryo bodies that
retained their yolk sac were able to give rise to hematopoi-
etic cells, suggesting that the yolk sac is the only embry-
onic site producing hematopoietic cells that colonize the
liver rudiment. This experiment, as well as those exam-
ining the kinetics of CFC production in the yolk sac and
fetal liver, suggests a dependence of early fetal hepatic
hematopoiesis on an influx of exogenous yolk sac-derived
cells.®” 8999 QOther researchers have demonstrated that at
late E9 fetal liver is populated by yolk sac—derived ery-
throid cells when these tissues are cultured adjacent to each
other.'®! Recently, studies in mouse conceptuses deficient
for Cdh5 and NcxI genes suggest migration of yolk sac—
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derived myeloid progenitors to the embryo body.'**!'% In
the absence of a vascular connection or heartbeat to pro-
mote the circulation, myeloid progenitors of all types were
found in the yolk sac but not the embryo body. This sug-
gests that the yolk sac normally generates all of these
myeloid progenitors and distributes them to the PAS/AGM
and liver. It is possible, however, that the PAS/AGM requires
the normal stimulus of hemodynamic stress present in the
wild-type conditions to generate these progenitors. More-
over, these experiments are limited to analysis of only very
early tissues, and thus cannot take into account the multi-
ple waves of hematopoietic cell generation and migration
seen in the nonvertebrate species, particularly those that
give rise to the adult hematopoietic system.

Spatial and temporal quantitative analyses for CFU-C,
CFU-S, and HSCs in the mouse conceptus provide strong
support for migration of AGM, yolk sac, and placental-
derived cells to the fetal liver.?*-**°%7> Data on B lym-
phopoiesis in the mouse conceptus suggest migration of
these cells to the fetal liver through the circulation.®® The
spleen and thymus are seeded either directly from the gen-
erating tissues or from the fetal liver.'*> %3 As found in avian
embryos, the early classes of mouse hematopoietic cells
(those defined by hematopoietic activity less potent than
an HSC’s and with limited life span) may provide matura-
tion signals to the rudiments of the secondary hematopoi-
etic territories in the mouse to promote their growth and
receptivity for the later generated HSCs. !4 1%

There is convincing evidence that integrins play an
important role in the embryo in the colonization of sec-
ondary hematopoietic territories. Mouse embryos lacking
Bi-integrin die during preimplantation stages of gesta-
tion.”” Chimeric embryos with B;-integrin~/~ ESCs were
generated to examine its role during later stages of hema-
topoietic ontogeny.”' Although the yolk sac was found to
contain normal numbers of hematopoietic cells derived
from the B -integrin~—/~ ESCs, the fetal liver did not contain
any B,-integrin-deficient hematopoietic cells. The clono-
genic potential of the yolk sac hematopoietic cells was nor-
mal, and such cells were found in the circulation of embryos
until E15. These results strongly suggest that B;-integrin is
required for the successful migration of hematopoietic cells
to the fetal liver. Additionally, and in accordance with a role
for B,-integrin in adult hematopoietic cell migration, no
B:-integrin—deficient hematopoietic cells were found in the
thymus, bone marrow, or blood of adult chimeric mice.

To trace the lineage of cells in the mouse conceptus
that give rise to the permanent hematopoietic system in
the adult, molecular marking using the Cre-lox recombi-
nation system'®® has been attempted. This in vivo mark-
ing technology is based on the expression of a marker
transgene (Rosa 26 locus inserted fluorescent or enzy-
matic gene) that is activated through the excision of a stop
sequence positioned between two lox recombination sites.
Cre recombinase performs the recombination event in spe-
cific cells depending on transcriptional regulatory elements
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driving its expression and the activity of Cre recombinase
(Cre-ERT), which can be controlled in a temporal man-
ner by administration of tamoxifen. Thus, hematopoietic
cells can be marked within a specific window of develop-
mental time and the progeny of these marked cells can
be followed through later fetal and adult stages. When the
SCL (expressed in endothelial cells and definitive HSCs''?)
and Runx1 (expressed in all definitive hematopoietic cells,
hemogenic endothelium, and some mesenchymal cells'!")
regulatory elements were used to direct Cre-ERT expres-
sion and early and midgestation mouse conceptuses were
exposed to tamoxifen, approximately 10% of the bone mar-
row cells in the adult expressed the marker.!*”-'3¢ These
results indicate that the progeny of SCL- and Runxl-
expressing cells in the mouse conceptus migrate to the
adult bone marrow and contribute to adult hematopoiesis.
Thus, the progeny of hematopoietic cells generated in the
embryo (tissue origin as yet unknown) migrate to the bone
marrow where they reside and contribute to hematopoiesis
through adult life.

Molecular Aspects of Embryonic (Primitive) and
Adult (Definitive) Hematopoiesis

Molecular interactions regulate the generation of the
hematopoietic system. Some of these interactions include
developmental signaling pathways, transcription factors,
and chromatin remodeling factors. Induction events are
orchestrated by the signaling pathways that “turn on or off”
transcription factors that regulate the expression of spe-
cific panels of genes (genetic programs) associated with he-
matopoietic fate and function. Moreover, the genetic pro-
grams are controlled by a limited number of epigenetic
regulators (chromatin modifiers) that confer a “cell-specific
molecular memory” and thus maintain the hematopoietic
fate of the cell. The microenvironments in the mouse con-
ceptus where hematopoietic cells are generated (yolk sac,
PAS/AGM, and chorioallantoic placenta) differ from each
other and from the secondary hematopoietic territories
(fetal liver and adult bone marrow) that promote mainte-
nance, self-renewal, and/or differentiation of hematopoi-
etic progenitor and stem cells. Thus, beginning with the cell
extrinsic influences of morphogens and factors emanating
from the surrounding cellular environment, developmen-
tal signaling pathways are triggered and activate distinct
but overlapping genetic (and epigenetic) programs to direct
hematopoietic development in the mouse conceptus.

Our understanding of the molecular programming of
the hematopoietic system throughout ontogeny has been
profoundly influenced by the use of gene-targeting tech-
nologies in mouse ESCs."*” The ability to generate mice
with mutations in any chosen gene has resulted in the
identification of numerous signaling pathways, transcrip-
tion factors and epigenetic regulators that are critical for
the development of the hematopoietic system. The most
striking hematopoietic defects found are genetic mutations
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that affect both primitive and definitive hematopoiesis
and mutations that profoundly affect definitive but not
primitive hematopoiesis. Because the deletion of some
hematopoietic genes results in anemia and early embryonic
lethality, study of the affects of such genes at the later devel-
opmental stages is facilitated by chimeric mouse genera-
tion with homozygous mutant ESCs and also conditional
gene targeting strategies.

Functional differences in the cells that make up the
primitive (embryonic) and definitive (adult) hematopoietic
systems predicted differences in molecular programming
through development. Prime examples include the devel-
opmental regulation of the globin genes (a and B)*° in
primitive and definitive erythroid cells and the T- and B-
cell receptor genes (Vy3-Vy4 and Bla, respectively) in fetal
lymphoid cells.”>°” These programs are regulated at the
level of the HSC and thus suggest distinct developmental
subsets of HSCs (dependent on the stem cell source and/or
local microenvironment). Genes involved in hematopoi-
etic specification also may be developmentally regulated in
mesodermal cells as they emerge from the primitive streak
and move to the extraembryonic yolk sac (ventral meso-
derm) and intraembryonic PAS/AGM (lateral mesoderm).
Thus, the genetic programs leading to hematopoietic spec-
ification overlap to a large degree but also possess unique
features related to hematopoietic potential, function, site,
and life span.

This section and Table 1.2 summarize some of the sig-
naling pathways, transcription factors, and epigenetic fac-
tors that most affect the development of the embryonic and
adult hematopoietic systems.

Signaling Pathways

Hematopoietic specification occurs shortly following the
onset of mesoderm formation. The effects of various factors
of the TGFB, superfamily and FGF family of genes in meso-
derm and blood formation'®:** have been revealed in the
Xenopus embryo model. The TGFB; superfamily member,
BMP-4, acts as a ventralizing molecule within the meso-
derm (the region known to form hematopoietic cells). BMP-
4 also induces the expression of Mix.1, a gene that has been
shown to induce hematopoiesis in the Xenopus animal
cap assay.”®'*! Interestingly, the three blood compartments
(aVBI, pVBI, and DLP) are specified from mesoderm that
encounters different concentrations of BMP-4!*? and the
timing of expression of pivotal hematopoietic transcription
factors (SCL, LMO2, and Runx1) is controlled by FGF.'*3
Similar to the interactions between endoderm and
prospective hematopoietic mesoderm in Xenopus, such
interactions are also necessary for hemogenic induction
in the chick embryo. Blood island generation occurs only
when the mesothelial and endoderm germ layers are cul-
tured together — when cultured separately no primitive ery-
throblasts form.?*:?! 144 Somitic mesoderm, which normally
only contributes to endothelium in the dorsal aspect of
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Table 1.2. Molecules involved in early mouse hematopoietic development

Class Gene Phenotype

Reference

Developmental growth
factor/signaling pathway

TGFB4

BMP-4

Lethal at E9.5-11.5, defects in hematopoiesis and vascular 149
network formation
Lethal at gastrula stage, no mesodermal differentiation.

122,148, 152

Later embryonic lethal, decreased yolk sac (YS)
mesoderm formation and decreased erythropoiesis.
Expressed in cells underlying aortic hematopoietic

clusters
FIk-1/VEGF

Lethal at E8.5-9.5, defective in YS blood island and vessel

27,154,155

formation, severe decrease in YS progenitor cell number
and no definitive hematopoiesis

Notch1

Conceptuses die at E10, almost normal numbers of YS

157,158

primitive erythroid and erythroid—myeloid progenitors,
but no AGM hematopoiesis or HSCs. Notch1 and
Delta-like 4, and Jagged 1 and 2 expressed in aortic

endothelium
Severe mutants lethal at E16, deficiencies in hematopoietic

c-kit/SF

88,161, 162

cells, CFU-S, primordial germ cells and melanocytes

Transcription factor SCL

Lethal at E9.5, deficient in primitive and definitive

165, 169

hematopoiesis and defective in angiogenesis

GATA-2

Lethal at E10.5, severe FL anemia. Relatively normal YS

115,116, 178

hematopoiesis but decreased GFU-C. No AGM HSCs or

aortic clusters
Lethal at E12, complete absence of definitive progenitors

Runx1

65, 66, 67,117, 181

and HSCs and aortic clusters. Primitive hematopoiesis
relatively normal

Epigenetic factor Mel-18,
Mph1/Rae28

Bmi-1

Enhanced HSC self-renewal 190
Embryonic lethal due to insufficient hematopoiesis 191
Self-renewal defect in FL HSCs 192

Mil Complete lack of definitive hematopoiesis in the conceptus 195
and early embryonic lethality

the dorsal aorta and not to the ventral endothelium or
hematopoietic clusters, can be reprogrammed to assume
the latter fates following transient exposure to endoderm
prior to grafting.’! Several signaling molecules, including
vascular endothelial growth factor (VEGF), basic (b)FGE
and TGFB; could substitute for this endodermal signal?!
and the overexpression of BMP-4 has been found to
influence mesodermal subtype formation.'*® Thus, graded
expression patterns of factors specify unique subsets
of mesoderm including the presumptive hematopoietic
mesoderm.!*

Studies in the mouse conceptus also show that con-
tact with visceral endoderm is necessary for primitive
hematopoiesis in yolk sac explants. Exposure of prospec-
tive neurectoderm to endoderm or heparin-acrylic beads
soaked in Indian Hedgehog (Ihh) could respecify this nor-
mally nonhematopoietic tissue to hematopoietic fate.??'>3
Ihh is normally produced by the visceral endoderm, and
this expression pattern, together with the explant data, sug-
gests that Ihh signaling is essential for primitive erythro-
poiesis. Thh signaling is essential for hematopoiesis in the
zebra fish equivalent of the AGM and is at the beginning of

a signaling cascade for blood cell formation in the dorsal
aorta that includes the downstream effectors VEGE Notch,
GATA-2, and Runx1."¢ Although deletion of Thh or its recep-
tor Smoothened (Smo) in mice does not eliminate primi-
tive erythropoiesis in the yolk sac, it does profoundly affect
yolk sac vascularization'*” and may also affect the AGM
region.

In the mouse VEGF/Flk-1, FGE and TGFB, (and family
members) are generally thought of as ventralizing factors.
ESC differentiation cultures and gene-targeting studies
reveal a role for the VEGF/Flk-1 and TGFB,; signaling axes
in vasculogenesis and hematopoiesis.?”'*® In the TGFp;
homozygous null condition, perinatal lethality occurs in
50% of the embryos between E9.5 and E11.5.'*Y The ini-
tial differentiation of endothelial cells from mesoderm
occurs, but there is no organization of these cells into
a vascular network. Defects in yolk sac vasculogenesis
and hematopoiesis appear to be responsible for embry-
onic death, although the severity of the endothelial and
hematopoietic cell defects do not always correlate. TGF3;
signaling in the hematopoietic system suggests complex
effects (indirect and/or redundant), because it is a member
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of the large TGFB, superfamily that interacts through an
array of receptors and intracellular Smad proteins.'*°

Another TGFB,; family member, BMP-4, plays a role in
early stages of mouse hematopoiesis. It induces the in vitro
hematopoietic differentiation of ESCs.'®! Gene targeting
supports a role for BMP-4 in specification of hematopoi-
etic mesoderm. Mouse embryos deficient for BMP-4 usu-
ally die at the time of gastrulation with little or no mesoder-
mal differentiation.'’® The few BMP-4-deficient embryos
that do survive to slightly later ontogenic stages show
profound decreases in mesoderm formation and erythro-
poiesis in the yolk sac, indicating a strict requirement for
BMP-4 in the formation of the ventral-most mesoderm.
BMP-4 can influence hematopoietic cell formation from the
presumptive anterior head fold, normally a nonhematopoi-
etic portion of the mouse epiblast.!” When added to AGM
explant cultures, BMP-4 increases the number of HSCs.'??
Interestingly, BMP-4 is localized in the mesenchyme under-
lying aortic clusters in the mouse!?> and human'>? embryo
and thus appears to be an important effector in hematopoi-
etic specification and growth. It controls the expression of
some pivotal hematopoietic transcription factors such as
SCL and GATA-1 (reviewed in ref. 153).

Mouse embryos deficient in the VEGF/Flk-1 signal-
ing axis exhibit more severe and consistent defects than
TGFB, -deficient embryos. All Flk-1-deficient embryos die
between E8.5 and E9.5.” They are defective in the pro-
duction of yolk sac blood islands and vessel formation,
and the numbers of hematopoietic progenitors are dramat-
ically reduced. A LacZ marker gene inserted in the Flk-1
gene allowed tracking of endothelial and hematopoietic cell
formation in embryos. Those embryos lacking functional
Flk-1 expressed the LacZ marker appropriately in the devel-
oping mesoderm. However, these expressing cells accumu-
lated in the amnion instead of the areas of blood island
formation, suggesting the requirement for Flk-1 as early as
the formation and/or migration of the yolk sac mesoder-
mal cells. The gene for VEGE the ligand of Flk-1, has also
been mutated. The generation of chimeric embryos with
VEGF */~ ESCs results in embryonic lethality at E11, defec-
tive vasculogenesis, and a substantially reduced number of
yolk sac red blood cells.'>*'15° VEGF can direct the in vitro
differentiation of ESCs to both endothelial and hematopoi-
etic lineages.'*® Flk-1 is expressed by presumptive heman-
gioblasts, as shown by ESC studies and analyses of early-
stage mouse conceptuses in the posterior region of the
primitive streak.??-31,156

Although gene targeting of all these signaling molecules
results in defects in both primitive and definitive hemato-
poiesis, Notchl signaling in the mouse conceptus has
been found to be selectively important for AGM (adult de-
finitive) but not yolk sac (primitive) hematopoiesis. Notch1-
deficient mouse conceptuses die at E10 and contain
almost normal numbers of yolk sac primitive erythroid and
erythroid-myeloid progenitors, but have no AGM hemato-
poiesis or HSCs.!*” Notch1, Notch4, and their ligands Delta-
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like 4, Jagged 1, and Jagged 2 are expressed in endothe-
lial cells lining the dorsal aorta.!>® Mutations that affect
Notch signaling in zebra fish eliminate Runx1 expression
and hematopoietic cluster formation in the AGM.!%:159
Overexpression of Runxl in Notch signaling mutants in
both zebrafish and mice restores AGM hematopoiesis.'*? 1%
Thus, Notchl appears to be a unique and pivotal factor in
the onset of AGM definitive hematopoiesis.

c-kit is a receptor tyrosine kinase closely related to Flk-
1. Many natural mutations for c-kit, and its ligand, steel
factor (SF), have been found in mice. W and Sl strains
of mice, respectively, mutant for these genes,'?!'1%? exhibit
deficiencies in hematopoiesis, primordial germ cells, and
melanocytes. The most severe mutations result in embry-
onic lethality beginning at E16. Yolk sac primitive erythro-
poiesis is not affected, but definitive CFU-S progenitors
and mast cells are absent. SF has been shown to act as a
proliferative®® 1% or antiapoptotic'® agent in hematopoi-
etic progenitors and CFU-S. Thus, c-kit/SF signaling is
required for normal definitive hematopoiesis and may play
a role in clonogenicity of early hematopoietic progenitors
or, as in primordial germ cells and melanocytes, play a role
in definitive hematopoietic progenitor migration.

Transcription Factors

The SCL transcription factor (basic helix-loop-helix family)
is known to play a pivotal role in the production of all he-
matopoietic cells in the embryo as shown by gene target-
ing in the mouse.'®*~'% SCL~/~ mouse conceptuses die
at E9.0 of a complete absence of blood formation. Unlike
TGFB; and Flk-1, SCL is not required for all endothe-
lial cell and vascular formation; yolk sac capillaries are
initiated. Vitelline vessel formation, however, is blocked
and subsequent angiogenesis in the yolk sac is defec-
tive. A transgenic rescue of the hematopoietic defects in
SCL~/~ embryos confirms that SCL is necessary for embry-
onic angiogenesis.'® Interestingly, ectopic injection of RNA
encoding the SCL hematopoietic transcription factor spec-
ifies normally nonhematopoietic pronephric mesoderm to
become hematopoietic.!”” The graded expression of this
hematopoietic transcription factor may initiate the normal
spatial borders of hematopoiesis in the different mesoder-
mally derived regions of the embryo. Differentiation stud-
ies using SCL~/~ ESCs indicate that this factor is essential
for hematopoietic differentiation and vascular remodel-
ing, playing a role in the hematopoietic commitment of
the hemangioblast.!”! Similarly gene-targeted deletion of
the LMO2 gene results in a phenotype identical to that of
SCL~/~ embryos.'”'” It has been found that the LMO2
protein heterodimerizes with the SCL protein forming a
transcriptional regulatory complex.!”* 175

GATA-2 is a member of GATA (DNA-binding motif)
transcription factor family of genes. The GATA factors are
highly conserved among all vertebrate species. Along with
GATA-1 and GATA-3, studies in mammalian cell lines have
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shown that GATA-2 plays a role in transcriptional regu-
lation within the hematopoietic system.!”®:'7" Specifically,
GATA-2 is thought to act in HSCs and progenitors, due
to its specific expression pattern. Mice lacking the tran-
scription factor GATA-2 suffer from slightly reduced prim-
itive erythropoiesis and a complete lack of other commit-
ted progenitors and HSCs and die at E10.5.'7® GATA-2 is
expressed in the aortic endothelium!'® and is thought to
affect the expansion of the hemogenic population emerging
from these cells.''® Interestingly, GATA-2 haploinsufficiency
profoundly decreases the number of AGM HSCs, but yolk
sac HSCs are only slightly affected. The tissue differences
suggest a developmental timing component in the require-
ment of HSCs for GATA-2, different tissue-specific inter-
acting partners for GATA-2, and/or different downstream
targets. Nonetheless, GATA-2 is strictly required for adult
(definitive) hematopoiesis and is expendable for embry-
onic (primitive) erythropoiesis. GATA-2 is thought to work
together with SCL and the Ets transcription factor Fli-1 in
recursive gene regulatory circuit in early mouse hematopoi-
etic development.' 7180

The CBF transcription factor genes are the most fre-
quent targets of chromosomal rearrangements in human
leukemias and were thus suggested to function in the
hematopoietic system. Runxl1 (also called CBFa2 and AML-
1) and CBFB; form a heterodimeric factor that interacts
through Runxl DNA-binding domain to bind the core
enhancer motif present in a number of hematopoietic-
specific genes. Targeted mutagenesis revealed that RunxI
and CBFB; genes®® 57181 are required for definitive but
not primitive hematopoiesis — embryos present with a
complete lack of definitive hematopoietic progenitors and
HSCs, fetal liver anemia, and embryonic lethality occurring
after E11.5.56:67:182 Yolk sac vessels and primitive erythro-
poiesis appear normal in these embryos. Runx! appears
to act at the level of proliferation, generation, or mainte-
nance of definitive hematopoietic progenitor and/or stem
cells. Insertion of a LacZ maker gene into the RunxI locus®
shows Runxl expression ventrally in the mesenchyme,
endothelium, and hematopoietic clusters of the dorsal
aorta,’>!'” confirming a role in the establishment of the
first adult-type HSCs.

Haploinsufficiency of RunxI leads to an early increase
in AGM HSCs when these are directly isolated from
the embryo and transplanted into irradiated adult
mice.5 117,182,183 When hematopoietic tissues of RunxI*/"~
conceptuses are first cultured as explants and then trans-
planted, they display interesting differential responses to
Runx1haploinsufficiency. HSCs were profoundly decreased
in AGM explants but were increased in both yolk sac and
placenta, suggesting that different regulatory networks,
downstream targets, interacting molecules, or altered
developmental timing are operative in these tissues.'®® The
Ets family transcription factor, PU.1, which is required for
definitive hematopoiesis, is a critical downstream target
of Runx1.'®* Also, studies have shown that the hematopoi-
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etic cytokine gene IL-3 is a target of Runxl and that IL-3
affects AGM HSC numbers.!® As a pivotal factor in HSC
ontogeny, transcriptional regulation of Runx1 requires the
recruitment of a SCL/LMO2/Ldb-1 complex to its intronic
enhancer sequence. This enhancer targets all definitive
HSCs in the mouse embryo, suggesting that it integrates
the other major hematopoietic transcriptional networks to
initiate HSC generation.'”

Thus, an understanding of how the master regulators are
controlled and fine-tuned with respect to their levels in dif-
ferent hematopoietic subpopulations and sites will provide
insight into the genetic network that governs hematopoi-
etic emergence in the conceptus. By analogy to the ESC
program,'®® it may be possible to establish hematopoietic
identity in nonhematopoietic cells with just a small set of
factors (Runxl, GATA, Ets, and SCL).

Epigenetic Factors

Lineage-specific gene expression programs are not only
controlled at the level of transcription factor recruit-
ment, but are coordinated and maintained in an active
or repressed state of expression through the involvement
of chromatin modifiers.'®® Cellular memory enables cells
to maintain a specific lineage fate over many cell divi-
sions and involves epigenetic modifications that include
DNA methylation and histone acetylation. Groups of pro-
teins called the polycomb group (PcG) and trithorax group
(trxG) proteins, recruit histone deacetylases and methyl-
transferases and are well conserved in evolution in many
different species. PcG proteins are transcriptional repres-
sors and trxG proteins are transcriptional activators during
development. These proteins associate with chromatin at
specific loci but their core proteins do not bind DNA. The
importance of PcG protein in development was recognized
through their role in maintaining a silent state of Hox gene
expression.'®” Hox genes are known to be important in the
hematopoietic system. When Hox genes are overexpressed
in HSCs, they proliferate extensively, increasing their pool
size.!® Although PcG proteins are involved in many loci in
a variety of stem cells, most studies investigating the role of
PcG and trxG proteins in HSCs focus on fetal liver and adult
bone marrow-derived HSCs.

The PcG protein Ezh2 is found in a complex with his-
tone deacetylases. Ezh2, together with Eed protein, also
binds DNA methyltransferases.'®” These complexes are
thought to be involved in the initiation of gene repres-
sion and act functionally to preserve HSC quality and pre-
vent HSC exhaustion after trauma.'®® Several other PcG
proteins affecting HSC self-renewal are thought to main-
tain gene repression. These include Mel-18, Mph1/Rae28,
and Bmi-1."9-192 Homozygous deficiency of Mel-18 leads
to enhanced HSC self-renewal; Mph1/Rae28 deficiency is
embryonic lethal due to insufficient hematopoiesis dur-
ing development; and Bmil-deficient fetal liver HSCs are
impaired in self-renewal.



18

An example of a trxG protein involved in hematopoiesis
is the MIl gene. MLLL1 is a histone methyltransferase.'?%19*
It is misexpressed following chromosomal translocation in
acute leukemias. Moreover, gene targeting of MIlI in the
mouse results in a complete lack of definitive hemato-
poiesis in the conceptus and early embryonic lethality.'®
Thus, the control of HSC self-renewal by PcG and trxG
proteins supports a role for epigenetic modifications in
the homeostasis of the hematopoietic system as it is initi-
ated in the mouse conceptus, and such mechanisms most
likely play a role in the initiation and maintenance of some
leukemias.

IMPLICATIONS OF EMBRYONIC HEMATOPOIESIS
FOR POTENTIAL CLINICAL APPLICATION IN
HUMAN BLOOD-RELATED THERAPIES

Significant progress continues to be made in the field of
developmental hematopoiesis. The previous dogma con-
cerning the origins of the adult mammalian hematopoietic
system in the yolk sac has given way to a new understanding
of multiple and independent sites of hematopoietic gen-
eration in the early- and midgestation conceptus. The ini-
tiation of the first multipotential hematopoietic progeni-
tors and adult-type HSCs is now known to occur in the
intraembryonic PAS/AGM. The placenta has been shown
to be a potent generator of hematopoietic cells, and per-
haps other yet untested embryonic tissues may also pos-
sess hematopoietic potential. The molecular programming
within the variety of hematopoietic cells and embryonic
compartments begins to reveal differences in developmen-
tal levels and timing of expression of pivotal hematopoi-
etic transcription factors and the heritable genetic program
that defines specific hematopoietic fate. The in vitro pro-
duction of hematopoietic cells from factor-directed ESC
differentiation cultures is improving due to knowledge
obtained from results of molecular and cellular studies on
the normal in vivo embryonic development of hematopoi-
etic cells. Together with the long-anticipated direct precur-
sor to hematopoietic cells, the hemangioblast, the rapid
acceptance of hemogenic endothelium as the predomi-
nant precursor to definitive adult hematopoietic cells sug-
gests a new strategy for hematopoietic cell production —
one that would involve the isolation, expansion, and induc-
tion of hemogenic endothelium, perhaps from adult vas-
culature, to establish HSC fate. Through further knowledge
of the cells and molecules that lead to the normal gener-
ation of the adult hematopoietic system, we can continue
to improve medical strategies for the treatment of blood-
related genetic diseases and leukemia.
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Erythropoiesis

Sjaak Philipsen and William G. Wood

INTRODUCTION

Erythropoiesis involves the production of mature enucle-
ated erythrocytes from committed erythroid progenitor
cells, which in turn are derived from multilineage progeni-
tors and ultimately from the hematopoietic stem cell (HSC).
In human the mature erythrocytes turn over at a rate of
approximately 1% per day and it can be estimated that
maintaining the red blood cell count in an adult requires
approximately 2.4 x 10% new erythrocytes to be produced
each second. It is not surprising, therefore, that the reg-
ulation of erythropoiesis is a complex, multifaceted pro-
cess that has to cope with not only maintaining the steady
state but also with providing reserves to cope rapidly with
increased demand as a result of physiological or patholog-
ical demands. In this chapter we will consider the develop-
mental origins of red cell production, their differentiation
from HSCs as well as production of the hormone erythro-
poietin. We will examine how erythropoietin responds to
tissue hypoxia and exerts its effect through cell surface
receptors on erythroid cells to trigger a number of cell sig-
naling cascades to maintain, through critical transcription
factors, the survival, proliferation, and maturation of the
erythron.

ERYTHROPOIESIS DURING DEVELOPMENT

The first erythrocytes appearing during vertebrate devel-
opment are known as primitive erythrocytes. These cells
are produced by a transient first wave of hematopoiesis,
which is almost entirely dedicated to the production of
primitive red cells. Primitive erythropoiesis has been stud-
ied in evolutionary distant vertebrates, in particular in fish,
amphibians, birds, and mammals. Despite the considerable
anatomical differences between the developing embryos
of these phyla, primitive erythropoiesis appears to be a
remarkably conserved process allowing observations made
in lower vertebrates to be extrapolated — with care - to
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mammals. The establishment of blood circulation is impor-
tant to provide oxygen and nutrients to the developing
embryo. Primitive erythrocytes are relatively large cells
characterized by the expression of embryonic globins. In
mammals, these are the only erythroid cells that retain
their nucleus when they enter the circulation. Definitive
hematopoiesis gives rise to all hematopoietic lineages and
replenishes the hematopoietic compartment throughout
the lifespan of the organism. In fish, amphibians, and birds
the definitive erythrocytes remain nucleated. Mammalian
definitive erythrocytes expel their nucleus before they enter
the circulation. Definitive erythrocytes are smaller than
primitive erythrocytes and express fetal/adult globins. We
will now describe the main features of erythropoiesis in fish
(zebrafish, Danio rerio), amphibians (African clawed frog,
Xenopus laevis), birds (chicken, Gallus gallus) and mam-
mals (mouse, Mus musculus, and human, Homo sapiens).

ZEBRAFISH (Danio rerio)

The zebrafish has become a popular model organism to
study early vertebrate development in particular. Large
numbers of fertilized eggs can be obtained easily. The eggs
are transparent and development of the embryos can there-
fore be monitored without any interference. Development
proceeds rapidly: from the fertilized egg to hatched fry
takes only 72 hours. Large collections of mutants are avail-
able that have been generated through forward genetic
screens, using insertional, radiation-induced and N-ethyl-
N-nitrosourea-mediated mutagenesis.! Effective “knock-
down” of specific proteins can be achieved by injecting
antisense-modified oligonucleotides, known as morpholi-
nos, into fertilized eggs.” The morpholinos are designed to
bind to the translation initiation site or a splice junction of
a particular RNA molecule, thereby preventing the synthe-
sis of protein. With the zebrafish genome sequence at hand,
one can thus perform a very quick functional analysis of any
protein of interest. To distinguish the morpholino-injected
fish from genetic mutants, they are called “morphants”.’
Complementary proteins can be overexpressed through the
injection of RNA synthesized in vitro. Finally, fish transmit-
ting transgenes through the germline can be obtained by
injection of linearized plasmids, albeit with low efficiency.
Nevertheless, useful reporter strains have been generated
in this way, for instance lines expressing green fluores-
cent protein in the endothelial cells of the vasculature® and
in erythroid cells.®” Such transgenic reporter fish provide
easy visualization of mutants and morphants in which ery-
throid development is disturbed. From the forward genetic
screens, approximately 25 complementation groups affect-
ing blood formation have been identified.!® These groups
fall into categories ranging from defective HSC generation
(e.g., the cloche mutant affecting an as yet unidentified
gene'!), arrested erythroid development (e.g., the vias tepes
mutant affecting the GATA-1 gene'?) to structural defects in
erythrocytes (e.g., the sauternes mutant affecting the alas2
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gene'®) and the retsina mutant affecting the band3 gene.'*
Often, mutations in the orthologous genes are associated
with human hematological disorders, which has led to the
notion that the zebrafish provides useful models for human
diseases.”

SITES OF ERYTHROPOIESIS IN THE ZEBRAFISH

The first erythroid cells arise in an area known as the
intermediate cell mass, first evident at 16 hours post-
fertilization. This structure is a derivative of the lateral plate
mesoderm that first appears approximately 10 hours post-
fertilization, at the end of gastrulation and the start
of somatogenesis. The first erythroid cells become vis-
ible at 22 hours postfertilization and enter the circula-
tion at 24 hours postfertilization. The primitive erythroid
cells express embryonic «-like and B-like globin genes.'®
Although the anatomical location of the intermediate cell
mass is not obviously related to the extraembryonic loca-
tion in the yolk sac of the primitive erythroid progenitors
in mammals, the intermediate cell mass is derived from
two paraxial stripes of mesoderm arising during gastrula-
tion, a location analogous to the mammalian site. Similar
to mammals, the first definitive hematopoietic cells appear
in the ventral wall of the dorsal aorta, approximately 48
hours postfertilization.!” These cells can be identified by
the expression of transcription factors such as runxl and
myb.'8-20 setting them apart from the primitive erythroid
cells, which can be identified by the expression of embry-
onic globins.!® In the adult zebrafish, the kidney is the site
of erythropoiesis. This is clearly different from the situation
in mammals, in which the bone marrow is the main site
of adult erythropoiesis. Possibly, the production of erythro-
poietin (Epo), the main hormone regulating erythropoiesis,
in the mammalian kidney is a remnant of the erythropoietic
function of this organ in their ancestors.?!

ERYTHROPOIESIS IN Xenopus

There is a long tradition of using the African clawed frog
Xenopus laevis as a model system to study vertebrate
development.””> Xenopus eggs are polarized, and unlike
mammals, the cells in the early embryo are highly orga-
nized as a result of oriented cleavage planes.”® Thus,
lineage-tracing experiments can be performed in 32-cell
stage embryos by injecting single blastomeres with a
reporter, such as a fluorescent dye or in vitro synthesized
RNA encoding B-galactosidase. This has been applied to
demonstrate that primitive hematopoiesis and defini-
tive hematopoiesis are derived from independent cell
lineages.>* > Xenopus laevis has a tetraploid genome, which
limits its use in genetic experiments due to the presence of
a duplicate copy of each gene, which may or may not have
identical functions. Its close relative Xenopus tropicalis
has a diploid genome and is therefore increasingly used
by developmental biologists.’® The full scala of molecular
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tools can be applied to Xenopus, similar to zebrafish.
An advantage of Xenopus is that morpholino-mediated
knockdown and RNA-mediated protein overexpression can
be targeted to single blastomeres at the 32-cell stage. In
this way, gene function can be studied more specifically
in the lineage giving rise to the tissue of interest, without
interfering directly with the rest of the embryo. Primitive
erythropoiesis in Xenopus occurs in structures known as
ventral blood islands (VBIs), which can be further subdi-
vided into anterior and posterior VBIs. VBIs are analogous
to the mammalian yolk sac blood islands, although they are
an integral part of the embryo. Anterior VBIs are derived
from mesodermal cells originating from the C1 and D1
blastomeres, whereas posterior VBIs are derived from
the D4 blastomere. Definitive hematopoietic cells are
derived from a single blastomere, C3, which gives rise to a
mesodermal structure known as the dorsal lateral plate.**
The dorsal lateral plate serves as an intermediate struc-
ture; after extensive cell migration and tissue remodeling,
the first definitive hematopoietic cells are observed as
hematopoietic clusters closely associated with the ventral
wall of the dorsal aorta.”> Anatomically, the dorsal lateral
plate is the equivalent of the paraaortic splanchnopleura
in mammals.?” Later in development and during adult life,
the liver and spleen are the main sites of erythropoiesis;
there is no evidence for hematopoietic activity in the bone
marrow.’® At all stages, erythroid cells of Xenopus remain
nucleated.

ERYTHROID DEVELOPMENT IN THE CHICKEN
(Gallus gallus)

Developing avian embryos are easily accessible and can be
subjected to experimental manipulation in ovo. A partic-
ularly powerful procedure is the grafting of quail tissue in
orthopic or ectopic locations in the chick embryo. Quail-
derived cells can be traced later in the developing chimeric
embryos with species-specific monoclonal antibodies.?**°
The most extreme version of this grafting procedure is
the replacement of the entire chick embryo by the quail
embryo. Such experiments performed with embryos iso-
lated before the onset of circulation revealed that definitive
hematopoiesis arises intraembryonically, independent of
the first wave of extraembryonic primitive hematopoiesis.*!
Thus, primitive erythrocytes are formed in the yolk sac
blood islands from stem cells generated in situ. Defini-
tive HSCs are born in the ventral side of the dorsal aorta.
Furthermore, it has been demonstrated that the allantois,
an endodermal and mesodermal embryonic appendage,
is also a source of definitive HSCs.*> The bone marrow
is seeded with HSCs as soon as it is formed and is the
location of erythropoiesis in the adult bird.***! Like in
the other model organisms, primitive chicken erythrocytes
express embryonic globins, whereas definitive cells express
adult-type globins.*>*6 Remarkably, definitive erythrocytes
of birds remain nucleated, despite the high demand for
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oxygen during flight. Possibly, the highly efficient respira-
tory system of birds alleviates the need for enucleated ery-
throcytes to support their high metabolic rate.

Although the chicken is a great experimental sys-
tem to investigate early developmental processes, genetic
approaches can only be applied to a very limited extent
in this organism. The chicken has therefore not become
a widely used model system to study erythropoiesis in
vivo. Nevertheless, lineage-tracing studies combined with
detailed morphological analyses are still expected to con-
tribute significantly to the understanding of the ontogeny
of vertebrate hematopoiesis.*’

MAMMALIAN ERYTHROPOIESIS

The first erythroid cells appearing during mammalian
development emerge in the extraembryonic location of the
yolk sac (Fig. 2.1a,b). These cells are formed in close associ-
ation with the endothelial lining of the emerging blood ves-
sels, before the vasculature is connected to the embryo and
the onset of blood circulation.®® Once released in the blood-
stream, the macrocytic primitive erythrocytes retain prolif-
erative capacity and mitotic figures are observed in the cir-
culating blood of early mammalian embryos (Fig. 2.1¢).*
Intravascular erythropoiesis is not normally observed at
any other developmental stage; both fetal and adult ery-
throcytes are enucleated before they enter the circulation.
The view has long been held that primitive erythrocytes
remain nucleated and that they disappear from the circu-
lation very quickly during the embryonic to fetal transition
period. Until recently, the fate of these cells was a mys-
tery, but more recent work has shown that the primitive
cells in fact enucleate very efficiently between days 12.5
and 14.5 of mouse development, resulting in macrocytic,
enucleated, erythrocytes.* At this stage, the first fetal liver-
derived definitive erythrocytes appear in the circulation
and their numbers increase rapidly (Fig. 2.1e-h). This has
made it particularly difficult to trace the remaining prim-
itive erythrocytes. The use of transgenes that specifically
label the primitive cells with a green fluorescent reporter
protein has demonstrated that the primitive cells are a sta-
ble population that persist through the end of gestation.”’
The primitive cells are characterized by the expression
of embryonic globins (ey, Bhl, and { in the mouse, &,
v, and { in human) resulting in a variety of hemoglobin
tetramers in man ({ &, (Gowerl); aze, (Gower2), {»7y. (Port-
land1) {2B, (Portland2)). Mice immediately switch to adult
globins when definitive erythropoiesis starts in the fetal
liver. Expression of a specific fetal B-like-globin (y-globin)
is a feature of anthropoid primates. Hemoglobin tetramers
consisting of a- and +y-globin chains (ay7y2) are known
as fetal hemoglobin (HbF) in humans. These specialized
hemoglobins allow the developing fetus to extract oxygen
more efficiently from the maternal blood. Near the time
of birth, the site of erythropoiesis switches to the bone
marrow and the spleen. Humans rely mainly on the bone
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marrow for steady-state adult erythropoiesis, but in mice
the spleen remains an important erythropoietic organ dur-
ing adult life (Fig. 2.1k]). Under stress conditions, for
instance caused by low oxygen pressure or anemia, the
spleen is used to expand the erythropoietic capacity in both
species.”! Fetal globin expression is silenced in adult ery-
thropoiesis. Hemoglobin tetramers composed of «- and B-
globin (a2, HbA) account for approximately 97% of all
hemoglobin in adult erythrocytes. HbA, (a23;) and HbF
account, respectively, for approximately 2% and <1% of
total hemoglobin in most adults. HbF is restricted to a few
cells, termed F cells, in normal adults.”> Clonal analysis
has shown that F cells are derived from the same progen-
itor cells as the cells containing adult globin, which rules
out that fetal and adult stem cell lineages coexist.”*> Some
individuals maintain higher levels of HbF throughout adult
life. This condition is known as hereditary persistence of
fetal hemoglobin (HPFH) and is caused in the majority of
cases by deletions in the B-globin locus, but also by point
mutations in the -y -globin gene promoters.** In rare cases,
the HPFH phenotype does not segregate with the B-globin
locus, suggesting a trans-regulatory mechanism (see also
Chapter 14). The HPFH condition is not clinically manifest,
but it is a factor ameliorating the effects of B thalassemia
and sickle cell disease. Reactivation of y-globin expression
in adults with these disorders is therefore a very attractive
therapeutic approach, because the majority of patients will
have normal y-globin genes that they have switched off
after birth. Despite the fact that mice do not have a fetal
B-like globin gene, the y-globin genes in human B-globin
locus transgenes are expressed in the early fetal liver, and
silenced later in development.*>“5 Furthermore, vy -globin
transgenes with HPFH mutations in the promoter recreate
the HPFH condition in mice."”*® The use of transgenic mice
for the study of human globin gene regulation is described
in detail in Chapter 5.

ERYTHROID DIFFERENTIATION

Erythroid cells are derived from HSCs but the path they
follow is still a matter of debate (Fig. 2.2).* There is no
evidence for direct feedback of committed progenitors to
the HSC compartment since the number of stem and early
progenitor cells is little affected by extreme fluctuations in
numbers of end-stage cells of any of the lineages. This pro-
tects the stem cell compartment from depletion by differ-
entiation. Indeed, lineage fate decisions may be a more
stochastic process in which there are probabilities of out-
come dictating differentiation among the various lineages
while the fate of an individual cell remains undirected and
unpredictable.’® The interplay of the internal transcription
program and epigenetic alterations (such as DNA methy-
lation and chromatin modifications) on the one hand with
the external environment (such as localized growth factor
concentrations and cell-cell interactions) on the other is
complex as discussed extensively in Chapter 1.
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Figure 2.1. Erythropoiesis during mouse development. (a) E8.5 embryos, inside their yolk sacs, carrying a LacZ reporter gene
driven by B-globin regulatory elements. Erythroid cells appear dark after staining for LacZ activity. White arrowheads point
at the blood islands emerging as a ring at the top of the yolk sac. These are spreading through the developing vasculature,
illustrated by the two embryos on the right that are progressively more advanced in development. The black arrowheads
indicate the linear heart tube that already appears to contain erythroid cells before the yolk sac cells have reached the
embryo. de = decidua, remaining maternal tissue. (b) E11.5 embryo inside its yolk sac. The blood-filled yolk sac vasculature
is apparent. ys = yolk sac; pl = placenta. (c) Cytospin of E11.5 peripheral blood, stained with dianisidine and histological
dyes.2” Nuclei are dark, the hemoglobin-filled cytoplasm brown. Red arrow: cell in mitosis. (d) Section of a yolk sac vessel at
E12.5, stained with toluidine/methylene blue. eryP = primitive erythrocytes; en = endothelial cells; ep = columnar epithelial
cells. (e) E12.5 mouse embryo; the fetal liver area is indicated by a dotted line. (f) E12.5 fetal liver. (g) Cytospin of E12.5
fetal liver cells, stained as in (c). (h) Cytospin of E12.5 blood, stained as in (c). ma = contaminating maternal erythrocyte (i)
key to (g) and (h). (j) Erythroblastic island in E13.5 fetal liver. The cytoplasmic extensions of the central macrophage (stained
with the F4/80 antibody [brown]) are surrounding erythroid cells at various stages of differentiation. (k) Spleen of an adult
mouse. (I) Section of adult mouse spleen stained as in (c). Red pulp, containing the erythroid cells, is stained brown; white
pulp is stained blue. (See color plate 2.1.)

27

Early progenitors are capable of giving rise to multilin-
eage colonies but whether there is a fixed order to cell fate
decisions (i.e., at each stage a cell has limited choices) or
whether there is greater plasticity to a cell’s potential fates
remains to be resolved. Among the models proposed, the
one put forward by the Weissman group has been perhaps
the most accepted (Fig. 2.2). It posits a decision between

two fates at each step in differentiation, thereby gradu-
ally diminishing the lineage potential. The initial decision
separates the lymphoid and myeloid lineages with com-
mitment to either a common lymphoid progenitor (CLP)
or a common myeloid progenitor (CMP). The CLP can
give rise to either B or T lymphocytes whereas the fate of
the CMP is to give rise to either of two bipotential cells,
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Figure 2.2. Possible pathways of hematopoietic differentiation from the HSC. In the scheme proposed by the Weissman
group®' 9% (solid arrows), multipotential progenitors (MPP or short-term HSC [ST-HSC]) give rise to either a CLP or a CMP,
which in turn gives rise to either a GMP (equivalent to CFU-GM) or an MEP. The scheme suggested by Adolfsson et al.>
(dotted arrows) involves the generation of MEPs directly from the MPP/ST-HSC, whereas a LMPP has the potential to generate
both CLPs and GMPs. These schemes are not necessarily exclusive and alternate schemes have been proposed (see text).
LT-HSC = long-term HSC; NK cell = natural killer cell. Adapted from ref. 148.

the colony-forming unit (CFU)-granulocyte macrophage
(GM) (ultimately producing macrophages or granulocytes)
or the CFU-erythrocyte/megakaryocyte (E/Meg) leading to
erythrocyte or megakaryocyte cells.”’~>* Alternate schemes
have been proposed. Adolfsson et al.>* first identified a
highly proliferative lymphoid primed multipotent progen-
itor (LMPP) with GM potential but that was devoid of the
ability to adopt erythroid or megakaryocytic lineage fates
(Fig. 2.2). Transcription profiling confirmed a close rela-
tionship of early lymphoid and early GM precursors and
Meg/E cells showed an early divergence and their own
gene expression signature.’>° Cells expressing a Gara-1
or Pu.l reporter gene have also been used to analyze
early hemopoietic differentiation. Gata-1 and Pu.l are
mutually antagonistic, inhibiting each other’s expression
and transactivation domains and are believed to be crit-
ical in GM/lymphoid versus Meg/E lineage commitment.
Pu.1 is expressed in the HSC and upregulated expres-
sion of the Pu.1 reporter was observed in progenitors that
included granulocyte-macrophage-lymphoid progenitors
(LMPP or GMLP) as well as CMPs. In contrast, cells marked
by a Gata-1 reporter gene gave rise to CMPs that could

generate megakaryocyte—erythroid progenitors (MEPs) and
granulocyte-macrophage progenitors (GMPs). These vari-
ous schemes are discussed and compared by Ye and Graf®’
and Murre.*®

Populations of cells corresponding to these progeni-
tors can be purified by fluorescence-activated cell sort-
ing (FACS) based on the expression of various cell surface
markers, and the lineage output of these cells is determined
by the phenotype of the colonies emerging from colony
assays in the presence of growth factors. The results, there-
fore, are dependent on the cell surface markers chosen and
on the assumption that the culture conditions are adequate
to identify all lineage potentials of an individual cell. The
differentiation schemes described previously demonstrate
possible routes to terminal differentiation without preclud-
ing alternatives and need not represent the preferred route
in vivo, as opposed to the in vitro route imposed by the
experimental conditions. They are qualitative (or semi-
quantitative) assessments of the possible outputs, but to
know what occurs in the in vivo processes would require a
quantitative audit of stem and progenitor cell outputs that
is beyond what is currently attainable.
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Figure 2.3. Purification of human erythroblasts. Top: FACS analysis of human erythroblasts grown in vitro by the method of
Fibach et al;%" days refers to the time in phase 2 of culture. Middle: High-power view of cells sorted from the gate shown as a
bold rectangle in the plot above. Bottom: Low-power view of the same sorted cells, together with representative cell numbers
obtainable from mononuclear cells from 1 U of blood. (See color plate 2.3.)

ERYTHROID PROGENITORS

The earliest erythroid progenitor identified is the burst-
forming unit-erythroid (BFU-E), so called because of its
appearance; the earliest progeny are motile, giving rise
to a multisubunit colony (or burst). These appear as
large colonies containing up to several thousand hemo-
globinized cells after 5-8 (mouse) or 10-14 (human) days
in methylcellulose cultures. Their growth is dependent on
several growth factors of which stem cell factor ([SCF]
also known as Steel factor or Kit ligand), thrombopoi-
etin (Tpo), interleukin-3 (IL-3), IL-11, and FIt3 ligand are
among the most important. They are not initially depen-
dent on Epo, which may be withheld for a few days but then
becomes essential to complete terminal differentiation to
hemoglobinized cells. BFU-E occur at a frequency of 40—
120/10° bone marrow cells and also circulate in the peri-
pheral blood at a frequency of 10-40/10% light density
mononuclear cells.*

The late erythroid progenitors, CFU-erythroid (CFU-E),
consist of small colonies of 16— 125 cells that appear after 2—
3 (mouse) or 5-8 (human) days in culture. They are approx-
imately 5-8 times as abundant as BFU-E in bone mar-
row and, under normal circumstances, they do not appear
in the circulation. The division of erythroid progenitors
into BFU-Es and CFU-Es is useful, but somewhat arbi-
trary because it masks the fact that there is a continuum of
progenitors from the earliest multisubunit BFU-Es to late

BFU-Es (large single colonies) to the smallest colonies
derived from late CFU-Es. As progenitors undergo this dif-
ferentiation process their numbers increase, with their pro-
liferative potential simultaneously decreasing.

LIQUID CULTURE OF ERYTHROID CELLS

After the development of semisolid cultures for the growth
of BFU-E and CFU-E, a number of techniques have been
described for the production of erythroblasts in liquid
cultures.5-%2 The cells proliferate and differentiate in a one-
phase or two-phase system and although culture condi-
tions differ in each protocol, SCE Epo, dexamethasone,
and transferrin are commonly present, frequently supple-
mented by insulin or insulin-like growth factor-1 (IGF-I).
The starting material may be CD34 positive cells or
mononuclear cells. Discarded buffy coat samples obtained
from a blood bank may produce a total of up to 5 x 102 ery-
throblasts from 1 U with a purity of up to 90% (Fig. 2.3).
The great advantage of these techniques is that they allow
the production of large numbers of erythroblasts from
peripheral blood samples, enabling functional analyses of
normal or abnormal erythropoiesis without the need for
bone marrow sampling. In addition, erythroid cultures can
also be obtained using mouse or human embryonic stem
cells as the starting material,*>% and there has been sig-
nificant progress in development of culture techniques
that enable large-scale production of fully matured human
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Figure 2.4. Schematic representation of the erythroid differentiation series in the mouse. The expression of the most
commonly used cell surface markers to identify the various stages is indicated by the bars. Gray = low expression; black =
high expression. Cells at the CFU-E and proerythroblast stages are the most sensitive to, and dependent on, the presence of
Epo. We refer to Chapter 1 for a description of cell surface markers used to characterize the HSC compartment.

erythrocytes.® %7 Although this raises the prospects of pro-
ducing completely defined erythrocytes for transfusion
purposes, it is prohibitively expensive and a daunting task
to generate the vast numbers of cells required for clinical
practice.5®

ERYTHROID CELL PURIFICATION

Purification techniques for populations highly enriched for
CFU-E/Megs have been described for both human®® and
murine®! bone marrow, but purifying BFU-E alone has been
less successful. CFU-E can be obtained as a pure popula-
tion, either by physical techniques® or by FACS. CD36 pos-
itive cells with very high levels of CD71 (transferrin recep-
tor) expression but negative for glycophorin A define the
CFU-E population (Fig. 2.4). Low levels of glycophorin A
appear at the proerythroblast stage and increase, reach-
ing maximum fluorescence levels in basophilic erythrob-
lasts. CD71 remains high throughout this phase but then
declines as maturation proceeds, becoming undetectable
in orthochromatic erythroblasts and reticulocytes, whereas
glycophorin A levels are maintained. Thus, the stages of ery-
throid maturation from CFU-E onward can be analyzed,
quantitated, and even sorted by this method. Because this
results in a rather crude division of the differentiation
stages, there remains the need for additional cell surface
markers to define these in more detail.

REGULATION OF ERYTHROPOIESIS

It is clear that in hypoxia or anemia, increased output of red
cells is strongly correlated with the levels of circulating Epo;
however, the earliest erythroid progenitors are responsive
to a number of hemopoietic cytokines including Tpo, GM-
CSE IL-3, and IL-11, and in particular to SCE SCF binds
to its receptor Kit, a tyrosine kinase that signals through
several pathways including phosphoinositide-3 (PI-3)
kinase, Src kinases, and phospholipase Cy (see later), after

dimerization and autophosphorylation. At later stages,
SCF acts synergistically with Epo in the proliferation and
expansion of the developing erythroid progenitors and
may play a role in phosphorylating the EpoR itself.”

HYPOXIA SENSING

In response to reduced oxygen availability, the body
responds in many ways, such as increasing Epo production,
by altering the glycolytic pathway, and by inducing new
blood vessel formation via the vascular endothelial growth
factor and upregulating transferrin receptor levels. But how
is hypoxia sensed and measured? Hypoxia response ele-
ments are found in many different genes, displaying a range
of tissue-specific expression patterns. The elements are
bound by a heterodimeric transcription factor 1 (HIF1),
comprising HIF1-a (the regulatory partner) and HIF1-B
(identical to the aryl hydrocarbon receptor translocator
protein).”! Under normoxic conditions, prolyl residues in
HIF1-a become hydroxylated, targeting it for binding by the
von Hippel-Lindau ubiquitin ligase complex.”” This results
in proteolytic destruction of HIF1-a by the proteasome. The
hydroxylases responsible have an absolute requirement for
dioxygen, thus linking their function to the availability
of molecular oxygen.”® Hypoxia, therefore, suppresses the
hydroxylation allowing the assembly of a transcriptionally
active HIF1 complex. In the kidney and liver, a cooperative
interaction of HIF with hepatic nuclear factor-4, including
recruitment of the coactivator CBP/p300, occurs in the 3’
end of the Epo gene, leading to a significant increase in tran-
scription (Fig. 2.5).747

ERYTHROPOIETIN

A humoral factor controlling red cell production was first
demonstrated in 1906, its source was shown to be the kid-
ney, and the Epo protein was purified in 1977.”° When
the Epo gene was cloned, a hypoxia response element was
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identified in the DNA at its 3’ end and it
soon became clear that this element was
not restricted to this gene but that a spe-
cific, sensitive hypoxia response was a gen-
eral feature of mammalian cells.”” Epo acts on
its receptor to trigger several different signal
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transduction systems, which allow the sur-
vival, proliferation, and maturation of the ery-
throid cells.”® In the absence of Epo, the cells
rapidly undergo apoptosis and the antiapop-
totic function of Epo is clearly an important
facet of its action.®® The main initial site of
Epo production is the fetal liver, with produc-
tion largely switching to the kidney shortly
after birth. Under normoxic conditions, little
or no Epo mRNA is detectable in the kidneys
but hypoxia results in its accumulation within
30 min in the peritubular interstitial cells and
levels can increase 200-fold over baseline.”
Epo is a 166-amino acid, 34.4-kD glycopro-
tein found in serum at baseline levels of 1-
30 mU/mL that can be elevated 1000-fold by
severe anemia. It contains approximately 40%
carbohydrate, rich in sialic acid residues, and
has a half-life of 7-8 hours in plasma, whereas
nonglycosylated Epo is cleared rapidly from
the circulation.

The cloning of the Epo gene allowed
expression of a recombinant human Epo in
mammalian cells that could be harvested for
clinical use. It immediately found therapeu-
tic application in end-stage renal disease. Its
use has now expanded to many neoplastic
(hematological and nonhematological) con-
ditions associated with anemia as an under-
lying condition or as a result of cytotoxic treatment. Modi-
fied forms of Epo, with a higher carbohydrate content and
longer half-lives in vivo have been developed and approved
for clinical usage, and small-molecule Epo mimetics with
higher affinity for the EpoR are under investigation.®*8!

ERYTHROPOIETIN RECEPTOR AND CELL SIGNALING

Epo exerts its effects on erythroid cells via the EpoR. The
low numbers (20-50) of EpoRs on BFU-E explain the rela-
tive Epo nonresponsiveness of these cells, and much higher
levels (300-500) are found in CFU-E, proerythroblasts,
and basophilic erythroblasts. The EpoR is a member of a
cytokine receptor superfamily that includes growth hor-
mone, prolactin, G-CSE GM-CSE and M-CSF receptors.*
The 507-amino acid molecule contains an N-terminal
extracellular domain consisting of a fibronectin type III
repeat divided into two subdomains, each containing two
cysteine residues that form an intradomain disulfide bond.
A highly conserved WSXWS motif lies close to the trans-
membrane segment. The intracellular C-terminal end of
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Figure 2.5. The regulation of Epo gene expression. The Epo gene is primarily regulated by HIF. The
HIF1« subunit is highly unstable under normal or raised oxygen levels and is readily hydroxylated
by the three HIF prolyl hydroxylases, PHD1-3, reactions which are directly dependent on oxygen.
Hydroxylated HIF1« is rapidly destroyed by the proteasome after binding to the von Hippel-Lindau
protein and ubiquitination. Under low oxygen conditions, HIF1« binds with the stable but limiting
HIF1B3 subunit and translocates to hypoxia response elements in its target genes including, in
the kidney, the Epo gene. In conjunction with other transcription factors and coactivators such as
CBP/p300, gene expression is activated.

the molecule contains eight tyrosine residues with poten-
tial for phosphorylation, associated with the binding of sev-
eral proteins containing Src homology 2 (SH2) domains.
Knock-in mice with a truncation of the final 108 amino
acids of this domain, including seven of the Tyr residues
(EpoR-H), as well as the same truncation plus a Y343F sub-
stitution (EpoR-HM), are viable and fertile with normal
hematology.®® Abnormalities in signaling under low Epo
levels and under stress suggest that redundancy in signal
transduction means that this part of the receptor is not
essential for red cell production.®*®> The EpoR exists in a
nonliganded dimeric form which, on binding Epo, under-
goes a conformational change bringing together the intra-
cellular parts of the dimer (Fig. 2.6). Bound to the EpoR,
close to the transmembrane region, is the tyrosine kinase
Janus kinase 2 (JAK2). Increasing the proximity of the JAK2
molecules activates them to transphosphorylate each other
and also to phosphorylate the tyrosine residues on the EpoR
itself. This provides docking sites for signal transducers and
activators of transcription proteins (STAT, principally STAT
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Figure 2.6. Schematic diagram of the Epo receptor showing some of the signal transduction pathways initiated when Epo
binds. Multiple signals are transduced and many have been observed only in cell lines rather than in primary erythroblasts.
The complexity and redundancy is demonstrated by the lack of an erythroid phenotype when many of the molecules are
mutated or knocked out in mice. For a more detailed discussion see ref. 208.

5a and 5b in erythroid cells) to bind via their SH2 domains.
They too become phosphorylated by JAK2 kinase, where-
upon the STATs dimerize and move to the nucleus to stim-
ulate gene transcription.

Phosphorylation of the EpoR allows the recruitment of
other proteins containing SH2 domains to the receptor,
including SHP1, SHP2, SHIP, PI-3 kinase, Lnk, PLC-vy, and
suppressor of cytokine signaling, which contribute to alter-
native transduction pathways having effector or repres-
sor effects on erythropoiesis. The Ras-mitogen-activated
protein kinase and PI-3 kinase transduction pathways in
particular appear to play important roles in erythroid cell
production. Protein kinase B or AKT is a major down-
stream effector of PI-3 kinase-activated by Epo binding
and is responsible for phosphorylation of a serine residue
in GATA-1, a transcription factor necessary for matura-
tion of the erythroid cells.®>®” Germline mutations of some
of these components suggest overlap or redundancy of
function,®® which makes the interpretation of results com-
plex, and a phenotype may only be exposed under stress
conditions or at early stages in development when erythro-
poiesis is maximal. Understanding the relative contribu-
tions of each pathway to red cell proliferation and matu-
ration will be an important consideration of future research
(Fig. 2.6). The effects of dysregulated signal transduction on
red cell production are graphically illustrated by patients
with mutations in the C-terminal inhibitory domain of the
EpoR, causing erythrocytosis,?”*" and patients with acti-
vating mutations in the JAK2 kinase, causing polycythemia
vera.99

Epo signaling is negatively regulated by suppressor
of cytokine signaling proteins and several phosphatases,

including SHP1, SHP2, and protein tyrosine phosphatase
1B, which can modulate the activity of JAK2 kinase. Null
mutants of some of these regulators may display increased
numbers of erythroid progenitors or increased sensitivity to
Epo levels, but a complete understanding of their regula-
tory roles awaits further analysis. Among the target genes
of Epo stimulation, antiapoptotic genes have an impor-
tantrole. In particular, Bcl-X; expression is markedly stimu-
lated by Epo via STAT5, acting principally at the later stages
of erythroid maturation.” Bcl-X; knockout mice die at
approximately embryonic day 13 (E13), displaying apop-
totic hematopoietic cells in the fetal liver.”” Ablation of
Bcl-Xy in erythroid cells causes anemia in adult mice,”*
although it is still under debate whether Bcl-X;, mediates
the antiapoptotic effects of Epo.”

KNOCKOUT PHENOTYPES OF SIGNAL TRANSDUCTION
MOLECULES INVOLVED IN ERYTHROPOIESIS

The central role of Epo and the EpoR in red cell production
is emphasized by the similarity of the phenotypes of ani-
mals homozygous for their knockouts.*>?° In both cases,
there are reduced numbers of primitive erythrocytes but
the embryos die at E12.5-13.5 due to a failure of defini-
tive erythropoiesis. The fetal liver contains both BFU-E and
CFU-E, in increased numbers in Epo~/~ embryos, indicat-
ing that erythroid cells can develop to this stage without
Epo signaling. The survival, proliferation, and terminal dif-
ferentiation of these cells are dependent on Epo and the
transduction of its signals. JAK2 knockout homozygotes die
a day earlier than Epo and EpoR knockouts with fewer
erythroid progenitors, suggesting that signaling via JAK2
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operates earlier in erythropoiesis.””?® In contrast, mice
deficient in STAT5a and 5b are viable, albeit with reduced
numbers of early erythroblasts, particularly in fetal life in
which erythropoiesis is maximal.”” Bcl-x null mice die at
day 13 with a neuronal and hemopoietic phenotype.” Mice
with a conditional knockout of Bcl-x exhibited splenic ery-
throblastosis and severe anemia due to apoptosis of late-
stage erythroblasts.”® % Day 14.5 mice deficient for the p85a
subunit of PI-3 kinase are pale with a marked reduction
of mature erythrocytes in their peripheral blood. Further-
more, the absolute number and frequency of both BFU-
E and CFU-E are reduced in p85~/~ fetal livers compared
with wild-type controls, which is associated with reduced
proliferation.!”” Complete deletion of the SCF gene or its
receptor tyrosine kinase Kit results in death at E14-16 from
severe anemia.'’!

OTHER HORMONAL INFLUENCES ON ERYTHROPOIESIS

A positive effect of androgenic steroids on erythropoiesis
has long been recognized and used in the treatment of
various disorders with red cell production failures, includ-
ing renal disease before the introduction of recombi-
nant Epo. Their activity includes increased Epo produc-
tion in vivo!°>!% and increased numbers of BFU-E and
CFU-E in vitro.!%+1% Glucocorticoids, such as dexametha-
sone, massively increase erythroid progenitor proliferation
in cell culture systems from chick, mouse, and human
hemopoietic cells.’” 1% Removal of dexamethasone is nec-
essary to move from the proliferation stage to erythroblast
maturation in some in vitro systems'” but not others.®!
That thyroid disorders are frequently associated with ane-
mia and modulation of erythropoiesis, particularly by tri-
iodothyronine, is long established,'’®'% possibly acting
through a receptor with B, adrenergic properties.!'’ In
proliferation/maturation systems, T3 reduces proliferation,
increases maturation, and may play a role in enucleation. !’
T; signaling through the nuclear receptor TRa is also essen-
tial for the transient spleen erythropoiesis in the mouse at
birth.'!! Cortisol, estrogen, and progesterone do not pro-
mote erythropoiesis. The effects of insulin, IGF-I, and IGF-
II, frequently included in in vitro systems, remain to be
clarified.

STEADY-STATE ERYTHROPOIESIS

Erythrocytes represent the most common cell type in
adult blood. Human blood contains approximately 5 x 10°
erythrocytes/pL (normal range 4.7-6.1 x 108 for males and
4.2-5.4 x 106 for females); these cells have an average lifes-
pan of 120 days. Erythroid cells at the terminal stages of
differentiation have shed their nucleus, endoplasmic retic-
ulum, and mitochondria, and consequently they are no
longer able to proliferate. To maintain the red blood cell
count in approximately 5 L of blood of an adult individ-
ual, approximately 2.4 x 108 new erythrocytes have to be
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produced each second. The new cells enter the circulation
as reticulocytes that are still engaged in protein transla-
tion. In humans, it takes approximately 1 week for reticulo-
cytes to complete the maturation process. In the bone mar-
row, a series of intermediate erythroid precursors can be
recognized that progressively gain erythroid characteristics
(Fig. 2.4). Development from the proerythroblast to the
reticulocyte involves four—five rapid cell divisions, resulting
in a progressive reduction in cell size. Mature erythrocytes
have a diameter of only 6-8 pm. Their small size and bicon-
cave shape create a large surface area for gas exchange and
allow the cells to enter the microcapillaries in the tissues.

ERYTHROBLASTIC ISLANDS ARE THE STRUCTURAL
UNITS OF DEFINITIVE ERYTHROPOIESIS

In the bone marrow, the structural unit where erythro-
poiesis takes place is termed the erythroblastic island.!'? Tt
consists of a central macrophage (also known as the nurse
cell) surrounded by differentiating erythroid progenitors.
Erythroblastic islands are also found in the mouse fetal liver
(Fig. 2.1j), but a role for an analogous structure has not
been identified in yolk sac erythropoiesis. The fact that yolk
sac cells enter the circulation while they are still nucleated,
a process in which the macrophage plays an important
role, supports the notion that primitive erythropoiesis does
not take place in islands. Efficient enucleation of definitive
cells can be observed in vitro in colony assays and bulk
cultures of primary cells, in the absence of macrophages.
Macrophages are formed during primitive hematopoiesis,
and it will therefore require further investigation to deter-
mine the role of these cells in primitive erythropoiesis.
A number of proteins on the surface of the macrophage
and the erythroblasts mediate interactions between the
macrophage and the erythroblasts, and between the ery-
throblasts themselves.

The erythroblast-macrophage protein ([EMP] or macro-
phage—erythroblast attacher [MAEA]) is expressed on both
cell types and mediates adhesion between the cells. Maea
knockout mice survive until birth, displaying defects in
terminal erythroid maturation.'”® Formation of erythro-
blastic islands is impaired and Maea null macrophages
appear to lack the extensive cytoplasmic extensions typ-
ical of mature macrophages. Maea null macrophages are
unable to interact with wild-type erythroblasts. In con-
trast, Maea null erythroblasts can interact with wild-
type macrophages, but this does not rescue the enu-
cleation defect of these erythroblasts. In enucleating
wild-type erythroblasts, Maea colocalizes with F-actin
aggregates present at the constriction between the extrud-
ing nucleus and the reticulocyte. The actin cytoskeleton
in Maea null erythroblasts is predominantly localized to
the cell membrane, and very little cytoplasmic actin is
observed. Maea-deficient macrophages display condensed,
less organized actin filaments and are unable to efficiently
develop long cytoplasmic extensions. Collectively, it can be
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concluded that Maea is required for the organization of the
erythroblastic island and for efficient enucleation of ery-
throblasts.

Maea is likely involved in the organization of the actin
cytoskeleton in both macrophages and erythroblasts. Of
note, disruption of F-actin bundles with cytochalasin D
treatment inhibits enucleation.'!* Furthermore, ablation of
paladin (Plld), a protein involved in the organization of
the actin cytoskeleton, causes a dramatic reduction in the
number of definitive fetal liver erythrocytes. Plld-deficient
macrophages are unable to interact with erythroblasts,''®
providing evidence for autonomous macrophage-specific
functions in the islands. This is further emphasized by
studies of Dnase2a knockout mice. This lysosomal enzyme
digests the large amounts of DNA taken up by the
macrophages when they engulf the nuclei expelled from
the erythroblasts. Dnase2a-deficient macrophages accu-
mulate nuclear DNA from phagocytosed nuclei and appear
to lose progressively the ability to support erythropoiesis.
At E17.5, Dnase2a knockout fetuses are severely anemic,
owing to the failure of definitive erythropoiesis, and no sur-
viving newborn animals are found. Transplantation exper-
iments demonstrated that Dnase2a—/~ erythroid cells can
develop to mature erythrocytes, supporting the notion
that the primary defect is in the macrophage lineage.''®
Induction of interferon (IFN)-a expression in the affected
macrophages appears to be the primary cause of the lethal
anemia as breeding of the Dnase2a-deficient mice to mice
deficient in the type I IFN receptor resulted in compound
mutants that were born healthy.'”

The role of other cell adhesion molecules and inter-
actions with extracellular matrix proteins such as laminin
and fibronectin is less clearly defined. Erythroblasts express
oy (Itga4)/CD29/B, integrin (Itgbl), and the CD242 ([Icam4]
LW blood group) counterreceptor. Macrophages express
CD51 (ay integrin, Itgav) and the vascular cell adhesion
molecule 1 (Vcam1) counter receptor. Perturbation of the
integrin system can adversely affect erythroblastic island
formation''® and stress erythropoiesis,''” but the generic
role of cell adhesion in tissue integrity and the considerable
potential for redundancy precludes the assignment of spe-
cific functions to individual factors.

A role for signaling between erythroid cells in the
island has been most convincingly demonstrated for death
ligand—death receptor interactions. Erythroid cells express
the CD95 (Fas) death receptor throughout differentiation.
Only mature cells express the ligand CD95L (Fasl), but
these cells are insensitive to Fas signaling. In contrast,
immature cells activate proapoptotic proteases in response
to Fasl exposure. The levels of the essential transcrip-
tion factors Tall and Gatal are reduced through cleav-
age by activated caspases, most notably by caspase 3
(Casp3).'20-122 This cleavage will stop progression along
the erythroid differentiation pathway and may induce cell
death. A decreased survival rate of erythroid progeni-
tor cells is a hallmark of many acquired and hereditary
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anemias. Patients with rheumatoid arthritis develop ane-
mia in approximately 50% of cases, and treatment with a
blocking antibody directed against the death receptor lig-
and TNFa improved the anemia and decreased the elevated
numbers of apoptotic erythroid progenitors in the bone
marrow.'?® An increased rate of apoptosis is also observed
in B thalassemia patients. This results in a phenomenon
known as ineffective erythropoiesis.'?3-!?6 Up to 80% of ery-
throid progenitors may be lost due to apoptosis occurring
at the polychromatic erythroblast stage.'?® Precipitating «-
globin chains may accelerate the apoptotic response.'?®
The apoptotic erythroblasts are cleared very rapidly by
macrophages. These cells are activated by increased
IFNvy levels in approximately one-third of the patients,'?’
and this may contribute to the quantitative differences
in ineffective erythropoiesis between different patients.
In normal erythropoiesis, expelled nuclei are also phago-
cytosed very rapidly by the central macrophages. Once
released, the nuclei contain very low levels of adenosine
triphosphate and start to expose phosphatidylserine on
their surface very quickly because it requires energy to
maintain phosphatidylserine exclusively localized to the
inner leaflet of the cell membrane. Surface exposure of
phosphatidylserine is an early event in apoptosis and serves
as an “eat me” signal for apoptotic cells. This signal is also
used for the engulfment of expelled nuclei by the macro-
phages.'?®

Mice overexpressing the Gatal transcription factor in
late erythroblasts have provided genetic evidence for the
occurrence of signaling in the erythroblastic island. Pan-
cellular overexpression of Gatal causes impaired terminal
differentiation, resulting in an embryonic lethal anemia;
however, Gatal-overexpressing erythroid cells differentiate
normally in vivo when wild-type cells are present, indicat-
ing that these cells produce a red cell differentiation sig-
nal (REDS) that rescues the defect in Gatal-overexpressing
cells.'?” Genetic experiments, combining a tissue-specific
Cre/loxP system and X inactivation, were used to produce
mice in which half the erythroid cells overexpress Gatal
and half are Gatal null. These embryos are anemic and die
by E14, supporting a homotypic signaling mechanism in
which mature erythroid cells produce REDS."*° The REDS
mechanism is reminiscent of the death receptor—death lig-
and interactions occurring in the erythroblastic island, but
whether these are the same or parallel pathways remains
to be proven; the large number of possible death receptor—
death ligand combinations has not yet been exhaustively
tested.'*"

STRESS ERYTHROPOIESIS

Under steady-state conditions, approximately 1% of the
erythrocytes are cleared every day and replaced by new
cells. Remarkably, the rate of erythropoiesis can increase
very significantly from this base line level in response
to hypoxia. Hypoxic stress occurs when adequate oxygen
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supply to all tissues is compromised by insufficient num-
bers of functional erythrocytes. In a natural setting, this
occurs when traveling from sea level to high altitudes. In the
clinic, hypoxic stress is a major problem in the large vari-
ety of clinical conditions that have anemia as a hallmark.
Increasing red cell production is the primary response to
counteract hypoxic stress. Epo production in the kidneys
is directly regulated by tissue oxygen tension through the
activity of the hypoxia-inducible transcription factor com-
plex, discussed earlier in this chapter. It is estimated that
less then 10% of the EpoR molecules are liganded with
Epo under normal conditions.'*! Because Epo levels may
increase up to a 1,000-fold under conditions of severe tis-
sue hypoxia,”’ increased occupancy of EpoR molecules
appears to contribute directly to the higher erythropoietic
rate. Although Epo is the main regulator of red cell pro-
duction, other factors have an auxiliary role in the expan-
sion of the erythroid progenitor compartment through their
support of progenitor self-renewal. In particular, bone mor-
phogenetic protein-4 ([Bmp4]/Smad5,'** Stat5,'** SCF (Kit
ligand, Kitl)/Kit,'** and the glucocorticoid receptor (GR)'*°
are known to be involved. The analysis of mouse mutants
has revealed distinct requirements for stress erythropoiesis,
thus setting it apart from steady-state erythropoiesis. Mice
with mutations in the intracellular domain of the EpoR, or
expressing EpoR at a reduced level, display virtually normal
steady-state erythropoiesis but have an impaired stress ery-
thropoietic response.®® EpoR signaling promotes erythro-
poiesis, but it also triggers events that counteract this activ-
ity. Mutations that affect this negative feedback loop may
result in erythrocytosis. Hyperactive Jak2, the major cyto-
plasmic target of EpoR that activates multiple downstream
pathways, causes polycythemia vera.’"*> Mice lacking Lnk,
a negative regulator of Jak2 activity, display increased num-
bers of erythroid progenitors and an enhanced response to
erythropoietic stress.'*® Shifting the balance between the
negative and positive effects of EpoR signaling may there-
fore be another factor contributing to the increased rate
of erythropoiesis under hypoxic stress. The up to 100-fold
increase in the numbers of BFU-Es and CFU-Es that occurs
in the mouse spleen upon erythropoietic stress is due to the
increase of a distinct type of BFU-Es that are unique to the
spleen. Steady-state BFU-Es require, in addition to Epo, at
least one other growth factor such as SCE In contrast, high
Epo levels alone suffice for stress BFU-E. Their formation
is dependent on the Bmp4/Smad5 axis: Flexed tail mice,
carrying a mutation in Smad>5, have an inadequate stress
response and are unable to form stress BFU-E.'*? The ear-
lier observation that a GR-dependent progenitor is respon-
sible for the stress response suggests that stress BFU-Es also
require an intact GR.'*°

A decreased apoptotic rate of erythroid progenitors may
also contribute to the increase in red cell production that
occurs under erythropoietic stress. It is believed that under
steady-state conditions up to 60% of proerythroblasts suc-
cumb to apoptosis in the mouse spleen.'*” Mice deficient
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for the Stat5 transcription factor, the major downstream
signaling target of EpoR, have a blunted stress erythropoi-
etic response. The erythroid progenitors have an increased
rate of apoptosis attributed to their failure to upregulate
expression of the antiapoptotic Bcl-Xp protein.®”'3® Fur-
thermore, the Fas/Fasl death receptor—death ligand system
has been proposed to regulate erythroid homeostasis.'*’
Under stress conditions, expression of Fas and Fasl is
reduced in erythroid cells and this may therefore contribute
to the enhanced survival of these cells observed under these
conditions. Interestingly, the expression of Fas and Fasl is
repressed by Epo, further indicating that the survival func-
tion of the EpoR/Stat5 pathway is an important modulator
of the erythropoietic rate.'*’

TRANSCRIPTIONAL REGULATION OF ERYTHROPOIESIS
TRANSCRIPTION FACTORS REQUIRED FOR THE STEM
CELL/EARLY PROGENITOR COMPARTMENT

AFFECT ERYTHROPOIESIS

A wide variety of transcription factors is known to be
involved in the establishment of hematopoietic cell lin-
eages. For example, Tall, a basic helix-loop-helix transcrip-
tion factor, and Lmo2, a LIM-domain transcription factor,
are critical for the onset of hematopoiesis because null
embryos show complete absence of primitive and definitive
hematopoiesis.'**-'*! The zinc-finger transcription factor
Gataz? is also essential for the early stages of hematopoiesis.
Both primitive and definitive hematopoiesis are abrogated
when the Gata2 gene is deleted, and it appears to play
a role in the proliferation of the early precursors rather
than in their differentiation.'*>'** Runx1 is crucial for the
early stages of definitive hematopoiesis. In Runxl null
embryos yolk sac hematopoiesis is normal but fetal liver
hematopoiesis is absent.!** Once multipotent progenitors
arise from the HSC and proliferate, the process of lineage
restriction starts. The first step in this process involves
restriction to either the myeloid or the lymphoid lineage.
A number of transcription factors that are preferentially
expressed in cells destined to one of those fates have been
identified but few have been extensively studied. Pu.1l, a
member of the Ets family of transcription factors, is the
best-studied transcription factor known to be involved in
lineage restriction at this stage. Pu.1’s effect on lineage com-
mitment is dependent on its expression level: A high level
of expression leads to commitment to the myeloid lineage
whereas lower levels of expression lead to commitment to
the lymphoid lineage.'*>-'*7

Thus, due to their role in the stem cell/progenitor com-
partment, inactivation of these factors also affects erythro-
poiesis. Because the number of transcription factors with
identifiable functions during hematopoiesis is too vast to
allow a thorough discussion of every one of them, we will
focus on two examples of factors with an important role in
terminal differentiation of erythroid cells. As erythroid cells
proceed through differentiation, their nucleus becomes
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progressively condensed and they shut down expression
of many genes that are no longer required. Upregulation
of erythroid-specific genes therefore occurs in an increas-
ingly repressive environment, providing a particular chal-
lenge to the transcriptional regulators. The role of sev-
eral transcriptional regulators in erythropoiesis has been
mentioned in previous sections of this chapter. Here, we
will discuss the transcription factor Gatal, which is essen-
tial for expansion and survival of erythroid progenitors,
and erythroid Kriippel-like factor (EKLF), a transcription
factor required for terminal erythroid differentiation, in
more detail because these proteins provide the best-studied
examples of erythroid transcriptional regulators.

GATA1

Gatal is expressed in primitive and definitive erythroid
cells and in megakaryocytes, eosinophils, mast cells, den-
dritic cells, and in the Sertoli cells of the testis.'*® Gene
targeting studies have shown that Gatal is essential for
normal erythropoiesis. Gatal null mouse embryos die of
severe anemia between E10.5 and E11.5.1*9 Gatal knock-
down embryos (Gatal.05), which express only approxi-
mately 5% of the wild-type Gatal levels, also show an
arrest of primitive erythropoiesis and die between E11.5
and E12.5.7° Other Gatal knockdown mice (Gatal-low),'!
which express approximately 20% of the wild-type Gatal
levels, show a somewhat milder phenotype. Despite the fact
that the majority of Gatal-low mice die between E13.5 and
E14.5, due to ineffective primitive and definitive erythroid
differentiation, some are born alive (2% of the expected
25%) and a small number survive to adulthood. These mice
are anemic at birth but they recover from the anemia and
have a normal lifespan. From the analysis of these different
mouse models a direct relationship between the expression
levels of Gatal and the severity of the phenotype is evi-
dent. Based on the observation that Gatal null erythroid
cells undergo apoptosis, it has been suggested that Gatal
is directly involved in cell survival. One of the known target
genes of Gatal is Bcl-Xj, a gene encoding an antiapoptotic
protein.'®” Another possible Gatal function is the regula-
tion of G, /S cell cycle progression. Cell cycle control is very
important for erythroid differentiation because progenitors
must be able to proliferate to proceed through develop-
ment, but for terminal differentiation to occur cells must
exit the cell cycle.'> This idea is reinforced by the identi-
fication of a variety of Gatal target genes involved in cell
cycle regulation.'>*

Gatal has also been implicated in the reprogramming of
hematopoietic precursors. Forced expression of Gatal was
shown to reprogram myeloblasts and CD34" bone marrow
cells to develop into eosinophils.'*> %5 Furthermore, forced
expression of Gatal was also shown to reprogram GMPs
to give rise to erythroid, eosinophilic, and basophilic-like
cells.’>” Another report'°® shows that ectopic Gatal expres-
sion guides hematopoietic precursors to commitment to
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the erythrocyte megakaryocytic lineage. Gatal is known to
interact with a variety of cofactors and other transcription
factors. Gatal can homodimerize'® and has been shown
to interact with transcription factors such as EKLF/Sp1,'®°
Fogl,'®! PU.1,'6? Rb, 1% and CBP/p300.!%> 164 Interestingly,
Gatal can form different protein complexes with distinct
transcriptional activity.'®® Gatal can interact via FOG-1
with the repressive MeCP1 complex, which results in the
formation of a complex with histone deacetylase activ-
ity that binds to repressed early hematopoietic genes and
genes of the eosinophilic lineage. Gatal can also interact
with the essential hematopoietic transcription factor Gfilb
and bind to repressed proliferative genes, while an activat-
ing complex of Gatal with Tall, and Ldbl was found at
the enhancer of the active erythroid EKLF gene. Gatal also
interacts with the Mediator complex, which forms a bridge
between transcriptional activators and RNA polymerase II.
The mediator subunit Med1 is a coactivator of Gatal during
erythroid development.'® Thus, Gatal can acts as a repres-
sor and an activator, regulating multiple target genes that
are essential for normal erythropoiesis.'>* 167

GATA-1 MUTATIONS IN HUMAN DISEASE

Mutations in the N-terminal transactivation domain and
the N-finger of GATA-1 have been linked to human dis-
ease (Fig. 2.7a,b). Missense mutations in the N-finger of
GATA-1 have been found in patients with X-linked throm-
bocytopenia and anemia. The majority of these mutations
affect the FOG-1 interaction surface of the N-finger (Fig.
2.7b), adversely affecting the binding of FOG-1.'5¢-173 This
further emphasizes the importance of the FOG-1-GATA-1
interaction. One mutation, R216Q, displays normal FOG-1
interaction. Compared with wild-type GATA-1, this mutant
binds with comparable affinity to single GATA sites but
with decreased affinity to palindromic sites.'%®172 This indi-
cates that the DNA binding properties of the N-finger con-
tribute to the overall function of GATA-1. The severity of dis-
ease depends on the particular mutation: D218G results in
macrothrombocytopenia and mild dyserythropoietic fea-
tures but no marked anemia, whereas D218Y is a more
severe mutation resulting in deep macrothrombocytope-
nia, marked anemia, and early mortality.'”® These pheno-
typic differences correlate well with the stronger loss of
affinity of the D218Y mutant for FOG-1 binding, compared
with the D218G mutant. Another class of mutations affects
the N terminus of the protein, resulting in the synthesis of
a shorter isoform of GATA-1 lacking the first 84 amino acids
(GATA-1s; Fig. 2.7a). Acquired mutations leading to the for-
mation of GATA-1s are associated with megakaryoblastic
leukemia in the context of trisomy 21 (Down syndrome).' ™
One family with a germline GATA-1s mutation has been
described. Affected individuals displayed macrocytic ane-
mia and were often neutropenic, but no signs of megakary-
oblastic leukemia were observed.!” In summary, only a few
mutations in GATA-1 causing human disease have been
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reported thus far. This likely reflects the @
lethality of mutations affecting the function
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of GATA-1 more severely, as can be deduced ~ GATA1 nx,— . COOH
from the studies in the mouse. 200-315
EKLF GATA1s NHy COOH
Expression of the EKLF or KIfl transcription b
factor is largely restricted to the erythroid cell NH2
lineage, where it is present in both primi- t Kacrolhambocylopenia
tive and definitive cells.'”® The promoter of G208S g dyseryihro:oiesis
the EKLF gene contains a functional binding

Thrombocytopenia

site for the transcription factor Gatal, sug-
gesting that the expression of EKLF is depen-
dent on and downstream of Gatal.'”” EKLF
binds DNA at CACC-boxes, which are found
in many erythroid gene promoters.!”® EKLF
specifically binds the sequence 5'-CCA CAC
CCT-3".17 The strong affinity for this specific
site is illustrated by B thalassemia patients
who carry mutations in the EKLF binding site
in the B-globin promoter. The loss in speci-
ficity for binding of EKLF strongly reduces the
expression of B-globin.'®*-%2 Furthermore,
EKLF has a higher affinity for the human 8-
globin promoter then the vy-globin promoter,
which has a similar but not identical CACC-
box.'® To determine the role of EKLF in vivo,
the gene has been knocked out in mice.!#* 18
Mice heterozygous for the EKLF gene appear
completely healthy. In the absence of EKLE however, the
developing fetuses die around E14 (Fig. 2.8a,b). The primi-
tive erythroid cells function sufficiently for normal survival
of the EKLF knockout mice during embryonic development
up to approximately E12. The expression of embryonic
globins is not influenced by the absence EKLF (Fig. 2.8¢),
even though EKLF binds these genes in vivo.'®® When the
embryos switch to definitive erythropoiesis in the fetal liver,
EKLF null mutants rapidly develop fatal anemia, because of
a deficiency in B-globin expression. This is in contrast to «-
globin expression that is not dependent on EKLE Remark-
ably, the number of CFU-E in the EKLF null fetal livers is
similar of those found in wild-type fetal livers, showing that
EKLF deficiency causes a very late erythroid defect.'®* 1%
Furthermore, fetal liver-derived erythroid cells of EKLF~/~
fetuses have an abnormal morphology, and most of the cells
retain a nucleus. Interestingly, definitive erythroid cells of
mice with deleted adult 8-globin genes have morphologi-
cal abnormalities that are more like those found in human
B thalassemia than those found in EKLF~/~ fetuses.'®” This
was the first indication that the adult g-globin genes are
not the only target genes of EKLE Stronger evidence that
nonglobin EKLF target genes contribute to the definitive
red blood cell abnormalities and prenatal death in EKLF~/~
fetuses came from a transgenic rescue study. EKLF~/~ mice
could not be rescued by expression of exogenous human

p thalassemia R216Q ﬁ / /
L Zﬂ\ Macrothrombocytopenia
V205M Dyserythropoietic anemia

Macrothrombocytopenia:

severe D218G COOH

mild D218Y :

Figure 2.7. Mutations in the GATA-1 transcription factor associated with human disease.
(a) Schematic drawing of the GATA-1 protein with the N-terminal transactivation domain, lacking
in the GATA-1s isoform, and the N- and C-terminal zinc fingers indicated. (b) Three-dimensional
structure of the N-terminal zinc finger, with the positions of disease-causing mutations shown.
Mutation of arginine 216 to glutamine (R216Q) affects DNA binding; the other mutations affect
interactions with the essential GATA-1 cofactor FOG-1. (Adapted from ref. 148.)

v-globin. Despite efficient production of hybrid hemo-
globin, consisting of mouse a- and human vy-globin in
the fetal livers, hemolysis was not corrected and survival
was not prolonged.'®® This strongly suggested that EKLF
regulates more essential genes in erythropoiesis. Indeed,
genome-wide expression analyses of EKLF~/~ erythroid
cells have demonstrated that EKLF activates the expression
of many other erythroid-specific genes. Although there are
some indications that EKLF may repress transcription in
some contexts,'9 19 the genome-wide expression analyses
provided little evidence that EKLF acts as a repressor.'?1-1%
Examples of genes activated by EKLF are the gene encod-
ing AHSP, a protein involved in stabilization of free a-globin
chains, and genes encoding proteins associated with the
erythroid cell membrane, such as band 4.9/dematin. These
proteins are important for the function and stability of the
erythrocytes, and consistent with this notion EKLF null
primitive erythrocytes were found to display morphologi-
cal abnormalities (Fig. 2.8d,e). In addition, EKLF appears to
have arole in cell cycle regulation linked to the proliferation
arrest required for terminal differentiation.'?*

Thus, EKLF is an activator of essential erythroid genes
that are upregulated during terminal erythroid differentia-
tion. This suggests that mutations affecting the function of
the EKLF transcription factor would have a major impact
on the severity of disease in thalassemia and sickle cell
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Figure 2.8. Phenotype of EKLF knockout fetuses. (a) E13.5
wild-type fetus. Inset: fetal liver. (b) E13.5 EKLF knockout
fetus, displaying obvious pallor of the fetal liver (inset). (¢) Mice
carrying a human -globin locus transgene were crossed with
EKLF knockout mice. Expression analysis of the human g -like
globin genes is shown at various gestational ages. Note thatin
the EKLF knockout background (—/—) the adult B-globin gene
fails to be activated, whereas expression of the embryonic -
globinand fetal y -globin genes is not affected. (d) Cytospin of
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anemia patients. Thus far, mutations in EKLFhave not been
found in the human population, but the experimental data
suggest that it is worth investigating the occurrence of such
mutations.

EKLF AFFECTS CHROMATIN CONFORMATION
IN ERYTHROID CELLS

DNA is packaged in chromatin, which has a repressive
effect on transcription. A number of complexes have been
described that counteract this repressive effect. One of
these complexes is the SWI/SNF complex; an adeno-
sine triphosphate-dependent chromatin-remodeling com-
plex that changes the chromatin structure by altering
DNA-histone contacts within nucleosomes. EKLF requires
a SWI/SNF-related chromatin-remodeling complex for
transactivation of the B-globin gene when the DNA tem-
plate is packaged in chromatin.'®> The EKLF-SWI/SNF
complex generates a transcriptionally active 3-globin pro-
moter in vitro. The SWI/SNF complex contains homologs
of the yeast BRG1, BAF170, BAF155, and BAF47 proteins,
and a subunit that is unique to higher eukaryotes, BAF57.
EKLF is necessary for recruitment of two of these sub-
units, BRG1 and BAF170, near the transcription initiation
site of the B-globin promoter, suggesting that the complex

E12.5 blood from wild-type fetus, displaying primitive erythro-
cytes. (e) Cytospin of E12.5 blood from EKLF knockout fetus
displaying primitive erythrocytes. Note the irregular shape of
the cell membranes, compared with (d). ((d) and (e) Adapted
from ref. 191.) (See color plate 2.8.)

uses EKLF for specific targeting.!° We note that BRGI-
mutant mice display an erythroid phenotype that bears
similarity to that of EKLF null mutants.'®” In addition to
interactions with SWI/SNF complex, EKLF works together
with other nuclear factors, and interactions with Gatal,
CBP/p300, Sin3A, and histone deacetylase 1 have been
described.'60189.198.199 [nterestingly, both EKLF and Gatal
are involved in the spatial organization of the B-globin
locus, bringing remote regulatory elements in the vicinity
of the active promoters of the globin genes.?’*?°! We refer
to Chapter 4 for a detailed discussion of the regulation of
globin gene expression.

GENE EXPRESSION DURING ERYTHROID MATURATION

As erythroid maturation proceeds, red cell protein syn-
thesis becomes more concentrated on hemoglobin pro-
duction. In general, mRNAs encoding red cell proteins
are upregulated after erythroid commitment, including
red cell membrane proteins, blood group antigens, gly-
colytic enzymes, carbonic anhydrase and enzymes of
the heme synthesis pathway. Globin gene transcription
occurs from the proerythroblast stage onward, reaching
a maximum in polychromatic erythroblasts before declin-
ing in orthochromatic erythroblasts. The high stability
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of globin RNA results in the accumulation of approxi-
mately 20,000 copies per cell which, as a result of selec-
tive destruction of nonglobin RNAs, comprise more than
90% of the mRNA in reticulocytes. Globin chain synthe-
sis parallels mRNA accumulation. The changes in gene
expression may be found in Goh et al.?®’ and Keller et
al.?® and effects on cell cycle regulatory genes in Fang
et al.®* A catalogue of erythroid gene expression may
be found at http:&#x002F;&#x002F;hembase.niddk.nih.gov.
Finally, mass spectrometry-based analysis of the erythro-
cyte proteome has identified 751 proteins.?*2% This unex-
pected complexity forms the basis for future research
aimed at understanding how red blood cells actually
work.
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The Normal Structure and Regulation
of Human Globin Gene Clusters

Bernard G. Forget and Ross C. Hardison

The genes encoding the different globin chains of hemo-
globin are members of an ancient gene family. In this chap-
ter we will review the structural features of the globin
genes, with particular attention to the sequences needed
for proper regulation of gene expression. Some of these
have been well conserved during mammalian evolution
and therefore are likely to provide a common function in
many mammals. Others are only found in higher primates
and may play roles in lineage-specific regulation. We will
first describe the structural characteristics of the human
globin genes and then provide a comparative analysis of
the genomic contexts, regulatory regions, and evolutionary
conservation of features present in the globin gene clusters.

NUMBER AND CHROMOSOMAL LOCALIZATION
OF HUMAN GLOBIN GENES

Hemoglobin is a heterotetramer that contains two polypep-
tide subunits related to the a-globin gene subfamily
(referred to here as a-like globins) and two polypeptide
subunits related to the B-globin gene subfamily (B-like
globins). Globin polypeptides bind heme, which in turn
allows the hemoglobin in erythrocytes to bind oxygen
reversibly and transport it from the lungs to respiring tis-
sues. In humans, as in all vertebrate species studied, dif-
ferent a-like and B-like globin chains are synthesized at
progressive stages of development to produce hemoglobins
characteristic of primitive (embryonic) and definitive (fetal
and adult) erythroid cells (Fig. 3.1).

Before precise knowledge of globin gene organization
was gained by gene mapping and molecular cloning, a gen-
eral picture of the number and arrangement of the human
globin genes emerged from the genetic analysis of normal
and abnormal hemoglobins and their pattern of inheri-
tance. The number and subunit composition of the differ-
ent normal human hemoglobins (Fig. 3.1) suggested that
there must exist at least one globin gene for each of the
different globin chains: o, B, v, 3, €, and (. Evidence from
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the study of hemoglobin variants and the biochemical het-
erogeneity of the chains in fetal hemoglobin (HbF) showed
that the a- and y-globin genes were duplicated. Persons
were identified whose red cells contained more than two
structurally different a-globin chains that could be best
explained by duplication of the a-globin genelocus, and the
characterization of the structurally different Sy- and Ay-
globin chains of HbF imposed a requirement for duplica-
tion of the y-globin gene locus.

Studies of the pattern of inheritance of hemoglobin
variants from persons carrying both an « chain and a B8
chain variant revealed that the «- and B-globin genes are
on different chromosomes (or very widely separated if on
the same chromosome). Variants of «-globin and B-globin
chains were always observed to segregate independently
in offspring of doubly affected parents (reviewed in ref. 1).
Linkage of the various B-like globin genes to one another
was established from the study of interesting hemoglobin
variants that contained fused globin chains, presumably
resulting from nonhomologous crossover between different
B-like globin genes. Characterization of Hb Lepore,” with
its 3B fusion chain, established that the 3-globin gene was
linked to and located on the 5" (or N-terminal) side of the
B-globin gene. Analysis of Hb Kenya,® with its Ay fusion
chain, provided evidence for linkage of the Ay gene, and
presumably the S gene as well, to the 5’ side of the 8- and
B-globin genes.

Thus, the general arrangement of the globin genes that
emerged from these various genetic analyses can be rep-
resented as illustrated in Figure 3.1. It was also assumed,
but unsupported by genetic evidence, that the embryonic
a-like () and B-like (¢) globin genes were likely to be linked
to the loci encoding their adult counterparts.

By using rodent-human somatic hybrid cells contain-
ing only one or a few human chromosomes, Deisseroth
and colleagues™® clearly established that the human «- and
B-globin genes resided on different chromosomes. The o-
like globin genes are located on chromosome 16, whereas
the B-like globin genes are on chromosome 11. The latter
results were obtained by hybridizing a solution of total cel-
lular DNA from the various somatic hybrid cells to radioac-
tive cDNAs, synthesized from «- and B-globin mRNAs by
reverse transcriptase. These results were later confirmed
and extended by various groups using the gene mapping
procedure of Southern blot analysis with DNA from vari-
ous hybrid cell lines containing different translocations or
deletions of the involved chromosomes.

These studies also localized the globin gene loci to spe-
cific regions on their respective chromosomes: the 3-globin
gene cluster to the short arm of chromosome 11, and the
a-globin gene cluster to the short arm of chromosome 16
(Fig. 3.1). These chromosomal assignments were further
confirmed and refined by in situ hybridization of radioac-
tive cloned globin gene probes to metaphase chromosomes
and by fluorescence-based in situ hybridization. Thus, the
B-globin gene cluster was assigned to 11p15.5 and the
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Figure 3.1. Basic organization of human globin gene complexes. The locations of the a-globin
gene complex very close to the telomere of the short arm of chromosome 16 and the 3-globin gene
complex on the short arm of chromosome 11 are shown at the top. The genes are shown as boxes
on the second line, named according to the globin polypeptide that is encoded. In both diagrams,
the 5’-3' transcriptional orientation is from left to right. Note that the orientations with respect to the
centromere (CEN) and telomere (TEL) are opposite; the «-like globin genes are transcribed toward
CEN, whereas the 3-like globin genes are transcribed toward TEL. The composition of hemoglobins
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150 bp, those of the { and ¢{ genes are
larger.® Furthermore, the first introns of the
{ and ¢ { genes are much larger than their
second introns; in fact they are 8-10 times
larger than the first introns of any other
globin gene.

The presence of intervening sequences
that interrupt the coding sequences of
structural genes imposes a requirement
for some cellular process to remove these
sequences in the mature mRNA. As illustrated
in Figure 3.2.B, intervening sequences are
transcribed into globin (and other) precursor
mRNA molecules,’ but they are subsequently
excised and the proper ends of the cod-
ing sequences joined to yield the mature
mRNA.!° This posttranscriptional processing

produced at progressive developmental stages is given at the bottom.

a-globin gene cluster to 16pl3.3. Subsequent DNA
sequencing of entire human chromosomes and alignment
with maps of chromosome bands places the B-globin
gene cluster in 11p15.4. The a-globin gene cluster is only
approximately 150 kb from the telomere of the short arm of
chromosome 16.

GLOBIN GENE STRUCTURE: INTRONS
AND THEIR REMOVAL

The coding region of each globin gene in humans and other
vertebrates is interrupted at two positions by stretches
of noncoding DNA called intervening sequences (IVSs) or
introns.® In the -like globin genes, the introns interrupt the
sequence between codons 30 and 31 and between codons
104 and 105; in the a-globin gene family, the intervening
sequences interrupt the coding sequence between codons
31 and 32 and between codons 99 and 100 (Fig. 3.2.A).
Although the precise codon position numbers at which
the interruption occurs differ between the «- and B-like
globin genes, the introns occur at precisely the same posi-
tion in the aligned primary sequence of the «- and -
globin chains. Thus, given the likely possibility that the «-
and B-globin gene families originally evolved from a single
ancestral globin gene,” these gene sequences are homolo-
gous, and we infer that the presence of the introns at these
positions predates the separation of a-globin and B-globin
genes approximately 500 million years ago (in an ances-
tral jawed vertebrate). The first intervening sequence (IVS-
1) is shorter than the second intervening sequence (IVS-2)
in both a- and B-globin genes, but IVS-2 of the human -
globin gene is much larger than that of the a-globin gene
(Fig. 3.2.A).

The pattern of intron sizes of the ¢ -like globin genes dif-
fers from that of the other a-like globin genes. Whereas the
introns in the o and § o genes are small, that is, fewer than

of mRNA precursors to remove introns has

been termed splicing. A crucial prerequisite
for the proper splicing of globin (and other) precursor
mRNA molecules is the presence of specific nucleotide
sequences at the junctions between coding sequences
(exons) and intervening sequences (introns). Comparison
of these sequences in many different genes has permitted
the derivation of two different consensus sequences, which
are almost universally found at the 5’ (donor) and 3’ (accep-
tor) splice sites of introns.'"!> The consensus sequences
thus derived are shown in Figure 3.2A, along with the
consensus surrounding the branch point A involved in the
initiation of splicing. The dinucleotides GT and AG shown
in boldface, at the 5" and 3’ ends, respectively, of the intron,
are essentially invariant and are thought to be absolutely
required for proper splicing. This is the so-called GT-AG
rule. Rare examples have been described in which GC
instead of GT is found at the donor splice site junction.

The importance of these consensus sequences is under-
scored by the fact that mutations that either alter them or
create similar consensus sequences at new sites in a globin
gene can lead to abnormal processing of globin mRNA
precursors; these constitute the molecular basis for many
types of thalassemia (Chapters 13 and 16). Throughout this
chapter we will refer to human mutations that affect some
aspect of the pathway for gene expression. Readers desiring
more information may want to use databases such as HbVar
(http://www.bx.psu.edu)'® or the Phencode project (http:
/Iphencode.bx.psu.edu)!” to find positions, genotypes, and
phenotypes for the greater than 1,000 known globin gene
variants.

DETAILED CHROMOSOMAL ORGANIZATION
OF THE HUMAN GLOBIN GENES

A precise picture of the chromosomal organization of the
a- and B-like human globin gene clusters, with respect to
the number of structural loci and intergenic distances, was
obtained by a number of different techniques: 1) restriction
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Figure 3.2. Structure and expression pathway of globin genes. (A) General
structure of globin genes. The coding sequences of all globin genes in humans
and other animals are separated by two introns (white boxes) into three exons.
The first exon has a short 5" untranslated region (gray box) followed by a coding
region (black box). All of the central exon codes for protein, whereas the third
exon begins with coding sequences and ends with a 3’ untranslated region. The
relative sizes of the portions of the genes are indicated by the sizes of the boxes,
and codon numbers are given above the boxes. The consensus sequence for
critical sequences used in splicing are shown under the second intron of the
B-globin gene, and similar sequences are present in all introns. The vertical
arrows show the splice site junctions within the consensus sequences where
cleavage occurs during the process of joining the exons. (B) The pathway for
expression of globin genes. The RNA transcript is shown with short boxes
corresponding to the untranslated regions (gray), coding regions (black), and
introns (white) as in (A), with processing and splicing steps occurring in the
nucleus to form the mature mRNA. The mRNA is translated in the cytoplasm
to generate a globin polypeptide to which the heme (gray disk) will bind. The
diagram of the folded globin structure was provided by Dr. John Blamire at the
Brooklyn College of the City University of New York.

endonuclease mapping of genomic DNA (e.g., refs. 15, 16)
using the gel blotting procedure of Southern,'” and, 2) gene
isolation and sequencing using recombinant DNA technol-
ogy (e.g., ref. 18). Sets of overlapping genomic DNA frag-
ments spanning the entire a- and B-globin gene clusters
were obtained by gene cloning, initially in bacteriophage
A and larger fragments in cosmid vectors. Detailed analy-
sis of these recombinant DNA clones and complete DNA
sequencing led to the determination of the gene organiza-
tion illustrated in Figure 3.3. Some results were expected,
such as the finding of single 8- and B-globin gene loci and
duplication of the a- and +y-globin gene loci. In addition,
single loci for the embryonic {- and e-globin chains were
found linked to the «- and B-globin gene clusters, respec-
tively. It is noteworthy that the genes in each cluster are in
the same transcriptional orientation and are arranged, in a
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5’ to 3’ direction, in the same order as their expression dur-
ing development.

An unexpected finding was the presence in the globin
gene clusters of additional gene-like structures with
sequence homology and an exon-intron structure similar
to the actively expressed globin genes. These DNA seg-
ments have been called pseudogenes.'” One, called s B1,
is in the B-like globin gene cluster between the y- and -
globin genes. At least two (and possibly four) are in the a-
like globin gene cluster. The two clear examples are {1
and ¥ a1, located between the active { -globin and a-globin
genes (Fig. 3.3). All three (y B1, {1, and s 1) are character-
ized by the presence of one or more mutations that render
them incapable of encoding a functional globin chain. This
inability to encode a functional globin polypeptide does not
necessarily render the pseudogenes inactive for transcrip-
tion. The pseudogene ¢ B1 is transcribed and spliced, as
shown by several spliced expressed sequence tags, whereas
no evidence has been provided that {«al is transcribed.
These pseudogenes appear to have arisen by gene dupli-
cation events within the globin gene clusters followed by
mutation and inactivation of the duplicated gene and sub-
sequent accumulation of additional mutations through loss
of selective pressure.

Two other a-like globin genes have been identified
and characterized in the a-globin gene cluster, but their
roles, if any, in encoding globin polypeptides are still
uncertain. The 6-globin gene is located to the 3’ or C-
terminal side of the duplicated a-globin genes.?’ Tt is more
closely related to the a-globin genes than to the {-globin
genes and is expressed at low levels in erythroid cells.?!??
Clear homologs to the 6-globin gene are found in the
homologous position in other mammalian «-like globin
gene clusters. The p-globin gene is located just 3’ of the
s { 1-globin pseudogene;*>?* it was initially called § «2?°
but with more accurate sequencing it is clear that this
gene does not contain mutations that would render it inac-
tive. It is a distant relative, being equally divergent from
both «-globin and {-globin genes. Its closest relatives are
the «P-globin genes, which are actively expressed in red
cells of reptiles and birds.?*? DNA sequences similar to
that of the human p.-globin gene are found in other mam-
mals, but in some species, such as mouse, the sequence
has diverged so much that no obvious gene structure is
found. Thus the presence of the 6-globin gene is conserved
in all mammals examined but the p-globin gene has been
lost in some but not all lineages. Transcripts from both
the 6-globin gene and the .-globin gene are produced and
spliced in erythroid cells, albeit at much lower levels than
the a-globin gene. Curiously, no hemoglobin containing the
0-globin chain or the p-globin chain has been identified,
even by sensitive mass spectrometry.”> Furthermore, the
predicted structure (translated amino acid sequence) of the
0-globin chain suggests that it would be unlikely to func-
tion normally as a hemoglobin subunit.?” Thus these genes
remain a puzzle. They tend to be retained over mammalian
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Figure 3.3. Detailed maps of the human globin gene complexes, including genomic features and representative deletions.
(A) Detailed map of the B-like globin gene complex and surrounding olfactory receptor genes. The globin genes are named both
by the encoded globin polypeptide and the official gene name. Pseudogenes are shown on a line below the genes. The known
cis-regulatory modules are separated into distal elements such as the locus control region (shown as five DNase hypersensitive
sites or HSs), promoters and enhancers close to the 3’ ends of HBG1 and HBB. The next two tracks show two features derived
from multiple alignments of the human genomic sequence with sequences from six other placental mammals (chimpanzee,
rhesus macaque, mouse, rat, dog, and cow). The regulatory potential measures the similarity of patterns in the alignments to
those that are distinctive for known regulatory regions versus neutral DNA.%” The conservation score estimates the likelihood
that an alignment is in the most constrained portion of the genome, likely reflecting purifying selection (phastCons).>® Positions
of deletions that cause 3 thalassemia or hereditary persistence of fetal hemoglobin (HPFH) are shown in the lower portion.
(B) Detailed map of the «-like globin gene complex and surrounding genes. The conventions and tracks are similar to those
in (A) Positions of the distal erythroid HSs are from Hughes et al.?8 The deletions are grouped by those with deletion of a
single a-globin gene («* thalassemia), deletion of both a-globin genes (o thalassemia), and a representative deletion (Ti~)
that removes the distal enhancer (HS-40) but no structural genes. Coordinates of the deletions were provided by Dr. Jim
Hughes. These figures were generated starting with output from the UCSC Genome Browser,'2" using the following tracks in
addition to ones already mentioned: UCSC Known Genes, 22 ORegAnno for cis-regulatory modules,'?* and Locus Variants for
the deletions.’ For panel A, the Genome Browser output was rotated 180° so that the 5’3’ transcriptional orientation is left
to right (note that the genome coordinates are decreasing from left to right). Both figures were edited for clarity.
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evolution, suggesting that their sequences are constrained
to preserve some function. They are expressed at the RNA
level but do not appear to be translated into a polypeptide.
Perhaps they or their RNA transcripts play some role that
has yet to be discovered.

GENOMIC CONTEXT OF THE .-GLOBIN AND 3-GLOBIN
GENE CLUSTERS

The separation of a- and B-globin gene clusters to differ-
ent chromosomes has allowed them to diverge into strik-
ingly different genomic contexts, with paradoxical conse-
quences for our understanding of their regulation. Given
that all contemporary vertebrates have developmentally
regulated hemoglobin genes encoding proteins used for
oxygen transport in erythrocytes, it would have been rea-
sonable to expect that the molecular mechanisms of globin
gene regulation would be conserved in vertebrates. Cer-
tainly, the coordinated and balanced expression of a- and
B-globin genes to produce the heterotypic tetramer o, in
erythrocytes should be a particularly easy aspect of regu-
lation to explain. Because the two genes would have been
identical after the initial duplication in the ancestral ver-
tebrate, with identical regulatory elements, it is parsimo-
nious to expect selection to keep the regulatory elements
very similar.

Much has changed between the a- and B-like globin
gene clusters since their duplication. Not only are they
now on separate chromosomes in birds and mammals,
but in mammals they are in radically different genomic
contexts.”® A major determinant of the genomic environ-
ment is the G+C content. A G+C-rich DNA segment has
a high mole fraction of the nucleotides guanidylic acid
(G) and cytidylic acid (C), whereas an A+T-rich DNA seg-
ment has a high mole fraction of the nucleotides adenylic
acid (A) and thymidylic acid (T). The G+C content for the
human genome on average is low (~41%) but some seg-
ments can be much lower or higher, ranging from 30% to
65% in 20-kb windows.?” Regions that are G+C rich tend to
be enriched in genes, and those genes tend to be expressed
in a broad range of tissues. They also tend to have islands
with an abundance of the dinucleotide CpG.** This is in
stark contrast to the bulk of the genome, which has very
few CpGs because these are the sites for DNA methylation,
and substitution of CpG to TpG or CpA is very rapid on an
evolutionary time scale (as much as 10 times faster than
the rates of other substitutions). The CpG islands are thus
short regions (a few hundred base pairs) in which the CpG
dinucleotides are not methylated; these have been associ-
ated with important functions such as promoters for trans-
cription.

The B-globin gene clusters in humans and other mam-
mals are A+T rich, with no CpG islands,®' whereas the a-
like globin gene clusters are highly G+C rich, with multi-
ple CpG islands.*” This correlates with several important
differences in the structure and regulation of the two gene
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clusters. Tissue-specific gene expression of the B-like
globin genes is correlated with an increased accessibil-
ity of the chromatin only in expressing cells,® and hence
“opening” of a chromatin domain is a key step in acti-
vation of these genes. In contrast, there are the a-like
globin genes, which are in constitutively open chromatin.?®
The B-globin gene cluster is subject to tissue-specific DNA
methylation,* but, in keeping with the presence of CpG
islands, the a-globin gene cluster is not methylated in any
cell type.*® The B-globin gene clusters are replicated early in
S phase only in cells expressing them, whereas the human
a-globin genes are replicated early in all cells.**~3® Thus,
the mammalian «-globin genes have several characteris-
tics associated with constitutively expressed “housekeep-
ing” genes. The strikingly different genomic contexts of the
two gene clusters affect several aspects of DNA and chro-
matin metabolism, including timing of replication, extent
of methylation, and the type of chromatin into which the
loci are packaged. Rather than selecting for similarities to
ensure coordinate and balanced expression, the processes
of evolution at these two loci have made them quite differ-
ent. The full implications of these differences may not yet
be known. For instance, the two “healthy” genes with no
known function in the a-like globin gene cluster, 6 and .,
are themselves CpG islands. Could this be a clue to a role
for these genes outside the conventional one of coding for
proteins?

The types of genes that surround the a-like and B-like
globin gene clusters are quite different (Fig. 3.3). The B-
like globin gene cluster is surrounded by olfactory recep-
tor (OR) genes, which encode G protein—coupled recep-
tors expressed in olfactory epithelium.*? Several OR gene
clusters containing approximately 1,000 genes and pseudo-
genes are found in the human genome. The OR gene cluster
surrounding the B-like globin genes is a particularly large
one, with approximately 100 genes extending almost 1 mil-
lion bp (Mb) past HBB (the B-globin gene) and over 3 Mb
toward the centromere from HBE]I (the e-globin gene). This
arrangement is found in homologous regions in mammals
and in chickens. Thus the erythroid-specific regulation of
the B-like globin gene cluster is exerted in a chromosomal
environment that is largely devoted to olfactory-specific
expression. Perhaps this has had an impact on selection for
a particularly powerful enhancer, to override the olfactory-
specific regulation. As shown in Figure 3.3A, some dele-
tions causing df thalassemia or hereditary persistence of
fetal hemoglobin not only remove B-like globin genes, but
they also fuse the remaining genes with sequences close
to an OR gene. The phenotype of patients carrying such
deletions may be explained in part by bringing positive or
negative regulatory elements normally associated with OR
genes into proximity of the B-like globin genes'’~*! (see
Chapter 16).

In contrast, the a-like globin genes are surrounded by
a variety of genes (Fig. 3.3.B), many of which are widely
expressed and carry out fundamental roles in cellular
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metabolism and physiology, such as MPG (encoding
the DNA repair enzyme methyl purine glycosylase) and
POLR3K (encoding a subunit of RNA polymerase III).*?
Although the «-like globin gene cluster and surround-
ing DNA is in constitutively open chromatin, histones are
hyperacetylated (another mark of active loci) in erythroid
cells in a more restricted region encompassing the globin
genes and their regulatory sequences.*® The regions homol-
ogous to that surrounding the a-like globin gene clus-
ter have undergone inter- and intrachromosomal rear-
rangements in various vertebrate lineages, but the genes
from POLR3K through HBQI have remained together in all
species examined from fish to mammals.** This suggests
that this region encompasses all the sequences needed in
cis for appropriate regulation of the a-like globin genes.

Despite these many differences between «-like and -
like globin gene clusters in mammals, the appropriate
genes are still expressed coordinately between the two
loci, resulting in balanced production of a-like and B-like
globins needed for the synthesis of normal hemoglobins.
The mechanisms that accomplish this task still elude our
understanding.

One important aspect that is common to the genomic
contexts of both gene clusters is the presence of distal
strong enhancers. The discovery of these enhancers was
aided by mapping of deletions that result in 8 thalassemia
or o thalassemia, which are inherited deficiencies in the
amount of B-globin or a-globin, respectively (see Chapters
13 and 16). A number of these deletions removed distal
sequences but retained all the globin genes, such as the
deletions associated with Hispanic (ey38)° thalassemia and
the Ti~ o thalassemia (Fig. 3.3), as well as other deletions
(Figs. 13.7 and 16.5). Within the deleted intervals are criti-
cal long-range enhancers needed for high-level expression
of any gene in the linked globin gene clusters. These are
the locus control region (LCR) for the B-globin gene clus-
ter and HS-40 or major regulatory element for the a-globin
gene cluster. Thus regulation of expression of globin genes
involves DNA sequences both close to the genes (prox-
imal) and as much as 70 kb away from the genes (dis-
tal). These will be examined in more detail in the next
section.

EVOLUTIONARY INSIGHTS INTO REGULATION OF GLOBIN
GENE CLUSTERS

Motivation

One avenue for improving the conditions of patients with
hemoglobinopathies could involve regulation of expres-
sion of the globin genes. This hope is based on the nor-
mal human variation in phenotypes presented for a given
mutant genotype. For example, patients with naturally
higher concentrations of HbF (ay7y») in their erythrocytes
tend to have milder symptoms of either sickle cell disease
or B thalassemia (Chapters 17 and 19). The a-globin gene

status can affect the severity of B thalassemia, with more
balanced production of a-globin and B-globin associated
with milder disease. Thus considerable effort has gone into
studying the stage-specific expression of the globin genes,
with a long-term goal of enhancing or restoring production
of embryonic or fetal hemoglobins in adult life or reducing
expression of deleterious alleles. Although no current treat-
ment by gene therapy is in practice as of this writing, much
effort continues in this area. The use of hydroxyurea in the
treatment of sickle cell disease is an outgrowth of studies on
mechanisms of regulation of globin genes. Current studies
aim to discover more sophisticated and directed pharma-
cological methods for enhancing production of embryonic
and fetal hemoglobins.

Studies over the past three decades have revealed much
about the regulation of the human globin genes. In this
section, we will summarize some of the information about
DNA sequences needed in cis (i.e., on the same chromo-
some) for regulation of the globin genes. Chapter 4 will
cover the proteins interacting with these regulatory DNA
sequences.

Common versus Lineage-specific Regulation

Comparison of noncoding genomic DNA sequences among
related species is a powerful approach to identifying and
better understanding cis-regulatory modules (CRMs). It is
important to distinguish, however, what is similar and
what is distinctive about the patterns of regulated expres-
sion of the genes in the species being compared. If one is
searching for CRMs that perform a function common to
most or all mammals, then conservation across all mam-
mals and evidence of strong constraint in noncoding DNA
will provide good candidates for further experimental tests
(e.g., refs. 45-47). Such constrained noncoding sequences
can have within them short, almost invariant regions that
frequently correspond to transcription factor binding sites.
These have been called phylogenetic footprints.® If one
is studying a type of regulation that only occurs in higher
primates, then searching for sequences conserved in other
mammalian orders will be futile. Instead, the search should
focus on sequences conserved in the species with a com-
mon mode of regulation but which differ from the homol-
ogous regions in species with a different regulation. These
have been called differential phylogenetic footprints.*?
Regulatory features of globin genes common to many
vertebrate species include tissue specificity and some
aspects of developmental specificity. Expression of the a-
like and B-like globin genes in all vertebrate species exam-
ined is restricted to the erythroid lineage. Thus some deter-
minants of tissue specificity should be common to all these
genes. One example is binding by the transcription fac-
tor GATA-1. As will be detailed in the following sections,
the promoter, enhancers, or both for all globin genes have
binding sites for GATA-1. Another feature common to all
mammals is the expression of the e-globin and {-globin
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genes exclusively in primitive erythroid cells, which are
produced during embryonic life. Thus one might expect
determinants of embryonic expression to be conserved in
many species. Indeed, conservation of the upstream pro-
moter regions of these genes in eutherian mammals is more
extensive than is seen for other promoters in their globin
gene clusters.”’

An example of lineage-specific regulation is the recruit-
ment of the y-globin genes for expression in fetal erythroid
cells. In most eutherian mammals, the y-globin genes are
expressed in primitive erythroid cells, similar to the e-
globin gene, and the B-globin gene is expressed in definitive
erythroid cells both during fetal and adult life. Simian pri-
mates, including humans, express the y-globin genes dur-
ing fetal erythropoiesis, and the expression of the B-globin
gene is delayed. The extent of delay varies in different pri-
mate clades, but in humans it is largely delayed until just
before birth. Thus when examining interspecies alignments
of the regulatory regions of the B-globin gene (HBB) and the
v-globin genes (HBGI and HBG2), one will be seeing a com-
bination of CRMs used in common (e.g., for adult erythroid
expression of HBB) and in a lineage-specific manner (e.g.,
fetal expression of HBGI).

Quantitative Analysis of Sequence Alignments

Alignments of genomic DNA sequences reveal the seg-
ments that are similar between species, and often these
reflect homology (descent from a common ancestor). These
sequence matches tend to have the highest similarity in
the protein-coding exons, but significant stretches of non-
coding sequences also align between mammalian species
(for globin gene complexes, see refs. 51-53). Further anal-
ysis is required to discern which sequence matches sim-
ply reflect common ancestry (aligned neutral DNA) versus
those in sequences that are under constraint (sequences
with a common function).>*

Several bioinformatic tools have been developed to help
interpret the alignments of multiple sequences. Results
from two of these, each analyzing alignments of several
mammals (human, chimpanzee, rhesus macaque, mouse,
rat, dog, cow, and sometimes additional ones), are shown
in Figure 3.3. The Conservation track plots the phastCons
score at each position of the human sequence. This score
is an estimate of the posterior probability that a given
nucleotide is in the most strongly constrained (i.e., most
slowly changing) portion of the genome.*® Higher scores
are associated with a greater likelihood that a position or
region is under strong purifying selection. Sequences that
are needed for a feature that is common to these several
placental mammals would be expected to have a high Con-
servation score.

A discriminatory analysis of the multiple alignments
was used to generate a Regulatory Potential score.®” This
machine-learning approach estimates the likelihood that
a given aligning segment is a CRM, given the frequency of
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patterns in the alignments that are distinctive for CRMs as
opposed to neutral DNA. The patterns are strings of align-
ment columns, and their discriminatory power is deter-
mined by the frequency of the patterns in training sets of
alignments in CRMs compared with alignments in neutral
DNA. Although the Regulatory Potential score is influenced
by features in addition to constraint, it is designed for find-
ing CRMs that are common among species.

Basal Promoters

Promoters are DNA sequences needed for accurate initi-
ation of transcription. For some promoters including the
globin gene promoters, one DNA segment interacts with
RNA polymerase II and its accessory factors (such as TFIID
and TFIIB) to determine the start site of transcription; this is
the basal promoter.>® Five motifs have been associated with
basal promoters, and these are found in the promoters of
human globin genes (Fig. 3.4.A). They include the familiar
TATA box to which TBP binds, along with the BRE to which
TFIIB binds and the Inr and DPE motifs to which compo-
nents of TFIID bind."®

Early studies revealed the presence of the ATAAA motif
approximately 25-30 bp 5’ to the start site of transcription
of the globin genes,” and this is by far the most restricted
in its consensus, that is, this motif appears to be under
evolutionary constraint in globin genes. Recent studies on
other promoters are revealing the roles of additional motifs
close to the start site of transcription, but on both sides.
Matches to these motifs can be found readily at the appro-
priate positions in the human globin genes (Fig. 3.4.A). The
motifs other than TATA do not have well-defined consen-
sus sequences, either for genes in general or for the human
globin genes, and thus their presence alone may not sig-
nify function. Also, only the TATA box, Inr, and DPE show
evidence of constraint in homologs in other mammalian
species (Fig. 3.5.A, conservation track). Each of the motifs
except BRE has been implicated in function by finding a
mutation in at least one case of B thalassemia. Every base
in the TATA box has been altered in one or another 8 thal-
assemia, and mutations in Inr, MTE, and DPE also are
associated with B thalassemia (Fig. 3.5.A, Compilation of
Human Disease Variants and Other Mutations). The BRE
overlaps with the B-direct repeat element (BDRE), which is
a cis-regulatory element bound by BDRF and demonstrated
to function in regulation of the -globin gene by mutagene-
sis and expression in transfected cells.’’ Thus, the mutage-
nesis data (natural and directed) indicate that all five motifs
are important for appropriate expression of the B-globin
gene. The presence of similar motifs in the basal promoters
for other human globin genes suggests that they are active
in these genes as well.

Although it is common to describe promoters recog-
nized by RNA polymerase II by the motifs shown in Fig-
ure 3.4.A, it is important to realize that this is true for
only a minority of human genes. Globin gene promoters
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Figure 3.4. Motifs and binding sites in cis-regulatory modules of globin genes. (A) Motifs in the basal promoter, based on
those defined in the review by Maston et al.”® Numbers along the top are relative to the transcription start site as +1, and
ATG denotes the translation start site. The top consensus sequence is from Maston et al. Corresponding positions in the globin
genes are given for each motif, followed by the consensus derived for the globin genes. Symbols for ambiguous nucleotides
areS=CorG,W=AorT,R=Ao0rG,Y=CorT,D=AorGorT,H=AorCorT,V=AorCorG,andN=AorCorGorT.
(B) Motifs in the regulatory regions immediately upstream of the basal promoters. Motifs are indicated by sequence (CCAAT,
CACC, and GATA), the name of the element (3DRE, «IRE, yPE, and OCT) or the protein name followed by bs for “binding site”
(BP2bs, NF1bs, and BB1bs). Boxes for motifs found in several upstream regions are shaded. The boxes were placed in the
correct order but spacing is not indicated. The thick line for the HBA upstream regions (both HBAT and HBAZ2) denotes that
it is a CpG island. (C) Motifs in the proximal enhancers. (D) Motifs in distal positive regulators, including three hypersensitive
sites of the 3-globin LCR and HS-40 for the «-globin gene cluster.

fall into the category of promoters with well-defined TATA
boxes at a restricted location and one major start site for
transcription. Recent studies show that these comprise a
small minority of promoters, perhaps only 10%-20%. Most
promoters are CpG islands with no obvious TATA box,
and in some cases they have a broad distribution of start
sites.®!

Upstream Regulatory Sequences

Adjacent to the basal promoter is the upstream regulatory
region,®® which in globin genes runs from approximately
positions -40 to -250 (Fig. 3.4.B). Only one motif in this
region is found in all the highly expressed globin genes: the
CCAAT box. Proteins such as NF-Y and CP1 bind to this
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Vertebrate Multiz Aligninent & Conservation (17 Species)

conservatn gl r .
R ——— L

Gaps 2 ] 7+
human GHT TGCTIRGTGAACACAGT TG IIGTCAGAAGCAAATGTAMGCAATAGATGGCTCTGCCCTGACT TTTATHC
chimp GHT TGCTRGTGAACACAGT TGTIGTCAGAAGCAAATGTAAGCAATAGATGGCTCTGCCCTGACT TTTATCC
rhesus GHT TGCTLGTGAACACAGT TGTIGTCAGAAGCAAGTGTAAGCAATAGATGGCTCTGCCCTGACT TTTATAHC
mouse ARGTCAACACAACAGAATCAGAAGCHAACGTAAGAACCAACTGACCCTGET TTTATATACH
rat Gi'| TGTCAGTCAACACAA IAATGTCAGUA AQCTTTTATE
dog TGCTRGTGAACACT IAATGTAA CCTTTTATG
cow GHT TGCTRGTGAACALCT IACTGTAA CCTTTTATEC
armadillc GHT TGCTRGTGACCA IATTGTAA CTTTTATY
elephant AQTTGCTRGTCAACH TC A ICTTATATEC
opossum GLJT TACT|IGTGAACA £ (CTTTTATCE 1 C
chicken GHTTG - {EeEch SGHCTTTTATCChCC
x_tropicalis AGITAACTISCTA CTA 43 AGGCTTCTGA L TTATATEECA T G
DPE Inr TATA  BRE/DRE
TAF6/9 TAF1/2 TBP TFIIB/ PDRF

B. Upstream promoter for HBB

Human Mar. 2006 chr11:5,204,911-5,204,990 (80 bp)

5204910 5204920 | 520?930 | 520?940 | 520?950 SEOTQBD | SEOTQ?U 520]1980 520499C
| | | | |
CCAGCCCTGGCTCCTGCCCTCCCTGCTCCTGGRGAGTAGAT TGGCCAACCCTAGEGTGTGECTCCACAGEGTGAGGTCTAA
Compilation of Human Disease Variants and Other Mutations

-86 (C->A) beta+
-86 (C->G) beta+
-87 (C->A) beta+
-87 (C->G) beta+
-87 (C->T) beta+
-88 (C->A) beta+ l
-88 (C->T) beta+
-80 (C->T) beta+ B
-92 (C->T) beta+ (mild) Wl
-93C>G
-101 (C->T) beta+ (silent )l

Vertebrate Multiz Alignment & Conservation (17 Species)

Conservation
Gaps 1 1 1
human CC NGGCTICCTGCCCTQLCTGCTCCTGGGAGT AGA T TGECCAACCCTIMGEGTGTGEC TCCAG
chimp CC NGGECTICCTGCCCTQLCTGCTCCTGGGAGT AGA T TGECCAACCCTIWGGEGTGTGHCTCCAG
rhesus CC NEGCTICCTGCCCTALCTGCTCCTGGGAGTAG 3 CTCCAQ

TACCCTEG
CTCTAG
TCACEG

mouse CCAA TCCTRECTICCTGCCCAQICTGICCTTC 1GAGCEAG
rat TCT|GC - CTBGCTICCTGCTCTY-CTGT CCTTGIGAGCAR
dog CCAGCCCTG-ATCTTG-CATCRTTGCTGITATG- - - AQ
cow CCAGCCCTGCCTCCTGCCCTOLCTGCT ICTGTGAGCAG

G 1 TCCAG
armadille CCAGCCCTIEGT(CCTGCCCTQICTGCTCCTC TGAGCAG IITG(.:;B(
elephant CCAA GG -] I TTGCTCT TGTGAGLAG 3L %TCE: g
opossum CTC / ACICT CGTTCCTGGEC CT C c o TACCT
chicken AC GCTECTCCCCAQRCOGCEC - TGTGEGET! c oA AIGTGEGEGTTTETE]
BRE/BDRE pDRE CCAAT CACC CACC
TFIB/ BDRF  BDRF NF-Y, CP1 EKLF EKLF

Figure 3.5. Conservation and mutations in globin gene promoters. (A) Basal promoter and (B) upstream promoter for HBB. In
each panel, the sequence of an 80-bp segment is shown, along with positions of mutations associated with 8 thalassemia,
conservation scores, and alignments with many mammals, chicken, and frog (X. tropicalis). The display is from the UCSC
Genome Browser in genome coordinates (top line), and the direction of transcription is from right to left (opposite that used
in previous figures). The start site of transcription is denoted by the vertical line leading to a leftward arrow. Boxes are drawn
around motifs, which are labeled by name and proteins that bind to them (bottom line in each panel).

motif,°>% and it has been implicated in promoter function Two motifs are found in many but not all promoters. One
because of its presence in many promoters and the results is the CACC box, which is bound by transcription factors in
of mutagenesis and binding studies.* It is missing from the the Kriippel-like zinc finger class (KLF). The first erythroid
d-globin gene (HBD) promoter, but this gene is expressed at KLF discovered was erythroid Kriippel-like factor, which
alow level (~1%—-2% of HBB). binds to the CACC box in the HBB promoter and is needed
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for erythropoiesis.*® The CACC boxes in globin promoters
tend to be highly conserved in other mammals, albeit not
as constrained as the CCAAT box (Fig. 3.5.B). Mutations in
almost every position in the proximal CACC box have been
associated with B thalassemia (Fig. 3.5.B). Thus many lines
of evidence point to the importance of this motif. Other
KLFs may bind to the CACC boxes in other globin gene pro-
moters, such as FKLF or KLF13% for the HBGI and HBG2
promoters.

The other motif occurring frequently in upstream regu-
latory regions is WGATAR, the binding site for GATA-1 and
related proteins (Fig. 3.4.B). GATA-1 plays a critical role
in erythroid-specific gene activation and repression,’’~%
and the binding sites in these upstream regions have
been implicated in positive regulation of the respective
genes.”""! The GATA-1 binding sites upstream of HBEI,
HBGI1, HBG2, and HBZ2 are conserved in most mammals,
but the ones upstream of HBB are not. GATA-1 binds to
the promoter regions of B-globin genes in both human®
and mouse,”” but the binding site motif occurs in different
places in the two promoters.” This is an example of alter-
ations in the binding site being associated with changes
in the pattern of regulation, such as the delay in onset of
expression in humans.

A different set of binding sites is distinctive to each type
of gene. For instance, BDRF®’ and BB1-binding protein’*"*
have been implicated in the regulation of the B-globin gene
but not other globin genes (Fig. 3.4.B). Both binding sites
are conserved in many placental mammals (Fig. 3.5.B).”
Likewise, binding of OCT1 and yPE has been shown for the
upstream regions of y-globin genes but not others.”

The cis-elements close to the y-globin genes are key
determinants of fetal compared with embryonic expres-
sion. One of the clearest demonstrations of this is from
transgenic mouse experiments in which a construct con-
taining an LCR is used to enhance expression of globin
genes. The y-globin gene of prosimians, that is, the bush-
baby galago, is expressed embryonically, and when it is
included in the test construct in transgenic mice, the
transgene is also expressed embryonically. In contrast, a
human +y-globin gene, normally expressed during fetal life
in humans, is expressed fetally when transferred into trans-
genic mice in an otherwise identical construct.”® Thus one
would expect to find alterations in the regulatory regions
of anthropoid (monkey, ape, and human) vy-globin genes
that are associated with this change in stage specificity
(i.e., sequences that are conserved in anthropoid primates
but are different in prosimians and nonprimate mammals).
Examination of aligned sequences for differential phyloge-
netic footprints*? led to the identification of a stage selector
element in the human vy-globin gene promoter (Fig. 3.4.B).
The stage selector element is a binding site for a factor
called the stage selector protein, which has been implicated
in the differential expression of y- and B-globin genes.”’
Additional DNA sequences that bind several proteins have
been implicated in fetal silencing of the y-globin gene.*’

Parallel protein-binding and mutagenesis studies led to the
discovery of a novel protein that binds to an element called
the yPE, in the upstream regulatory region of the y-globin
genes, which has also been implicated in regulation of this
gene.”

The most distinctive globin gene promoters are those of
the a-globin genes (HBAI and HBA2). These promoters are
CpG islands, and among the hemoglobin genes, only those
encoding a-globin have this feature. (The 6-globin and -
globin genes also have promoters in CpG islands, but as
discussed previously, it is not clear that they encode com-
ponents of hemoglobin.) Although the majority of mam-
malian promoters are CpG islands,®* most of the associated
genes are expressed in multiple tissues and few if any are
expressed at such a high level as the a-globin gene. Thus
the presence of a CpG island in the promoter for a globin
gene is curious, and it leads to several unanswered ques-
tions about the a-globin gene promoters. What prevents
their expression in nonerythroid tissues? What sequences
in addition to the CpG island lead to very high-level expres-
sion in erythroid cells? No GATA-1-binding site is found
in the «-globin gene promoters of most placental mam-
mals (the mouse a-globin genes is a notable exception), so
sequence-directed binding of this protein to the proximal
sequences is not the answer. Several studies have shown
that the CpG island is a key component of the cis-regulatory
elements for the a-globin gene of humans and rabbits, pos-
sibly through its effects on chromatin structure.”®

The differences in the arrays of proteins functioning at
€-, v-, B-, and a-globin genes indicate that a distinct bat-
tery of proteins functions in the promoter for each type of
gene. Indeed, this is consistent with the observation that
cis-acting sequences needed for stage-specific regulation of
expression map close to the genes.?’

Proximal Enhancers

Enhancers are DNA sequences that increase the activity of
promoters; they can be located on either side of a gene or
internal to it, and they can act at considerable distances
from genes.’! Two enhancers have been found close to
genes in the B-globin gene cluster, one that is 3’ to HBB
and one that is 3’ to HBGI (Fig. 3.3.A). In both cases the
enhancers are less than 1 kb downstream of the polyA addi-
tional signal for the respective genes. The HBB enhancer
was discovered by its effect on developmental timing of
expression of globin transgenes when introduced into mice.
High-level expression of human - or B-globin transgene
constructs in fetal erythroid cells (the normal onset of
expression of mouse B-globin genes) is dependent on the
presence of the enhancer.”*8-%" The HBGI enhancer was
discovered as the only DNA segment in a 22-kb region
surrounding the +y-globin genes that boosted expression
of a reporter gene driven by a y-globin gene promoter in
transfected erythroid cells.®® Deletion of this enhancer from
a large construct containing the human LCR and B-like
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A. 3" enhancer for HBG1

Conservation

human
chimp
rhesus
mouse
rat

dog

cow
armadillo
elephant
opossum

SINE

LINE

LTR

DNA

Simple

Low Complexity
Satellite

RNA

Other

Unknown

Human Mar. 2006 chr11:5,225,146-5,225,240 (95 bp)

5225160 5225170 5225180 5225190 5225200 5225210 5225220 5225230
| I | | | | | | | | | | | I | |
CTTCTGATA AGGAAAATAATTTTAT GATGGGGAT CTGCTCTTAT GAGCTCAT CTAAACCTAAT TACTTTTCAAAAGCCTCCCCCACAGATA AGG
Vertebrate Multiz Alignment & Conservation (17 Species)

5225150 5225240
| |

gcttdtgataaggaaaataattttatgatggggatctgetcttatgagctcatctaaacctaattacttttcaaaagcctcccccadagataajyg
gcttdtgataapgaaaataattttatgatgagggatctgctcttatgagctcatctaaacctaattacttttcaaaagcctcccccadagataagq
gcttdtaataaggaaataaattttatgatggggatatgetcttatgagctcatctaaacctagttacttttcaaaagictcccctadaaataafg

Repeating Elements by RepeatMasker

GATA
GATA-1

GATA
GATA-1

B. Distal enhancer for HBA

103590

Ti~
Conservation

human
chimp
rhesus

Human Mar. 2006 ¢chr16:103,591-103,670 (80 bp)

103600 103610 103620 103630 103640 103650 103660
\ \ \ | | | \ \ \ \ \ \ \ \
ACTTGAGGGAGCAGATA ACTGGGCCAACCAT GACTCAGTGCT TCTGGAGGCCAACAGGACTGCTGAGTCAT CCTGTGGGG

Comﬁilation of Human Disease Variants and Other Mutations

Vertebrate Multiz Alignment & Conservation (17 Species)
. USSR

ACTTGAGGGAGJAGATA ACTGGGCCAACCAJ GACTCAGTGCTTCTGGAGGCCAACAGGACTGCITGAGTCAT CCTGTGGGG
ACCTGAGGGAGJAGATA ACTGGGCCAACCAJ GACTCAGTGCT TCTGGAGGCCAACAGGACTGCITGAGTCAT CCTGTGGGG
ATCTGAGGGAGJAGATA ACTGGGCCAACCAY GACTCAGTGCT TCTGGAGGCCAACAGGACTGCITGAATCATN CCTGTGGGG

103670

mouse GCTTGAACGAGJAGATA ACTAAGCCAAGCAITGACTCAGAGT TTCTAGAGGCCACTAGGACTGCITGAGTAAT ACT - TGGGG
rat GCTTGAAT GAGJAGATA ALTGAGCCCAACATGACTCAGAGT TTCTAGA - GCCACCAGGACTGCITGAGTAACACT - TGGGG
dog ACTCCA AGJAGATA ACTG - GCCAACCA[TGACTCAG! TGCAGGAGGCCAACAGGECTGCITGAGTCACCC GG
cow GC GAGTGATA AL CCTGCCGITGACTCAGCACCCCAGGA -GCCGACAGG GCITGAGTCAJI CC GG
armadillo - CTCCAGGGAGUAGATA AISCGGGCCAG - CEITGACTCAGCG CCGGGGGCCAGCAGG - CTGCITGAGTCAS TCC - TGGGG
opossum GCTTAAAGGACOAGATA A GGAAACCAT GACT TAG TTCTGAAGGCCAAGAGTACTGCITGAGTCAT! GGG
GATA MARE MARE
GATA-1 NF-E2 NF-E2

Figure 3.6. Wide range of conservation in globin gene enhancers. (A) Proximal enhancer for HBG7, showing the sequence
of part of the 3’ enhancer, alignments with sequences of other anthropoid primates, the encompassing repetitive element,
and binding motifs. (B) Distal enhancer for the «-globin gene cluster, HS-40. The panel shows an 80-bp segment of the
enhancer, along with the Ti~« thalassemia deletion that removes this DNA and more, the conservation track and alignments
with several eutherian mammals and the marsupial opossum. Binding sites are boxed and labeled by name and proteins

binding to them.

globin genes had no effect on expression levels in trans-
genic mice,?® which could mean that it actually has no func-
tion, or that other sequences compensate for its loss, or that
its function is not apparent in mice.

Indeed, comparative sequence analysis of these proxi-
mal enhancers strongly supports the conclusion that both
play roles in higher primates but not in other species. As
illustrated in Figure 3.4.C, both enhancers contain bind-
ing sites for GATA-1,%"%% and the HBGI enhancer also binds
to the yPE protein.”” The DNA homologous to the HBB
enhancer in other mammals is not strongly conserved,
even in the GATA motifs. Furthermore, two of the GATA-
1-binding sites in the HBGI enhancer were introduced via
an LTR-type transposable element that is present only in
higher primates (Fig. 3.6.A). Thus the presence of the HBG1
proximal enhancer correlates with the fetal recruitment of
v-globin gene expression in anthropoids, and its function

may not be observed in transgenic mice. Likewise, the pres-
ence of GATA-1-binding sites only in higher primates sug-
gests that the function of the HBB proximal enhancer may
also be lineage-specific, perhaps related to the delay in
expression of HBBin higher primates. In this case, an effect
on developmental timing is readily demonstrable in trans-
genic mice, but because of the differences in timing of HBB
expression in humans (the source of the transgene) and
mouse (the host species), it is difficult to understand fully
this function.

Distal Enhancers

In addition to the proximal promoters and enhancers, both
the a-like and B-like globin gene clusters are regulated by
distal control regions. The B-like globin cluster is regulated
by the distal LCR (reviewed in refs. 89, 90), and the «-like
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globin gene cluster is regulated by HS-40.”! In both cases,
deletion of the distal control region is associated with tha-
lassemia (Fig. 3.3). Addition of the distal control regions has
profound effects on expression of linked genes in trans-
genic mice. Without the LCR, erythroid expression of a
B-globin transgene is not seen in all mouse lines,” pre-
sumably because of integration in a repressive region of a
chromosome (a position effect). With the LCR, the B-globin
transgene is expressed at a high level in erythroid cells in
almost all mouse lines, indicating strong enhancement and
areduction in position effects.”® HS-40 of the «-globin gene
complex is a strong enhancer of globin gene expression,
both in transgenic mice®"** and in transfected cells.”

The B-globin LCR is a very large regulatory region, con-
taining at least five DNase hypersensitive sites in humans
spread over approximately 17 kb?*-%8 between HBEI and
an OR gene (Fig. 3.3.A). This region is highly conserved in
mammals, with highly similar sequences indicative of con-
straint found both in the hypersensitive sites and between
them.5% 9 This can be seen in Figure 3.3.A as the string of
peaks of conservation and RP in this region.

The distal enhancer for the «-globin gene, HS-40, is
much smaller than the LCR. It is approximately 250 bp in
length,” located in a widely expressed gene called C160r135
(Fig. 3.3.B). Additional erythroid DNase hypersensitive sites
are present in this large gene, but none has been shown to
play a role in regulation of globin genes.?® HS-40 is suffi-
cient for strong enhancement and high activity in erythroid
cells of transgenic mice, especially during embryonic and
fetal development.®! It is very strongly conserved in mam-
mals, with obvious matches to species as distant as opos-
sum (Figs. 3.3.B and 3.6.B). Functional tests have shown
that the homologous regions of chicken and fish also have
enhancer activity, despite considerable divergence outside
the protein-binding sites.**

Regulatory activities in addition to tissue-specific en-
hancement have been attributed to the B-globin LCR, but
they are not seen consistently in multiple lines of investi-
gation.'”’ Examination of chromatin structure after dele-
tion of the LCR led to the inference that the LCR is needed
for tissue-specific chromosomal domain opening.'°! Chro-
mosome 11 from a patient with the Hispanic (ey3p)° tha-
lassemia (missing most of the LCR and some adjacent
sequences, but leaving all of the B-like globin genes intact)
(Fig. 3.3A) was transferred through multiple somatic cells
to generate a hybrid murine erythroleukemia cell line con-
taining the mutant human chromosome. The B-globin gene
cluster in this hybrid cell line is inactive and is insensi-
tive to DNase, indicating that the LCR is needed for open-
ing a chromosomal domain.!’! An engineered mouse line
carrying a deletion of the mouse B-globin LCR and the
sequences homologous to those lost in the Hispanic dele-
tion retains an open chromatin conformation (accessible
to DNase) in the mouse B-globin gene.!'’? Although expres-
sion of the mouse B-globin genes is reduced substantially,
the locus is not silenced. Thus the repressive heterochro-
matin seen in the hybrid murine erythroleukemia cells

carrying human chromosome 11 with the Hispanic dele-
tion may have been produced during the chromosome
transfers between cell lines. Currently, the DNA sequence
determinants of chromatin opening have still not been
discovered. The B-globin LCR has also been implicated
in overcoming position effects in transgenic mice,'® in
keeping with the inferred effect on opening a chromatin
domain. Transgene constructs containing the B-globin can
still show position effect variegation.!” Both the B-globin
LCR and the a-globin HS-40 are very strong, erythroid-
specific enhancers needed for the expression of any of the
linked globin genes. They also can overcome some but not
all repressive effects after integration at a variety of chromo-
somal locations. This could be a consequence of the strong
enhancement.

Three transcription factor-binding motifs are present in
almost all DNase hypersensitive sites that have a strong
function in the distal enhancers (Fig. 3.4.D). All contain
Maf-response elements (MAREs) to which transcriptional
activator proteins of the basic leucine zipper class can
bind.!% A subfamily of proteins related to AP1, such as NF-
E2, LCRF1/Nrfl, and Bachl, bind to this element (reviewed
in refs. 106, 107). All are heterodimers containing a Maf
protein as one subunit, which is the basis for the name
of the response element. All the hypersensitive sites have
GATA motifs, to which GATA-1 and its relatives bind.!*®
The third common motif is CACC, to which a family of
Zinc-finger proteins including erythroid Kriippel-like factor
can bind.** At HS3 in the B-globin LCR, there is evidence
that motifs related to CACC are bound by additional KLFs,
such as Sp1.'% HS2 of the B-globin LCR also has three E-
boxes, which are the binding sites for TAL-1 and its het-
erodimeric partners.*” This protein has been implicated in
regulation of hematopoiesis, and it appears to also play a
role in enhancement by HS2.

Initial studies of protein binding at these and other
CRMs used various in vitro methods and in vivo
footprinting.”” 1'9-1? Recent experiments using chromatin
immunoprecipitation have demonstrated occupancy of the
CRMs by several of these proteins in erythroid cells.''3-116
Many of the sites have been implicated directly in activity
by mutagenesis and gene transfer.*”!17-119

The protein binding sites in the distal positive regula-
tors show some common patterns (Fig. 3.4.D). A MARE plus
two GATA motifs is present in most of the CRMs, and this
arrangement has been shown to be needed for formation of
a hypersensitive site at HS4.'?° The strongest enhancers (as
assayed by gene transfer in somatic cells) are HS2 and HS-
40. Both of these have two MAREs, and mutation of those
MAREs removes much of the enhancing activity.!'” ' Thus
the MAREs and proteins binding to them are critical for
high-level enhancement, but the other binding sites con-
tribute to function as well.

The CRMs marked by these hypersensitive sites in the
distal positive regulators are conserved across almost all
mammals.’>%° The portion of the alignments for HS-40
shown in Figure 3.6.B indicates the very strong constraint
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seen in the known binding sites and additional short seg-
ments both for this enhancer and for HS2. Most of the bind-
ing sites in HS3 are also highly conserved, but some are not,
likely reflecting both common and lineage-specific func-
tions. HS4, with the MARE and two GATA motifs, is con-
served across a wide span of placental mammals, but this
DNA sequence is part of an LTR-type repeat, a member of
the ERV1 repeat family. This appears to be an old transpos-
able element (predating most of the mammalian radiation),
but one that continues to provide a regulatory function.

CONCLUDING REMARKS

Molecular clones containing mammalian globin gene clus-
ters were isolated approximately 30 years ago. Intense study
since then has revealed much about their structure, evolu-
tion, and regulation; however, understanding sufficient to
lead to clinical applications continues to elude us. The myr-
iad levels of regulation and function that operate within
these gene clusters certainly confound attempts to find
simplifying conclusions. Despite these challenges, stud-
ies of the globin gene clusters have consistently provided
new insights into function, regulation, and evolution. The
lessons being learned as we try to integrate information
from classic molecular biology and genetics, new high-
through-put biochemical assays, and extensive interspecies
sequence comparisons are paving the way for applying
these approaches genome wide. The globin gene clusters
illustrate the need to distinguish common from lineage-
specific regulation. Although simple generalizations are
rare, the extensive information that one needs for interpret-
ing data in the context of comparative genomics is read-
ily accessible. Throughout this chapter, we have illustrated
points using output from the UCSC Genome Browser (http:
//genome.ucsc.edu), with special emphasis on the tracks
showing Conservation, Regulatory Potential, and Locus
Variants. Deeper information on the variants associated
with disorders of the hemoglobins can be obtained from
HbVar (http://www.bx.psu.edu). We hope that the exam-
ples presented here will be helpful in guiding interpretation
of the multitude of data available to the readers now and in
the future.
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Nuclear Factors That Regulate
Erythropoiesis

Gerd A. Blobel and Mitchell J. Weiss

INTRODUCTION

Studies of erythroid transcription factors originate from
efforts to identify and characterize the numerous tissue-
specific and ubiquitous proteins that bind cis-regulatory
motifs within the globin gene loci (Chapters 3 and 5). In
addition to elucidating mechanisms of globin gene reg-
ulation and erythroid development, this approach has
led to the discovery of nuclear proteins that function in
a wide range of developmental processes. Experimental
approaches and insights gained through studies of the
globin loci have broad implications for understanding how
transcription factors regulate the expression of individual
genes and work together to coordinate cellular differentia-
tion.

Erythrocyte formation in the vertebrate embryo occurs
in several distinct waves'? (see also Chapter 1). The first
erythrocytes, termed primitive (EryP), arise in the extraem-
bryonic yolk sac at mouse embryonic day 7.5 (E7.5) and
weeks 3-4 in the human embryo. Later, erythropoiesis shifts
to the fetal liver where adult-type (EryD, definitive) erythro-
cytes are produced. Finally, at birth, blood formation shifts
to the bone marrow, and also the spleen in mice. EryPs and
EryDs are distinguished by their unique cellular morphol-
ogy, cytokine responsiveness, transcription factor require-
ments, and patterns of gene expression.®"'° Most notably,
the expression of individual globin genes is developmen-
tally regulated (Chapter 3). Understanding how transcrip-
tion factors regulate the temporal control of B-like globin
genes during mammalian development is of general inter-
est to the study of gene regulation in higher eukaryotes
and could eventually lead to new approaches to reactivate
the human fetal y-globin genes in patients with B chain
hemoglobinopathies, such as sickle cell anemia and g tha-
lassemia.

The primary cis-acting determinants of individual
globin gene expression reside in the promoter regions
immediately upstream of each gene and act in concert with
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more distant regulatory elements (Chapters 3 and 5). For
example, the B-globin locus control region (3—LCR) encom-
passes approximately 20 kb of DNA situated upstream of
the B-globin gene cluster. Originally identified as a set
of erythroid-specific DNase hypersensitive sites (HS), the
B-LCR is now known to be essential for high-level ery-
throid expression of B-globin genes.!'"'* Detailed analy-
sis of globin gene promoters and the B-LCR has revealed
a number of conserved DNA motifs important for globin
expression. Among these motifs, the best studied are the
“GATA,” “CACCC,” and “TGA(C/G)TCA” (NF-E2/AP-1-like)
elements (Fig. 4.1). Not surprisingly, identical motifs also
function in the promoters and enhancers of many other
erythroid genes such as heme biosynthetic enzymes, red
cell membrane proteins, and a-globin. One or more tran-
scription factors has been discovered to bind each of these
cis elements in erythroid cells.

GENERAL PRINCIPLES

General studies of transcription factors have conveyed
several important concepts and experimental approaches
applicable to studies of erythroid nuclear proteins.

1) Transcription factors are modular proteins with dis-
tinct domains mediating DNA binding, transcrip-
tional activation, repression, and protein inter-
actions.'® However, a single domain may have more
than one function. For example, GATA and Kriippel
zinc fingers mediate both DNA binding and pro-
tein interactions. Typically, domains are analyzed by
determining the effects of various mutations and
“domain swaps” on the ability to activate or repress
synthetic promoter-reporter constructs in transient
transfection assays using heterologous cells, such as
3T3 or COS. Such studies are useful but fail to pro-
vide the native chromosomal and cellular contexts in
which a lineage-specific factor normally operates. In
this regard, the availability of more biologically rele-
vant cellular and in vivo models complements the use
of conventional promoter-reporter studies.

2) Transcription factors function within multiprotein
complexes.'®!” Defining these complexes in ery-
throid cells is critical to understanding the mech-
anisms that underlie globin gene expression and
erythroid differentiation. Several approaches, includ-
ing yeast two-hybrid screening, classic biochemical
purification, and affinity purification with molecular
tags are commonly used to identify interacting pro-
teins and delineate higher order transcription factor
networks in erythroid cells.

3) Posttranslational alterations, such as phosphoryla-
tion, acetylation, ubiquitination, and sumoylation,
can modulate transcription factor function. These
chemical modifications establish additional levels of
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Figure 4.1. Cis-acting elements and corresponding transcription factor families important for erythroid gene expression.

control through which gene expression may be reg-
ulated rapidly in response to changes in the nuclear
environment and/or extracellular signals. Examples
relevant to erythroid biology are discussed later in
this chapter.

Most transcription factors can both activate and
repress gene expression. Among erythroid transcrip-
tion factors, GATA-1, EKLE and SCL/TAL-1 all have
the capacity to activate and repress gene expres-
sion. These dual functions enhance the utility of
transcription factors in several key stages of tissue
development. For example, during terminal matura-
tion, a single nuclear protein can simultaneously acti-
vate genes associated with the differentiated pheno-
type and silence those associated with the immature
state. In addition, tissue-restricted transcription fac-
tors may participate in cell fate decisions of multipo-
tent progenitors by activating genes for one lineage
and silencing those of alternative lineages.

Cellular environment and target promoter context
influence transcription factor activities by regulating
the assembly of specific multiprotein complexes at
individual genes. For example, the megakaryocyte-
specific a-IIb gene contains a promoter that is acti-
vated by GATA-1 alone, but inhibited by GATA-
1 bound to its cofactor FOG-1.'%' Binding of
megakaryocyte-expressed Ets transcription factor,
such as Flil, to an adjacent DNA element converts
FOG-1 into a coactivator. This identifies a mechanism
by which GATA-1 and FOG-1 regulate the same gene
differently in separate lineages.

6) As discussed in more detail later, transcription factors
exert their functions in part by modifying chromatin,
either directly or by assembling multiprotein com-
plexes to establish and maintain active or repressive
chromatin states. Many erythroid transcription fac-
tors associate with histone acetyltransferases. Hyper-
acetylation is typically found at sites of open chro-
matin that surround active genes. More recent work
shows that erythroid nuclear factors facilitate the for-
mation of long-range chromatin loops that bring crit-
ical regulatory elements into physical proximity.?%2!
How erythroid transcription factors regulate chro-
matin and DNA accessibility is an active area of
research.

EXPERIMENTAL APPROACHES FOR STUDYING
TRANSCRIPTION FACTORS

Several recently developed technologies have revolution-
ized the study of transcription factor function. Some of
the technologies that have accelerated our understanding
of erythropoiesis and globin gene expression are reviewed
here.

Biochemical Purification

Transcription factors invariably interact chemically with
cofactor complexes to modify histone proteins, to remodel
nucleosomes, and to recruit basal transcription factors.
Thus, one fruitful approach to define the functions
of individual nuclear factors is to identify interacting
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proteins. In particular, yeast two-hybrid screens and in vitro
purification of transcription factor complexes by using con-
ventional biochemistry have elucidated gene regulation by
defining higher order regulatory networks. Such studies are
greatly facilitated by recent advances in mass spectrometry
that permit identification of small amounts of proteins in
complex mixtures.

Tissue Culture Models for Erythroid Differentiation

Numerous tissue culture models recapitulate selected
aspects of erythroid maturation of multiple species, includ-
ing chicken, mouse, and human. These include murine
erythroleukemia (MEL) cells, which represent definitive
(adult-type) erythroid precursors and K562, a human ery-
throleukemia line that expresses embryonic and fetal
globins. A variety of chemical agents can be used to induce
erythroid maturation of K562 and MEL cells.?®>?* Mouse
G1E cells are arrested at the proerythroblast stage due to a
lack of transcription factor GATA-1.%° Conditional expres-
sion of GATA-1 in these cells induces synchronous ery-
throid maturation. Numerous avian cell lines have also
provided useful models for erythropoiesis.’®?” Established
erythroid cell lines provide unlimited quantities of material
for biochemical purification studies and frequently allow
for synchronous differentiation on exposure to chemical
compounds. Moreover, in established cell lines it is rel-
atively simple to manipulate the expression of key tran-
scription factors via overexpression or siRNA silencing and
determine the effects on erythroid maturation and/or gene
expression. Biological studies in cell lines are confounded
by the effects of immortalization or outright transforma-
tion necessitating the use of primary cells for some studies.
In mice and humans, primary erythroid progenitors can be
purified from yolk sac, fetal liver, spleen, or bone marrow
and expanded or differentiated in short-term cultures by
using appropriate growth and differentiation factors.?®? It
is also possible to generate primary erythroid cultures from
in vitro differentiation of embryonic stem cells (ESCs).>**

Chromatin Immunoprecipitation

Historically, interactions between DNA-binding proteins
and their target sequences were demonstrated by elec-
trophoretic mobility shift assay, in which binding of a tran-
scription factor retards the migration of an oligonucleotide
during polyacrylamide gel electrophoresis (see Fig. 4.6 for
an example). This assay does not, however, assess tran-
scription factor binding to chromatinized DNA in live cells.
Chromatin immunoprecipitation (ChIP) is used to deter-
mine whether a nuclear factor is physically associated with
a specific region of DNA sequence in vivo. The topic is
described by Orlando and Paro® and experimental proto-
cols are outlined by Boyd et al.*® To perform ChIP, cells are
treated with a crosslinking reagent that covalently attaches
DNA to its associated proteins. Then, the cells are lysed
and chromatin is purified and fragmented into defined
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Figure 4.2. ChIP analysis. ChIP can identify histone and nonhistone proteins
and protein modifications associated with genomic regions of interest. The first
step of ChiP is to cross link proteins to DNA or other proteins. Following lysis of
cells, extracts are sonicated to shear the DNA. Micrococcal nuclease can also
be used to fragment the DNA. Proteins are immunoprecipitated with specific
or control antibodies. Cross links are reversed; DNA is purified and amplified
by PCR. For quantification, the amounts of PCR product are compared with
those of unprecipitated PCR-amplified DNA (input). PCR reactions with primers
against regions not bound by protein are used as additional controls.

sizes (typically 0.5-1 kb) by sonication or partial nuclease
digestion. The resulting material is immunoprecipitated
with antibodies against the nuclear protein of interest or
control antibodies. Protein-DNA crosslinks are reversed
and the protein-associated DNA is purified and analyzed
by quantitative polymerase chain reaction (PCR) using spe-
cific primer pairs that flank putative transcription factor
binding sites or control regions where binding is not
expected to occur (Fig. 4.2). Global analysis of ChIP prod-
ucts can be performed by hybridizing them to DNA-based
microarrays (see later) or by using high throughput DNA
sequencing technologies.*”%

In addition to determining transcription factor binding
to specific genes, ChIP can be used to examine whether
histone proteins or transcription factors are acetylated,
methylated, or phosphorylated at specific chromosomal
positions. Currently, ChIP analysis is the gold standard to
determine transcription factor binding and posttransla-
tional protein modifications at gene loci in vivo and has
been used extensively at the globin loci to examine ery-
throid development.

MICROARRAY ANALYSIS TO IDENTIFY TRANSCRIPTION
FACTOR TARGET GENES

In microarray or “gene chip” analysis, genomic DNA or
cDNA derived from cells of interest is labeled with fluo-
rescent probes and incubated with nucleic acids specifying
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Figure 4.3. Microarray analysis. (A) Messenger RNA profiling. Complementary DNAs from a tissue source of interest are
prepared, labeled with a fluorescent tag, and incubated with a slide or “chip” containing immobilized oligonucleotides or DNA
segments that hybridize to specific cDNAs. The retained fluorescent signal at a fixed position or “address” on the chip reflects
the relative expression level of a specific mRNA transcript. (B) ChIP—chip analysis. DNA from ChiP (Fig. 4.2) is amplified,
labeled with a fluorescent tag, and incubated with a “tiled” microarray chip containing oligonucleotides that hybridize to
contiguous segments of genomic DNA. Microarray chips representing all known promoter regions or even entire genomes are
available commercially. In addition, it is possible to prepare microarray chips that specifically interrogate smaller genomic

regions of interest.

unique chromosomal loci or mRNA transcripts that are
immobilized on a solid surface (Fig. 4.3). Hybridization of
the labeled cellular nucleic acids to sequences at specific
locations on the chip is quantified and studied by optical
scanning and computational analysis. This technology has
advanced to a point where many thousands of different
sequences can be examined in a single experiment.

Microarrays are used in two general approaches to
identify transcription factor targets. First, transcriptome
analysis can identify mRNAs that are up- or down-regulated
in response to altered transcription factor activities (Fig.
4.3A). For example, it is possible to manipulate specific
transcription factors in biologically relevant cells through
gene targeting (discussed later in this chapter), viral trans-
duction, dominant negative mutants, and by creating con-
ditional alleles that are activated or silenced by drugs. Then,
microarray studies can be used to compare mRNA expres-
sion patterns between identical cells in which the tran-
scription factor function is specifically altered. Remarkably,
commercially available microarray platforms can interro-
gate most or all expressed genes in many species includ-
ing mice and humans. Using this approach, it is possible
to define the actions of any transcription factor on global
gene expression in biologically relevant contexts. Follow-
up studies using ChIP can investigate whether effects
on the expression of specific genes are direct or indi-
rect consequences of transcription factor activities. Exam-
ples of mRNA profiling using microarrays or other meth-
ods to identify erythroid transcription factor targets are
described.¥-?

Another approach to identify transcription factor targets
combines ChIP with microarrays (ChIP-Chip) (Fig. 4.3B).
DNA derived from ChIP using a transcription factor spe-
cific antibody is labeled to generate probes for microarrays
containing genomic DNA. For this purpose, microarrays
containing promoter regions of most expressed genes are
available. In addition, it is possible to represent large chro-
mosomal regions of interest, or even the entire genome,
in “tiling arrays” that contain contiguous segments of
genomic DNA. In this fashion, it is possible to screen for
regions of genomic DNA in which the transcription fac-
tor binds in vivo. Currently, these experiments, particu-
larly those that survey the entire genome, are expensive
and technologically challenging, but the field is advancing
rapidly. One limitation of this assay is that occupancy of a
genomic sequence by a transcription factor does not neces-
sarily reflect function — a transcription factor bound to DNA
in vivo can activate, repress, or have no effect. An example
of ChIP—chip analysis using a tiled microarray representing
the a-globin locus is described by De Gobbi et al.*?

DEFINING PHYSICAL INTERACTIONS BETWEEN
DISTANT DNA ELEMENTS

Several models are invoked to explain how transcription
factors enhance or inhibit gene expression over substan-
tial genomic distances. Tracking models propose that tran-
scription factors bound at distant regulatory sites recruit
RNA polymerase and/or basal transcription factors, which
then move along the chromatin fiber until a promoter
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Figure 4.4. (A) Experimental strategies for studying gene knockouts. (B) In vitro differentiation of
ESCs to obtain pure hematopoietic colonies. Reprinted from Weiss and Orkin'%° with permission

from Elsevier Science, Copyright 1995.

is reached. Looping models posit that distal elements
are brought in physical proximity with their dedicated
promoters through the formation of chromatin loops.
Although the latter model clearly applies to the « and B-
globin gene loci,***° tracking intermediates that precede
loop formation remain a distinct possibility. Evidence to
support this is found at the human e-globin gene.’” The
most commonly used method to detect physical inter-
actions among chromosomal fragments is called chro-
mosome conformation capture ([3C] or nuclear ligation
assay).'®?9 If performed with the appropriate controls, it
can be used to demonstrate interactions among chromo-
somal fragments located in cis and on different chromo-
somes. 3C analysis has demonstrated that transcription fac-
tors GATA-1 and EKLF both promote folding of the B-globin
locus to ensure physical proximity between the LCR and
the active globin gene promoters.”>?"°° 3C has also been
used in the context of transgenic mice carrying versions of
the human B-globin locus to delineate cis-acting sequences
that organize the B-globin locus.”!

ELUCIDATING GENE FUNCTION BY TARGETED
MUTAGENESIS

Transcription factor functions identified in vitro must
be examined in the context of primary cells and whole
organisms. The advent of targeted gene disruption using
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homologous recombination in ESCs and mice
has been instrumental in assessing transcrip-
tion factor function by providing a means
to inactivate (knockout) genes of interest or
to modify them (knockin) and examine the
biological consequences. Murine embryonic
stem ESCs derived from the inner cell mass
of blastocyst stage mouse embryos provide
the basis for gene targeting.”’>* ESCs can
be maintained in a pluripotent state in cul-
ture and contribute to somatic and germ line
tissues when introduced into blastocysts by
microinjection. The first step toward study-
ing a gene of interest is to disrupt a single
allele by homologous recombination in ESCs
to create a heterozygous, or “single knockout”
state.>% Several complementary experimen-
tal approaches are then available for further
study (Fig. 4.4).

First, genetically altered ESCs may be in-
jected into host blastocysts to produce chi-
meric mice, which may transmit the mutant
allele to progeny. Through interbreeding
of heterozygous offspring, homozygous null
animals can be created for analysis. One lim-
itation of this approach is that mutations
causing early embryonic death can obscure
the analysis of later developmental events.
For example, direct examination of defini-
tive hematopoiesis is difficult to assess in
embryos that die prior to development of the fetal liver.
Another potential problem in interpreting the pheno-
types of knockout animals is failure to distinguish whether
observed defects are cell autonomous or an indirect conse-
quence of lesions in other cell types (noncell-autonomous).
Both of these problems may be circumvented through
chimera analysis or in vitro ESC differentiation assays (see
later). In addition, more recent technology now permits
developmental stage and tissue-specific gene targeting by
expressing specific recombinases to excise or modify the
target gene in a controlled spatiotemporal fashion.>’~

Second, heterozygous mutant ESCs can be converted to
a homozygous-null state.®~%® These mutant ESCs may be
injected into wild-type host blastocysts to create chimeric
animals in which the ability of the mutant donor ESCs to
contribute to various tissues is assessed using polymorphic
markers. For loci that are X-linked, such as Gatal, a sin-
gle targeting event renders male ESCs null for the gene of
interest. Failure of homozygous or hemizygous null ESCs to
contribute to a specific cell type or tissue indicates a cell-
autonomous requirement for the disrupted gene in the for-
mation of that tissue.

Finally, the hematopoietic potential of genetically modi-
fied ESCs may be examined by in vitro techniques (Fig. 4.4).
Under appropriate conditions, ESCs form embryoid bodies,
spherical aggregates containing numerous differentiated
cell types, including mature hematopoietic cells that can be



Nuclear Factors That Regulate Erythropoiesis

studied directly.** Embryoid bodies may be disaggregated
into a single cell suspension and analyzed for hemato-
poietic progenitors by using standard methylcellulose-
based colony assays.>* Wild-type and genetically manip-
ulated ESCs can also be induced to form hematopoietic
lineages by cocultivation on the stromal line OP9.55 More
recently, in vitro differentiation techniques have been used
to generate hematopoietic cells from human ESCs.®~"? Of
note, human ESC-derived definitive erythroid cells pro-
duced by current methods express mainly embryonic and
fetal globins, but not adult globins. In the future, this experi-
mental system may provide a useful tool to study the mech-
anisms of globin gene switching.

SPECIFIC ERYTHROID TRANSCRIPTION FACTORS

GATA-1 and Related Proteins

The abundant erythroid nuclear protein GATA-1 was iden-
tified through its ability to bind the (T/A)GATA(A/G) con-
sensus motif found in regulatory regions of virtually all
erythroid-specific genes including «- and B-globins, heme
biosynthetic enzymes, red cell membrane proteins, and
transcription factors.”>” GATA-1 recognizes DNA through
two related, tandemly arranged zinc fingers of the configu-
ration Cys-X2-Cys-X17-Cys-X2-Cys. The carboxyl (C) finger
is necessary and sufficient for DNA binding, whereas the
amino (N) finger stabilizes protein-DNA interactions at a
subset of sites, in particular those that contain two GATA
motifs arranged as direct or inverted repeats.”> "% In addi-
tion, both zinc fingers serve as docking sites for various pro-
tein interaction partners.’? %

GATA-1 is Required for Terminal Erythroid Maturation
and Platelet Formation

Gene targeting studies demonstrate that GATA-1 is essen-
tial for the production of mature erythrocytes. In chimeric
mice, Gatal-donor ESCs contribute to all tissues exam-
ined except red blood cells; reintroduction of GATA-1
c¢DNA into the mutant ESCs restores their ability to con-
tribute circulating red blood cells.?"#? Gatal embryos die
of anemia between E10.5 and E11.5 (Fig. 4.5A).%% Exami-
nation of these embryos, combined with in vitro differen-
tiation of Gatal-ESCs revealed a block to erythroid mat-
uration and apoptosis at the proerythroblast stage (Fig.
4.4B).24% Together, these experiments demonstrated an
essential, cell-autonomous role for GATA-1 in the produc-
tion of mature erythrocytes. Subsequently, additional stud-
ies showed that GATA-1 is also important for the formation
and/or function of platelets,’*-%° eosinophils,* mast cells,”
and dendritic cells.”!

The GATA Protein Family

The discovery of GATA-1 led to the identification of sev-
eral related proteins with highly conserved zinc finger
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Figure 4.5. Loss of GATA-1 blocks erythroid maturation. (A) Impaired primitive
erythropoiesis in Gata7-embryos. (B) Developmental arrest and apoptosis of
cells within definitive erythroid (EryD) colonies generated by in vitro differentia-
tion of Gata1-ESCs. Modified from Weiss et al.®* and Fujiwara et al.®® Copyright
1995 and 1996, National Academy of Sciences, U.S.A. Photographs in panel A
provided by Yuko Fujiwara and Stuart Orkin. (See color plate 4.5.)

domains but little similarity outside of this region.” %
(for reviewed see refs. 99-102). Six vertebrate GATA pro-
teins, named in the order of their discovery, function in
the development of various tissues. GATA-1 and GATA-
2 are most relevant for erythroid maturation and appear
to act sequentially and coordinately during this process.
Both are expressed in hematopoietic stem cells and mul-
tipotential progenitors, although GATA-2 function pre-
dominates at these early stages.'”*"'% Concurrent with
erythroid differentiation, GATA-2 expression declines as
that of GATA-1 increases. Most likely, GATA-2 initiates
the erythroid program in early progenitors and subse-
quently becomes replaced by GATA-1 during terminal
maturation.'° 1% Presumably, these two transcription fac-
tors have both unique and overlapping functions at differ-
ent stages of erythropoiesis. In this regard, GATA-2 prob-
ably activates its own gene by binding to an upstream
enhancer.'’” GATA-1 displaces GATA-2 at this position to
repress GATA-2 transcription.'”” These studies highlight
molecular crosstalk between the GATA factors during ery-
thropoiesis and illustrate one target gene (Gata2) where
GATA-1 and GATA-2 have opposing functions.
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GATA-1 Represses Transcription

GATA-1 was originally viewed as a positive regulator of ery-
throid gene expression. As noted earlier, GATA-1 also func-
tions as a transcriptional repressor. For example, GATA-1
negatively regulates human e-globin expression by inter-
acting with one or more silencer elements within the 5
flanking region of the & gene.'%®!% Interestingly, GATA-
1 binding to a region upstream of the Gvy-globin gene
is required for developmental silencing of fetal globin
synthesis. Although there is no obvious GATA consen-
sus site in this region, patients with a mutation that
abrogates GATA-1 binding display hereditary persistence
of fetal hemoglobin.''® Transcriptome analysis in erythroid
cells indicates that the repertoire of GATA-1 repressed
target genes may be quite extensive.’ Among these tar-
gets are Gata2, Kit, Myc, and Myb, which mark early
progenitors.'?”111-113 The latter three are all protoonco-
genes that stimulate proliferation and their repression
likely reflects a mechanism through which GATA-1 coordi-
nates division arrest with terminal maturation.

Structure—Function Analysis of GATA-1

GATA-1 acts as a potent transcriptional activator when
cotransfected into heterologous cells (such as COS or 3T3)
with a reporter gene containing a promoter with one or
more GATA motifs.”>!!* In this assay, several domains of
murine GATA-1 are required for activity.”® In particular, the
amino terminus contains an acidic domain that is required
for transactivation of reporter constructs, and functions
as an independent activator when fused to a heterolo-
gous GAL4 DNA binding domain. This domain is a target
for somatic mutations associated with megakaryoblastic
leukemias in patients with Down syndrome (discussed later
in this chapter). The GATA-1 C-finger, which is required for
DNA binding, is also essential for reporter gene activation.

A strikingly different view emerges from structure-
function analyses that exploit GATA-1’s ability to influence
hematopoietic lineage selection or maturation. Remark-
ably, the GATA-1 zinc finger region alone is sufficient
to induce megakaryocytic differentiation of 416B myeloid
cells!’® and restore erythropoiesis in GATA-1-embryoid
bodies.!'® Hence, the amino terminal activation domain
that is critical for activity in promotor-reporter assays is
dispensable for at least some functions in hematopoietic
cells. These findings demonstrate that structure-function
relationships within the GATA-1 protein are context-
dependent, and reveal potent biological activity within the
zinc finger region. Further dissection of the GATA-1 DNA
binding domain revealed that the N-finger is essential for
activity in erythroid cells.”>!'” One critical role of the N-
finger is to mediate the interaction between GATA-1 and
FOG-1.'"® The N-finger also functions through its ability to
stabilize in vivo DNA interactions at a subset of bipartite
GATA-1 motifs.”> 78119
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Posttranslational Modifications of GATA-1

Murine GATA-1 is phosphorylated constitutively on six ser-
ine residues within the amino terminus. An additional
serine, at position 310, which lies in a conserved region
near the carboxyl boundary of the DNA binding domain,
is phosphorylated upon chemically induced differenti-
ation of MEL cells. Extensive mutagenesis experiments
have shown that phosphorylation at these sites does not
significantly influence DNA binding, DNA bending, or
transcriptional activation by GATA-1.'?° Phosphorylation
of GATA-1 has been reported to influence DNA bind-
ing in human K562 cells.””! GATA-1 is also phosphory-
lated through erythropoietin-mediated activation of AKT
in erythroid cells,'?-'?* although mutation of the target
serine residues in mice has minimal effects on erythroid
development.'?

GATA-1 is acetylated in vivo at two highly conserved,
lysine-rich motifs at the C-terminal tails of both fingers,
adjacent to regions that contact DNA. Acetylation within
these regions is mediated by interaction with the ubiqui-
tous transcriptional cofactors CREB-binding protein (CBP)
and its relative, P300.'°% 12" These modifications appear to
be functionally important as mutation of the acetylated
lysine motifs reduces the ability of GATA-1 to rescue ery-
throid maturation in a tissue culture model.'*” It has been
proposed that acetylation augments the affinity of GATA-
1 for DNA,'?¢ although this was not confirmed by another
study.'?” Rather, acetylation of GATA-1 might be required
for its stable association with chromatin.'?® Finally, ubiqui-
tination and sumoylation of GATA-1 are reported, although
it remains uncertain to what extent these modifications
affect GATA-1 function in vivo.'?% 130

GATA-1-Interacting Proteins

GATA-1 participates in erythroid gene activation and
repression through interactions with numerous ery-
throid specific and ubiquitous nuclear factors (for review
see ref. 80). For instance, GATA-1 physically interacts
with zinc finger proteins such as GATA-1 itself, other
GATA factors, EKLE and SP1.'*'-'3* In each case, protein
interactions occur through the zinc finger regions of the
respective proteins and potentiate GATA-1 transcriptional
activity at defined promoters. Unique combinations of
interacting transcription factors might establish target
gene specificity by synergistically enhancing transcription
at erythroid enhancers. It is also possible that they mediate
physical interactions between erythroid gene promoters
and more distant regulatory regions (Chapter 3). For
example, promoters of genes within the B-globin locus
and the core elements of the LCR each contain CACCC
and GATA motifs. Interactions between proteins bound
to these elements appear to facilitate direct communi-
cation via looping between the LCR and specific globin
genes. 22!
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Interaction between the N-terminal finger of GATA-1
and FOG-1 (Zfpml) particularly important for erythroid
and megakaryocytic development.!'® %> Disruption of the
Fogl/2fpml gene produces an erythroid defect similar
to that of GATA-1 loss, albeit not as severe, suggesting
the possibility of both FOG-1-dependent and-independent
functions of GATA-1 in red blood cells. In contrast,
Fogl/2fpm1~'~ mice and ESCs exhibit a complete block to
megakaryocytopoiesis, indicating that GATA-1-indepen-
dent functions for FOG-1 exist in megakaryocytes.'

The mechanisms of FOG-1 actions are likely to be com-
plex; for example, FOG-1 can either activate or repress tran-
scription, depending on promoter and cell context.!!8 136
FOG-1 itself participates in several important protein
interactions that help to assemble higher order complexes
at GATA-1 target sites. For example, different regions of
FOG-1 interact with the corepressor CtBP2 and the NuRD
corepressor complex.!3¢- 138 NuRD is present at GATA-
1-repressed genes and is required for efficient repres-
sion of the GATA-1 target gene Kir.'*®!1%9 Point mutations
that abrogate the FOG-CtBP2 interaction have no obvi-
ous erythroid effects in mice, indicating the possibility
of functional redundancy with other repressors, includ-
ing NuRD.!*" Preliminary gene targeting studies indicate
that the FOG-1-NuRD interaction is essential for normal
erythroid and megakaryocytic development (Blobel GA,
unpublished data).

Tissue-restricted nuclear factors must communicate
with the general transcriptional machinery. For GATA-
1, a direct and functionally important interaction with
TRAP220, a component of the basal transcription factor
complex called “mediator,” has been described.'*! More-
over, GATA-1 interacts with the highly related general coac-
tivators CBP and p300, which both interact with numer-
ous basal transcription factors.'?% 142144 In addition, CBP
and p300 possess intrinsic and associated histone acetyl-
transferase activities. Histone acetylation is associated with
an “open” chromatin configuration characteristic of the B-
globin locus in erythroid cells. Indeed, GATA-1 may stimu-
late histone acetylation at this locus and other active genes
by recruiting CBR'**!%5 As noted earlier, CBP-mediated
acetylation of GATA-1 itself is also of functional importance
in erythroid cells. Moreover, CBP interacts with additional
erythroid transcription factors (see later) and may there-
fore participate in the formation of large multiprotein com-
plexes.

GATA-1 also physically interacts with the Ets family
transcription factor PU.1, which is normally expressed
in multipotential progenitors, myeloid cells, and B lym-
phocytes and is required for normal myelopoiesis and
lymphopoiesis (for review see ref. 146). Inappropriate
expression of PU.1 by retroviral insertion and transgen-
esis causes erythroleukemia'*’~'* and forced expression
of PU.1 blocks differentiation in erythroid cell lines and
primary progenitors.'%-15% Hence, it has been postulated
that downregulation of PU.1 is essential for normal ery-
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thropoiesis. One underlying mechanism stems from recent
observations that PU.1 and GATA-1 cross antagonize each
other through direct physical interaction.!>* !> In support,
overexpression of GATA-1 relieves the PU.1-induced block
to chemical-induced maturation of erythroleukemia cells.
It is proposed that inhibition of PU.1 inhibits GATA-1 via
formation of a RB-containing corepressor complex.'% 157
PU.1 has also been shown to inhibit CBP-mediated GATA-
1 acetylation.'>® Conversely, GATA-1 (and GATA-2) inhibit
PU.1 transactivation activity, in part by displacing the
PU.1 coactivator, c-Jun.'” Together, these data suggest that
GATA-1 and PU.1 oppose each other’s actions and that their
relative stoichiometry may influence differentiation deci-
sions in multipotent myelo-erythroid progenitors.

The SCL protein complex binds DNA directly, but can
also associate with genes indirectly through interaction
with GATA-1.!%° This complex, which contains numerous
proteins including LMO2, Ldb, and E2A is recruited to
GATA-1-regulated genes via the LMO2 subunit. These pro-
teins were also shown to cooccupy some erythroid regula-
tory elements in vivo.!%% 16! Tt is likely that SCL and associ-
ated proteins function as activators of GATA-1-dependent
transcription, likely by recruiting additional coregulators.
The role of SCL in erythroid development is discussed in
greater detail later in this chapter.

GATA-1 and Human Disease

Two major classes of human disease are caused by muta-
tions in the X-linked GATAI gene. A comprehensive re-
view can be found at the following URL: http://www.ncbi.
nlm.nih.gov/books/bv.fcgi?rid=gene.chapter.gatal. First,
germline GATAI missense mutations cause various cyto-
penias.!19162-167 Most commonly, these mutations occur
in the N-finger, either at the FOG-1-interaction surface or
at the region involved in DNA binding. Affected patients
usually exhibit anemia and/or thrombocytopenia of vari-
able severity. Interestingly, the nature of the phenotype
varies considerably depending on the exact mutation,
presumably reflecting varying structural requirements
for GATA-1 at different target genes. For example, some
mutations spare the erythroid lineage and affect platelet
function and production more prominently. One inter-
esting mutation, R216W, causes congenital erythropoietic
porphyria due to reduced production of the GATA-1 target
gene uroporphyrinogen III synthase.!’® The same patient
was also noted to have very high levels of fetal hemoglobin,
consistent with the possibility that GATA-1 may be involved
in the vy - to B-globin gene switch.

Second, somatic mutations in the GATAI are associ-
ated with transient myeloproliferative disorder and acute
megakaryoblastic leukemia in patients with trisomy 21
(Down syndrome).'%°~175 All of these mutations occur in the
first coding exon (exon 2) and cause splicing abnormali-
ties or premature termination of translation that interferes
with the production of full-length protein. In these cases,
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translation initiation at an internal methionine results in
the production of a GATA-1 variant (termed “GATA-1 short”
or “GATA-1s”) that is truncated at the amino terminus.
Because the GATAI gene is X-linked, a single mutation leads
to exclusive production of GATA-1s in male cells and in
female cells with unfavorable Lyonization. Of note, one
extended pedigree with a similar exon 2 mutation in the
germline has been described.!”® Affected males, who do
not have trisomy 21, exhibit anemia and neutropenia, but
do not develop leukemias. This suggests that altered GATA-
1 somehow synergizes with trisomy 21 to cause leukemia
through unknown mechanisms. One interesting problem
relates to the cellular functions of the amino terminus of
GATA-1, which is absent in the short form. In gene-targeted
mice this domain is dispensable for erythropoiesis, but
is required to restrain the proliferation of embryonic
megakaryocytic precursors.

Stem Cell Leukemia (SCL, TAL1, TCL5)

The SCL/TAL1 gene was originally identified via chro-
mosomal rearrangements involving 11p13 in acute T-cell
leukemias (for review see ref. 177) SCL, a member of the
basic helix-loop-helix class of transcription factors, func-
tions as a heterodimer in association with a variety of
widely expressed partner proteins including E2A, E2-2, or
HEB (for review see ref. 178). The SCL complex recognizes a
cognate DNA element termed E box (consensus CANNTG).
Gene-targeting studies have demonstrated that SCL is crit-
ical for the establishment of all primitive and definitive
blood lineages and for organization of the yolk sac vascula-
ture in early embryos.'?~1% These studies indicate that SCL
functions at the onset of hematopoiesis, possibly within
the hemangioblast, a bipotential hematopoietic endothe-
lial cell precursor (Chapter 2). Genetic studies indicate
that SCL is dispensable for formation of hemangioblasts,
but required for their subsequent maturation.'®'%% Inter-
estingly, although SCL is required for the onset of
hematopoiesis in the embryo, conditional gene-targeting
studies indicate that SCL is dispensable for the mainte-
nance of adult hematopoietic stem cells.'#7- 189

The role of SCL in erythroid development is supported
by numerous lines of investigation. First, SCL is expressed
at a relatively high level in erythroid precursors and ery-
throid cell lines.'?° 192 Second, overexpression of SCL stim-
ulates erythroid differentiation of murine erythroleukemia
cells and the multipotential myeloid cell line, TF-1.193194
Moreover, forced expression of SCL in human CD34+
cells stimulates formation of erythroid and megakary-
ocyte progenitors and an increase in the size of erythroid
colonies.'% 1% Third, ablation of the SCL gene in adult
hematopoietic stem cells causes erythroid and megakary-
ocytic defects.'®>188189 Notably, the erythroid defects
resemble that of GATA-1 or FOG-1 loss, consistent with
physical and functional interactions between GATA-1, SCL,
and associated proteins. Fourth, conserved, functionally
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important E box motifs are present at numerous ery-
throid genes including EKLF/KLF1, the HS2 core of the B-
globin LCR, Band 3/SLC4A1, Band 4.2/ EPB42, Glycophorin
A/GYPA and the GATAI gene itself.'%5197-202 Tn some cases
these E boxes are juxtaposed to GATA sites, and bind-
ing of both factors is thought to facilitate assembly of a
larger complex containing GATA-1 (or GATA-2), SCL, E2A,
and two non-DNA-binding nuclear proteins, Lmo-2 and
Ldb_l.l(i(),Z()S

SCL complexes can activate and repress transcription in
part through recruitment of coactivators such as p300/CBP
or corepressors such as Sin3A or Eto-2.2429 How these
activities are controlled is unclear, although acetylation of
SCL by PCAE which reduces binding to Sin3A, might play
a role in this process.?’® Moreover, Eto-2 binding to SCL
diminishes during erythroid differentiation, thus changing
the composition of SCL-associated complexes, perhaps tip-
ping the balance in favor of transcriptional activation.?°”208
Transcriptional activation by SCL-GATA complexes also
appears to be enhanced by single-stranded DNA-binding
proteins, which bind and protect Lmo2 and Lbdl from
proteosomal degradation.?”’ Given the combinatorial com-
plexity of SCL- and GATA-1-associated proteins, under-
standing the exact functional interplay among all of these
subunits in vivo remains a long-term challenge.

EKLF and Other CACCC Box-binding Proteins

Functionally important GC-rich elements, also referred to
as CACCC boxes, are found in many erythroid gene reg-
ulatory elements including several globin gene promoters
and the LCR (Chapter 3). The importance of an intact
CACCC box in the B-globin gene promoter is underscored
by the observation that certain thalassemias are associ-
ated with mutations in these elements.?'*-?!'> CACCC boxes,
which vary somewhat in their sequence, are recognized by
a diverse set of transcription factors that share a related
DNA-binding domain composed of three zinc fingers with
homology to the Drosophila melanogaster Kriippel protein
(for reviews see refs. 213-215). These factors include the Sp1
family and proteins related to EKLF (Fig. 4.6).

EKLF is of particular interest to studies of globin gene
regulation because its expression is restricted mainly to ery-
throid cells, with low-level expression in mast cells.?!%2!7
EKLF binds to the B-globin CACCC box with high affin-
ity and mutations found in CACCC boxes of B thalassemia
patients abrogate EKLF binding.?'®

EKLF is Required for B-globin Gene Expression

The presence of numerous erythroid factors that bind
the same CACCC elements suggested considerable func-
tional redundancy at a given promoter or enhancer in vivo.
Therefore, it was surprising to discover that targeted dis-
ruption of the Ekif (KIfI) gene leads to significant loss
of adult-type B-globin expression with resultant anemia
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Figure 4.6. Gel mobility shift experiment showing multiple CACCC box—binding
proteins in erythroid cells. In this assay, CACCC binding proteins present in
nuclear extracts of murine erythroleukemia cells bind a radiolabeled oligonu-
cleotide containing a single CACCC box, retarding its electrophoretic mobility.
Migration of individual protein—-DNA complexes is altered by incubation with
specific antisera, as shown (Pre, preimmune serum). Note the presence of four
major complexes, the most prominent one being Sp1. Despite the low abun-
dance of EKLF in this assay, loss of EKLF function leads to a pronounced defect
in B-globin gene transcription, which cannot be compensated for by other
CACCC box-binding factors (see text). Although gel mobility shift experiments
such as this identify factors that can bind to a CACCC box in vitro, they do not
permit conclusions as to which factor(s) binds to a given CACCC box—containing
promoter in vivo. Photograph provided by Merlin Crossley.

and embryonic lethality of homozygous null animals
at E14-E16.2'92%0 KIflI-'~ definitive erythrocytes exhibit
molecular and morphological features typical of severe
B thalassemia including hypochromia, poikilocytosis and
markedly elevated o/B globin ratio with Heinz body for-
mation and ineffective erythropoiesis. Although EKLF can
be detected at the embryonic B-like globin genes BHI
(Hbb-hhl) and Epsilon (Hbb-y) by ChIP?*! their expres-
sion is unaffected by the loss of EKLE and primitive ery-
thropoiesis appears to be normal in the mutant mice.
Notably, there is a loss of the low, but detectable, lev-
els of adult-type B-globin (beta adult major, Hbb-bl)
in E11 yolk sac.’’® Hence, EKLF appears to be selec-
tively required for high-level expression of adult B-globin.
One mechanism may be to facilitate the formation of
a DNA loop that brings the B-globin gene into contact
with LCR.?’ Recently, EKLF has been found to occupy the
a-globin locus and participate in its expression, although
to a lesser extent than for 3-globin.???

A Role for EKLF in B-Globin Switching

Selective loss of adult B-globin gene expression in mutant
embryos suggested that EKLF might participate in the
switch from vy- to B-globin in humans. Indeed, when
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transgenic mice bearing an extended human (3-globin gene
cluster were crossed with KIfI~'~ mice, the resulting EKLF-
deficient fetal liver cells displayed dramatically reduced
human B-globin levels with a concomitant increase in the
levels of y-globin.??®??* In addition, human v- to B-globin
switching was delayed in KIfI~'* heterozygous mice*** and
accelerated by transgenic overexpression of EKLE?*® These
studies are consistent with a model in which the y- and B-
globin gene promoters compete for the action of the LCR.
Hence, EKLF might contribute to a more stable interaction
between the LCR and the B-globin promoter to accelerate
shutoff of y-globin. y-Globin gene silencing can also occur
independent of a competing B promoter.??°

Loss of EKLF also leads to reduced DNasel hypersensi-
tivity at HS3 and the B-globin promoter of both transgenic
human and endogenous globin loci.?** This suggests that
EKLF might contribute to changes in the chromatin config-
uration at selected sites at the B-globin gene locus. These
alterations might facilitate binding of transcription factors
to DNA or increase the interaction between the B-globin
promoter and the LCR. Alternatively, they might merely be a
secondary consequence of promoter-LCR interactions and
transcriptional activity. The former possibility is supported
by observations that EKLF associates with factors that have
chromatin remodeling activity (see later).

Broader Roles for EKLF in Erythroid Development

Initially, it was believed that EKLF might only regulate
adult-type B-globin gene expression. Subsequent stud-
ies, however, demonstrated that EKLF controls numerous
other erythroid genes. This possibility was raised initially
by experiments showing that enforced expression of +y-
globin fails to rescue the defects in survival and matu-
microarray-based studies examining mRNA expression in
KIf1~'~ erythroblasts identified numerous potential EKLF
targets with important roles in erythropoiesis. These
include genes encoding a-hemoglobin stabilizing protein
AHSP (Eraf), the erythroid membrane skeletal protein
band 4.9, ankyrin, and heme biosynthetic enzymes."? 2?8
In follow-up studies, ChIP experiments demonstrated that
EKLF directly occupies its regulatory regions of Ahsp/Eraf
and Band 4.9 genes in erythroid cells.*!*>229230 Of note,
microarray studies suggested that EKLF functions predom-
inantly as an activator of gene expression. However, EKLF
interacts with corepressor proteins and has been shown to
repress transcription in several experimental contexts.
Recent overexpression and loss of function studies
raised the possibility that EKLF not only promotes erythro-
poiesis, but also suppresses megakaryocyte formation.?*!
This indicates that EKLF might play a role in the devel-
opmental bifurcation between these two lineages from
common bipotential megakaryocyte-erythroid progeni-
tors. One mechanism may be through EKLF-mediated
repression of the gene encoding the megakaryocyte Ets
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nuclear factor Flil, the first candidate target for biologically
relevant EKLF-mediated transcriptional repression.??!

An interesting question remains as to why some ery-
throid genes containing CACC boxes are more sensitive to
the loss of EKLF than others. In particular, adult-type globin
genes require EKLF but the embryonic ones do not, despite
findings that EKLF binds to these genes in primitive ery-
throid cells in vivo.??! This cannot simply be explained by
general loss of EKLF function in a primitive environment
because adult B-globin expression is selectively impaired in
KIfi~'~ primitive erythroid cells.’*’ Early biochemical stud-
ies suggest that this selectivity might be explained by the
higher affinity of EKLF for the B-globin CACCC box when
compared with the y-globin CACCC box.?*? In GAL4 fusion
constructs, however, the activation domain of EKLE but
not that of Sp1, can activate a B-globin—containing reporter
construct in erythroid cells, suggesting that DNA binding
affinity is not the sole determinant of EKLF specificity.>**
In agreement with this interpretation, when the 8- and -
globin CACCC boxes are switched, EKLF still only activates
the B- but not y-globin gene promoter. Hence, the speci-
ficity of EKLF depends, at least in part, on the surround-
ing DNA and protein context of its binding site. It is also
noteworthy that the activation domains of EKLF and other
Kriippel proteins such as Sp1 share no obvious homology,
the former being proline rich and the latter being glutamine
rich, suggesting that they interact with different coactiva-
tor/adaptor molecules.

Posttranslational Modifications of ELKF

Terminal differentiation of MEL cells is accompanied by
dramatic increases in «- and B-globin gene expression,
whereas EKLF protein levels remain largely unchanged.?**
This raises the possibility that EKLF activity might be
subject to regulation by posttranslational modifications.
Indeed, EKLF is phosphorylated at its N-terminal activation
domain, and mutation of the phosphorylation site leads to
reduced activity.>** Furthermore, EKLF is also acetylated by
CBP and p300. CBP and p300 bind to EKLF and stimulate its
activity in transient transfection assays.”*> Although acety-
lation does not alter EKLF DNA binding it does regulate
its interaction with SWI/SNE an adenosine triphosphate—
dependent chromatin-remodeling complex.?* EKLF is also
sumoylated, and this modification appears to be impor-
tant for its function as transcriptional repressor, which may
relate to inhibition of megakaryopoiesis.”*’

EKLF Remodels Chromatin Structure

ELKF interacts with the mammalian SWI/SNF chromatin-
remodeling complex (also referred to as EKLF coactivator-
remodeling complex 1, E-RC1).%*® E-RC1 is required for
EKLF-dependent formation of a DNasel hypersensitive,
transcriptionally active, chromatinized B-globin promoter
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template in vitro. Another mechanism by which EKLF could
modify chromatin structure is by recruiting the acetyltrans-
ferases CBP and p300, similar to what has been described
for GATA-1 (as described previously) and NF-E2 (see later).

EKLF-related Transcription Factors

If EKLF acts at the B-globin gene promoter to partici-
pate in its stage-specific activation, what are the factors
that control expression of the embryonic and fetal globin
genes at their respective CACCC boxes? Candidates include
fetal Kriippel-like factors (FKLFs), which share homol-
ogy to EKLE?*21 FKLFs activate the ¢-, y-, and B-globin
gene promoters in transient transfection assays with the
embryonic and fetal gene promoters showing the strongest
response. This suggests that FKLFs might be important for
embryonic/fetal globin gene expression in vivo. In con-
trast to the globin genes, regulatory regions of several other
erythroid-expressed genes that contain functional CACCC
boxes are not activated by FKLE**

Another major CACCC box-binding activity found in
embryonic yolk sac and fetal liver erythroid cells is basic
Kriippel-like factor (BKLF).?! BKLF is a widely expressed
protein that activates or represses transcription depending
on cell and promoter context. Repression by BKLF is medi-
ated through the association with a corepressor, CtBP2.'%"
Of note, EKLF-deficient erythroid cells display dramati-
cally reduced BKLF levels,?2*?*0 and EKLF directly acti-
vates BKLF expression.?*! In light of the complexity of pro-
teins bound to the B-globin CACCC box, this finding under-
scores the difficulty in directly linking a transcription fac-
tor to a specific target gene in vivo and in interpreting the
phenotype of a gene knockout experiment on a molecu-
lar level. Targeted mutation of BKLF does not dramatically
alter globin gene expression, suggesting that the ELKF null
phenotype is not solely attributable to secondary loss of
BLKE?*? The role of BKLE if any, in regulating g-globin gene
expression remains to be determined.

Spl, which was the first CACCC binding factor to be
cloned, is expressed in a wide variety of cell types. Mice
lacking Spl die approximately day 10 of embryogenesis
with a multitude of defects.”’®> Embryonic «- and B-like
globin genes are expressed normally in the mutant mice,
which was somewhat surprising considering the relative
abundance of Sp1 in erythroid cells. Mouse embryos that
are heterozygous for null mutations in Spl and Sp3, a
related Kriippel protein, exhibit multiple defects in organo-
genesis, including anemia.’** This underscores the com-
plex functional interactions and redundancy of CACC
binding factors for global tissue development, including
erythropoiesis.

It is clear from these previously noted studies that a
formidable effort is required to establish which transcrip-
tion factor operates at any given CACCC box. Combined
gene knockouts are one approach to address this issue.
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Of equal importance will be to investigate further the mech-
anisms by which CACCC factors regulate transcription. The
identification of novel interacting proteins and their analy-
sis in vivo and in vitro will contribute to the understanding
of the function of CACCC box binding proteins.

NF-E2 and Related Proteins

AP-1-like motifs [(T/C)GCTGA(G/C)TCA(T/C)], now called
maf recognition elements (MARESs), are functionally impor-
tant cis elements within HS2 and HS3 of the B-globin
LCR (Chapters XX). Although GATA elements are mostly
associated with the position independence conferred by
the LCR, MAREs contribute to LCR-mediated enhancer
activity.**® Factors binding to MAREs contribute to the for-
mation of DNasel hypersensitivity, suggesting that these
proteins modify chromatin.?*-?*° MAREs are also found
in some nonglobin genes such as those encoding por-
phobilinogen deaminase and ferrochelatase.?%2°! Careful
analysis of these elements led to the realization that they
are bound by an erythroid-specific transcription factor,
called NF-E2.250:252 Affinity purification of NF-E2 from ery-
throleukemia cells identified a simple heterodimer with
subunits named according to their molecular weights: p45
and pl18 (now referred to as MafK).?>*-2°> Both subunits
contain a basic-zipper (b-Zip) domain, which mediates
dimerization and DNA binding. p45 is expressed predom-
inantly in erythroid cells and megakaryocytes, whereas p18
is found in a variety of cell types. It is now appreciated that
both p45 and p18 belong to multiprotein families that are
expressed in distinct but overlapping patterns, generating
a large number of possible combinations of NF-E2-related
protein-DNA complexes in different cell types.

The p45 Family of Proteins

p45 is the founding member of a family of proteins that
contain a region of similarity to the Drosophila Cap’n’collar
(CNC) protein. This family includes Nrf-1 (LCRF1, TCF11),
Nrf-2 (ECH), Nrf-3, Bach1 and Bach2. These proteins bind
DNA as obligate heterodimers with Maf proteins (see later)
(for reviews see refs. 256, 257).

Expression of p45 is restricted to the hematopoietic
system.?>>2% Erythroid cells and megakaryocytes express
high levels of p45 mRNA whereas little or no p45 mRNA
is found in macrophages and B and T cells. This expres-
sion pattern suggests that p45 is a critical regulator of globin
gene expression. Consistent with this idea, the murine ery-
throleukemia cell line CB3, which lacks both functional
alleles of p45, expresses very low levels of a- and B-globin.
Upon introduction of an intact p45 gene, globin gene
expression is restored.?®?> Surprisingly, however, targeted
inactivation of the p45 gene in mice has little effect on ery-
thropoiesis or globin gene expression. In contrast p45 null
mice exhibit a profound defect in megakaryocyte matu-
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ration resulting in severe thrombocytopenia and frequent
fatal hemorrhage.?0%26!

Given the large body of evidence implicating MARE ele-
ments in globin gene transcription, the minimal effect of
p45 gene disruption on erythropoiesis suggested the poten-
tial for compensation by other CNC family members; how-
ever, homozygous disruption of the Nfe2/2/Nrf2 gene does
not reduce globin gene expression in mice,?%? and the com-
bined loss of Nrf-2 and p45 is no more severe than the p45
knock out alone.?>2% Disruption of the NrfI gene causes
anemia and embryonic lethality, but the defect in erythro-
poiesis is not cell autonomous.?*>2% Thus, the exact con-
tribution of each CNC-b-Zip protein to globin gene expres-
sion in vivo remains to be determined.

Bachl and Bach2 are additional p45-related molecules
that bind MAREs as heterodimers with Maf family
members.’’” Bachl is expressed in hematopoietic cells
starting at the earliest progenitor stages.?”2%¢ Bach-Maf
complexes are transcriptional repressors that bind MARE
elements in a heme-regulated fashion.?®® Heme binding to
Bach-Maf complexes stimulates their release from DNA,
export from the nucleus, ubiquitination, and subsequent
proteolysis.>’>?"! In this fashion, Bach transcription fac-
tors provide an elegant mechanism to coordinate heme
availability with gene expression in numerous tissues. For
example, in erythroid cells depleted of heme, Bachl-Maf
complexes bind MARE elements in the - and B-globin
genes to repress their transcription.?’>27

The Maf Family

The small subunit of NF-E2 (p18, MafK) belongs to the Maf
family of proteins, which share homology with the c-Maf
protooncoprotein. The small Maf proteins (MafE MafG, and
MafK) heterodimerize with CNC-b-Zip family and exhibit
distinct temporal and spatial expression patterns. MafG
and MafK are highly expressed in megakaryocytes and ery-
throid cells with a predominance of MafG in megakary-
ocytes and MafK in erythroid cells.?>®2°” Small Maf proteins
lack an activation domain and are thought to stimulate
transcription as heterodimers with CNC-b-Zip (p45-like)
molecules. Small Maf proteins can also form homodimers
on DNA and repress transcription, presumably by compet-
ing with activating transcription factor complexes.’”
Surprisingly, MafK~"~ mice develop normally and dis-
play no obvious defects in erythroid maturation, globin
gene expression, or platelet formation,””> and NF-E2-
like DNA binding activity is still detected in fetal liver
erythroid cells, consistent with the presence of other
compensating Maf family members. Moreover, MafK—/~
p45/Nfe2~~ compound mutant mice exhibit minimal
defects in erythropoiesis.’”> Presumably, other members of
the p45/Nfe2 and MafK gene families can provide sufficient
NF-E2-like activity to support globin production in vivo.
Targeting of the MafG gene produces no obvious defects in
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erythropoiesis, but impairs megakaryocytic differentiation,
although to a lesser extent than in p45 knockout mice.>”

The exchange of partners for Maf proteins is critical for
the control of MARE activity (see later). It has also been
observed that MafG is sumoylated. Mutation of the critical
N-terminal sumoylation sites impairs the ability of MafG to
repress transcription in megakaryocytes but leaves intact its
ability to interact with p45 NF-E2 and activate gene expres-
sion.”™"

Mechanisms of NF-E2 Action

Structure—function analysis of p45 in transient transfec-
tion experiments and in gene complementation assays
using p45 null CB3 cells revealed that full NF-E2 activity
requires an intact N-terminal activation domain and CNC
domain.?**?7® The N terminus of p45 interacts with numer-
ous proteins including CBP/p300,>”® ubiquitin ligase,?%*2!
and the TBP-associated factor TAF1130.%5

As is the case for GATA-1 and EKLF (noted previously),
the implications for NF-E2 interactions with CBP/p300 are
twofold: First, CBP and p300 might link NF-E2 with basal
transcription factors (for review see ref. 283). p45 may also
communicate with basal transcription machinery via inter-
actions with TAF11130.?%? Second, recruitment of CBP/p300
and associated histone acetyltransferase activity to the LCR
and other erythroid gene regulatory elements could pro-
mote the formation of “open” chromatin structure through
histone acetylation. An additional role for NF-E2 in chro-
matin modification is indicated by the finding that NF-
E2 can disrupt chromatin structure on in vitro assembled
chromatinized templates containing the B-globin LCR HS2
site.”®* This adenosine triphosphate-dependent chromatin
opening activity facilitates binding of GATA-1 to its nearby
cis elements. It is not known whether this activity also con-
tains histone acetyltransferases.

The N terminus of p45 harbors two PPXY motifs that
mediate interactions with several ubiquitin ligases.?®"28!
Mutations in these motifs reduce transcriptional activity of
NF-E2,%8! raising the possibility that ubiquitin ligases might
modify nearby histones to regulate chromatin structure. In
addition, NF-E2 interacts with the MLL2 methyltransferase
complex.’® This complex is related to the MLL1 complex
and methylates lysine 4 of histone H3, a chromatin mark
that is found at most active genes. Thus, NF-E2 is linked
with several histone-modifying enzymes, similar to other
transcriptional regulators.

In an erythroid cell line, MafK associates with Bachl in
the immature state and with p45 NF-E2 after chemical-
induced erythroid maturation. Notably, the exchange of
MafK partner proteins was accompanied by redistribu-
tion of coregulator complexes.’®® Thus, components of
the NuRD and SIN3A repressor complexes copurified
with Bachl in immature cells, whereas the p45 NF-E2-
containing complex associated with a transcriptional acti-
vators including CBP/p300. This suggests that MARE
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binding proteins not only function during transcriptional
activation but might also be involved in actively suppress-
ing the expression of globin genes and perhaps other
erythroid-specific genes in immature cells, consistent with
findings that Bach1 binds and represses globin synthesis in
low heme states.?’>273

The onset of high level globin gene expression is coordi-
nated with cellular differentiation and proliferation arrest,
suggesting that these pathways may be mechanistically
linked. Consistent with this idea is that NF-E2 is regulated
by the MAP kinase pathway. In MEL cells, activation of MAP
kinase potentiates NF-E2 DNA binding and transcriptional
activation.”®” In addition, NF-E2 binding sites are required
for MAP kinase inducibility of the HS2 region within the
LCR.?® The p45 subunit of NF-E2 is also phosphorylated by
protein kinase A, but the physiological significance of this
modification is unclear.?®’

It is interesting to consider that signals which trigger
erythroid maturation might act in part by facilitating the
exchange of partners for the small Maf proteins and their
coregulator complexes. In addition, posttranslational mod-
ifications can modulate the activity of MARE binding pro-
teins. For example, similar to certain Maf proteins, p45
NEF-E2 is also subject to sumoylation, which reduces tran-
scriptional activation by impairing the association of NF-E2
with its target sites in vivo.?”* Whether sumoylation of Maf
and p45 NF-E2 can occur simultaneously within the same
complex or whether it is targeted to distinct complexes is
unknown. It is possible that cellular signaling events influ-
ence the targeting of the SUMO modification to the appro-
priate subunit.

In summary, MARE-associating factors are a heteroge-
neous group of proteins with distinct but overlapping func-
tions and expression patterns. As an additional complexity,
MARE factors activate transcription as heterodimers, lead-
ing to increased diversity through combinatorial associa-
tions. The major future challenge is to determine which
combinations of MARE binding proteins act at a given
gene regulatory element in vivo. In particular for ery-
throid biology, it will be important to learn the full com-
plement of NF-E2-like proteins that activate the B-globin
locus during normal erythropoiesis and in the background
of various targeted mutations of MARE binding protein
subunits.

Candidate Nuclear Factors Involved in Globin Switching

One model to account for developmental regulation of
gene expression within the B-globin locus is based on the
principle that individual globin genes compete for B-LCR
enhancer activity, which is available only to a single gene
at any given time.??-?% These competitive interactions are
believed to be influenced by variations in the relative con-
centrations and/or posttranslational modifications of tran-
scription factors that are expressed at all developmental
Stages'25J4,295



Nuclear Factors That Regulate Erythropoiesis

In addition to EKLF and GATA-1, other protein com-
plexes have been invoked to play direct roles in hemoglobin
switching. One example is human stage selector protein
(SSP), which recognizes a DNA motif, termed stage selec-
tor element (SSE), found in the proximal y-globin gene
promoter. SSE was identified through its ability to allow
the y-promoter to function in preference to a linked B-
globin gene in plasmid constructs containing the HS-2 por-
tion of the B-LCR.?%° SSP DNA binding activity appears to
be relatively restricted to fetal erythroid cells. Thus, it is
believed that y-globin synthesis is stimulated in part by
expression of SSP, which binds SSE to impart a competitive
advantage for recruitment of the LCR to the y-promoter.
This is supported by recent studies showing that transgenic
overexpression of the p22 NF-E4 SSP subunit can increase
the ratio of y-globin to B-globin gene expression in mice
carrying the human B-globin locus.?®” The SSE, however,
is neither necessary nor sufficient for competitive inhibi-
tion of B-globin gene expression in immortalized erythroid
cell lines.?%:298.299 Therefore, it is particularly important to
determine the extent to which this cis-acting element influ-
ences y gene expression in vivo.

Another protein complex with potential roles in 8-globin
gene switching is direct repeat erythroid definitive (DRED).
DRED was isolated through its affinity for direct repeat (DR)
elements that cluster near the e-globin and +y-globin pro-
moters and contains the orphan nuclear receptors TR2 and
TR4.%%° Notably, another nuclear receptor, COUP-TFII also
binds the DR elements.*’! DR sequences are of interest
because mutations in this region are associated with sev-
eral cases of hereditary persistence of fetal hemoglobin.*’?
Gain- and loss-of-function studies support a model in
which DRED subunits TR2 and TR4 cooperate to silence
directly endogenous embryonic mouse B-globin genes and
transgenic human embryonic and y-globin genes. As is the
case for studies on SSP, the effects of altered transcription
factor levels on globin gene expression are gradual but not
absolute, suggesting that multiple protein complexes oper-
ate in concert to modulate hemoglobin switching.

Summary and Perspective

Studies of globin gene regulation are paradigms for investi-
gating tissue-specific and developmental control of eukary-
otic gene expression. Therefore, it is no surprise that
pursuit of nuclear factors that coordinate globin gene
transcription has produced a complexity of information
with important implications for a variety of developmental
processes. For example, GATA-1 regulates many aspects
of terminal erythropoiesis and megakaryocyte maturation,
presumably by controlling a number of as yet unidenti-
fied target genes. Moreover, discovery of GATA-1 led to
the identification of several related proteins important for
the formation of hematopoietic stem cells, T lymphocytes,
heart, nervous system, and endodermally derived tissues.
NF-E2, originally believed to be red blood cell specific,
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was shown by knockout studies to be largely dispensable
for globin synthesis and erythroid development, yet crit-
ical for platelet formation. In addition, studies of NF-E2
have focused attention on the large family of MARE binding
proteins that participate in numerous processes including
cognitive development and formation of early embryonic
mesoderm. Likewise, the discovery and characterization of
several Kriippel-related proteins with diverse functions was
initiated largely by studies of globin regulation.

Discovery of numerous tissue-restricted and widely
expressed transcription factors that function in red blood
cells provides a solid foundation for understanding globin
gene expression and erythroid differentiation. The current
challenge is to better understand the mechanistic basis
for transcription factor function in intact organisms.
Presumably, insights will be gained through continued
investigation of the dynamic developmental stage and
tissue-specific regulatory networks that exist among ery-
throid nuclear factors, basal transcription machinery, and
chromatin.

In addition, it is important to examine the hierarchical
order by which transcription factors regulate each other’s
expression. For example, GATA-1 activates its own expres-
sion but represses GATA-2, which may be prerequisite
for terminal erythroid maturation.'”” Prior to repression
by GATA-1, GATA-2 appears to autoregulate.'”” Moreover,
GATA-1 positively regulates expression of the EKLF gene,**®
and EKLF is required for full expression of BKLE??*2*0 Such
cross-regulation imposes a tissue-restricted and develop-
mental order on the erythroid gene expression program.
Analysis of cis-acting regulatory regions of erythroid tran-
scription factor genes is beginning to explore how their
expression is regulated.

One ultimate goal is to exploit basic knowledge of tran-
scription factor function for manipulating gene expres-
sion in the treatment of human diseases. In this regard,
pharmacological alteration of transcription factor-DNA
interactions may be difficult because these usually occur
over extended surfaces and the affinities are usually
high. Transcription cofactor complexes, however, typi-
cally contain one or more enzymatically active sub-
units (adenosine triphosphatases, deacetylases, acetyl-
transferases, and methyltransferases etc.) that might lend
themselves to pharmacological intervention. For example
the drug butyrate, which is used to activate fetal globin
gene expression in patients with sickle cell anemia or B
thalassemia (Chapter 3) inhibits histone deacetylases.***
More potent agents with similar activity are now under
study.>*>3% Histone deacetylase inhibitors have also been
shown to reactivate silenced globin transgenes delivered
by retroviral vectors designed for gene therapy.>’” Together,
these results define an interface through which basic stud-
ies of gene regulation might ultimately impinge on clinical
management of hematological disorders.

Recent genetic association studies indicate that poly-
morphisms in the BCL11A gene influence fetal hemoglobin
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levels significantly. BCL11A encodes a zinc finger nuclear
protein that binds to DNA but can also associate with other
erythroid nuclear factors such GATA-1 and FOG-1. Using
a knock-down approach in human erythroid cells, it was
shown that deplection of BCL11A leads to a significant up-
regulation of gamma-globin expression. These levels could
be therapetatic if achieved in hemoglobinopathy patients.
How BCLI11A regulates gamma globin expression in still
nuclear. Thus, BCL11A represents a newly discovered tar-
get protein for better understanding and manipulating fetal
hemoglobin expression.308-312
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Molecular and Cellular Basis of
Hemoglobin Switching

George Stamatoyannopoulos, Patrick A. Navas,
and Qiliang Li

INTRODUCTION

Hemoglobin switching is characteristic of all animal species
that use hemoglobin for oxygen transport. Most species
have only one switch, from embryonic to adult globin for-
mation. Humans and a few other mammals have two globin
gene switches, from embryonic to fetal globin coinciding
with the transition from embryonic (yolk sac) to definitive
(fetal liver) hematopoiesis and from fetal to adult globin for-
mation, occurring around the perinatal period (Fig. 5.1; see
Chapters 1 and 2). The switch from e- to y-globin pro-
duction begins very early in gestation, as fetal hemoglobin
(HDbF) is readily detected in 5-week-old human embryos,'?
and it is completed well before the 10th week of gestation.
B-globin expression starts early in human development,
and small amounts of adult hemoglobin (HbA) have been
detected by biosynthetic or immunochemical methods
even in the smallest human fetuses studied. In these
fetuses y- and B-globins are present in the same fetal red
cells.” B-chain synthesis increases to approximately 10%
of total hemoglobin by 30-35 weeks of gestation. At birth,
HbF comprises 60%-80% of the total hemoglobin. It takes
approximately 2 years to reach the level of 0.5%-1% HbF
that is characteristic of adult red cells. HbF in the adult is
restricted to a few erythrocytes called “F cells” (see chap-
ter 7).>5 Approximately 3%-7% of erythrocytes are F cells®
and each contains approximately 4-8 pg of HbE®
Hemoglobin switching has been the target of intensive
investigation for two reasons. First, it provides an excel-
lent model for studying the control of gene activity dur-
ing development. Indeed, until the late 1970s, hemoglobin
switching was the only developmental system that could be
investigated in detail at the protein level. Second, under-
standing of the control of switching is expected to lead
to the development of treatments of hemoglobinopathies.
The B-chain hemoglobinopathies, sickle cell disease, and
thalassemia are unique among genetic disorders in that
nature has shown an effective means of treatment: the
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production of HbF that can compensate for the loss of
B-chain activity or can decrease the propensity for sickling.
Research on the cell and molecular control of switching is
expected to lead to discoveries that will cure these disor-
ders through abundant production of HbF in the patient’s
red cells.

CELLULAR CONTROL OF SWITCHING

Before the era of molecular biology, insights on the cel-
lular mechanisms of hemoglobin switching were obtained
through phenomenological observations in human and
animal models and from cell biological studies. The obser-
vation that human fetuses have different hemoglobin than
adults was made more than 100 years ago when it was dis-
covered that the hemoglobin of neonates is alkali resistant.
The observation that amphibia have different hemoglobins
in the embryonic and the adult stages was made in the
1930s when the oxygen affinity of frog and tadpole blood
was examined. The two types of hemoglobin were actu-
ally separated by Svedberg while he was developing the
ultracentrifuge. Hemoglobin switching was more intensely
investigated when the introduction of electrophoretic tech-
niques allowed detailed studies of hemoglobin during the
development of many species. Several questions on the
cellular control of switching were asked during that time
and, amazingly, clonal models of switching (see later)
were proposed even before it became possible to ana-
lyze hemoglobin switching at the protein level. Systematic
investigation of the cellular control of switching, however,
started only when modern methods of cell biology became
available in the 1970s.

Models of Gellular Gontrol

The first models of hemoglobin switching assumed that
it represents an epiphenomenon due to replacement of
hematopoietic stem cell lineages. The model was elo-
quently formulated by the late Vernon Ingram.” To explain
hemoglobin switching in the mouse or in the chicken, it
was postulated that there is an embryonic stem cell lineage
that is committed to embryonic globin gene formation and
this is replaced by an adult stem cell lineage committed
to expression of the adult globin genes. In the case of the
human hemoglobin switching, three lineages were thought
to exist: an embryonic, a fetal, and an adult stem cell lin-
eage. The fetal (y-) to adult (B-) switch was attributed to
the replacement of the fetal stem cell lineage by the adult
stem cell lineage.® ' The transitions in major erythropoi-
etic sites during ontogeny (see Chapter 1) seemed to sup-
port the clonal hypothesis of switching. The clonal hypo-
thesis was also appealing because of the restriction of HbF
in few red cells, the F cells, in the adult blood. When, in
adult individuals, HbF was elevated, the number of F cells
was elevated. Hence it was thought that F cells and A cells
(i.e., cells that did not contain HbF) were derived from two
distinct stem cell lineages.’
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Figure 5.1. Hemoglobin switching in humans and mice. The human € gene is
homologous to murine €y. The +y-globin gene is homologous to Bh1 whereas
the B-globin gene is homologous to murine Bminor and Bmajor.

An alternative model was elaborated in the mid-1970s.'®
It proposed that fetal to adult globin gene switching is not
due to changes in stem cell populations but to changes in
programs of gene expression that occur in the progeny of a
single stem cell population. A fetal program is activated in
the progenitor cells of the fetus and an adult program in the
progenitor cells of the adult.

Finding out which of the two models (i.e., changes in
stem cell populations or changes in programs) is correct
was important from the theoretical and the therapeutic
point of view. In the 1970s it was thought that it was dif-
ficult to manipulate stem cell populations; on the other
hand, it was possible that manipulation of gene expression
programs could be achieved with pharmacological means.
Therefore, a systematic investigation of the two models was
conducted.

The lineage models assume an absolute restriction of
embryonic globins to primitive cells and of adult globins
to definitive cells. During switching in chickens,'? in

87

15

the mouse,”® and in quail-chick chimeras,'®!” there are

cell populations coexpressing both embryonic and adult
hemoglobins. The hematopoietic cells of human embryos
can be used to produce erythroid colonies, each of which
originates from a single progenitor cell; typically, these
colonies coexpress e- and vy -globins.'® ¥ Thus, a single pro-
genitor cell can form progeny producing adult and embry-
onic globins, contrary to the expectations of the lineage
models.

Three types of experiments provided evidence against
the model of replacement of stem cell lineages as an expla-
nation of the y- to B-switch. First, studies of individuals
with clonal hemopoietic stem cell disorders (polycythemia
vera, chronic myelogenous leukemia, or paroxysmal noc-
turnal hemoglobinuria) clearly showed that both F cells
and A cells are produced by a single stem cell clone (sum-
marized in Stamatoyannopoulos and Grosveld). Second,
studies in culture showed that erythroid colonies derived
from single progenitor cells of fetuses, neonates, or adults,
contain both fetal and adult globins.?’ Third, direct evi-
dence came from analyses of somatic cell hybrids pro-
duced by fusion of mouse erythroleukemia (MEL) cells with
human cells. These hybrids initially synthesize only (or pre-
dominantly) fetal human globin, and after 20-40 weeks in
culture they switch to -globin chain formation. Since each
hybrid originated from a single cell, these results provided
direct evidence that y- to B-switching can occur in cells of
a single lineage.”!

It is thus clear that the fetal to adult hemoglobin switch-
ing takes place in the progeny of a single stem cell lineage. It
represents changes in transcriptional environments at the
level of committed cells rather than changes in stem cell
populations “frozen” in a single gene expression program. It
is of interest that despite the extensive evidence, even today
the cellular phenotypes of HbF elevations in the adult are
attributed by some authors to the presence of a fetal stem
cell population in the adult marrow!

The Question of Developmental Clock of Switching

If switching takes place in the cells of a single lineage, how
do these cells know when to switch their globin gene
expression program? Many changes occur during develop-
ment and there is ample evidence that the cell’s microenvi-
ronment can determine the fate of a cell. Initially, inductive
mechanisms were thought to trigger hemoglobin switch-
ing, and several experiments have been done to test
whether changes in the environment of the developing
fetus, especially hormonal changes, are responsible for the
v- to B-switch. The summary of this work indicates that
there is no evidence that there exists a specific environ-
mental signal that is responsible for the switch. On the
other hand, there is evidence that the environment can
influence the rate of the y- to B-switching. Thus, in sheep,
removal of the adrenals abolishes the increase in plasma
cortisol that precedes birth.?” The y- to B-switch in such



88

adrenalectomized animals is delayed, although the animals
are normal with respect to developmental progression.
Administration of cortisol allows the switch to progress with
normal kinetics. Also, external factors can influence the
rate of the y- to B-switch in MEL/fetal erythroid hybrids:
serum deprivation or addition of dexamethasone in the cul-
ture media strikingly accelerates, while addition of butyrate
inhibits, the -y - to B-switch.?*2

Considerable evidence suggests that the rate and the
timing of switching is inherently controlled, perhaps
through the action of a developmental clock type of mech-
anism. Three arguments in favor of a clock-type of mech-
anism will be mentioned here. First, in vivo observations
in humans indicate that the level of HbF in newborns
is related to their developmental age from conception
rather than to the time of birth itself.?>?° Thus, the switch
is independent of the intrauterine or extrauterine sta-
tus of the individual; rather, the degree of developmen-
tal maturity of the fetus determines the rate as well as
the timing of the y- to B-switch. Second, the rate of y- to
B-switching of the MEL/human fetal erythroid hybrids cor-
relates with the age of the fetus from which the human
erythroblasts were derived.?! Thus, hybrids produced using
cells of younger fetuses switch more slowly than do hybrids
produced using cells of older fetuses, as if the human fetal
erythroid cells “know” whether they belong to an early or to
a late developmental stage, and transmit this information
to the hybrid cells. Third, transplantation experiments of
hematopoietic stem cells have been done in sheep to deter-
mine whether the hematopoietic environment can influ-
ence the rate of the switch in transplanted cells. Adult stem
cells were transplanted into fetuses and fetal stem cells into
adult animals, and hemoglobin production in the engrafted
donor cells was monitored. The adult cells transplanted
into fetuses continued to produce adult globin, suggest-
ing that the fetal environment cannot change the program
of the adult cells.”” Transplantation of fetal sheep stem
cells into lethally irradiated adult recipients showed that
the donor cells switch.?® The rate of switching of the trans-
planted fetal cells, however, depended on the gestational
age of the donor fetus, suggesting that switching reflects
the action of a mechanism that in some fashion can count
developmental time.

Presumably, a clock determining the rate of switching is
set sometime during embryogenesis and proceeds to exe-
cute a preset program as development advances. It has
been difficult to test experimentally the molecular basis of
this phenomenon. There are several examples of develop-
mental clocks in drosophila, but these are usually associ-
ated with circadian rhythms. It is difficult to conceive how
a “clock” that can operate for several months (as in the
case of human - to B-globin gene switching) is controlled;
although hypotheses on how cells can count developmen-
tal time have been proposed.?’ The available evidence sug-
gests that the clock of human - to B-switching is located
on chromosome 11.%° It acts in cis and certain findings,*'
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although interpreted differently by these authors, suggest
that the clock may be controlled through sequences located
in the B-globin gene cluster.

MOLECULAR CONTROL OF SWITCHING

The last 20 years have witnessed considerable progress
in the understanding of the molecular control of globin
gene switching. Several tools have been used. Transgenic
mice have provided information on the sequences of the
locus that are responsible for developmental control and
on the mechanisms that control switching in vivo. Tradi-
tional biochemistry and gene cloning techniques have led
to the discovery of trans factors that interact with motifs of
globin gene promoters and the locus control region (LCR).
Essentially, we know today, in very broad terms, the mech-
anisms that regulate globin gene activity during develop-
ment. There is, however, a vast amount of specific informa-
tion that still needs to be learned until the phenomenon is
completely understood at the molecular level.

Regulatory Elements of the £-Globin Gene

In vitro experiments indicate that the CACCC and CCAAT
boxes in conjunction with the GATA sites of the e-globin
gene promoter are required for expression expression.**°
However, it is not known which factors interact with these
sequences in vivo. The CACCC box binds the ubiquitous
factor Sp1,°® but inactivation of Spl in vivo®’ does not
result in defective e-gene expression. Two factors belong-
ing to the erythroid Kriippel-like factor (EKLF)/Spl fam-
ily, designated fetal Kriippel-like factor (FKLF)*® and FKLF-
2,3 have been shown to interact with the e-gene CACCC
box and activate gene transcription in transient expression
assays and in stably transfected red cells. The CAAT box
of the € gene binds CP1; binding of CP1 activates in vitro
gene expression. In the region of the CCAAT box of the
embryonic and fetal, but not of adult, globin-gene promot-
ers there exist direct repeats of a short motif that is analo-
gous to DR-1 binding sites for nonsteroid nuclear hormone
receptors.® In vitro experiments and studies in transgenic
mice have demonstrated that COUP-TE an orphan nuclear
receptor, binds to the DR-1 element of the gene promoter
and acts as a developmental repressor.> The role of the
DR-1 element in e-gene silencing was confirmed in a study
performed in BYAC transgenic mice.’’ Furthermore, this
study demonstrated that the DR-1 element binds a 540-kD
complex named DRED (direct repeat erythroid-definitive),
which contains nuclear orphan receptors TR2 and TR4.%%4!
TR2 and TR4 form a heterodimer and are able to bind to
the - and y-globin gene promoters. In TR2 and TR4 null
mutant mice, silencing of both the €- and y-globin genes
is delayed in definitive erythroid cells. In transgenic mice
expressing a dominant-negative TR4, the & gene is acti-
vated in primitive and definitive erythroid cells.*” Forced
expression of wild-type TR2 and TR4 leads to precocious
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repression of the e-globin gene; however, y-globin expres-
sion is increased in definitive erythroid cells.*? The e-globin
gene promoter also contains a number of GATA sites. Stud-
ies in transgenic mice suggest that when GATA-1 binds at
the —163 or —269 site it acts as a gene activator, but when
it binds to the —208 site it acts as a repressor.”> Several
binding sites for factors that can act either as repressors
or activators in vitro have been identified in the upstream
e-gene promoter.’" "> Sox6, a member of the Sox transcrip-
tion factor family, is able to bind at the proximal promoter
of the mouse ey-globin gene and to silence directly expres-
sion of the gene in definitive erythroid cells.*®*" It remains
to be seen whether Sox6 is involved in the autonomous
silencing of the human e-globin gene in adult erythro-
poiesis.

Regulatory Elements of the y-Globin Genes

Evidence that the y-globin gene promoter contains ele-
ments important for developmental control is provided by
the point mutations that produce phenotypes of hereditary
persistence of fetal hemoglobin (HPFH) (see Chapter 16).
Most of these HPFH mutations occur in transcription fac-
tor binding motifs. Between the CAAT box and the TATA
box of the y-gene promoter there exists a G-rich sequence
designated as stage selector element. This sequence is con-
served in species that express the y gene in the fetal stage,
but diverges in species in which the y-gene homolog is
expressed in embryonic cells.”® A binding activity, called
stage selector protein,’”* binds to this sequence. Stage
selector protein is composed of the ubiquitously expressed
factor CP2 and a recently cloned protein, NF-E4, which is
erythroid specific and activates y-gene expression in trans-
fection experiments in vitro.>! 5

Several proteins bind to the CAAT box region of the
promoter.>>°® CP1, a ubiquitously expressed protein, acts
as a positive transcriptional activator in vitro. CAAT dis-
placement protein (CDP) binds to both CAAT boxes, com-
petitively displacing CP1 and, in vitro, acts as a transcrip-
tional repressor.”® NF-E3 and GATA-1 bind in the CAAT
box region®* 5860 and are considered to act as gene sup-
pressors, but this hypothesis is not supported by experi-
ments in transgenic mice.®' Studies in transgenic mice indi-
cate that the CACCC box plays an important role in gene
expression at the fetal stage of definitive hematopoiesis
when the major synthesis of fetal hemoglobin takes place in
humans.®” FKLF*® and FKLF-2%* bind to the y-globin gene
CACCC box in vitro but their in vivo role has not yet been
determined. As mentioned previously, a DR-1 element is
also identified in the y-globin gene promoter.*>*° The DR-1
binding site is disrupted by the HPFH-117 mutation in sup-
port of the hypothesis that the DR-1 element is implicated
in y-gene silencing.

Other developmentally important sites have been
revealed in the upstream promoter by HPFH mutants. GATA
and octamer 1 sites are located near position —175. The
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—175 HPFH mutation alters the interaction with GATA-1
and removes the binding site for octamer 1,5%% but the
relevance of these in vitro effects to the HPFH phenotype
remains unknown. Several HPFH mutations are located in
the —200 region. This region of the promoter is capable
of forming a triple-stranded structure, which is thought
to be the binding site for a repressor complex that is dis-
placed by the transcription factors that bind to the novel
sequences created by the HPFH mutations mutations.5> %
Other potential binding sites are located further upstream
in the promoter promoter.*®%” Transgenic mouse experi-
ments have localized a potential silencer element in the —
382 to —730 region.®® Also, this region contains a butyrate
response element element.%’ That the —382 to —730 region
may contain a silencer has also been shown by the find-
ing of an HPFH mutation at position —567. This muta-
tion alters a GATA site and in vitro experiments showed a
complete loss of GATA-1 binding,”® a phenotype recapit-
ulated in transgenic mice.”* Chromatin immunoprecipita-
tion experiments using fetal liver tissue from BYAC trans-
genic mice showed a recruitment of GATA-1, FOG-1, and
Mi2 to the -567 GATA site late in fetal development when +y -
gene expression is silenced.”! Mi2 is a member of the NuRD
complex whose functions include nucleosome remodeling
and histone deacetylase activities resulting in transcription
repression.’> "4

An “enhancer” has been located downstream from the
v gene on the basis of transient transfection experi-
ments.” This element contains binding sites for various
transcription factors,’®”” but it appears to have no effect
on v-globin gene expression in vivo.”® In transgenic mice,
presence of this 3’ element protects the y gene from posi-
tion effects,”” %" suggesting that its likely role is stabilization
of the interaction between the y-globin gene and the LCR.

The effects of the three basic cis elements of the y-globin

gene promoter, CACCC, CCAAT, and TATA, on the tran-
scriptional potentials of the promoter at different devel-
opmental stages have been studied in transgenic mice.
Mutations in each box disrupt y-gene expression in adult
erythropoiesis, but have no effect on y-gene expression in
embryonic erythropoiesis.®>8-8 These results imply that
the transcriptional machinery in embryonic and adult ery-
throid cells may differ; thus, an intact promoter is required
for highly effective transcription in adult erythroid cells
whereas a partially defective y-globin promoter can initiate
high levels of transcription in embryonic erythroid cells.

A

Regulatory Elements of the B-Globin Gene

Several factors have been shown to bind in the CAAT box
region of the B-globin gene;**-%° CP1 behaves as a positive
regulator of the CAAT box in vitro. The CACCC box binds
several factors in vitro®” but the protein that appears to be
the most important in vivo is EKLE®®#° The B-globin CACC
box has a higher binding affinity for EKLF than the €- or
v-globin CACC boxes.”



90

Studies using transgenic mice have identified two re-
gions that could enhance B-globin gene expression.?*91-93
An enhancer is located downstream from the poly A site
of the B-globin gene.?"91-% Its deletion markedly decreases
B-gene expression in transgenic mice,’ indicating that
this element plays an important role in B-globin gene
expression. Another enhancer is located in intron 2 of the

B gene.?>%

The B-Globin Locus Control Region

This region is described in Chapter 3 of this book. It is
located 6-25 kb upstream from the e-globin gene and con-
tains a series of developmentally stable DNase I hypersen-
sitive sites.”” %% A large body of data indicates that the activ-
ities of the LCR are mostly localized to the core elements
of the hypersensitive sites, which are approximately 300 bp
long. The regions flanking the hypersensitive site core ele-
ments of the LCR are also important for function. The cur-
rent concept is that the LCR functions as a complex formed
by interaction of the transcriptional factors that bind to the
individual hypersensitive site elements.

The unique property of the LCR is its activating func-
tion, which “opens” the chromatin domain and provides
the possibility for gene transcription. In transgenic mice,
the LCR is recognized by its capacity to confer integration
site- or position-independent expression of a linked
gene.”? 1% Position effects are always overcome by the LCR
in a dominant manner.'"1%° Experiments in knockout mice
have been recently interpreted to indicate that the LCR is
not required for opening the chromatin domain.!’>='%* In
£-y-3-B thalassemia mutants due to LCR deletions,'%~1%
there is total inactivation of the B-locus chromatin and
total absence of transcription of the B-cluster genes in cis.
However, when the LCR is deleted from the endogenous
murine locus by homologous recombination, the globin
genes continue to show some low levels of expression,
and the chromatin of the B locus remains in the open

configuration.!?> 194110 'Why the phenotypes of the LCR
deletions in humans and the LCR knockouts in mice differ
is still unknown.''"'1'2 Among the possible reasons are dif-

ferences in the composition and organization of the murine
and the human LCRs. Alternatively, the total silencing of the
B locus in the human LCR deletions might not be due to the
deletion of the LCR per se, but the juxtaposition to the locus
of heterochromatic regions, located upstream, that silence
the genes of the locus.

The DNase I hypersensitive sites of the LCR have devel-
opmental specificity.!'® This was unequivocally shown in
the studies of transgenic mice carrying 8 locus yeast arti-
ficial chromosomes (YAC mice). Deletion of the core ele-
ment of HS3 in the context of a B locus YAC results in
total absence of e-globin gene expression in day-9 embry-
onic cells,'* suggesting that sequences of the core ele-
ment of HS3 are necessary for activation of e-globin gene
transcription. y-Gene expression in embryonic cells is
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normal, suggesting that a hypersensitive site other than
HS3 interacts with the y promoter in embryonic cells. How-
ever, y-globin gene expression, is totally absent in fetal liver
cells, indicating that the core of HS3 is necessary for y-gene
transcription in the fetal stage of definitive erythropoiesis.
These results are also compatible with the possibility that
the LCR changes conformation during the course of devel-
opment.'*

Molecular Control of Switching

Major insights on the molecular control of switching have
been obtained through studies of transgenic mice. As men-
tioned earlier, in the mouse there is only one switch during
development - the switch from embryonic to definitive
globin gene expression, which coincides with the transi-
tion from yolk sac to definitive, fetal liver, erythropoiesis.
The murine ey and Bhl genes are expressed exclusively in
the yolk sac and they are silenced in the fetal liver where
Bmajor- and Bminor-globin gene expression occurs. The
ey gene is homologous to human & whereas the Bhl is
homologous to human v. Studies of transgenic mice car-
rying human vy- or B-globin transgenes, performed before
the discovery of the LCR, have shown that the human vy
and B transgenes are regulated similarly to their murine
homologous genes (references in Stamatoyannopoulos and
Grosveld?’). Thus, the vy genes, like the murine hl, are
expressed only in the yolk sac cells whereas the B genes
are expressed only in the definitive cells, indicating that all
the elements required for correct developmental regulation
are included in the sequences of the genes or their flanking
sequences.

With the discovery of the LCR, questions arose about
how the globin genes are developmentally regulated in
the presence of this powerful regulatory element. Stud-
ies in transgenic mice revealed that two mechanisms,
gene silencing and gene competition, control hemoglobin
switching.

Globin Gene Silencing

The studies of cis elements and trans factors involved in
turning off the embryonic globin gene provide a good
example of the complexity of the control of gene silenc-
ing during development. e-Globin gene expression is totally
restricted in the embryonic yolk sac cells and its develop-
mental control is autonomous, that is, all the sequences
required for silencing of the & gene in definitive ery-
thropoietic cells are contained in the sequences flank-
ing the gene.!'>'1® Regulatory sequences mediating this
autonomous silencing have been mapped to the distal and
proximal e-gene promoter.'%-43.44 117,118

Controversy has been generated with the studies of a
putative negative regulatory element initially identified in
the upstream gene promoter by using transient transfec-
tion assays.'!? This element is located between —182 and
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€-gene
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Figure 5.2. Globin gene silencing. The middle diagram shows the sequence of the upstream gene

promoter, which when deleted results in continuation of -y -gene expression in the adult. The lower
diagram shows the binding sites for transcriptional factors contained in this silencer.
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adult erythroid cells. The function of this
sequence of the e-gene promoter is thus
still unclear. As mentioned earlier, COUP-TF
and/or DRED binding in the DR repeats
near the CAAT box has suppressive effects
and there is evidence that sequences hav-
ing silencing properties are located further
upstream in the e-gene promoter.

The mechanism that turns off the y-globin
gene has been more difficult to determine.
Initially, the silencing of the y gene was
attributed solely to gene competition.!?* !
Other experiments in transgenic mice
suggested that the gene turns off solely
through an autonomous silencing mecha-
nism.'?® It seems that autonomous silencing
is the main mechanism whereby the y genes
are turned off during development. Evidence
was provided by two types of experiments.
First, in transgenic mice carrying BYAC

—467 bp from the initiation site and contains three bind-
ing motifs: a GATA site at —208, a YY1 site at —269, and
a CACC motif at —379*>'%0 (Fig. 5.2). Deletion of the ele-
ment resulted in € gene expression in the red cells of adult
transgenic mice carrying an € gene with an upstream micro
LCR."?! Disruption of either the —208 GATA-1 or the —269
YY1 binding site also resulted in e-gene expression in adult
transgenic mice.”® Presumably, several transcriptional fac-
tors interact to form the silencing complex and disruption
of any of these factors results in inhibition of silencing.
e-Gene silencing, therefore, is probably combinatorial
(Fig. 5.3). The fact that GATA-1 binding at —208 results in ¢-
gene suppression was subsequently shown using a binary
transgenic mouse system: Overexpression of GATA-1 in
transgenic mice carrying a human B locus

YAC resulted in a specific decrease of human

e-globin expression.'?? The function of this

e-gene silencer was, however, questioned by -379

studies in transgenic mice containing an
intact human B-globin locus. Thus, deletion — -367

constructs from which the B gene has been
deleted,'?” the y genes turn off after birth, even though the
B genes are absent, thus arguing against the hypothesis
that vy -gene silencing is solely the result of competition for
trans factors and/or the LCR by the g gene. Second, when
the B-globin gene is placed close to the LCR, it is expressed
throughout development.'?®'?° When the y gene is placed
in the same position, it is expressed in the embryonic and
the early fetal liver cells, but it is turned off postnatally, as
expected if y-gene silencing is autonomous.'?’ However,
the story is not that simple: other transgenic studies'®’ as
well as the increase in y-globin gene expression in patients
with B thalassemia due to B-gene promoter deletions,’
suggest that competition by the B-gene promoter, in addi-
tion to autonomous silencing, contributes to the turning
off of the y-globin gene.

€-gene expression

-269 -208 .
in adult

of a portion (125 bp) of the sequence of the
¢ silencer in a BYAC construct did not lead
to expression of the € gene in definitive ery-

*E

SP1

. -182 0

GATA-1  GATA-1 GATA-1

thropoietic cells.” In contrast, the deletion
resulted in a significant decrease of e-gene

expression in the yolk sac, suggesting that
the deleted sequence could harbor a cryptic

activity that is required for stimulation of e-
globin RNA synthesis. Transgenic mice car-
rying a BYAC construct harboring a slightly

larger (224 bp vs. 125 bp) deletion of the
silencer'?® had no abnormalities in e-gene
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expression in either embryonic or in defini-
tive erythropoietic cells, and there was no
continuation of e-gene expression in fetal or

Figure 5.3. Evidence that the silencing of the € gene is combinatorial. Mutations that affect binding
of GATA-1 at —208 or YY1 at —269 or a CACCC binding protein at —379 result in continuation of
€-globin gene expression in the adult. Other transcriptional factors involved in silencing include
COUP-TF that binds to the DR-1 element near the gene’s CAAT box.
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Figure 5.4. Model of the competitive control of hemoglobin switching. “S”
indicates the activity of a silencer element.

Gene Competition

The initial observation that led to the formulation of the
competition model was made in transgenic mice carrying
either the y- or the B-globin gene or both genes linked to
the LCR. When the genes were alone, developmental con-
trol was lost. When the genes were linked together, devel-
opmental control was restored. Such findings led to the
proposal that the y-globin gene is regulated through com-
petition with the B-globin gene and vice versa.'>*1?° The
hypothesis is that in the embryonic stage, the LCR interacts
with the e-globin gene; the downstream genes are being
turned off competitively. In the fetus, the € gene is silenced,
and the LCR interacts with the Sy and *y genes. In the adult,
the y genes are silenced, and the LCR now interacts with the
B-globin gene, the last gene of the locus (Fig. 5.4).

Two conditions influence the probability of interaction
of a gene with the LCR: the prevailing transcriptional envi-
ronment and the distance from the LCR. Among the trans-
acting factors that are likely to facilitate the interaction of
the LCR with the y- or B-gene promoters is EKLF and per-
haps other factors of the KLF/SP1 family. In addition to the
trans-acting factors, gene order and proximity to the LCR
are important in determining a gene’s competitive advan-
tage for interaction with the LCR.'3"!%? The closer the gene,
the higher is the advantage. Its placement at the 3’ end of
the locus might explain why the B gene is totally shut off in
embryonic cells when it is located in its normal chromoso-
mal position, whereas it is always expressed in the embryo
ifit is placed next to the LCR.

In situ hybridization methods have allowed the visual-
ization of the interaction of globin genes with the LCR.'%% 133
This element interacts with only one promoter of the locus
at a given time, and switching essentially represents a
change in frequency of interaction of the LCR with either
the y- or the B-gene promoter. Results from newly devel-
oped technologies, such as 3C'** and RNA trap assays,
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demonstrate that actively transcribed globin genes are
located in proximity to the LCR, suggesting that a chro-
matin loop is formed when a globin gene is enhanced by the
LCR.!%5-137 The formation of the loop between the LCR and
the B-globin gene requires erythroid-specific trans-acting
factors EKLE GATA-1, and its cofactor FOG-1, but not NF-
E2.138-10 Binding of these factors to their cognate cis ele-
ments is not sufficient for loop formation,'® and bind-
ing of trans-acting factors represents an independent event
that occurs prior to loop formation.'*® Thus, although EKLE
GATA-1, and FOG are indispensable for loop formation,
they use a complex pathway to regulate the process.

Control of HbF in the Adult

One of the most interesting characteristics of human «- to
B-switching is its leakiness and the continuation of synthe-
sis of small amounts of HbF in the adult. This has been
known since the time the alkali denaturation method was
used for HbF quantitation, but its significance was only
realized when immunofluorescent methods were used to
stain peripheral blood smears. These methods were first
applied in the mid-1960s and they were rediscovered in
the 1970s. It was then realized that this residual y-globin
expression is restricted to a minority of cells, the F cells.
The question was then raised about how these F cells are
formed. Initially, clonal hypotheses (reviewed earlier in this
chapter) were proposed to explain the origin of F cells:
They could be the progeny of fetal stem cell clones. Major
insights into the understanding of the control of HbF in the
adult were obtained through analyses of HbF expression
in erythroid cultures and through observations in patients
with activated erythropoiesis.

The first clue on mechanisms came from studies in
erythroid cultures, which showed that high levels of HbF
are characteristic of colonies produced by erythroid burst-
forming units (BFU-E) of adult origin.'*'*! In erythroid cells
of these colonies, HbF was not uniformly distributed but
the colonies were usually composed of erythroblasts that
contained both HbF and HbA, and erythroblasts that con-
tained only HbA. These observations were interpreted to
indicate that the production of F cells was related to the
phenomenon of erythroid cell differentiation.'?

The second clue on mechanisms came from studies
showing that rapid regeneration of the erythroid marrow
induces F-cell production (reviewed in Stamatoyannopou-
los et al.'*?). For example, increased F-cell production is
characteristic of bone marrow regeneration following bone
marrow transplantation,'® or following recovery from the
aplastic phase of erythroblastopenia of childhood,'*® or fol-
lowing chemotherapeutic ablation of the bone marrow,'**
and following acute hemolysis.!”® Experimental acute
bleeding in baboons activated y-globin production.'#>146
Acute phlebotomy and decrease of hematocrit in humans
stimulated F-cell production.'*® Proof that acute erythro-
poietic stress can induce HbF production was obtained
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when baboons were treated with high doses of recombinant
erythropoietin: These animals responded with striking ele-
vation of F-cell production.'*" 148

It should be mentioned that in contrast to the consis-
tent activation of HbF in acute erythropoietic expansion,
with the exception of hemoglobinopathies and congeni-
tal hypoplastic anemias, there is no elevation of HbF in
most patients with chronic anemias.'”® Administration of
low doses of erythropoietin to baboons increases the hema-
tocrit but fails to induce HbE'"" Following acute bleed-
ing, there is a surge of F-reticulocyte production, but when
chronic anemia is instituted, the number of F-reticulocytes
falls.!*>1%6 The difference in the rates of F-cell formation
between acute and chronic erythropoietic stress provided
strong evidence that the kinetics of erythroid regeneration
determine whether a cell will become an F cell or an A cell.

The mechanism proposed to explain the induction of
HbF in response to erythropoietic stress assumes that early
progenitors encode a program allowing expression of fetal
globin genes, but this program is changed to one allowing
only adult globin expression during the downstream differ-
entiation of erythroid progenitor cells (Fig. 5.5).!%!°0 Pre-
sumably, the earlier progenitor cells contain a combination
of trans-acting factors that favors y-globin gene expres-
sion, whereas the late progenitors have a combination
of trans-acting factors that favors B-globin gene expres-
sion. F cells are produced when earlier progenitors become
committed to terminal differentiation prematurely.'*® In
acute erythropoietic stress, the accelerated erythropoiesis
increases the chance of premature commitment of early
progenitors, resulting in increased production of F cells.
Experimental evidence in support of this hypothesis was
obtained by daily measurements of erythroid progenitor
pools in baboons treated with high doses of recombinant
erythropoietin.'*® The major effect of erythropoietin in vivo
is an acute expansion of colony-forming unit (CFU-E) and a
mobilization of BFU-E. Umemura et al.'*® showed that fol-
lowing the administration of high doses of erythropoietin,
an increase in F-programmed CFU-E accounts for almost
all of the expansion of CFU-E. The increase in these F-
programmed CFU-E is followed by a striking increase in
F-positive early erythroblasts, which precedes the appear-
ance of F reticulocytes in the circulation.'*®

THE CONCEPTUAL BASIS OF PHARMACOLOGICAL
INDUCTION OF FETAL HEMOGLOBIN SYNTHESIS

The pharmacological induction of HbF synthesis was a
direct consequence of the studies on the cellular control
of HbF production in the adult. Cytotoxic drugs were ini-
tially used to test, in primates, whether acute regeneration
will induce HbF synthesis in the adult. The use of cyto-
toxic drugs in patients with sickle cell disease or with 3 tha-
lassemia followed.

The origin of the use of cytotoxic drugs for HbF indu-
ction can be traced to the debate about the mechanism
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Figure 5.5. Model of regulation of fetal hemoglobin and F-cell production in the
adult following acute erythroid regeneration or treatment with cytotoxic drugs
such as hydroxyurea.

whereby 5-azacytidine stimulates HbF production. To test
the hypothesis that DNA demethylation can activate -
globin gene expression, DeSimone et al.’! treated anemic
juvenile baboons with escalating doses of 5-azacytidine; a
striking augmentation of HbF production was observed.
Induction of HbF synthesis was subsequently demon-
strated in B thalassemia patients treated with 5-
azacytidine.'®” At this stage, a debate about the mechanism
of this phenomenon started. 5-azacytidine, a cytotoxic
compound, is expected to kill the most actively cycling
erythroid cells. The resulting decrease in late erythroid
progenitor cells could trigger rapid erythroid regeneration
and induce F-cell formation. Therefore, it was argued that
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the induction of HbF was not simply due to the demethy-
lating effect of 5-azacytidine but to its cytotoxicity that
triggers secondary erythroid regeneration. Measurements
of erythroid progenitor cell pools in baboons treated with
5-azacytidine supported this hypothesis.'>?

To test whether cytoreduction and the ensuing sec-
ondary erythroid regeneration were the cause of HbF
induction by 5-azacytidine, Papayannopoulou et al.'** ask-
ed whether other cytotoxic compounds producing ery-
throid regeneration but not DNA demethylation would also
induce F-cell formation. Baboons were treated with cyto-
toxic doses of ara-C and responded with striking eleva-
tions of F reticulocytes, with kinetics indistinguishable from
those elicited by 5-azacytidine.'>® Induction of y-globin
gene expression was also observed in monkeys or baboons
treated with hydroxyurea.'>* ' Vinblastine, a cell cycle-
specific agent that arrests cells in mitosis, also produces
secondary erythroid regeneration and stimulates HbF syn-
thesis in baboons.!* Following these studies, hydroxyurea
was used for induction of HbF production in humans (see
Chapter 30). Although other hypotheses for the mecha-
nisms of action of hydroxyurea have been proposed, its
activation of HbF synthesis through stimulation of ery-
throid regeneration is broadly accepted, although the ini-
tial rational for using cytotoxic drugs for stimulation of HbF
production has been forgotten.'>"~159

Short-Chain Fatty Acids

The seminal observation that eventually led to the discov-
ery that short-chain fatty acids induce the synthesis of HbF
was the finding by Perrine et al.'®’ that the y - to B-switch is
delayed in infants of diabetic mothers. Perrine and cowork-
ers hypothesized that a metabolite in the blood of diabetic
mothers was responsible for this finding and, using exper-
iments in clonal erythroid cell cultures, they showed that
v-aminobutyric acid, which is elevated in the blood of dia-
betic mothers, is an inducer of HbF production.'®! Sub-
sequent studies showed that butyrate stimulated +y-globin
chain production in adult baboons,'®> and it induced -
globin gene expression in erythroid progenitors of adult
animals or of patients with sickle cell anemia.'®> 1% Sev-
eral other short-chain fatty acids were found to increase
HbF in adult BFU-E cultures and in baboons.!* 6% Deriva-
tives of short-chain fatty acids such as phenylbutyrate!®®
and valproic acid'®'%” induce HbF production in vivo.
Increased levels of HbF were also recorded in patients with
metabolic disorders resulting in accumulation of short-
chain fatty acids.'6®'%° Butyrate and various short chain
fatty acid derivatives have been used in a number of clin-
ical trials (see Chapter 30).

The induction of HbF production by short-chain fatty
acids is very interesting from the practical and biological
points of view. The practical significance lies in the fact
that there are very large numbers of short-chain fatty
acid derivatives that are potential inducers of HbF syn-
thesis.'”"17! Therefore, there are ample opportunities for
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discovering HbF inducers that can be administered orally
and are more potent than butyrate.

The prevailing hypothesis is that short-chain fatty acids
activate y-globin gene expression through inhibition of his-
tone deacetylases. Histone acetyltransferases catalyze his-
tone acetylation through the transfer of acetyl groups to
lysine residues of the core histones.'”?> 17 It is believed that
histone acetylation leads to gene activation by weaken-
ing the binding of histones to nucleosomal DNA, which
makes the DNA subsequently accessible to transcription
factors.!”> Conversely, histone deacetylases are believed to
largely mediate gene repression, as deacetylation of his-
tones would allow the histone to bind more tightly to the
nucleosomal DNA and displace transcription factors. Thus,
histone deacetylase inhibitors may induce +y-globin gene
activity by increasing the accessibility of chromatin around
the y-globin gene promoter to activating transcription fac-
tors. The exact mechanism whereby the short-chain fatty
acids affect gene transcription remains unknown. Stud-
ies in transgenic mice are compatible with the assump-
tion that the stimulation of HbF synthesis reflects inhibi-
tion of silencing rather than activation of transcription,'”®
but the evidence is indirect. It is obvious that the delin-
eation of the mechanisms of stimulation of HbF synthe-
sis by short-chain fatty acids will provide new insights
into the control of silencing or activation of y-globin gene
expression.

Role of the BCL11A Locus

Recent studies have identified the BCL11A locus as a
major locus regulating the levels of fetal hemoglobin in B-
thalassemia or sickle cell disease. A SNP located in the sec-
ond intron of the BCL11A gene was found to be correlated
with HbF levels in patients with B-thalassemia suggesting
that this genetic polymorphism is an important indicator
of disease severity.!”1® The BCL11A gene encodes three
isoforms of a multi-zinc finger transcription factor and is
developmentally regulated such that only the two largest
isoforms (X and XL) are exclusively expressed during adult
erythropoiesis.!”” BCL11A binds to GG-rich motifs and has
been shown to function as a transcription repressor.'%% 181
BCL11A knockdown experiments in adult erythroid pro-
genitor cells resulted in a dramatic increase in F-cells num-
bers and HbF levels suggesting that BCL11A is involved in
v-globin gene silencing.!” Chromatin immunoprecipita-
tion experiments showed that BCL11A directly binds to sev-
eral locations of the B-globin locus in adult erythroid pro-
genitor cells.'” Electromobility shift assays using extracts
from BCL11A over expressing K562 cells showed BCL11A
binding to a GGCCGG motif at position —56 to —51 of the
Gy gene promoter.'®?> Collectively the studies of patients
and the biochemical investigations strongly suggest that
BCL11A acts as a stage specific repressor of y -globin expres-
sion. Thus, BCL11A has emerged as an attractive target for
reactivation of HbF in patients with B-thalassemia or sickle
cell disease.
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Structure and Function of Hemoglobin
and Its Dysfunction in Sickle Cell Disease

Daniel B. Kim-Shapiro

INTRODUCTION

Hemoglobin has evolved to be an efficient oxygen (O;)
transporter. Its function, understood in terms of a two-state
model of allostery, serves as a paradigm for many other pro-
teins. A single B-globin gene (HBB glu6val) point mutation
resulting in sickle hemoglobin (HbS) is the proximate cause
of sickle cell disease (Chapter 19). The primary cause of
the disease is HbS polymerization that injures and deforms
the sickle erythrocyte, causing many pathological conse-
quences discussed elsewhere in this book.

STRUCTURAL ASPECTS OF HEMOGLOBIN

Hemoglobin is a 64-kD, nearly spherical protein with a
diameter of approximately 5.5 nm. Its three-dimensional
structure was solved by Max E Perutz who discussed the
molecular anatomy and physiology of hemoglobin in the
first edition of this book.! It is a dimer of dimers, with two
o subunits and two B subunits (Fig. 6.1). The « chains have
141 amino acid residues and the 8 chains have 146 residues.
Each of the « and B chains resemble each other closely in
both secondary (« helical) and tertiary structure. Moreover,
even though the primary amino acid sequence is different,
each subunit also resembles myoglobin, a heme-containing
globin having only one subunit in both secondary and ter-
tiary structure. Generally, nonpolar groups are found in the
interior of the subunits and polar residues are found on
the surface. The SH group of the cysteine at position 93 of
the B chain is exposed to solvent in the oxygenated form
of hemoglobin, but it is partially hidden when hemoglobin
is deoxygenated. This is due to the change in quaternary
structure of the protein when hemoglobin binds O,. One
af dimer rotates approximately 12° with respect to the
other and moves approximately 0.1 nm along the rotation
axis.

Each of the subunits of the tetramer contains a heme
prosthetic group (Figs. 6.1 and 6.2). Hemes are attached
to the globin protein via a histidine side chain (Fig. 6.2).
Heme is an iron-containing protoporphyrin IX, a tetrapyr-
role with an iron atom at its center. The iron is usu-
ally ferrous, having a valency of +2. It can be oxidized
to the ferric form (+3) and is then commonly referred to
as methemoglobin. In the ferrous form, the heme group
can bind to gaseous ligands including O,, CO, and NO
and can also bind alkylisocyanides.” In the ferric form,
hemoglobin does not bind to O, or CO. It binds to NO,
but with a much lower affinity than ferrous heme. Fer-
ric hemoglobin also reversibly binds nitrite, nitrate, azide,
and binds to cyanide very tightly, forming cyanomethemo-
globin.

In addition to the heme group, there are several other
sites within hemoglobin through which it interacts with
small molecules. Bisphosphoglycerate (BPG) and inositol
hexaphosphate (IHP) bind in the central cavity of hemo-
globin, crosslinking the four subunits. The B-93 cysteine
binds N-ethylmaleimide, iodoacetamide, and nitrosonium
ion (NO™), the latter forming S-nitrosated hemoglobin or
SNO-hemoglobin. Carbon dioxide binds to the terminal
amino groups.

NORMAL HEMOGLOBIN FUNCTION

Oxygen Transport

The primary function of hemoglobin is to transport O, from
the lungs to the tissues. The pressure and solubility of O, in
liquids make it such that only 200 nmol/L, at most, could
be carried by blood in the absence of an O,-carrying pro-
tein such as hemoglobin. Whole blood contains approx-
imately 10 mmol/L hemoglobin (in heme), thus greatly
increasing the O,-carrying capacity of blood. The ability
of hemoglobin to transport O, effectively is illustrated by
plotting its fractional O, saturation (hemoglobin bound
to O,/total hemoglobin) against O, pressure (Fig. 6.3).
Hemoglobin binds O, cooperatively, a phenomenon dis-
covered by Christian Bohr, the father of the famous physi-
cist Niels Bohr.? Cooperative binding means that the affin-
ity of a hemoglobin tetramer for O, increases as more O,
is bound. Myoglobin binds O, noncooperatively. In Figure
6.3, we see that at pressure of 20 mm Hg (close to that
of metabolically active tissue), myoglobin is almost com-
pletely saturated with O,, whereas hemoglobin is less than
40% saturated. Thus, hemoglobin has a lower affinity for
O, at this pressure. As the O, pressure is raised to 90 mm
Hg, which is close to that in the lungs, both hemoglobin
and myoglobin are fully saturated with O, so that the
hemoglobin-0, affinity has caught up to that of myoglobin.
If myoglobin were contained in red blood cells instead of
hemoglobin, then the red blood cells would be fully O,
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Figure 6.1. Ribbon diagram of a sickle cell hemoglobin tetramer. Each of the
four subunits is shown in a different color. Four heme groups (yellow-orange)
are shown with an iron (red) atom in the middle. The valine residues result-
ing from the single point mutation causing sickle cell disease are shown at
the B6 position on each B subunit (purple). The molecule is shown looking
down the axis where 2,3 bisphosphoglycerate binds. Except for the sub-
stitution of valine for glutamate, normal HbA would appear the same as
the molecule shown. (The illustration was derived from the Protein Explorer
(http://www.umass.edu/microbio/rasmol/) and data from the Protein Data
Bank.) (See color plate 6.1.)

loaded in the lungs, but they would not release sufficient
O, in the tissues. By combining four myoglobin-like chains
into a single tetramer, hemoglobin is able to function as an
efficient O, transporter.

Figure 6.2. Close up of oxygen bound to the heme. Looking down the heme,
the iron atom (yellow-orange) is shown bound to an oxygen molecule (red). The
proximal histidine side chain is also shown bound to the iron and the distal histi-
dine is also clearly visible on the other side of the proximal one. (The illustration
derived from the Protein Explorer (http://www.umass.edu/microbio/rasmol/)
and data from the Protein Data Bank.) (See color plate 6.2.)
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Figure 6.3. Hemoglobin and myoglobin oxygen binding curves. The myoglobin
oxygen binding curve was drawn according to Equation 6.1 with Psq taken as
2 mm Hg. The hemoglobin oxygen binding curves were drawn using Equation
6.2 with n = 2.8 and P5, taken as 26 mm Hg at pH 7.4 and as 35 mm Hg for
pH 7.2. (See color plate 6.3.)

The myoglobin O, saturation, Y, as a function of O, pres-
sure can be described by the simple relation

Mb02 p02

= = 1
Mb02 + Mb pOz + P50 ’ ©.1)

where pO, is the O, pressure and Ps is the O, pressure
where Y = 0.5 (the myoglobin is half saturated with O3).
The hemoglobin O, saturation dependence on O, pressure
is more complicated and can be described by

_ HbO; _ (pO,)™
HbO, + Hb  (pO,)" + (Pso)™’

where the exponent n is called the Hill coefficient. The
Hill coefficient describes the degree of cooperativity in O,
binding. For myoglobin, where there is no cooperativity,
n = 1. For hemoglobin, several factors could affect the value
of n, but it is usually found to be approximately 2.8 under
normal conditions.

The ability of hemoglobin to bind O, cooperatively is
well-described in terms of a two-state model developed by
Monod, Wyman, and Changeux (MWC).? According to the
model, there are two states of hemoglobin defined by the
quaternary structure: the relaxed, high-O, affinity R-state
and the tense, low-O, affinity T-state. When hemoglobin is
completely deoxygenated, it is essentially all in the T-state
and thereby has a low affinity. As O, binds, a hemoglobin
tetramer that has 2-3 O, molecules bound will be likely to
undergo the allosteric transition to the R-state, gaining a
higher affinity for O,. Thus, the allostery, whereby binding
at one heme site affects binding at another site, explains the
cooperative O, binding of hemoglobin.

One of the beautiful aspects of the MWC model is its sim-
plicity. It is assumed that the affinity of a particular subunit
heme group is only a function of the quaternary state (R
or T) of the tetramer. Only three parameters are needed to
apply the model. These are Kg, the R-state association con-
stant; Ky, the T-state association constant; and L, the qua-
ternary equilibrium constant between unligated tetramers
(how much T-state there is vs. R-state in the absence of O, or

Y (6.2)
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Figure 6.4. Fraction of hemoglobin states. The fraction of each state is plotted
vs. hemoglobin oxygen saturation. Only the species Ty, T, Rs, and R4 are
present at large enough fractions to be visible. At zero oxygen saturation the
hemoglobin is virtually all in the Ty state and at 100% oxygen saturation it is
all in the R4 state. The parameters used were L = 2 x 10°, ¢ = 0.001, and
Ky = 1/(75 mm Hg). (See color plate 6.4.)

other ligands). The equilibrium constants between Ry and
Ty are determined by Lc*, where x represents the number of
ligands bound (so R3 is a hemoglobin molecule with three
ligands bound in the R quaternary state) and ¢ = Kr/Kg.
As hemes in R-state hemoglobin have a much higher affin-
ity than T-state hemes, the only species that are effectively
present at any O, tension are Ty, R4, T}, and Rs (Fig. 6.4).

The phenomenon of allostery, action at a distance,
whereby binding at one heme site affects the affinity at
another is explained by motions of the heme iron coupled
to the globin and communicated to other subunits via salt
bridges and other interactions.>® When O, binds to the
heme iron, the iron moves approximately 0.05 nm into the
plane of the heme, pulling along the proximal histidine.
This movement is transmitted to the subunit interfaces and
leads to disruption of the salt links. Binding of the first O,
molecule to hemoglobin is the most difficult because the
many salt links must be broken. As these salt links break,
the (tense) tetramer relaxes so that there are fewer salt links.
At this point, binding of O, to the R-state molecule is easier.
This relative “relaxed” nature of R-state hemoglobin is evi-
denced by the fact that the dissociation constant for ligated
hemoglobin tetramers into dimers is approximately 1 mM
but deoxygenated (T-state) hemoglobin has an extremely
low tendency for dimer formation.

The MWC-Perutz model is supported by a large amount
of theoretical and experimental evidence.” One of the key
elements comes from kinetics studies showing that the rate
of ligand binding by a heme depends on the quaternary
state of the hemoglobin and not on the number of ligands
bound.? The equilibrium constant describing the ligand
affinity, such as that plotted for O, in Figure 6.3, depends
on the rate of association and dissociation, K = ky,/k,y. The

cooperativity in equilibrium binding of O, to hemoglobin
is mainly due to the differences in the rate of O, dissocia-
tion, that is approximately 100 times slower for R-state than
T-state, rather than differences in the rate of O, associa-
tion, that is approximately 10 times faster for R-state than
T-state.” 10

Several compounds greatly affect the ligand-binding
properties of hemoglobin. These are classified as homo-
tropic effectors (those that effect like ligands) and hetero-
trophic effectors, such as BPG, protons, chloride, and phos-
phate. Without BPG, the P5y of hemoglobin (partial pressure
of O, at which the hemoglobin molecule is half saturated)
for O, binding would be approximately 2 mm Hg, rather
than approximately 25 mm Hg. According to the MWC-
Perutz model, effectors alter the ligand binding by affecting
L. BPG binding in the central cavity stabilizes the T-state.
N-ethylmaleimide or NO* binding at the 93 cysteine sta-
bilizes the R-state. Thus, SNO-hemoglobin has a higher O,
affinity than hemoglobin that is not nitrosated.!’ Lowering
the pH also stabilizes the T-state, so that more O, can be
given off under acidic conditions (Fig. 6.3).

The two-state MWC-Perutz model is capable of explain-
ing many of the phenomena associated with ligand bind-
ing. When applied with more rigor to a variety of phe-
nomenon, however, the need for modification is clear. This
should not be a surprise as hemoglobin is not a homo-
tetramer. Thus, a clearly necessary modification of the
MWC-Perutz model is to account for chain differences.'?'*
The a subunits have a higher equilibrium affinity for O,
than the B subunits, mainly due to faster dissociation rates
from B subunits.'”'* These differences in chain affinities
are not consistent with a strict interpretation of a two-state
model in which the ligand affinity is only a function of qua-
ternary state (T or R). A further, commonly accepted mod-
ification involves a slight cooperativity within o dimers in
the T quaternary state.'”'° This modified two-state model
is sufficient to explain a large variety of quantitative equi-
librium and kinetic data. Exceptions to these have lead to
further extended or alternative models.!°-!%

The effect of hemoglobin binding of gaseous ligands on
O, affinity is particularly interesting. CO, reduces the ligand
affinity of hemoglobin, similarly to protons. This combina-
tion leads to effective O, delivery to metabolically active tis-
sue. When NO is bound to the a subunits forming a nitrosyl
hemoglobin, it acts as a negative allosteric effector, lower-
ing the O, affinity of the § subunits.’ This is an example of
how, in some cases, hemoglobin function at vacant hemes
is dependent on the subunits to which ligand is bound and
the type of ligand. Thus, a nitrosyl hemoglobin function is
not consistent with the MWC-Perutz model.

The two-state model is formulated in terms of two
structures obtained from x-ray crystallography. In 1992,
a new crystal structure of liganded hemoglobin was dis-
covered called R2.?° More recently, other liganded crys-
tal structures have been determined.” One might won-
der which of these is the one present in solution and how
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this information relates to the two-state model.?>** Using
multidimensional and multinuclear nuclear magnetic res-
onance, it has been found that the solution structure of lig-
anded hemoglobin is actually a dynamic ensemble of states
that include those determined by x-ray crystallography.?*-2°
Similarly, the structure of deoxyhemoglobin in solution is
likely to comprise several quaternary states that include
the many ones found by x-ray crystallography.”® Thus,
the actual picture of how hemoglobin functions is signifi-
cantly more complicated than that described by a two-state
model. For many applications, however, a two-state MWC-
Perutz model is sufficient to explain biological phenomena.
Nevertheless, it should be kept in mind that, like all mod-
els, especially simple ones that are applied to many com-
plex behaviors, it has limitations.

Transport of Other Gases

Hemoglobin also transports CO,, which binds more tightly
to deoxyhemoglobin than to oxyhemoglobin, so it is taken
up in the tissues and given off in the lungs. In addition,
deoxyhemoglobin uptake of protons helps transport CO; as
bicarbonate, HCO;, which is more soluble than CO,.

CO, + H,0 < HCOj; + H* 6.3)

Without uptake of protons by deoxyhemoglobin, the equi-
librium in Equation 6.3, would shift to the left, limiting
bicarbonate formation. Thus, cooperative binding of O,
links to that of CO, so that hemoglobin is an effective trans-
porter of both molecules.

CO is produced by heme oxygenase during heme meta-
bolism. The equilibrium affinity of hemoglobin for CO is
approximately 200 times higher than that for O,. This is
due to the slow dissociation rate of CO from hemoglobin;
O, actually binds to hemoglobin faster than does CO. Due
to its high O, affinity and slow dissociation rate, CO has
been recognized as a poison that disturbs O, delivery
(Chapter 24); however, potential beneficial effects of CO
have recently been recognized.?’~*° CO has been shown to
have antiinflammatory effects and diminish apoptosis.?®=%
Recently, infusion of red cells saturated with CO at 25% of
blood volume was shown to be effective in hemorrhagic
shock resuscitation.”” These beneficial effects of CO and
hemoglobin’s role in transporting such activity demand
more study.

The ability of hemoglobin to destroy NO activity was
an important element in the identification of NO as the
endothelial-derived relaxing factor."*? This is due to the
rapid dioxygenation of NO with oxyhemoglobin to form
nitrate (Chapter 10). NO can also bind to the heme, and
the degree to which this reaction preserves biological activ-
ity has been debated. One certainty is that the equilibrium
binding affinity of hemoglobin for NO is extremely high,
approximately 1,500 times stronger than CO and 500,000
times stronger than O,.
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Because of its high affinity, little knowledge about NO
binding to deoxyhemoglobin can be obtained from equi-
librium studies. Virtually any NO added to molar excess
hemoglobin will bind the heme - there will be essentially
none left in solution. Thus, binding studies have focused on
kinetics. Early studies showed that the rate of dissociation
of NO from T-state hemoglobin is 100-fold faster than from
R-state hemoglobin, with the T-state rate being approxi-
mately 1073/s.9%33* A difference in the dissociation rates
from different subunits was also recognized.*>** A unique
feature of NO binding to the « subunits is that when the «
nitrosyl hemoglobin is in the T-state, a proportion of iron-
proximal histidine bonds break, resulting in a characteristic
triplet hyperfine structure in electron paramagnetic reso-
nance spectra.'? =38 Recently, the dissociation rate of NO
from this pentacoordinate « nitrosyl hemoglobin was mea-
sured to be 4 x 10~4/s.% Thus, the rate of dissociation of NO
from hemoglobin is faster for T-state hemoglobin and faster
for B subunits than « subunits.

Early stopped-flow absorption experiments mixing NO
and deoxyhemoglobin found that the association rate of
NO with hemoglobin is noncooperative and occurs at a
rate of 3 x 107 M/s."’ Experiments examining the rate of
release of a fluorescent BPG analog and the rate that par-
tially NO-ligated hemoglobin binds CO indicated that a
T- to R-state transition does take place after two-three
NO molecules bind a tetramer.®’ The rate of NO bind-
ing to « and B chains was also found to be identical.*!
One study has suggested that although NO binds to R-
state hemoglobin at the same rate as T-state hemoglobin,
when the R-state transition has been caused by binding
of two-three NO molecules, the rate of R-state association
of NO is 100 times faster when the R-state transition has
been invoked by O, binding.*? In other words, NO would
bind Rj at the same rate as Ty when the three ligands on
R-state are NO but it would bind 100 times faster if they
were O,. Such a phenomenon would violate the tenet of the
two-state model whereby binding properties at one heme
only depends on the quaternary state of the protein. Sub-
sequent studies have challenged the idea that the binding
rate of NO to R-state oxyhemoglobin is faster than to R-state
NO hemoglobin.*>** In addition, photolysis studies using a
commonly accepted model of CO bound hemoglobin for
oxyhemoglobin have also found that R-state hemoglobin
binds NO at the same rate as T-state hemoglobin.*> ¢ Thus,
the preponderance of evidence indicates that the associa-
tion rate of NO to hemoglobin is independent of the qua-
ternary state. This is likely to be because once in the heme
pocket, NO binds the heme extremely quickly in both cases
so that the rate-limiting step in NO binding is diffusion of
the ligand through the protein to the heme pocket.

Examination of both association and dissociation rates
of NO shows that hemoglobin binds NO cooperatively, with
all of the cooperativity being manifest in the dissociation
rates. This is similar to O, where most of the cooperativ-
ity is in the dissociation rates. Due to the faster dissociation
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rate from B subunits, a nitrosyl hemoglobin is the primary
form found in equilibrium. The association rate of NO to
hemoglobin is only approximately 1.5-fold slower than the
rate of the dioxygenation reaction.’” Thus, even at high O,
tensions, some NO will escape destruction via the dioxy-
gention reaction to form NO bound hemoglobin. Another
mechanism of potential preservation of NO activity via the
formation of SNO-hemoglobin is discussed in Chapter 10,
as it is a mechanism whereby NO activity is created via
hemoglobin reduction of nitrite. Simple binding of NO to
the heme is unlikely to constitute a mechanism of transport
due to the very slow dissociation rate. However, a recent
study suggests that NO-bound hemoglobin might be dis-
lodged more quickly because of oxidation of the heme due
to concurrent reactions of nitrite with oxyhemoglobin.*®
The potential of hemoglobin to transport NO, discussed
in more depth in Chapter 10, is an area of current intense
study.

Methemoglobin

In normal physiology, approximately 0.25% of hemes con-
tain ferric iron (methemoglobin). Free heme oxidizes rapid-
ly and aggregates. Incorporation of the heme into hemoglo-
bin prevents aggregation and greatly slows autooxidation,
facilitating O, transport, as methemoglobin does not bind
O,. Low levels of methemoglobin are also maintained by
reducing systems within the red blood cell.**-5! Although
excessive formation of methemoglobin has been viewed
strictly in terms of pathology (Chapter 24), some potential
positive roles for methemoglobin have been discussed.
Two studies have suggested a role of NO bound to
methemoglobin (methemoglobin-NO) in potential trans-
port or delivery of NO activity.”>* It is likely that
methemoglobin-NO forms transiently in the reaction of
nitrite with deoxyhemoglobin, in analogy to some bacte-
rial nitrite reductases.”® The dissociation rate of NO from
methemoglobin is, however, relatively fast (~1 s7!)* and
methemoglobin also undergoes reductive nitrosylation to
form ferrous iron nitrosyl hemoglobin.*® The overall affin-
ity of ferrous hemoglobin for NO is approximately 1 million
times higher than that of ferric hemoglobin for NO.> Given
that more than 99% of hemoglobin in the red blood cell is
ferrous hemoglobin and that NO in the red cell is quickly
destroyed via the dioxygenation reaction, it is extremely
unlikely that there is any stable methemoglobin-NO in a
red cell. The contention that NO is transported in the red
cell bound to methemoglobin is untenable due to the rela-
tive stability of this species, as demonstrated recently.®’
Some ligands bind methemoglobin more tightly than
ferrous hemoglobin. Given recent evidence for a role of
nitrite in physiology, disease, and therapeutics®® and the
potential involvement of hemoglobin (see Chapter 10),
the role of nitrite-bound methemoglobin might be worth
exploring. At the very least, this could be one way that
nitrite is stored in a red blood cell because, even though

oxyhemoglobin and deoxyhemoglobin are in great excess
to methemoglobin, nitrite will preferentially bind to methe-
moglobin given the relative affinities.

SICKLE GELL HEMOGLOBIN

HbS differs from normal adult hemoglobin (HbA) by a
single amino acid residue (Fig. 6.1). A variety of physical
methods including x-ray diffraction, nuclear magnetic res-
onance, and circular dichroism all indicate that the protein
conformation of a HbS tetramer in solution is the same or
at least very similar to that to that of HbA.*® Some evidence
exists for subtle changes in the structure of central cav-
ity BPG binding site.®® Similar structure in solution phase
HbS and HbA is supported by similar function. The equilib-
rium binding of solution phase HbS is the same as HbA.5!
The bimolecular ligand rebinding rates of solution phase
HbS are also the same as those of HbA.®>% Finally, tertiary
and quaternary changes that are induced on CO photoly-
sis of solution phase HbS-CO exhibit the same kinetics as
HbA-CO.%

The pathological consequences typical of sickle cell dis-
ease must derive, in part, due to a difference in function
of HbS compared with HbA. Only one notable exception to
the notion that, in the solution phase, HbS tetramers have
very similar function as HbA exists: the propensity for HbS
autooxidation.’>~% Although increased propensity to form
methemoglobin and associated oxidative damage could
contribute to several aspects of the disease, this propensity
is not likely to be of primary importance in sickle cell dis-
ease and HbS polymerization seems paramount.

HbS Polymer

The HbS polymer is made of seven twisted double stands
(Fig. 6.5).°%59-71 It has a diameter of 21 nm and a mean heli-
cal pitch length of 270 nm.* Each of the double strands is
believed to be similar to ones formed by deoxyHbS when
it crystallizes (Fig. 6.6). Having the structure of the double
strand at 0.2 nm resolution greatly aids in understanding
the structure of the 21 nm fiber because information on
these larger structures cannot be obtained directly at the
atomic level. A variety of techniques including mutational
analysis, linear dichroism spectroscopy, resonance Raman
spectroscopy, and x-ray diffraction support the idea that the
basic building block of the polymer is the double strand
with each of these twisted around one another.”” 7>
Contact sites between tetramers within double strands
are known in the most detail.”’ Valine at the g6 position
makes a lateral contact with a hydrophobic pocket formed
by Leu 388, Phe 385, and the heme of tetramer on the other
strand within the double strand. Only one of the two Val
B6 residues per tetramer is involved in the double strand
formation. In addition to these hydrophobic interactions,
there are some neighboring hydrophilic ones and bridging
water contacts that have been recently observed.” Lateral
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Figure 6.5. (A) Electron micrograph of a fiber. The pitch of the fiber is not fixed, but varies as indicated by the different
distances between the minimum diameter points. (B) Fiber model with double strands. The model is built according to the
description of Watowich et al.”® This 14-strand model (whose end is shown in the inset) was first proposed by Dykes et al.
(1978) and is now universally accepted as the basic fiber description.'” Note the double strands that are a basic structural
element of the fiber and are based on a structure determined by crystallography (see Fig. 6.6). The wrapping of the 14 strands
leads to a structure that gently varies from narrow to wide along the fiber.

and axial contacts are mostly between 8 subunits. Non-
polar interactions involving Pro 114 and Ala a115 of one
tetramer form an axial contact with His 3116, His 3117, and
Phe 118 of a second tetramer.

In deoxy Hbs crystals, the double strands are linear. How
these double strands twist around each other to make up
the 21-nm fiber is incompletely understood. Interdouble
strand contacts are believed to mainly involve a subunits,*
but the second Val B6 has also recently been proposed
to play a role.”® Electron microscopy has provided use-
ful information that has lead to two detailed models that
agree on overall architecture.” " but differ in some details,
including overall density and water content.’®

Recent theoretical calculations show that the twist in the
HbS polymer plays an important role in its stabilization.””
Confirmed by experimental observations, the torsional
rigidity of HbS fibers is found to be approximately 100-fold
less than the bending rigidity.””"® The resistance to twisting
compared with bending is usually approximately the same
for isotropic materials. Linear double strands are the low-
est equilibrium form and the relative ease for these to twist
is proposed as an explanation for the metastability of the
21-nm fibers.”®

Higher Order Aggregation of HbS

Further aggregation of the 21-nm fibers can take sev-
eral forms. Understanding the nature of these aggregates
has been aided recently by novel applications of differ-

ential interference (DIC) microscopy.”~%! Analysis of DIC
microscopy data collected on two 21-nm fibers zipper-
ing up has allowed estimations of the interaction ener-
gies between two fibers. Two such fibers can be strongly
bonded to each other.®! As described in detail later, HbS
polymerization involves both de novo fiber formation
through homogeneous nucleation and fiber formation on
the surface of a second one through heterogeneous nu-
cleation.?>® It has been proposed that the same inter-
molecular mutation contact sites that are involved within
a fiber are available in 4 of 10 HbS surface tetramers in each
layer of the 21-nm fiber.®* This proposal has recently been
confirmed by studying cross-linked hybrid molecules.?®
HbS polymer formation deforms the red cell, decreases
its deformability, and increases its fragility. Aggregation of
fibers into fascicles or bundles is of great interest because
these are likely to exacerbate these phenomena. The fas-
cicles are composed of twisted 21-nm fibers as shown in
Figure 6.7.% These fascicles form crystals in vitro, proba-
bly through release of twist in the double strands with con-
comitant loss of polarity.?® The fascicles always form first.
The system of aligned fibers and HbS tetramers is referred
to as a gel and this is thought to be what is formed inside
of red blood cells. Crystals are not formed even though
they are the lowest energy state. The gel is highly viscous
and semisolid and, due to alignment of the polymers, it is
birefringent. Because the hemes of hemoglobin are largely
parallel to each other, and the hemoglobin tetramers are
arranged so that the hemes are nearly perpendicular to the
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Figure 6.6. (a) The double strand of deoxyHbS, based on
the crystal structure of Harrington et al.”® The tetramers
of HbS have been drawn with the central region excluded
for clarity; one tetramer illustrates the exclusion region as
a solid green sphere in the center of the molecule. Another
tetramer is shown with the four subunits colored differently to
differentiate them. Red and purple are 3-globin chains; blue
and orange are «-globin chains. Contacts along the axis of the
double strand (vertical here) are denoted as axial, whereas
those that connect diagonally are denoted as lateral. The
6 mutation site is in a lateral contact. Note that both the
axial and the lateral contacts are dominated by interactions
between the beta chains. (b) An end view of the double strand.
The two molecules, with all amino acids now showing, are
colored differently to aid the eye. The 36 contact is shown
on the bottom (expanded view in (E)), and the salt bridge
between «His50 and BAsp79 is above (expanded view in
(d)). (c). The axial contact region in A has been enlarged
to allow a better view. Unlike the lateral contact, no single
amino acid dominates the geometry. Carbon atoms that are
filled to van der Waals radii are yellow, oxygen atoms are
red, and nitrogen atoms are blue. (d) The salt bridge between
Asp 379 and His «50 in the lateral contact area viewed from
the a-globin chain. The His is shown as a green licorice
stick drawing in the foreground. (€) The lateral contact region
showing the B6 Val (green stick figure, foreground) in the
receptor pocket on its complementary chain. (Note that in the
crystal there are two such regions.) 388Leu is just forward
and above Val; 385Phe is then just below 388 Leu and behind
the Val. (See color plate 6.6.)

Figure 6.7. Sickle hemoglobin assembly creates structures larger than the fibers shown in Fig. 6.5. (A) Fibers can associate
in bundles or fascicles.®8 Fascicles ultimately form into crystals. The fascicle shown here has a twist, which also appears in
crystals. (B) A macrofiber with six fibers extending from the end. Macrofibers are composed of double strands in antiparallel
rows, and such structures appear at low pH (below 6.7 in 0.05 mol/L phosphate buffer). (This macrofiber is from the
unpublished work of Wellems and Josephs.)
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Figure 6.8. Polymer domains. As seen in the DIC images in the left sequence
of panels, polymerization produces fibers in attached arrays called domains.
In these pictures laser photolysis (as evidenced by the light-colored circles, of
approximately 15 wm diameter) creates deoxyHb, which generates fibers.8
The attached fibers form twofold symmetrical patterns that spread to form
larger structures with nearly radial symmetry. These patterns are also visible in
birefringence seen as transmission of light when the sample is placed between
crossed polarizers and is shown in panels a through ¢ on the right. Each cross
or bow-tie defines a polymer domain. Each domain is formed from a single
homogeneous nucleation event. The size of the polymer domains is inversely
related to the speed of their formation, and speed of formation in turn is
related to concentration. The concentrations were 23.4 g/dL, 25.7 g/dL and
27.4 g/dL, respectively. Samples were gelled by temperature jump from 3°C
t0 23°C.

fiber, the index of refraction is greater perpendicular to the
fiber axis than parallel, resulting in birefringence and lin-
ear dichroism (where light is more strongly absorbed when
polarized perpendicular to the fiber axis than parallel).
The result is that, as observed both in solution and in
red cells, gels are visible when viewed through crossed
polarizers. Because of the way that clusters of polymers
or domains form, they can have a large degree of radial
symmetry, which produces a Maltese cross pattern when
viewed through crossed polarizers (Fig. 6.8). The formation
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of radially symmetrical polymer domains has been con-
firmed using DIC microscopy (Fig. 6.9).

HbS Polymer Rheology

As rigidification of the red blood cell is probably the most
important immediate affect of polymerization, it is useful
to understand the rheology of the gel. A full understanding
of the mechanical properties of the gel begins with under-
standing those of single fibers. Recently, DIC microscopy
was used to determine the intrinsic Young modulus as well
the persistence lengths of individual fibers and bundles.?’
The Young modulus (a measure of stiffness) was found to be
approximately 0.1 GPa, much less than structural proteins
like actin fibers and microtubules but greater than fibers
that are meant to bend, like elastin. The persistence length
was found to vary from 0.24 to 13 mm, increasing as the
radius of bundles increased. These values are much larger
than the length of a red blood cell so that one can conclude
that the fibers are stiff on the scale of a red blood cell.

Macroscopic measurements of gel rheology are difficult
due to the fact that shear applied in the measurement can
disturb the mechanical properties of the gel itself. The rhe-
ology of the gel will depend on the number of cross links,
which will be different for a few long fibers compared with
many short ones. Breaking fibers, followed by additional
growth, changes rigidity.?®-"° In the absence of shear, the
gel behaves like a solid and at low shear it behaves like an
elastic solid in which all deformations are reversible.”® At
higher shear, the gel can become irreversibly deformed. The
rheological properties of sickle cell gels and their under-
standing in terms of single-fiber rheology, gel architec-
ture, and quantitative contribution to vasoocclusion events
remains an area in need of investigation.

HbS Thermodynamics

It has been widely accepted that the gel is made of two
phases: a polymer phase and a solution phase where the

Homogeneous nucleation
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Figure 6.9. The double nucleation mechanism.83 Polymers may form by homo-
geneous nucleation or heterogeneous nucleation onto other polymers. In either
case, the initial steps are unfavorable, as indicated by the arrows, until a critical
nucleus is formed. The critical nucleus is the first aggregrate that is equally
likely to add monomers or to lose them. No special structure is assumed for
the nuclei.
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solution phase contains HbS tetramers (which can be
referred to as monomers in the context of single build-
ing blocks of the polymer). In equilibrium, no intermediate
aggregates are generally observed.””?! The thermodynam-
ics of polymerization can be understood within this two-
phase model in terms of the solubility of HbS known as c;
or Cgye. When the total concentration of HbS, ¢y, is below the
solubility, there will be no polymers. In equilibrium, when
Ccop > Cs, the concentration of HbS tetramers in the solu-
tion phase is cs, and the concentration of HbS tetramers
in the polymer phase is equal to the total concentration
of HbS minus the solubility (cy — c¢;). Although individual
tetramers might exchange between the two phases, once
equilibrium is reached, the concentration in each phase
will not change unless environmental conditions that affect
the solubility (discussed later) are altered. The solubility is
easily measured by sedimenting the polymers in an ultra-
centrifuge, for example, at 150,000 g for 2 hours, and tak-
ing the concentration of HbS in the supernatant as the
solubility.

Recently, evidence from light scattering and DIC micro-
scopy has been presented that suggests the existence of
a third phase prior to and during HbS gelation.’>=% This
phase consists of metastable clusters of liquid phase mole-
cules or dense liquid droplets that have been implicated in
the initial formation of homogeneous nuclei discussed fur-
ther later.®* The clusters form within a few seconds of solu-
tion formation and are several hundred nm in diameter.%* %°
These clusters also form in solutions of HbA and oxy-
genated HbS but do not lead to polymer nucleation as in
Hbs.fl-'l..‘ﬁ

A major factor that must be taken into account when
evaluating polymerization is crowding.”” In most biochem-
ical experiments, protein solutions are dilute enough so
that they can be considered to be ideal, that is, when inter-
actions between the molecules can be ignored, like in an
ideal gas. The concentration of hemoglobin in a red cell is
so high, however, (~ 20 mmol/L in heme which is 32 g/dL
or 0.32 g/cm?®) that the solution is nonideal and interac-
tions need to be accounted for. Theoretical treatments of
nonideality in sickle cell hemoglobin polymerization have
been worked out and agree very well with experiments.*%
Generally, one needs to include the activity coefficient, v,
when evaluating the potential for HbS to polymerize so that
co — y¢p and c; — y,Cs, Where v is the activity coefficient
at the solubility concentration. These activity coefficients
are close to one in dilute solutions. For hemoglobin con-
centrations found in red blood cells, vy is quite large, equal
to 70 for 0.35 g/cm3.>® For HbS concentrations found in
very dense cells with 0.45 g/cm?, v is 900! The relevance of
these crowding effects to sickle cell hemoglobin polymer-
ization thermodynamics and kinetics cannot be overstated
(for a fuller discussion see references 59, 97, 98). Increased
crowding leads to increased polymerization, so that dehy-
dration of red cells can have a dramatic effect where by
vy¢o increases much faster than cy. Any other solutes that

take up significant volume also increase y. Thus, replac-
ing HbS with hemoglobin molecules that do not polymerize
can reduce ¢, but y remains unchanged, diminishing the
effect of the substitution.

Effectors of Polymerization

Generally, only T-state HbS molecules will polymerize.®® 10

Because only T-state hemoglobin polymerizes, any effec-
tors that stabilize the T-state tend to decrease HbS solubility
or increase polymerization.”® Thus, BPG and IHP increase
polymerization. In the physiological pH range, increasing
proton concentration increases polymerization, but as the
pH is lowered below 6.5, the solubility increases. The sol-
ubility is lowest around body temperature. This fact has
been used extensively to prepare HbS gel samples where
the solutions are prepared at 0°C and then temperature-
jumped to 37°C.

The effect of phosphate on solubility is quite interesting
and useful. The solubility of HbS decreases dramatically in
concentrated phosphate buffers.!’'~'% In 1.8 M phosphate
the solubility is 0.04 g/dL (4 x 10~* g/cm3 or 0.025 mmol/L)
at 30°C.'% The effect of phosphate is likely to be due largely
to increasing the activity by volume exclusion but there are
also likely to be electrostatic interactions.'’® The ability to
study polymerization at such low concentrations is bene-
ficial as the volume of HbS is required for studies under
physiological conditions is large and this requirement is
very restrictive when studying new modified hemoglobins
and those from mouse models. Another method to study
polymerization with lower total hemoglobin concentra-
tions is to use dextran to exclude volume and decrease the
solubility.!°® With 12 g/dL of dextran, the solubility can be
decreased approximately 5-fold.!°° This is a much smaller
effect than using 1.8 M phosphate but some differences in
polymerization in high phosphate and physiological phos-
phate have been reported.!?~!!! It has recently been noted
that a small amount of protein aggregates form in high
phosphate that are not due to polymerization so that care is
warranted in making sure that these are not misconstrued
as HbS polymers.''! In general, use of high phosphate can
be recommended as an excellent initial screening method
for effects on polymerization with subsequent experiments
with dextran being more likely to provide physiologically
relevant data. Finally, all such effects should be confirmed
using physiological conditions.

The most important physiologically relevant variable
involved in HbS polymerization is the O, pressure. As O,
binding promotes R-state hemoglobin, it decreases poly-
merization. The effect of CO on polymerization is very sim-
ilar to that of O, — the solubility as a function of solution
phase hemoglobin ligand saturation is the same for O,
as it is for CO.* This is consistent both with the idea
that only T-state HbS polymerizes and the MWC-Perutz
model of hemoglobin cooperativity. To understand fully the
effect of O, saturation on solubility, the affinity of polymer
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phase HbS for O, must be determined. Using linear dichro-
ism spectroscopy, because the linear dichroism of solution
phase HbS averages out, it was found that polymer phase
HbS has approximately one third the O, affinity as solution
phase T-state hemoglobin.” Using data for the solubility
of HbS at a variety of temperatures and ligand saturations,
Eaton and Hofrichter®® derived an empirical equation for
the solubility as a function of these variables,

Cs (g/cm?) = 0.321 — 0.00883 T + 0.000125 T + 0.0924 Y
+0.098 Y7 +0.235Y°, (6.4)

where T is the temperature in degrees Celsius and Y; is the
fractional hemoglobin O, saturation of the solution phase
HbS. In the absence of O, (Ys = 0), the solubility is calcu-
lated to be 0.17 g/cm® (10 mmol/L in heme) at 37°C, and
0.32 g/cm3 (20 mmol/L in heme) at 0°C. When the solu-
tion phase O, saturation is 0.7, the solubility is 0.26 g/cm?
(17 mmol/L in heme) at 37°C.

The effects of NO on polymerization have been contro-
versial. NO inhalation therapy is being studied as treatment
for sickle cell disease. One of the main ways of benefit-
ing patients is likely to be by reducing the NO scavenging
ability of cell-free hemoglobin that results from intravas-
cular hemolysis (Chapter 11)!'? and possibly due to induc-
tion of fetal hemoglobin (HbF) production.!'®!!* It has also
been proposed that NO binding to the heme would reduce
HbS polymerization, like O, does.''® In early work, Briehl
and Salhany showed that tetranitrosyl hemoglobin (where
all four hemes have NO bound) polymerizes in the pres-
ence of IHP but does not polymerize when the hemoglobin
is stripped of organic phosphates. More recently, it was
shown that when HbS polymerization is studied in condi-
tions mimicking those in vivo (with BPG present), the solu-
bilizing or sparing effect of NO binding to the heme is much
less than that of 0,.3® The minimal effects of iron nitro-
sylation can be understood in terms of the ability of NO
compared with that of O,, to convert T-state hemoglobin
to R-state hemoglobin, because R-state hemoglobin has a
much higher affinity for O, than T-state hemoglobin, and
25% oxygenated hemoglobin will be nearly 25% R-state
(Fig. 6.3). On the other hand, NO tends to favor binding to
the o subunits and « nitrosyl hemoglobin has properties
like T-state hemoglobin. Thus, a given amount of NO will
tend to reduce polymerization less than the same amount
of 02.

Another important factor to consider is that iron nitro-
sylation of hemoglobin through NO inhalation or other
means is not likely to ever yield a significant fraction of the
total hemoglobin bound to NO (<0.02%!16). The best effect
of any direct antipolymerizing agent would be to make
HbS molecules disappear in the red cell. When an anti-
sickling/antipolymerization agent binds to a hemoglobin
molecule and converts it from one that enters the poly-
mer phase (like T-state HbS) to one that does not or is
less likely to (like R-state HbS), that HbS molecule still
contributes to polymerization by its affects on crowding —
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increasing the activity coefficient. The fact that there is so
much hemoglobin in the red blood cell (~10 mmol/L) and
that one needs to achieve a conversion of so much HbS to
a type that does not polymerize (at least a few percent to
have any effect) has been a great challenge for the develop-
ment of antisickling agents. Because so little iron nitrosyla-
tion can be achieved and that it does not have a great spar-
ing effect provide very strong arguments against the idea
that NO binding to the heme will benefit patients by reduc-
ing polymerization.

Controversy over the effect on polymerization of S-
nitrosation of the 3-93 cysteine by nitrosonium (one elec-
tron oxidation of NO) is also present. Several studies have
shown that ligands that bind the B-93 cysteine stabilize
the R-state and thereby increase O, affinity and increase
HbS solubility or reduce polymerization.!'”!'® In partic-
ular, Bonaventura and colleagues reported that incuba-
tion of S-nitrosated cysteine with HbS, which forms SNO-
hemoglobin, decreases polymerization.''® This result has
been challenged in studies, using NEM as a model for
NO*. A single modification at the B-93 cysteine, as in
SNO-hemoglobin, actually enhanced polymerization and
modification at a-104 cysteine stabilized the R-state and
decreased polymerization.'® It was argued that previous
studies in which higher O, affinities and reduced poly-
merization were observed actually involved modifications
both at the $-93 and the «-104 cysteines.'' Nevertheless,
the work by Bonaventura and colleagues included care-
ful analysis of the sites of modification by using mass
spectrometry''® and the sites of modification were also
examined in other studies of polymerization.''” They did
find that an excess of CysNO (10:1) leads to some modifi-
cation of the a-104 residue in addition to B-93, but their
examinations of effects on polymerization did not include
these samples. The effect of chemical modification at the -
93 cysteine was also studied using hemoglobin mutations
and the increase in O, affinity was confirmed'?° Exposure
of HbCO crystals to NO gas leads to S-nitrosation, prob-
ably via the intermediacy of N,03, and x-ray diffraction
has shown that only the B-93 cysteines are nitrosated.'?!
Although the recent study stating otherwise calls for fur-
ther investigation,'!? the preponderance of data at this time
suggest that nitrosation occurs primarily at the 3-93 cys-
teine unless the protein is denatured, or has formed a large
percentage of dimers, and that SNO-HDS is more soluble
than unmodified HbS. That being said, as in the case of
HbS with NO bound at the heme, the small amounts of
SNO-hemoglobin achievable in vivo (without deleterious
effects), combined with the null effect on crowding, makes
SNO-hemoglobin formation an unlikely means to effec-
tively reduce polymerization in vivo.

Copolymerization of HbS with Other Hemoglobins

Individuals with sickle cell trait (HbAS) are rarely ill (chap-
ter 22) and very high levels of HbF benefit individuals with
sickle cell anemia.'?*='2® The sparing effect of HbA and
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HbF and the degree to which they reduce polymerization
depend on the extent to which they enter the polymer
phase or copolymerize with HbS.5% 127128 Tetramers of HbE,
HbA; (a28,), and HbA do not enter the polymer phase. The
sparing effects of HbF and HbA, are enhanced by their abil-
ity to form hybrids with HbS. Hybrids form by the dimeriza-
tion of hemoglobin wherein the tetramer, particularly when
in the R-state, breaks into two o3 dimers. The dissociation
constant for dimerization is low when compared with the
concentration of hemoglobin under physiological condi-
tions (~1 pmol/L) but because the tetramers are constantly
dimerizing and coming back together, an equilibrium mix-
ture consisting of a binomial distribution of hybrids is
obtained in less than a minute when different hemoglobins
are mixed.”” Hybrids of HbS with HbF and HbA,, in which
one dimer is from HbS and one is from HbF or HbA,, do not
enter the polymer phase so that replacing one HbS tetramer
in a mixture with one HbF or HbA, tetramer can result in
more than one hemoglobin tetramer being excluded from
the polymer phase.'?~13! Hybrids of HbS and HbA enter
the polymer phase with approximately half the frequency of
HbS tetramers.'*>~1%* Thus, HbF and HbA, are more effec-
tive than HbA at decreasing polymerization.

Patients with HbAS have approximately 40% HbS and
60% HDbA. In the absence of ligand like O, or CO used as
a model for O,, the solubility of 70% HbS and 30% HbF
or HbA, was found to be equivalent to the solubility of a
hemoglobin mixture from patients with HbAS.'?® It was also
found that as hemoglobin saturation with CO increased,
less HbF or HbA, was necessary to achieve the solubility
of HbAS blood.'”® These data suggest that if one were to
achieve 30% HbF or HbA, uniformly among erythrocytes,
it would essentially alleviate all the symptoms of sickle
cell anemia; however, HbA,, because of its positive charge,
could have deleterious affects (Chapter 7).

Kinetics of Polymerization

The kinetics of polymerization has been studied by tak-
ing a solution of HbS and rapidly changing the conditions
so that the solubility is decreased. For example, the sam-
ple can be temperature jumped from 0°C to 37°C or HbCO
can be converted to deoxyhemoglobin by photolysis. When
this is done, observations of the kinetics of polymeriza-
tion present an astounding result, whether by examining
light scattering, calorimetry, birefringence or other indi-
cators of polymer content. There is a long period of time
when no polymer is detected, followed by relatively rapid
growth in detected polymer.>® This delay time before poly-
merization is detected has been described by an empirical

equation 59,135,136
1 co\"
o= <C—°> , (6.5)
d S

where tq is the delay time, A is a proportionality factor,
and the exponent, n is found to be approximately as high
as 30-40, but is significantly lower (15 or lower) when the

hemoglobin concentration is very high. For studies in con-
ditions where n = 35, and tq is 1 minute, increasing the
solubility by just 10% would increase the delay time to 28
minutes. This extreme dependence of the delay time on the
supersaturation ratio, co/cs or, more accurately, yoCo/ysCs,
is not only fascinating from a biophysical perspective, but
also of great interest for its potential for treatment strate-
gies whereby the delay time is increased by changing the
solubility.>

Most phenomenon associated with polymerization
kinetics can be understood in terms of the double nucle-
ation theory (Fig. 6.9%283137), This mechanism is based
on the idea that the aggregation of HbS monomers (a
hemoglobin tetramer) into a polymer is initially thermody-
namically unfavorable but becomes more favorable as the
aggregate grows. The smallest aggregate for which growth is
thermodynamically favorable is called the critical nucleus.
After the critical nucleus has formed, the polymer grows,
most likely at its ends,”%° and heterogeneous nucleation
can occur. Heterogeneous nucleation involves the forma-
tion of additional polymer on the surface of an exist-
ing one. As the polymerization reaction proceeds, more
surface area becomes available for heterogeneous nucle-
ation to occur and the polymer phase grows exponentially.
Because homogeneous nucleation is a rare event com-
pared with heterogeneous nucleation, a network of poly-
mers or a domain forms from each critical nucleus. The
accuracy of the double-nucleation theory has been dramat-
ically confirmed by observations of polymerization using
DIC microscopy (Fig. 6.8).5

The interpretation of the delay time for polymerization
seen in many in vitro experiments has often been miscon-
strued as the time necessary for formation of the critical
nucleus.'*® Both homogeneous and heterogeneous nucle-
ation occur during the time period when no polymers are
detected, but the amount of polymer is too small to be
observed. Processes that grow exponentially can appear to
have taken much longer to begin than they actually do
(Fig. 6.10). The beginning of polymerization can be approx-
imately described by the relation'*

A
Polymerization ~ 5 €Xp (Bv), (6.6)

where A and B are constants that depend on solution condi-
tions. Figure 6.10 shows approximate progress curves based
on this equation for two different HbS concentrations. Note
that each curve appears to have along period in which there
is no polymer, but polymers are actually present through-
out the entire time period plotted but the amounts are sim-
ply too small to observe. The delay time actually depends
mostly on the constant B, which is dominated by the rate of
heterogeneous nucleation.'?

In microscopic situations, including red cells, where
only a few if any nucleation events occur, the time before
homogeneous nucleation does constitute part of the delay
time.'*® The formation of an individual critical nucleus is
a random event; an empirical equation like Equation 6.6
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Figure 6.10. Polymerization progress curves. Each curve represents an esti-
mation of the relative amount of polymer (in arbitrary units (AU)) vs. time for
two concentrations of hemoglobin, 18 mM and 20 mM in heme. The amount
of polymerization is plotted as % exp(Bt) (138) where A and B were obtained by
visual inspection of previously determined values (Figure 8 of (138)). Note that
each curve displays a delay time, but there is polymer present throughout the
time courses plotted. In addition, a small change in the total hemoglobin con-
centration, ¢, results in a large change in the delay time. Note that this figure
is shown for pedagogical purposes to demonstrate the nature of exponential
processes and it fails in quantitative aspects.

could only predict the average time for the formation of
a critical nucleus. In these cases, the observed delay time
will depend both on the time to form the critical nucleus
and on the time for there to be enough polymer to give a
large enough signal, for example, by light scattering. For a
single set of conditions, the observed delay time can vary
by almost an order of magnitude, from approximately 1-
10 seconds, due to the stochastic nature of homogeneous
nucleation. '3 139

The rate of homogeneous nucleation was greatly en-
hanced by the presence of membranes from sickle erythro-
cytes, but much less so, if at all, from normal red cell mem-
branes, but the cause of this is still unclear.!* In a radical
new development, it has been proposed that homo-
geneous nucleation is a two-step process involving dense
metastable liquid clusters that serve as precursors for
ordered HbS homogeneous nuclei.®* It was further sug-
gested that the formation of these dense liquid clusters is
the rate-limiting step in homogeneous nucleation so that
new treatment strategies might be developed around delay-
ing or preventing their formation.**

Additional progress has been made in understanding
the kinetics of heterogeneous nucleation, particularly with
respect to the effects of crowding.””'*! Improvements in the
theory of how crowding affects heterogeneous nucleation
have made it possible to predict kinetics in mixtures of non-
polymerizing hemoglobins.'*! The effect of crowding on the
rates of polymer growth are great, where addition of 50%
crowding agent increases exponential growth by a factor of
10,000-100,000.%7

Crowding has also recently been found to play an unex-
pected role in reducing the effects of HbF on polymeriza-
tion kinetics.'*? Generally, factors that reduce the solubility

Daniel B. Kim-Shapiro

are expected to reduce the rate of polymerization as well,
consistent with the empirical relation relating the delay
time to the supersaturation ratio (Equation 6.5). As dis-
cussed in the context of NO binding to hemoglobin, how-
ever, one needs to account for the fact that a nonpolymer-
izing hemoglobin tetramer, whether it is R-state HbS or a
T-state HbF/HbS hybrid, still contributes to polymeriza-
tion by increasing the activity coefficient due to crowding.
It has recently been determined that HbF/HbS exchange
does not affect HbS polymerization kinetics as much as
previously thought due to the fact that the HbF contributes
to crowding.!”? Given that there is no reason to doubt
the experiments on the sparing effect of HbF on solubil-
ity, these data suggest that the empirical relation given in
Equation 6.4 needs to take activities into account and the
exponential factor, n, gets significantly smaller in crowded
solutions. The therapeutic goal of 30% HbE based on
its effects on solubility, remains reasonable. Interestingly,
when examining the amounts of HbF formed by hydrox-
yurea treatment (Chapter 30) and the measured intracel-
lular delay times,'** an unknown effect of hydroxyurea on
polymerization kinetics other than increased HbF produc-
tion is implicated.'*?

HbS Polymer Melting

Less effort has gone into the study of HbS depolymeriza-
tion, or melting, than has gone into the study of polymer-
ization, but recent progress has been made. The mecha-
nism and kinetics of HbS polymer melting are important
in determining how much polymer, if any, persists in tissues
after sickle erythrocytes are reoxygenated. As only T-state or
deoxygenated HbS polymerizes, the delay time might pre-
vent some or many red cells from causing vasoocclusion if it
is long enough for significant polymerization to be delayed
until the cells reach large veins and/or the lungs. If melting
is slow, however, a significant amount of polymer present in
the lungs could enter hypoxic tissues and any benefit from
a delay time would be lost or diminished. Most early studies
have found that when the solubility of HbS is quickly raised
above the concentration of HbS by lowering the tempera-
ture or introducing O, or CO quickly, polymer melting pro-
ceeds without a delay time and is rather slow, on the order
of seconds-minutes. '35 144-116

Recent studies have done much to define the kinetics
and mechanism of polymer melting.®* 147~152 Polymer melt-
ing can occur at both the sides and the ends of the polymer
(Fig. 6.11)."*® On the ends, HbS tetramers constantly come
on and off the polymer. During melting, the rate of tetramer
dissociation is faster than the rate of association, so the
fibers get shorter. The rate of dissociation or association
depends on the quaternary state and hence ligation state.
If tetramers on the fiber ends bind CO or O, (dark spheres
in Fig. 6.11) they are likely to dissociate faster. Several stud-
ies have provided evidence for direct binding of CO to the
polymers during melting.!*3150-152 R-state tetramers do not
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Figure 6.11. Mechanisms of HbS polymer melting. (a) Ends melting. Polymers
get shorter at the ends through unligated (T-state) tetramers (open spheres)
coming off the polymer and becoming ligated (binding CO or 0,, filled spheres)
or by enhanced dissociation of ligated HbS tetramers on the fiber. (b) Side
melting. Ligation of HbS tetramers on the sides of polymers can nucleate holes,
which leads to rapid depolymerization. (From Figure 10 of ref. 148.)

effectively enter the polymer phase so that polymer melting
at the ends can occur either through CO binding directly to
tetramers at the fiber ends and expediting their dissociation
or through binding to solution phase HbS tetramers and
preventing their association.'*®1° When ligand pressure of
CO, or presumably O, is higher, rapid melting can also
occur at the sides of fibers (Fig. 6.11).!*® Here, it is believed
that ligand binding to HbS tetramers at the surface of fibers
can nucleate a hole in the fiber that leads to breaking it
up and increases the rate of melting through increasing the
number of polymer ends.'*”!#® The rate of polymer melt-
ing has recently been addressed by examination of changes
in red cell deformability upon oxygenation.'*® This rate is
likely to be limited by the rate of HbS polymer melting

because polymer content is related to poor deformability.
It was concluded that the rate is sometimes likely to be too
small for all existing polymers to melt upon reoxygenation
in the lungs so that there will be some persistence of poly-
mer during circulation.'*?

HbS Polymerization in Red Blood Cells

Polymerization of HbS in sickle erythrocytes is likely to
have the same structure, thermodynamics, and kinetics
as in solution, and except for modulation of ion content
and hydration, which can have a large effect on polymer-
ization as it greatly affects cy, the red blood cell can be
viewed as a “flexible microcuvette.”>® Using CO photoly-
sis, it was determined that polymerization progresses with
characteristic delay times and, based on theoretical anal-
ysis, it was proposed that most cells never contain poly-
mer, because the delay time is long enough to allow cells
to complete a cycle in the circulation, returning to the lungs
before polymerization begins.'** The relative importance of
the delay time has been questioned based on careful stud-
ies using nuclear magnetic resonance to determine intra-
cellular polymerization at various O, tensions,'?”153-156
In these studies, polymers were detected even when the
hemoglobin O, saturation was above 90%.'°* Crowding
of hemoglobin in the red blood cell is responsible for
polymerization at these high O, tensions. In this model, the
amount of polymer present in vivo for most cells is deter-
mined by the intracellular hemoglobin content and the O,
tension along the circulation and is not rate limited by poly-
merization kinetics.'?" 15

The relative importance to pathology of the polymeriza-
tion kinetics compared with polymer content defined by
equilibrium conditions has been the subject of some con-
troversy. It is currently not clear how much polymer needs
to persist through the pulmonary circulation for a measur-
able delay time to be observed. In addition, although early
work reported well-defined transit times through various
parts of the circulation, more recent work has found that
such times vary a great deal; 0.03-14.5 seconds was mea-
sured for the transit time in the pulmonary capillaries.™’
Importantly, it is also not known how much polymer is nec-
essary to cause red cell damage or to contribute to micro-
vascular occlusion. As polymerization is the primary cause
of sickle cell disease, it must eventually lead to increased
fragility and hemolysis, increased vascular adherence, dis-
turbed hemostasis and all the other pathology associated
with sickle cell disease. The degree of polymerization nec-
essary to lead to these pathological consequences is not
known. This author believes that polymerization kinetics
(involving a delay time) plays a role in determining poly-
mer content in some cells, whereas in others the amount
of polymer for a given cell is defined by the oxygen tension
at each point in the circulation. In any case, reducing poly-
merization by increasing HbS solubility is sure to effectively
treat patients.
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Hemoglobins of the Embryo, Fetus,
and Adult

Martin H. Steinberg and Ronald L. Nagel

INTRODUCTION

During development, humans express six different hemo-
globin types, the products of eight different globin genes
(Fig. 3.1, Chapter 3). Hb Gower I ({,¢,), Gower II (az€5), and
Portland ({,v>) are found in the embryo, fetal hemoglobin
(HbF; ayy2) is present mainly in the fetus but also in the
embryo and adult, whereas HbA («2B2) and HbA; (a23,)
are seen primarily in adults. All hemoglobins undergo post-
translational modifications forming minor hemoglobins.
Globin genes are discussed in Chapter 3, hemoglobin
switching in Chapter 5, and the structure and function of
hemoglobin in Chapter 6 and. In this chapter we discuss the
clinical and physiological attributes of HbE HbA,, embry-
onic hemoglobins, and their posttranslational modifica-
tions.

HEMOGLOBIN F

The observation that hemoglobin in newborns’ erythro-
cytes was resistant to alkaline denaturation provided the
first suggestion that a hemoglobin existed that differed from
normal HbA.!

Structure of the y-Globin Genes and -y-Globin

v-Globin chains differ from B-globin chains in either 39 or
40 amino acid residues, depending on whether a glycine or
alanine residue is present at y136.” y-Globin is the prod-
uct of two nearly identical y-globin genes. A glycine codon
is present in the 5 or Sy gene (HBG2) and an alanine
codon characterizes the 3/, or y gene (HBGI). Also, a com-
mon polymorphism is found in the Ay gene, where thre-
onine (*yT) replaces isoleucine (*y') at codon y75 (HbEF-
Sardinia). This striking similarity in protein sequence and
structure of the vy-globin genes reflect their concerted evo-
lution from gene duplication and gene conversion.® Gene
conversion of the y-globin genes might be an ongoing pro-

cess during evolution as suggested by the analysis of chro-
mosomes in which the Bantu haplotype is linked to the
sickle cell (8%) gene; a subgroup of these chromosomes
has undergone a recent gene conversion, eliminating sev-
eral sequence differences between the two vy -globin genes.*
Selection could maintain the sequence of vy-globin chains
and the structure of HbE Because HbF is present through-
out fetal life and functionally critical sequence abnormali-
ties could affect fetal development, maintaining the normal
gene sequence could be vitally important.

Protein Conformation: Of the 39—-amino acid residue dif-
ferences between y- and B-globin chains, 22 are on the
molecule’s surface. Four critical differences are present in
the o B, area of contact (the packing contact) that dissoci-
ates only under extreme conditions. Two differences, y112
thr (8112 cys) and 130 trp (3130 tyr), in the ay7y; inter-
face could contribute to HbF’s resistance to alkaline and
acid compared with HbA and provide the structural basis
for measuring HbF by alkali denaturation. Sequence dif-
ferences are not present in the o8, area of contact (the
sliding contact) that is the center of ligand-dependent con-
formational changes (Chapter 6). At position 116 in the
a1 B; interface, the y-globin chain contains isoleucine and
the B-globin chain contains histidine. Using recombinant
B chains with y chain substitutions, it was suggested that
amino acid hydrophobicity at the G-18 position in non-
a chains plays a key role in homotetramer, dimer, and
monomer formation, which in turn plays a critical role in
assembly of HbA and HbF tetramers. It was also suggested
that stable dimer formation of y-globin chains must not
occur in vivo because this would inhibit association with
a chains to form HbE® The increased tetramer strength of
HbF compared with HbA is only partially caused by the
amino acid differences at the af interfaces and tetramer
strengthening is also contributed to by the 18-amino acid
N-terminal A helix of the y-globin chain. Greater tetramer
strength permits HbF to obtain O, from maternal HbA and
might account for the resistance of fetal red cells to the
malaria parasite, as it less readily dissociates into digestible
dimers. Three amino acid differences at positions 1, 5, and
7 of the y-globin chain account for practically all of the
tetramer strength of HbF.®

Crystallographic studies of HbF at 2.5-A resolution
showed almost complete isomorphism between HbA and
HbF with the sole difference in the N-terminal portion of
the y-globin chain.” This change increases the distance
from 2,3 bisphosphoglycerate (2,3 BPG) inserted in the cen-
tral cavity of the hemoglobin molecule to the y2 histidine,
possibly a secondary contributor to the reduction in 2,3
BPG effect exhibited by HbF.

Functional Properties

Erythrocytes of newborns have higher O, affinity than adult
red cells, but in hemolysates, the O, affinity of HbF and
HbA are identical. This suggests that HbF and HbA have
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Figure 7.1. Distribution of F cells in 150 normal men and 150 normal women. The vertical broken lines are at 4.4% F cells.'?

the same intrinsic O,-binding properties but interact differ-
entially with heterotopic modifiers of hemoglobin function.
2,3 BPG has decreased binding to HbF due to the replace-
ment of 3143 histidine, a phosphate-binding site in the cen-
tral cavity, with a serine residue at y143. Displacement of
the N-terminal portion of the y-globin chain alters phos-
phate binding with 2 his; acetylation at the N terminus of
the y-globin chain also inhibits 2,3 BPG binding.

HbF-containing erythrocytes have an impaired Cl-
effect. Chloride binds at the 2,3 BPG binding site in the
central cavity. At low NaCl concentrations, HbF has a lower
affinity for O, than HbA. At higher Cl~ concentrations
this difference disappears. This effect might be due to the
diminution of positive charges in the central cavity with a
reduction in the binding affinity for anions and destabiliza-
tion of the T-state. Increased stability of the T-state induced
by the absence of anion neutralizing positive charges would
favor low ligand affinity.

CO; binding by HbF is drastically decreased. Fewer car-
bamates are formed at the N terminus at a wide range of
pCO;. The y chain N terminus has a higher pKa than the
chain, making 90% of the site protonated at physiological
conditions and unable to bind CO,.

The alkaline Bohr effect (relation between high pH and
ligand affinity) is increased 20% in HbF-containing red
cells. This might be a Cl~ effect because at low anion con-
centration HbF and HbA have an identical Bohr effect,
whereas the Bohr effect of HbF increases with the Cl~ con-
centration. A plausible explanation is that the binding of
Cl~ at low pH at the 143 histidine stabilizes the R-state.
The absence of this Cl~ site would reduce the low-pH Bohr
effect because this condition favors the T-state. Conse-
quently, the alkaline Bohr effect is favored in HbE

When HbS was made “HbF-like” by substituting the four
differences between HbA and HDbF in the «;B; interface,

the hybrid molecule had decreased binding with 2,3 BPG,
much like HbE although the central cavity was entirely HbA
and dissociation into dimers was intermediate between
HbA and HbE? These results suggested that 2,3 BPG bind-
ing and dimerization are not simply dependent on the so-
called critical residues, but that other long-range interac-
tions could be important.

Physiology of HbF-containing Erythrocytes

0O, loading in the fetal circulation is done via a liquid-
liquid interface compared with the gas-liquid interface
found postnatally. As fetal tissue has a high metabolic
rate, O, loading rather than O, delivery might be lim-
iting because it is likely that a blood/tissue pO, gradi-
ent exists. The high O, affinity of fetal erythrocytes pro-
motes uptake of O, in the placenta. Despite the increased
Pso and reduced 2,3 BPG response of HbE O, delivery is
compensated for by an increased Bohr effect. The pH of
HbF increases when red cells pass through the intravil-
lous spaces of the placenta because HbF releases COs,.
Fifty percent of O, delivery to tissues is accounted for by
the increased Bohr effect. An increased Bohr effect also
could explain the paradox of mothers with high-O, affinity
hemoglobin variants who have neither pregnancy-related
complications nor increased fetal morbidity (Chapter 24).°
Heat release could also be an important function of HbF in
the fetus.!*!!

Modulation of HbF Levels

In healthy Japanese adults, the range of HbF and F cells
was affected by sex and had a dominant X-linked pattern
of inheritance (Fig. 7.1).'? In sickle cell anemia, males had
HbF 0f 6.1% =+ 4.3% compared with 8.6% =+ 7.5% in females,
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Proportion of Hb F found at various ages
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Figure 7.2. Fallin HbF concentration in normal infants from birth to age 1 year.

aresult confirmed in other studies.'* '° These observations
were among the first to suggest that the modulation of HbF
levels could occur from trans-acting factors and cis-acting
elements. Many factors modulate the final concentration
of HbF and these are discussed in detail in Chapters 5
and 27.16:17

Hemoglobin Switching

In normal newborns, it takes approximately 1 year for HbF
to fall from 55% to 85% at birth to less than 1%, the HbF
concentration that is present in most adults (Fig. 7.2). In
early life a switch occurs in the expression of the %y- and
Av-globin genes (Fig. 7.3). Most individuals have a decline
in Sy -globin chains in the first 3 months of life with a recip-
rocal rise in Ay-globin chains, but a minority of infants
maintains the neonatal pattern of y-globin chain expres-
sion, especially when the HBG2 —158 C-T SNP is present
(Fig. 7.3).

Fetal cells decrease in number rapidly after
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Cellular Heterogeneity of HbF

Fetal Cells: HbF makes up close to 100% of the hemoglobin
in fetal erythrocytes. During the first 10 days of life,
hemoglobin synthesis decreases 10-fold from antenatal lev-
els, and the bulk of this fall occurs in the first 2-3 postnatal
days. Characteristics of neonatal erythrocytes are shown in
Table 7.1.

F Cells: HbF is distributed unevenly among nonfetal or
“adult” erythrocytes. The elution of HbF at low pH, leaving
HbA that can be stained with acid hematoxylin, forms the
basis for the acid-elution or “Betke” test for HbE Boyer and
coworkers!'??° delineated the origins, genetics, and physi-
ology of F cells.

By definition F cells contain measurable HbE implying
that the sensitivity of the method used for detecting HbE
of which there are many, will determine the number of F
cells.”! Relatively insensitive, the acid-elution method can
detect a minimum of 5-6 pg of HbF per cell; radial immuno-
precipitation methods can detect 3 pg of HbF per cell; flow
cytometry, the most commonly used means of enumerating
F cells, can detect cells with a HbF content of 6 pg.

Depending on the methodology used, Caucasian adult
blood contained 1.7% + 2.2% to 2.6% =+ 1.6% F cells and
normal African Americans had 2.8% + 1.6% F cells. Estab-
lishing precisely the average concentration of HbF per F cell
has been difficult because cells with HbF levels below the
limits of detection will not be counted. Mature F cells con-
tained an average of 4.4 £+ 0.3 pg HbE In African Americans
with sickle cell anemia, the range of F cells was between 2%
and 80% and the average HbF per F cell was 6.4 + 1.6 pg.
Patients with B thalassemia also have increased numbers of
F cells.?” In one study of sickle cell trait, in which the mean
HbF level was 1.4% as determined by high-performance
liquid chromatography (HPLC), F cells were 14.1% + 7.5%
(normal 4.5%).%°

Rare, apparently normal individuals have more than 8%
F cells in their blood. In most of these cases, one parent of
the proband had similar numbers of F cells. Many of these
high-F cell individuals have a form of nongene deletion
hereditary persistence of fetal hemoglobin ([HPFH]; dis-
cussed later). F cell numbers are affected by age, although

birth as shown by the decrease in mean cell
volume (MCV), an event followed by the pro- 0.8

gressive decrease in the number of F cells. ¢
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patients might not be reached for 20 years.'® A
delay in the decline of y-globin gene expres-
sion could be due to anemia because tha-
lassemia trait individuals with very slight ane-
mia also exhibit a delay in HbF switching,
albeit much more moderate, than sickle cell

anemia patients (Fig. 7.4). haplotype.

3000 100 200 300
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100 200

Figure 7.3 Gy—globin chains are approximately 70% at birth and fall to approximately 40% at
age 150 days when A -globin chains become predominant (left panel). A decline in Gy -globin
gene expression might not always happen. This is associated with the presence ofa —158 C — T
mutation 5’ to the Gy-globin gene, and its linked to the Senegal haplotype and the Arab—India
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Figure 7.4. Decline in HbF concentration in normal individuals and patients with homozygous (o)
and heterozygous (e) B thalassemia. Shaded area is the range for normal controls.

this has been incompletely studied, and acutely increased
erythropoiesis can cause transient increases in HbF and F
cells.

For any level of HbF in the hemolysate, the distribution
and concentration of HbF in F cells can differ. Patients with
sickle cell anemia have individually characteristic distribu-
tions of HbF per F cell.?* This variance has pathophysio-
logical implications, as concentrations of HbF in some cells
sufficient to retard HbS polymerization could affect the dis-
ease differently than concentrations of HbF insufficient to
retard HbS polymerization in many cells. When autologous
sickle erythrocytes were labeled with biotin and reinfused,
F cells survived longer in all individuals and non-F cell sur-
vival correlated inversely with the percentage of F cells. As

Table 7.1. Characteristics of neonatal erythrocytes

Increased MCV (approximately 120130 fl at birth)

Erythrocyte lifespan of 60—70 d (Premature babies have fetal red cell
lifespans of 35-55 d

Decreased osmotic fragility

Increased numbers of abnormally shaped cells

Increased numbers of “pocked” cells

Increased membrane total lipid, phospholipid, and cholesterol
(perhaps a result of macrocytosis)

Excess membrane sphingomyelin and decreased lecithin

Enhanced tendency toward lipid peroxidation

Antigenic differences from adult cells in the Lewis and ABO
systems — A and B antigens are weakly expressed — reduced
or absent | antigen and presence of i antigen

Increased glucose consumption and activity of many glycolytic
enzymes

Tendency toward methemoglobin formation, probably reflecting
decreased activity of methemoglobin reductase and increased
glutathione stability

Decreased deformability

Low S-nitrosohemoglobin levels

Years
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labeled cells aged in the circulation, the
HbF content of surviving cells increased,
suggesting that high HbF content was related
to cell survival.”

Most evidence suggests that F cells are not
clonal but acquire their particular charac-
teristics stochastically during development.
In clonal disorders, including polycythemia
vera, paroxysmal nocturnal hemoglobin-
uria, and Philadelphia chromosome-positive
chronic granulocytic leukemia, F cells are pre-
sent in the same proportion as in normal
individuals. In adult red cells, no relationship

. exists between F cells and i-antigen, a maker
for fetal like cells.

F Reticulocytes: Using a double-labeling
technique that detects both HbF and reticulo-
cytes (F reticulocytes), F reticulocytes in sickle
cell anemia numbered 10.6% + 7.0%. These
observations raised the question of prefer-
ential survival of F cells in sickle cell anemia. Preferential
survival was suggested by finding more F cells than F reticu-
locytes in most, but not all patients. Increased F cell survival
could be the result of inhibition of HbS polymerization by
HbF and differential susceptibility of F cells and non-F cells
to phagocytosis and endothelial cell adherence.

Laboratory Detection of HbF

Different methods of measuring HbF can give different
results on the same blood sample, and the most precise
method for determining HbF varies according to the blood
HbF concentration. Currently, the most prevalent means of
measuring HbF is by HPLC. In normal adults, HbF concen-
trations measured by cation-exchange HPLC were between
0.1% and 0.4%.°° Sex, polymorphisms in the B-globin gene
like cluster, y-globin gene duplications, and +y-globin gene
promoter mutation can all increase HbF in otherwise nor-
mal individuals.

Medical Conditions Associated with Increased HbF

HPFH is a condition in which increased HbF levels persist
into adult life. Several large deletions affecting the - and 8-
globin genes lead to pancellular HPFH syndromes with HbF
levels 0f 20%-30% and to the closely related 3p thalassemias
(Chapter 16). Point mutations within the promoters of the
v-globin genes lead to a heterocellular or a pancellular form
of HPFH with increased HbF and F cell levels. In these con-
ditions, the HbF concentration varies from slightly elevated
to nearly 40% in heterozygotes (Table 7.2). These mutations
could increase the promoter activity by effecting transcrip-
tion factor binding.?”

Pregnancy is associated with a modest increase in HbF
in the second trimester. Hydatidiform moles are associated
with up to 6% HbE Although hormones secreted during
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Table 7.2. Point mutations in the promoters of the y-globin genes associated with an HPFH phenotype

Percent Percent
Gene Mutation A~ Globin HbF Notes
HBGT (") C-202T 89-96 1.6-3.9 Seen with HbS
T-198C 90-100 2-13 20% in homozygote
C-201T 10.2
C-196T 80 12-16 also positive for ¢y-158 C-T
C-195G 85 4-7
T-175G 60-80 38 in HbAS, 41% HbF, 17% HbS; also 40% HbF
with HbC trait
C-158T 51 3-5
G-117A ~90 7-19 25% in homozygote
C-114T ~90 ~5
HBG2 (6 ) C-202G 100 14-21 with HbAS 18%—24% HbF, 25%—35% HbA
T-175C 100 22 with HbAS 30% HbF, 28% HbA
C-196T 8.6 also positive for ¢y-158 C-T
C-114A 90 0.6-3.5 4%-11% HbF with associated with B
thalassemia
C-114G 90 8.6
C-114T ~90 11-14 also homozygous for y-158 C-T
A-110C 97 0.8

Some of these mutations are also associated with 3 thalassemia. References to these polymorphisms can be found at

http://globin.cse.psu.edu/.

pregnancy have been implicated in these effects, the mech-
anism of HbF elevation is not clear.

Premature infants and infants of diabetic mothers have
a delayed y—B switch and higher HbF levels than other
neonates. This switch is accelerated in Down syndrome
and other chromosomal translocations. Controversy exists
regarding the relationship of HbF to sudden infant death
syndrome (SIDS). In most studies carefully controlled for
the postconceptual or gestational age, the prime determi-
nant of neonatal HbF level, infants dying with SIDS aged
between 8 and 16 weeks, had significantly higher levels
of HbF than controls.”® HbE measured by different tech-
niques, was between 28% and 65% in SIDS infants, whereas
controls had HbF concentrations between 12% and 41%.
HbF synthesis was increased in infants considered at risk
for SIDS.?” Perhaps the high O affinity of HbF contributes
to chronic hypoxia, a common finding in these patients. A
recent study of SIDS and control cases found that they were
not different with respect to mean age, sex, gestational age,
method of delivery, birth weight, or mean autopsy interval
and that the percentage of HbF levels in SIDS cases and
control were not significantly different.*

HDbF elevations can be seen in different cancers. HbF
was detected immunohistologically in metastatic germ cell
tumors such as embryonal carcinomas and teratomas, lym-
phoma, colorectal carcinoma, myelodysplastic syndrome,
and myeloma.®"*? Juvenile chronic myeloid leukemia and
Fanconi anemia are often accompanied by HbF levels of up
to 30% and levels are highest in patients with the C-T SNP
at —158 5’ to the Sy-globin gene. Kala-Azar and paroxys-
mal nocturnal hemoglobinuria, particularly when hemol-

ysis is present, can have HbF levels of 5%-10%. The high-
est levels are found in DiGuglielmo disease and juvenile
myeloid leukemia in which levels more than 50% have been
reported.

Mutations of the -y-Globin Genes (HBGZ2, HBG1)

Nearly 100 mutations have been described in the vy -globin
gene, the “y-globin gene, and the *yT-globin gene. v-
Globin chain variants will alter a single major hemoglobin
during fetal and neonatal life but, after the first year of
life, will alter only the trace of HbF usually present and are
therefore rarely detected. Mutations can be present in +y-
globin loci of the usual Sy-*y arrangement, on chromo-
somes with Sy -Gy loci and in cis or frans to the AyT-globin
gene. Depending on the chromosomal arrangement of the
~v-globin genes, and many other factors, the levels of Svy-
globin gene variants can range from 5% to 30% of total
hemoglobin present in neonates, with most accounting for
approximately 25% of all hemoglobin. Levels of most Ay-
globin gene variants are approximately half this amount.
This difference is due to the greater expression of the Svy-
globin gene in fetal erythroid cells. Very few y-globin gene
variants have been subjected to functional studies so that
the numbers of mutants reported to have altered proper-
ties might be underestimated. A listing of variant y-globin
genes and vy thalassemia and the properties of the variants
can be found at (http://globin.cse.psu.edu). These variants
can be unstable, have high or low O, affinity and can be
subject to oxidation and cause methemoglobinemia and
neonatal “cyanosis” that disappears with maturation.
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HbF-Sardinia (HBGI (E19) ile75thr) present in the AyT
gene is a frequent polymorphism without functional or
clinical abnormalities. Although present at high frequency
in many populations, it has a low frequency among Africans
and individuals of African descent, except among carriers of
the Cameroon haplotype. A reason for the high frequency of
this variant has not been established, but its low frequency
in most of Africa and high frequency elsewhere suggest that
it occurred after man left Africa, or that its advantage, if
any, is related to selective pressure not existent in Africa.
Mutants of HbF-Sardinia have been described.

v Thalassemia:y Thalassemia that results from the types
of point mutations that typify g thalassemia, has not yet
been described. Most instances of y thalassemia are due to
gene deletion and are better classified as 38 thalassemias
or £ydp thalassemia. Their phenotypes and pathophysiol-
ogy are discussed in Chapters 16 and 17. A y* thalassemia
phenotype was proposed to result from an IVS 1I-115 A-G
substitution in both the #y- and ¢ y-globin genes and the
deletion of an A at position -6 relative to the ¢ y-globin gene
polyadenylation site. Yet, the IVS II substitutions appear to
have gene frequencies of 0.73 for the *y-globin gene and
0.86 for the %y-globin gene suggesting that they are com-
mon polymorphisms. One vy thalassemia resulted from an
unequal crossover between the Sy and *vy-globin genes,
deleting one vy -globin gene from the affected chromosome,
and leaving a hybrid vy -globin gene, akin to the Hb Lepore-
type genes. Found in heterozygotes and in two homozy-
gotes, newborns homozygous for this deletion had only
50% HDbE all of the *vy type.

HEMOGLOBIN A;

HbA; (a28,) is a hemoglobin without an obvious physio-
logical function. In normal hemolysates, HbA, represents
between 2% and 3% of all hemoglobin.

Evolution of the 5-Globin Gene (HBD)

HbA, is present in humans, apes, and New World mon-
keys, but not Old World monkeys, a finding at variance with
the evolutionary data that suggested that humans and Old
World monkeys diverged after the divergence of New World
monkeys. This inconsistency was resolved with the obser-
vation that 3-globin genes are present in Old World mon-
keys but have been inactivated by mutation.

Comparisons of 3-globin genes among mammals have
shown that this locus has not evolved independently but
has done so in concert with the B-globin gene and is the
product of gene conversion. Three variants of the 3-globin
gene could have arisen by gene conversion. HbA, Flat-
bush (HBD ala22glu), HbA, Coburg (HBD argl16his) and
Hb Parchman (HBD ala22glu, ser50thr).3%34

It has been suggested that the 3-globin gene is a pseu-
dogene in evolution, destined for the biological scrap heap
of history. This presupposes that the sole functional role of
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Figure 7.5. Amino acid differences in the 3- and 3-globin genes.

all hemoglobins is O, transport but this is clearly not true.
Increased binding of HbA, to the membrane might mask
another functional role for this hemoglobin. The presence
of a variant HbA; at polymorphic frequencies in the Dogon
region of Mali at least hints at possible selection of this
hemoglobin.

The 8-Globin Gene and & Globin

Linked to the 3-globin gene on chromosome 11, the struc-
ture of the 3-globin gene is identical to all other expressed
globin genes. 8-Globin chains of HbA, differ from B-globin
chains of HbA by 10 amino acid residues, and 31 nucleotide
differences are found between the coding regions of the
B- and 3-globin genes (Fig. 7.5, Table 7.3). A high level of
homology persists until 70 bp 5’ to the mRNA capping site.
Greater sequence differences in the 5 noncoding portion
are found beyond this point, accounting, in part for the
diminished transcription of the 3-compared with the B-
globin gene.

The crystal structure of HbA; at 2.20 A in the R2-state has
been solved and used to provide the probable explanations
of its thermal stability. The structure of the T-state has also
been modeled allowing the structural basis of the antisick-
ling property of HbA, to be studied.*®

Table 7.3. Nucleotide differences in the coding regions of the
8- and 3-globin genes

2His 10Ala 11Val 30Arg 31Leu 66Lys 68Leu

B CAC GCC GIT AGG CTG AAA  CTC

8 CAT GT GIC AGA TTA AAG  CTA
84Thr 106 Leu 108 Asn 111Val 120Lys 132Llys 142 Ala

B ACC CTG AAC  GIC AMA  AMA  GCC

5 ACT TIG AAT  GIG AAG AAG  GCT
145 Tyr 146 His

B TAT  CAC

5 TAC  CAT

Codon usage in the B- and the 3-globin genes. Codons of the amino acid
that differ between the - and the 3-globin chains are not included. Two of
the codons that specify amino acid differences between the B- and the 3-
globin chain contain two base pair differences and one codon contains three
differences. Codon 31 Leu has a two base change.
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3-Globin Chain Synthesis: Quantitatively, the expression
of the &- and B-globin genes is strikingly different and the
sequences responsible for this have been studied. Although
HbA, comprises only 2%-3% of the hemolysate, it is syn-
thesized in all erythroid progenitors and has a pancellular
distribution in distinction to the heterocellular distribu-
tion of HbE In bone marrow, 3-globin chains are synthe-
sized at a reduced rate compared with B chains; 8-globin
is not synthesized in reticulocytes and reticulocytes con-
tain almost no 8-globin mRNA. Maturity-fractionated bone
marrow erythroblasts showed a progressive decline of 8- in
relation to B-globin chain synthesis as the maturity of the
erythroid cell increased.

Relative instability of 8-globin mRNA was postulated to
be responsible for the premature decline in 8-globin syn-
thesis. The half-life of 3-globin mRNA was less than one
third that of B-globin mRNA. Instability of 8 mRNA might
depend on the sequence of its 3’ untranslated region. Insta-
bility alone does not account for the vast reduction of HbA,
compared with HbA concentration.

In vitro transcription of the 3-globin gene was 50 times
less efficient than that of the B-globin gene. Studies of
hybrid genes suggested that the 3-globin gene promoter
was faulty. In the 3-globin gene promoter, the conserved
CCAAT box is replaced by CCAAC. CCAAC binds the ubiq-
uitous CCAAT-binding protein, CP1, less avidly than CCAAT
and forms unstable complexes with other possible CCAAT
binding proteins, reducing B-globin gene promoter acti-
vation by the locus control region (LCR). Another major
difference between the B- and d-globin gene promoters is
the absence of the proximal CACC in the 3-globin gene.
This sequence forms the binding site for the B-globin gene-
specific transcription factor, erythroid Kriippel-like factor.

The transcriptional defect of the 3-globin gene was
partially normalized when both the CCAAC and CACC
sequences were “corrected” by substituting the CCAAT
sequence of the B-globin gene promoter for the 3 gene
CCAAC motif. Introducing EKLF binding sites into the 8-
globin gene promoter, increased expression 6.5- to 26.8-
fold to 35% of the total 3 and B chains produced.*¢:3”

Mutations in the gene promoter do not totally explain
the reduced accumulation of 8-globin mRNA suggesting
that additional sites in the 3-globin gene could account
for its reduced expression. IVS-II of the 3-globin gene also
has been shown to reduce the 3-globin gene transcription
but the mechanism of this effect is unclear. Further insight
might come from the example of the Lepore hemoglobins,
products of 33 fusion genes (Chapter 16) that contain -
globin gene sequences in their 5’ portion that might explain
their characteristically reduced rate of synthesis. Neverthe-
less, the Lepore 33-globin chain is synthesized at a higher
rate than the 8-globin chain, perhaps because of the pres-
ence of a B-globin-like IVS-II. A B8 chain variant, B-like
through IVS-1 and then 3-like, was expressed at levels that
were greater than the d-globin gene, but less than the B-
globin gene, again suggesting that 8 IVS-II and 3’ sequences
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influence gene expression. The 3-globin gene IVS-II con-
tains only a single GATA-I binding site, whereas 8 IVS-II has
two GATA-I sites and an Oct-I site, perhaps accounting for
the effects of 3 IVS-II.

Functional Aspects of HbA,: HbA, has functional prop-
erties nearly identical to HbA; ligand-binding curves are
similar although HbA; has higher O, affinity, however Bohr
effect, cooperativity, and response to 2,3 BPG are iden-
tical to HbA. Greater thermal stability of HbA, might be
due to the 3116 arginine that can form a salt bridge with
«114 proline, increasing even further the stability of the
a18; contact. HbA;, has slightly increased autoxidation to
methemoglobin and its hemichrome had increased stabil-
ity. These differences could explain its increased membrane
binding. The positive charge of HbA, could endow it with
properties similar to other positively charged hemoglobins,
like HbG, in its interaction with the erythrocyte membrane.
HbA, has a higher affinity for erythrocyte membrane band
3 than HbA. Although the interaction of HbC with the mem-
brane is believed to determine the red cell phenotype of
HbC trait and HbC disease (Chapter 21), the very low con-
centration of HbA, makes it doubtful that it meaningfully
affects cation transport and mean corpuscular hemoglobin
concentration.

HbA, inhibits the polymerization of HbS and 322 ala
and 387 gln might be the important inhibitory sites.*®
When HbA; levels are exceptionally high and in the pres-
ence of elevated HbF levels, the combination of these two
hemoglobins could modulate the phenotype of HbS-g° tha-
lassemia (Chapter 23). A 86 valine mutation introduced into
the 3-globin chain in the presence or absence of either or
both 822 glutamic acid and 387 threonine, causes the deoxy
molecule to polymerize without a delay time in the simple
36 val variant and with delay times when other mutations
are present.*’

Mutations of the §-Globin Gene: Far fewer than expected
number of & thalassemia—causing mutations and §-globin
chain variants have been described. Detecting 8-globin
chain hemoglobinopathies is difficult because of the low
concentration of 3-globin gene variants and the few clinical
or hematological abnormalities that are expected with &
thalassemia. The inconsequential hematological changes
of 3 thalassemia appear to be an insufficient basis for natu-
ral selection to protect the carrier from Falciparum malaria

Approximately 60 variants of the 3-globin gene have
been described (http://globin.cse.psu.edu). In individuals
heterozygous for stable 8-globin chain variants, the con-
centration of the HbA, variant is equivalent to approxi-
mately half the usual HbA, concentration, and the sum
of normal and variant HbA; is equal to the normal HbA,
level. Homozygotes for these HbA, variants, unless they are
unstable, have normal HbA, levels. 3-globin gene variants
can also have increased O, affinity.

HbA,’ (HBD glyl6arg), sometimes called HbB,, is the
most common variant of the 3-globin gene. Among more
than 5,500 hemoglobin HPLC studies, 57 instances of
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HbA,’ trait were found, making it the third most preva-
lent hemoglobin variant detected after HbS and HbC. The
mean HbA, level was 1.7% and the mean HbA,’ level was
1.3%."° Present in approximately 1% of African Americans,
both homozygotes and heterozygotes are found. In Africa,
it has been described in samples from different geograph-
ical locations and has been described in cis and in trans
to HbS and HbC. More recently, it has been found at poly-
morphic frequencies in one cast in the Dogon region of
the Republic of Mali. Although haplotype analysis of the -
like globin gene cluster in individuals from Mali with HbA,’
showed that all unrelated individuals carried this mutation
on the same haplotype, samples from unrelated African
Americans with this mutation displayed haplotype hetero-
geneity. It is therefore possible that this mutation arose in
Africa unicentrically and distributed itself to other regions
of Africa by gene flow. HbA,' is easily detectable by HPLC in
the absence of HbS, C, or G.”° It migrates cathodic to nor-
mal HbA; on alkaline electrophoresis.

Measurement of HbA,

Separation of HbA, from HbA is simplified by the pres-
ence of two additional positive charges in the 3-globin
chain compared with the B-globin chain. Different meth-
ods of measurement, including new and traditional meth-
ods of electrophoresis and spectrophotometric measure-
ment of eluted fractions, HPLC, column chromatography,
immunological detection, and enzyme-linked immunosor-
bent assay are available. HPLC hemoglobin separation is
the preferred means of measuring HbA, but the results
must be interpreted cautiously in the presence of HbS
because the coelution of minor HbS species falsely elevates
the HbA, fraction.*!"*> Newer HPLC analytical methods can
reduce this inaccuracy.

Clinical Aspects of HbA,

Developmental Changes in HbA, Level: Little 3-globin chain
synthesis occurs in utero so that HbA, does not become
easily measurable until late in gestation. In normal new-
borns, HbA, concentration is 0.27% =4 0.02%. HbA, levels
vary with gestational age and are lowest in the least mature
infants. HbA;, levels do not rise synchronously with HbA,
but lag behind; the HbA/HbA, ratio is approximately 100
by 32 weeks gestation, 75 by 45 weeks and “adult” ratios
of approximately 40:1 are not reached until at least age 6
months. This sluggish response of HbA, during maturation
can reduce its value for the diagnosis of B thalassemia in
young infants. In the presence of an a-globin variant, such
as HbGPhiladelphia ' the variant a-chain combines with the 3-
chain to form a hemoglobin tetramer with the structure,
aVariant, &, This tetramer, often called HbG,, usually com-
prises less than one half the total amount of HbA,. HbG; is
more positively charged than HbA, because of the positive
charge of the o chain and is easily separated from HbA,.
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Table 7.4. Low HbA; levels

Iron deficiency
G-6-PD deficiency

lowest with increasing severity

reports are conflicting — levels
probably not reduced

related to severity of the thalassemia

only in a minority of cases

half normal in heterozygotes

half normal in heterozygotes

o Thalassemia

Myelodysplastic syndromes

Hb Lepore

Gene deletion hereditary
persistence of HbF

8B Thalassemia

d Thalassemia

HbA, variants

Sideroblastic anemia

Juvenile chronic
granulocytic leukemia
with increased HbF

Acute myelocytic leukemia

«-Globin gene variants

half normal in heterozygotes
usually approximately half normal
variant can be poorly expressed
due to impaired «-globin synthesis
only in a minority of cases

minor reduction
hybrid HbA, might not separate

Extra HbA, bands are a valuable clue to the presence of vari-
ant a-globin chains, although, depending on the charge of
the a-globin variant, they might or might not separate from
the major hemoglobin bands (Chapter 23).

Low HbA, (Table 7.4): Low HbA, values are usually
the result of either posttranslational modifications in the
assembly of the HbA, tetramer, reduced synthesis of the 8-
globin chain secondary to & thalassemia or 3-globin chain
mutants.

Among Greek Cypriots with an HbA, of less than 1.6%,
all had of 3-globin mutants. Five of the 11 mutations were
amino acid substitutions and the others were more typical
thalassemia mutations. When HbA, was 1.7%-1.8%, 91% of
subjects had a 3-globin variant and this percentage fell to
53% if the HbA, was 1.9%. Based on their screening, it was
estimated that 1.26% of Greek Cypriots had a 3-globin gene
mutation.*® In 29 patients with a low HbA; level, 20 8-globin
gene mutations, including those causing 8 thalassemia and
structural abnormalities of the §-globin gene, were found.**

Posttranslational Causes of Reduced HbA,: Posttrans-
lational causes of reduced HbA, can result from either
acquired or genetic disorders. In either case, the underlying
cause of the low HbA; level is insufficient synthesis of a-
globin chains. Assembly of hemoglobin tetramers is depen-
dent on charge differences of - and non-a-globin chains
(Chapter 22). Normal «- and B-globin monomers have
nearly equivalent positive and negative charges, respec-
tively, and are united by electrostatic attraction to form a8
dimers. 3-Globin chains are more positively charged than
the B-globin chains (or y-globin chains). Under normal
conditions of a chain sufficiency or slight excess, HbA is
formed in preference to HbA, because a8 dimers assemble
more readily than ad dimers. When the supply of a-globin
chain is limited, this effect of monomer charge on dimer
formation is exaggerated, as B chains (and vy-chains) com-
pete more effectively than § chains for scarce «-globin.*>~*7
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Acquired conditions that reduce a-globin chain syn-
thesis appear to work through the common mechanism
of absolute or functional iron deficiency. Lacking suffi-
cient iron, a repressor of initiation of protein synthesis is
formed that preferentially effects «-, rather than non-a-
globin chain initiation, resulting in a relative deficiency of «
chains. Patients with iron deficiency anemia have reduced
levels of HbA,. This reduction is greatest in individuals with
the most severe iron deficiency.’® *° Individuals with ane-
mia, microcytosis, and low levels of HbA, from iron defi-
ciency might be mistaken for carriers of a thalassemia.
When iron deficiency and B thalassemia coexist, the HbA,
level has been occasionally reported to fall, although it can
remain within the range expected for thalassemia heterozy-
gotes. The iron utilization defect associated with sidero-
blastic anemias can also reduce HbA; levels.

In the a thalassemia/myelodysplasia syndrome (Chap-
ter 15), inhibition of a-globin chain synthesis is associated
with low HbA; levels. With acute myeloid leukemia, HbA; is
lower than in acute lymphocytic leukemias, suggesting that
the leukemic clone involves the erythroid lineage. Patients
with juvenile chronic granulocytic leukemia can have a
hemoglobin pattern very similar to fetal erythropoiesis, and
high HbF is accompanied by low HbA, recapitulating nor-
mal neonatal findings. Erythroleukemia has also been asso-
ciated with very low levels of HbA, without HbH. These
acquired “a thalassemias” bridge the gap between reduced
HbA, secondary to acquired diseases and low HbA, associ-
ated with genetic abnormalities of a-globin synthesis.

o Thalassemia is the common cause of a genetically
determined reduction in HbA, level due to posttransla-
tional mechanisms. HbA, concentration varies commensu-
rately with the deficit in a-globin chain synthesis. With the
mildest types of o thalassemia, HbA, values might be indis-
tinguishable from normal. When «-globin production is
impaired significantly, the reduction in HbA; is dramatic. In
21 patients with HbH disease, the HbA, ranged from 0.5% to
1.8% and averaged 0.8%.°° Homotetramers of 8 chains have
been reported in « thalassemia hydrops fetalis.

8 Thalassemia: Approximately 20 different & thal-
assemias due to the usual types of thalassemia-causing
mutations have been described and cause either §* or &°
thalassemia (http://globin.cse.psu.edu). Uncomplicated
thalassemia has no clinical repercussions other than com-
plicating the diagnosis of B thalassemia trait. By decreas-
ing the level of HbA;, 3 thalassemia makes the use of HbA,
levels less reliable. Homozygosity for 8° thalassemia causes
absence of HbA,.

Early descriptions of 3 thalassemia were based on hema-
tological and family studies and are often error prone. &
Thalassemias have been reported most often in Japanese,
Italian, and Greek populations. Whether this represents
their true distribution is not known because extensive sur-
veys have not been done. In Italians and potentially in other
ethnic groups in which B thalassemia is common, the coex-
istence of 3 thalassemia and B thalassemia might cause the
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Table 7.5. Increased HbA,

Proven Cases
B Thalassemia 4%—6%, rarely up to 12%,
microcytosis

4%-5%, microcytosis, similar to
HbS—B° thalassemia

modest increases

not uniformly found

HbA, lower than in B thalassemia,

Sickle cell anemia—a
thalassemia

Megaloblastic anemia

Unstable hemoglobinopathies

Zidovudine-treated HIV

patients macrocytosis
CDA, Type | HbA, lower than in B thalassemia,
macrocytosis
Hyperthyroidism HbA, lower than in B thalassemia,

Normal individuals rare, normal red blood cell

indices, no thalassemia

Doubtful Cases
Malaria
Sickle cell trait
Sickle cell anemia
Hereditary spherocytosis

HbA,; to be normal and complicate $ thalassemia screening
programs. In Greece, approximately 5% of individuals with
B thalassemia can have borderline or normal HbA, concen-
trations and most of these cases also have & thalassemia
due to point mutations or the 7.2-kb Corfu deletion.’! Inter-
actions between « thalassemia and B thalassemia can also
result in normal HbA; values. B Thalassemia can escape
detection if the sole basis of diagnosis is the level of HbA,.

In the Corfu 7.2-kb deletion, most of the 8-globin gene
is absent. Although the initial molecular characterization
of this deletion suggested that it inactivated the B-globin
gene, subsequent studies revealed a 3" thalassemia muta-
tion that was responsible for the reduced expression of the
B-globin gene in cis to this deletion.

Heterozygotes for 8@ thalassemia, Hb Lepore, and gene-
deletion HPFH have half-normal HbA; levels and homozy-
gotes have no HbA,. Although the percentage of HbA,
might be low when 8-globin gene expression is abolished,
the absolute level, expressed as pg HbA; per cell, is elevated,
reflecting increased synthesis of HbA, from the chromo-
some in trans to the deleted gene.

High HbA, (Table 7.5): Heterozygous B thalassemia is
the cause of at least 95% of the cases of high HbA, levels
(Table 7.5). Only a few of the point mutations causing 8 tha-
lassemia are not associated with a raised HbA, level. “Nor-
mal” or borderline HbA; thalassemias have multiple causes
including triplicated a-globin loci, B thalassemia with «-
globin gene deletion, and 8 plus B thalassemia, usually in
trans but rarely in cis.”? Mean HbA, levels in 879 carri-
ers of B thalassemia of diverse ethnic backgrounds were
5.08% = 0.39%.°° The highest observed value was 6.8%. In
184 African American patients with  thalassemia trait, the
mean HbA, level was 4.97% =+ 1.07%.° With the few excep-
tions mentioned previously, an elevated level of HbA,, in
the presence of microcytic erythrocytes, identifies patients
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Figure 7.6. HbA, concentrations according to the B thalassemia mutation in
more than 600 patients.>

with heterozygous B thalassemia. HbA, levels could be
higher in heterozygous B° thalassemia and severe g+ thal-
assemia than in mild B+ thalassemia because of their
greater impairment of B-globin chain synthesis.>* Average
levels of HbA, in heterozygotes for 32 different g alleles
are shown in Figure 7.6.°° In mild g thalassemia mutations,
a nominal suppression of B chain synthesis and a minor
excess of a-globin chains can lead to less a3—dimer forma-
tion. It possible, however, that point mutations in the B-
globin gene promoter might alter binding of transcription
factors and augment 8-globin gene transcription in cis to
the mutation. Nevertheless, in 10 heterozygotes with the
—88 C—T B+ thalassemia mutation, HbA, was 5.4% =+
0.4%; in another six heterozygotes HbA, was 4.9%; in a
patient with the —88 C— T B* thalassemia and HbA,’ in
trans, the total HbA; level was approximately 7%.

Because of the striking increases of HbF that typify the
severe (3 thalassemias, HbA; levels in homozygous B thal-
assemia are variable and of little diagnostic value. The
level of HbA; in homozygotes for the promoter mutations
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—88C—T and —29 A— G averaged 6.6% (4.0%-9.7%).%
Transcription of the 3-globin gene appears to vary recip-
rocally with that of the y-globin gene. This reciprocity is
evident as HbF levels fall rapidly during the last trimester
of gestation and is also observed in the 8 thalassemia syn-
dromes. In homozygous 3 thalassemia, cells with the high-
est HbF levels have the lowest HbA, concentrations. One
example of the relationship between HbA, and HbF was
seen when chemotherapy for Hodgkin disease appeared to
reactivate HbF synthesis in a patient with B thalassemia
trait and the Swiss-type HPFH. HbF level rose from 4.5% to
26%, accompanied by a fall in HbA, from 4.5% to 2.4%. The
mechanism of this effect has not been studied but could
be a result of competition for the LCR and transcription
factors.

Increased HbA; in heterozygous 8 thalassemia appears
to result from both transcriptional and posttranslational
mechanisms.® Both the percentage and absolute amount
of HbA, are increased with the former approximately twice
as great as the latter. Reduced production of B-globin
chains, with a relative excess of a-globin chains, favors
the formation of a8 dimers and the assembly of HbA,
tetramers. Posttranslational effects occur in cis and in
trans to the thalassemia mutation as suggested by stud-
ies in which a &-globin variant was in trans to the B thal-
assemia mutation. Increased 8-globin gene transcription
might be expected to occur only in cis to the thalassemia
mutation.

Exceptionally High HbA,: Some individuals with $ thal-
assemia trait have HbA, concentrations much higher than
usual. These exceptionally high HbA, levels are usually the
result of a unique class of small deletions of DNA that usu-
ally begin within the B-globin gene and extend 5, remov-
ing the gene promoter (Chapter 16). Removing the B-globin
gene promoter sequences by the 5’ deletion might increase
the likelihood that transcription factors bind the remaining
8- and vy-globin gene promoters, enhancing the transcrip-
tion of these genes. Alternatively, deletion-induced disrup-
tion of higher-order DNA or chromatin structure could
make y- and 3-globin promoters more accessible to the
LCR. The absence of a functional  promoter might permit
the LCR to interact with the 3-globin gene in cis, enhancing
its expression.

HbA, levels in heterozygotes for these 5 B-gene dele-
tion thalassemias have been reported to range from approx-
imately 7%-12%. HbA, levels that exceed the top of this
range have not been reported. Laboratory reports of HbA,
values more than 15% or 20% are usually spurious or repre-
sent instances of HbC or HbE heterozygosity complicated
by a thalassemia or iron deficiency.

Miscellaneous Causes of High HbA,: Patients with either
sickle cell anemia—« thalassemia or HbS-B° thalassemia
have high HbA, concentrations (Chapter 23). In the former
group of patients, the 3-globin chain competes more effec-
tively than the B8-globin chain for the limited quantities of
a-globin chain.
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HbA, levels are consistently elevated in hyperthy-
roidism, although not as markedly as in 8 thalassemia. Both
the percentage and absolute amount of HbA, are increased,
suggesting increased synthesis of the 3-globin chain and
an effect of thyroid hormone on 3-globin gene transcrip-
tion. The combination of high HbA, and low MCV can be
confused with B thalassemia. Euthyroidism following treat-
ment is accompanied by a fall in HbA, and rise in MCV. In
untreated, nonanemic, hypothyroidism, HbA; levels cluster
toward the low end of normal.®’

Megaloblastic anemias have been associated with HbA,
concentrations that exceed normal. The most severely ane-
mic patients have the highest HbA, values. The incidence of
this finding seems low, however, the amount of the increase
above normal is slight, and in one study the mean HbA; lev-
els in the normal and megaloblastic anemia groups were
similar. Perhaps the high HbA, of megaloblastic anemia
is a result of more hemoglobin synthesis occurring in less
mature erythroid precursors.

Seventy-eight human immunodeficiency virus (HIV)-
infected patients taking zidovudine had HbA, levels of
3.2% =+ 0.5% compared with 2.7% =+ 0.4% in HIV-positive
controls not exposed to this drug. The MCV was higher in
zidovudine-treated patients but evidence of folic acid or
vitamin B;, deficiency was lacking. It was speculated that
increased HbA; levels of the treated patients was secondary
to drug-induced megaloblastic erythropoiesis.

In 14 Israeli Bedouins with congenital dyserythropoietic
anemia, type I, the mean HbA;, was 3.5% + 0.5%. MCV was
98 + 5 fl but biosynthesis studies showed a deficit of B-
globin chain synthesis with a mean o/ synthesis ratio of
1.27, suggesting B thalassemia trait. The sequence of the -
globin gene in four individuals was normal however.

HbA, levels are increased in some examples of unstable
hemoglobin. An unstable B-globin chain might have diffi-
culty forming o dimers, increasing ad dimer assembly.

In one report, 20% of individuals with pseudoxanthoma
elasticum had increased HbA,.>®

Malaria infestation and elevated HbA, levels have been
linked in some reports but not others. The best-controlled
study casts doubt on such an association. An association of
hereditary spherocytosis and very high HbA, levels has also
not been proven.

EMBRYONIC HEMOGLOBINS (HBE1, HBZ)

Between 4 and 14 weeks gestation, the human embryo
synthesizes three distinct hemoglobins in yolk sac—-derived
primitive nucleated erythroid cells: Hb Gower I ({.¢,), Hb
Gower II (ap€,), and Hb Portland ({,7y2). {- and &-globin
are expressed before y- and a-globin. By 14 days of devel-
opment, after the establishment of the placenta, embry-
onic hemoglobins start to be replaced by HbF but some ¢ -
and e-globin chains can be found in definitive and primi-
tive erythrocytes.>® At 15-22 weeks of gestation, 53% of fetal
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cells contained { -globin chains and 5% had e-globin chains.
At term, cord blood contained 34% (- and 0.6% e-globin
chain—positive cells. Erythrocytes from normal adults did
not contain embryonic globins.

Recombinant technology using plasmid-based expres-
sion systems in yeast and transgenic mice have provided
sufficient amounts of functional embryonic hemoglobin
tetramer to permit studies of their structural and functional
properties (revie