
SECTION ONE

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 (� 2� 2), Hb
Gower I (� 2ε2), and Gower II (�2ε2). In the fetus, HbF (�2� 2)
predominates and in the adult, HbA (�2�2) 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, Nrf1, Nrf2, Nrf3,
Bach1 and Bach2), and the erythroid Krüppel-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 �-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 �-
like globin gene cluster on chromosome 16 (�-�2-�1-) and
the �-like globin gene cluster on chromosome 11 (ε-G�-
A�-�-�-), 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 �-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 �-globin
gene cluster there are five major hypersensitive sites, col-
lectively referred to as the �-globin locus control region
(�-LCR) lying 5–20 kb upstream of the locus. Again, many
details remain unknown but it appears that the � and ε
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 �- to �-globin
gene expression during fetal development and neonatal
life, the situation is complex. There is strong evidence for
autonomous silencing of the � genes, in a manner analo-
gous to that of the ε gene, but it also appears that there
may exist some degree of competition between the �-
and �-globin genes that is modified by the transcriptional
milieu, which can change dramatically during this time
of development, with the balance tipped toward �-globin
gene expression in fetal life and �-globin gene expression
in adult life. The balance between �- and �-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 �- to �-globin gene expression. For
example, without EKLF the �-globin genes cannot be fully
activated during development. Alternatively, alterations in
the arrangement of the �-LCR and the �- and �-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

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 �- and �-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.
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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 birds1,2 and the widely
used mammalian vertebrate model, the mouse.3 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 mice4 and induced hematopoietic dif-
ferentiation of embryonic stem cells (ESCs) (mouse and
human).5,6 Thus, a more dynamic view of human embry-
onic hematopoiesis has been realized.

Initiation and Appearance of Hematopoietic Cells

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.7 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. Nieuwkoop8

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.9,10 Recent studies suggest that the
earliest hematopoietic mesoderm is derived from a spe-
cialized mesendodermal layer of cells.11,12 Animal cap
assays have identified mesoderm-inducing factors includ-
ing transforming growth factor–�1 (TGF�1) family mem-
bers BMP-4, activin, and Vg1, and members of the fibroblast
growth factor (FGF) family.11–13 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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4 Elaine Dzierzak

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.10 (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.12,14

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
allantois15 (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.16 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.17 Thus, induction of prospective
hematopoietic mesoderm is conserved between vertebrate
species.16

Extraembryonic Hematopoiesis: Yolk Sac

Yolk sac blood islands containing primitive erythrocytes
are detectable in the mouse conceptus at E7.518 and in
the human conceptus at approximately 16–20 days of ges-
tation.19 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.20 Several
endodermally produced developmental factors and mor-
phogens in the chick21 and the Indian hedgehog factor

produced by the endoderm in mouse embryo cultures22,23

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.24,25 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.26–28

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.29 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 FGF, TGF-�1, and BMP-4. Shortly thereafter
these cells express Flk-1 and have potential to differenti-
ate to angioblasts and SCL+CD34+ blast colony–forming
cells (BLCFC)30 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+Flk1− cells) exhibit the
functional properties of BLCFC.31 Additional studies have

A B

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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A Developmental Approach to Hematopoiesis 5

established that subsequent SCL expression can be used
to isolate the hemangioblast from angioblasts.26 Surpris-
ingly, hemangioblasts in vivo are localized not in yolk sac
but in the posterior primitive streak31 (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.32 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.26

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.33,34 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 islands35 and, upon grafting, forms
adult blood and endothelium.36 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.37 Recently,
both the mouse allantois and chorion have been shown
to possess intrinsic hematopoietic potential that is not
dependent on chorioallantoic fusion.33,34 Mouse allantois
and chorion tissues contain multilineage hematopoietic
potential as shown by colony–forming unit-culture (CFU-
C) assays. They express the Runx1 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.38–40 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

A

C

B

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.1,41 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 experiments41–44 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.45 The close association of hematopoietic
cell clusters and endothelial cells on the ventral aspect of
the dorsal aorta41 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,46,47 labeled intraaor-
tic hematopoietic clusters are found 1 day later, thus
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6 Elaine Dzierzak

demonstrating a precursor–progeny relationship between
endothelial cells and hematopoietic clusters.2

Similarly, chimeric embryo studies in amphibians have
demonstrated independent intraembryonic and extraem-
bryonic mesodermally derived sites of hematopoiesis.48–50

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.48,49 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.51 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 DLP52 (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.53 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 HSCs54–55 (reviewed in
Dzierzak56). 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)57) 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 E8.2537 precludes the identification of extra-versus
intraembryonically derived hematopoietic cells. Potent
hematopoietic progenitors CFU-spleen (S)58 B lymphoid,59

and multipotent (erythroid-myeloid-lymphoid) hemato-
poietic progenitors60 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 region54,55 and more specifically the dorsal aorta.61

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,41,52,62,63 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 CD31,63,64 are shared between the
hematopoietic cell clusters and endothelial cells. Both cell
types also express the Runx1 (AML1, CBF�2) transcription
factor,65 which is required for definitive hematopoiesis66,67

and the Sca-1 marker used for sorting adult HSCs.68 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.69 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.3 Moreover,
the demonstration that mouse embryos with a deficiency
of �1-integrin contain normal yolk sac hematopoiesis but

lack fetal liver hematopoiesis provides the first genetic
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A Developmental Approach to Hematopoiesis 7

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 a role in the
colonization process.70,71 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.72

Colonization with hematopoietic progenitors begins at late
E973,74 and HSCs appear at E11 in the mouse fetal liver.56,75

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.19

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 cells76 (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
progenitor

CFU-C In vitro culture for 5–14 d in semisolid
medium with growth factors

Erythrocytes, macrophages,
granulocytes, mast

77

Erythroid–myeloid
progenitor

CFU-S In vivo transplantation into lethally irradiated
adult recipients leading to macroscopic
spleen colony formation at 8–16 d

Erythrocytes, macrophages,
granulocytes

58

T-lymphoid
progenitor

Fetal thymic organ
culture/OP9-delta
coculture

In vitro culture with T-depleted thymus for
9–21 d or coculture with delta producing
stromal line

T lymphoid 60, 94

B-lymphoid
progenitor

Stromal coculture In vitro 14-d coculture with IL-7 and stromal
cells

B lymphoid 60, 95

Multipotent
progenitor

Single-cell
multipotential
assay

A two-step in vitro culture. Tissue
explants/cells cultured on S17 or OP9
cells followed by CFU-C and B/T lymphoid
assay or in vivo transplantation to
immunodeficient adults

Erythroid, myeloid, B and T
lymphoid

60

Neonatal
repopulating HSC

Neonatal liver
transplantation

In vivo transplantation directly in the liver of
1-day-old hematopoietic ablated
recipients. Yields long-term, multilineage
repopulation

All hematopoietic lineages 111

Adult repopulating
HSC

Adult transplantation In vivo transplantation into lethally irradiated
adult recipients.

Yields long-term, high-level, multilineage
repopulation

All hematopoietic lineages 55, 75, 123
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8 Elaine Dzierzak

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.77 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.3 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
E16–20,78 and mouse at E7.0/7.5.18,79,80 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 liver78 (Fig. 1.6). Simi-
larly, in the mouse, nucleated primitive erythropoietic cells
predominate in the yolk sac and fetal liver until a switch

Figure 1.6. Developmental expression of the human globin genes. Sites of
primitive and definitive hematopoiesis throughout development are shown.
Sequential waves of ε (epsilon), � (gamma), and � (beta) globin synthesis begin
with ε-globin expression in the first month of human development, followed
by � -globin expression in the fetal stage, to just after birth when �-globin
becomes the predominant hemoglobin type in definitive erythroid cells. The
chromosomal organization of the genes of the human �-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 E12.81,82

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 cells85 and single
fetal liver cells can switch from a fetal to adult globin gene
expression program.86 The general populations of mature
erythroid cells, however, are derived from developmentally
separate stem cell populations in the embryo.80,87 More-
over, the receptor tyrosine c-kit appears to be required for
fetal liver hematopoiesis but not yolk sac erythropoiesis,88

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.89

Myelopoiesis

The first cells of the monocyte–macrophage lineage appear
in human conceptuses at 4–5 weeks in gestation.78 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.90 In the mouse, primitive macrophages
(which begin to appear at E9 in the yolk sac) are thought
to arise from a local 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.91

Lymphopoiesis

The production of lymphoid cells begins in the human at
7–10 weeks of gestation.78 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.92,93 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.94

Dissection of the PAS/AGM region has revealed the pres-
ence of an AA4.1-positive progenitor for the B1a lineage of
B cells as early as E8.5.59,60 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,57 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

blood at E14.95 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 V�3 and V�4
T-cell receptor–positive subsets.96 Such T cells can also be
cultured from yolk sac after E8.5.93,96 Similarly in the B-
lymphoid lineage, the B1a subset of cells is produced by
fetal liver,97 yolk sac,98 and PAS,59 but not by adult bone
marrow. It is interesting to propose that the distinct B1a–
B cell subset, as well as V�3–4 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 E7.69,99 Burst-forming unit-E (BFU-
E) and CFU-Mix are also found in the yolk sac at E8,99

and mast cell precursors are found at E9.5.100 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.101 After the circulation
is established myeloid progenitors are also found in the
trunk region.89 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.57 Sim-
ilar cultures of precirculation allantoides34 also revealed
cells with myeloid potential. By E9 the placenta contains
an abundance of myeloid progenitors.38 Analyses of two
mutant mice, Cdh5−/− and Ncx1−/−, 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.102,103 In Ncx1−/− 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 Ncx1+/+ conceptuses in all anatomical sites.103 No
progenitors were found in the Ncx1−/− 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.104 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,105 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.106,107 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.63,107 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.63

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.108,109

Beginning at E9, statistically significant numbers of CFU-S
are found both in the yolk sac and PAS/AGM.58,69 It 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.54,58 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.54

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.109

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

a two-step culture system, 1 full day earlier than in the
yolk sac.57 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.19,28,110

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 CD34+c-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.111 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.112,113 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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