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Abstract

In the devel oping embryo, hematopoiesis begins with the formation of primitive erythroid cells
(EryP), adistinct and transient red blood cell lineage. EryP play avital role in oxygen delivery and
in generating shear forces necessary for normal vascular development. Progenitors for EryP arise
as a cohort within the blood islands of the mammalian yolk sac at the end of gastrulation. Asa
strong heartbeat is established, nucleated erythroblasts begin to circulate and to maturein a
stepwise, nearly synchronous manner. Until relatively recently, these cells were thought to be
“primitive” in that they seemed to more closely resembl e the nucleated erythroid cells of lower
vertebrates than the enucleated erythrocytes of mammals. It is now known that mammalian EryP
do enucleate, but not until several days after entering the bloodstream. | will summarize the
common and distinguishing characteristics of primitive versus definitive (adult type) erythroid
cells, review the development of EryP from the emergence of their progenitors through maturation
and enucleation, and discuss pluripotent stem cells as models for erythropoiesis. Erythroid
differentiation of both mouse and human pluripotent stem cellsin vitro has thus far reproduced
early but not late red blood cell ontogeny. Therefore, a deeper understanding of cellular and
molecular mechanisms underlying the differences and similarities between the embryonic and
adult erythroid lineages will be critical to improving methods for production of red blood cells for
usein theclinic.
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Introduction

For more than a century, hematopoietic development in vertebrates has been thought to
comprise “primitive” and “definitive” phases. The emergence of “primitive” erythroid cells
(EryP) inthe yolk sac (Y S) marks the beginning of hematopoiesis in the mammalian
embryo. EryP were believed to be more “primitive” than adult red blood cells because, like
the macrocytic red cells of non-mammalian vertebrate embryos, they formed inthe Y'S,
circulated as nucleated erythroblasts, and were present only transiently, during embryonic
stages of development [1]. With the demonstration that these large cells do eventually
eliminate their nuclei [2—4] and then continue to circul ate as enucleated cells until and
perhaps beyond the time of birth [4], it became evident that they are not so primitive after all
[1, 5]. “Primitive” isamisnomer not only because embryonic, fetal and adult mammalian
erythroid cells all enucleate but also because the lineages share a number of other features,
including differentiation from a unipotential progenitor, production of hemoglobin,
progressive decrease in cell size and nuclear condensation during their terminal maturation,
and regulation by erythroid transcription factors such as Gatal, Gata?, EkIf/KIf1, Scl/Tal,
and Lmo2 [1, 6]. EryP play critical roles not only in facilitating the transport of oxygen and
carbon dioxide throughout the embryo but also in vascular remodeling [7]. The importance
of thislineage for normal development is suggested by its conservation among vertebrates
and the observation that failure in primitive erythropoiesisinvariably results in embryonic
lethality [8, 9].

Shifts in sites of hematopoiesis during development

Mammalian hematopoiesis occursin several waves and arises from multiple anatomic sites
(Fig. 1). Thefirst wave of hematopoietic cells appearsin the YS and islargely
erythropoietic, but aso includes megakaryocytes and macrophages [10-14]. EryP
progenitors are blast-like cells that are identified functionally on the basis of colony-forming
assays in methylcellulose. They can be detected from around embryonic day (E) 7.25-8.75
in the mouse [10, 15] and within weeks 3—4 of human gestation [16] and may arise from
bipotential megakaryocyte/erythroid progenitors (MEPs) [14]. Around the time primitive
erythroblasts enter the circulation, progenitor activity islost and the cells begin to
differentiate. Until around midgestation, the macrocytic maturing EryP retain their nuclei [2,
3, 17], in contrast with the much smaller definitive EryD that terminally differentiate and
enucleate extravascularly [18, 19], prior to entering the bloodstream. EryP are specified
directly from mesodermal progenitors with restricted hematopoietic potential [20-22].

The second hematopoietic wave also beginsin the Y S (~E8.25 in mouse [10] and ~4 weeks
in human[23]), is “definitive,” and comprises erythroid and myeloid lineages [10, 11, 14, 23,
24]. In the human embryo, EryD progenitors are found in the Y S by ~4 weeks and in the
fetal liver (FL) by 5-6 weeks[23]. Thus, in both mouse and human, there is a partia
temportal overlap between primitive and definitive hematopoiesisinthe YS. Y S definitive
hematopoietic cells are believed to arise from transient multipotent progenitors (but not
hematopoietic stem cells, HSC) that seed the FL [25]. The relationship between these
progenitors and the extensively self-renewing erythroid (ESRE) progenitors obtained upon
culture of ~E9.5 YS or E12.5 FL cells under carefully defined conditions [26] remains to be
clarified.

The third wave of hematopoiesisis seemingly more complex and arises from HSCs
produced within a number of intra-embryonic sites, including the aorta-gonad-mesonephros
(AGM) region (E10.5-11.5), the major blood vessels, and the placenta (reviewed in refs. [9,
27, 28]). The HSCs that form in these tissues do not differentiate there [29] but seed the
developing FL, thymus, and bone marrow, producing all hematopoietic lineages, including
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lymphoid potentials [30, 31]. Functional HSCs have been identified in E9.0 mouse Y S[32,
33]. The developmental origins of HSCs (Y S, embryo or both) have been the subject of a
controversy that has once again been recently reopened [34].

Definitive hematopoietic development is less well understood in humans but also arisesin
association with the AGM region, large vessels and placenta (reviewed in refs. [12, 28]).
HSC activity has recently been found to arise in the human AGM by around 5 weeks [35].
Though present in very small numbers, these cells display extremely high self-renewal
ability [35].

Primitive versus definitive erythropoiesis

Primitive erythropoiesis has been studied in a number of model vertebrate organisms. This
concise review will cover the mouse and human systems. Primitive and definitive erythroid
cellsare distinct lineages that arise from different populations of mesoderm (posterior and
lateral plate, respectively) generated during gastrulation (reviewed in ref. [36]). While the
two erythroid lineages share a number of common features, as noted above, they differ in a
number of important characteristics. Whereas EryP form only in the YS, EryD progenitors
arefound inthe YS, FL and, eventually, the adult bone marrow [8-10, 25]. EryP are much
larger than EryD (Fig. 2), express distinct globingenes [37], have different oxygen carrying
capacities, and differ in their requirements for specific cytokines (e.g. erythropoietin [38,
39]), transcription factors, and downstream signaling pathways (for areview, seeref. [6]).

The ontogeny of hematopoiesisis summarized in Fig. 2. Owing in large part to the technical
challengesinvolved in studying the early mammalian embryo, much less is known about
primitive compared with definitive erythropoiesis. In addition, after midgestation, as FL
erythropoiesis becomes active, maturing EryP and adult-type erythrocytes (EryD) are
present simultaneously within the circulation and EryP are rapidly outnumbered by EryD [2,
4]. At present, there are no cell surface markers that uniquely distinguish EryP from EryD.
Transgenic mouse lines have been created to mark EryP, using expression of /acZ[40, 41]
or green fluorescent protein (GFP) [4, 17, 41] reporters expressed under the control of
human embryonic (epsilon)-g/obin regulatory sequences and a p-globin locus control region
(e-globin-H2B-GFP transgenic mice; photographs of such embryos are shown in Fig. 1).
The fluorescent reporters have made it possible to isolate EryP progenitors [15] and
maturing EryP [4, 17], track EryP enucleation [4, 17], generate a genome-wide
transcriptome of this lineage at distinct stages of its development [15], and evaluate the
consequences of ablating expression of atranscription factor (Ek/f) specifically in the EryP

lineage [42].

Hemangioblastic origins of primitive erythropoiesis

The observation that primitive erythroblasts form in close spatial and temporal relationship
with vascular endothelial cells of the Y Sled to the proposal that they share a common
progenitor termed the “hemangioblast” (reviewed in ref. [43]). It was thought that
hemangioblasts gave rise to “blood islands,” clusters of EryP surrounded by endothelial cells
within the mesothelial layer of the YS[13]. Thisview gained increased support from studies
of differentiating mouse and human embryonic stem (ES) cells[44, 45] and from mouse
embryos [21]. “Blast colony”-forming cells (BL-CFC) isolated from ES cell-derived
embryoid bodies (EBs) displayed properties expected of the hemangioblast and were
hypothesized to be itsin vitro equivalent [44]. Interestingly, in the mouse embryo, most BL -
CFC activity isfound in the posterior primitive streak and not in the YS[21]. BL-CFC are
not bipotentia but, in addition to primitive and definitive hematopoietic cell types[14, 44],
they can a so give rise to smooth muscle [46] and non-hematopoietic mesenchymal cells

[47].
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The existence of the hemangioblast — or at least its unique function as a clonal source of
hematopoietic and endothelial cellsin the YS -- has been called into question by a number
of other studies. Lineage-tracing experiments suggested that EryP and angioblasts
(endothelial progenitors) inthe Y'S do not share a common progenitor [20]. In other work
involving mouse chimeric embryos expressing four different fluorescent proteins, the
identification of polyclonal (multi-color) blood islands argued against a bipotential
progenitor [22]. It is worth noting, however, that while cells with BL-CFC activity can give
rise to either hematopoietic or endothelia cellsin vitro [21, 44], it has not been claimed that
the emergence of these lineagesis clonal. In the embryo, hemangioblasts in the posterior
streak may produce more restricted progenitors (e.g. EryP progenitors, angioblasts,
megakaryocyte-erythroid progenitors) that colonize and differentiate withinthe YS. Yet
another twist in the story came from an immunohistochemical analysis of the YS at ~E7.75
that revealed a“blood band” of CD41+ (hematopoietic progenitor) cells and occasional
endothelia cells rather than discrete blood islands [13]. The authors proposed that this blood
band islater subdivided by endothelia cells[13], perhaps by a second wave of angioblast
development that is independent of hematopoiesis [48]. In contrast with evidence for a
hemogenic endothelial origin for hematopoietic stem cell (HSC)-derived blood lineages [43,
49-51], the early wave of blood development in the Y S does not progress through an
endothelia intermediate [13, 52].

Properties of primitive erythroid progenitors

In the mouse, EryP progenitors can be detected in the Y S (but not the embryo proper)
between ~E7.25-E8.75 [10, 15]. EryP progenitors have been prospectively isolated from
E7.5-E8.5 e-globin-H2B-GFP transgenic mouse embryos using flow cytometry [15]. EryP
progenitor activity was found exclusively in the FACS-sorted GFP+ population and
expanded rapidly between E7.5 and E8.5[15]. A fraction of the GFP+ cellsfrom E7.5
embryos expressed FIk1, c-kit, VE-cadherin, and Tie-2 -- proteins normally associated with
endothelial cells[15]. All progenitor activity was found in the GFP+; c-kit+ population and
was enriched by 4-fold in the GFP+; Tie2+ fraction [15]. By ~E9.0, after EryP have begun
to enter the bloodstream, progenitor activity is lost [discussed below and ref. 53]. However,
circulating EryP continue to divide until ~E12.5-13.5 (our unpublished data and reviewed in
ref. [1]).

EryP progenitors express a number of cell adhesion proteins on their surface (Pecaml,
CD44 and theintegrins a4, a5, 1 and B3) [15] (Fig. 3). Genes encoding other adhesion
molecules as well as collagens are also expressed in these cells[15], suggesting that, within
the Y'S, EryP form tight associations with one another and/or with surrounding endothelia
cells, as suggested from electron microscopic analysis [54]. Loss of EryP surface adhesion
proteins, in combination with expression of metalloproteasesin the yolk sac, might help to
facilitate the entry of these cellsinto the bloodstream [15].

Primitive erythroid cells mature within the circulation

Circulating EryP continue to mature within the bloodstream, progressing in a stepwise,
developmentally synchronized fashion from proerythroblast to orthochromatic erythroblast
to reticulocyte [4]. This cellular maturation is accompanied by the loss of nucleoli (E9.5—
10.5), decreased cell diameter and cross-sectional area (E10.5-11.5), condensation of nuclei
to ~20% of their origina size (E10.5 onwards), expression of cell adhesion proteins (E12.5—
14.5[4, 17]), and enucleation to primitive reticulocytes (E12.5 onwards [2-4]). Maturing
EryP also display a progressive loss of CD71 and upregulation of Ter-119 expression [4]
analogous to that observed for FL erythroblasts [55]. Selective reorganization of surface
proteins such as Ter-119, CD71 and integrins occurs during enucleation of EryP [4, 17, 42].
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A similar process has been reported for the partitioning of 1 integrin and
phosphati dylserine onto the membrane surrounding the expelled nuclei and of Ter-119 onto
the reticulocyte membrane of definitive erythroid cells [56-58].

In a study that overturned the long-held belief that EryP retain their nuclei throughout their
lifetime, an antibody against a mouse embryonic B-like hemoglobin chain was used to show
that EryP begin to undergo nuclear extrusion by E12.5 [2]. These findings were confirmed
and extended in e-globin-GFPtransgenic mouse embryos, using a FACS analysisin which
nucleated and enucleated EryP were distinguished and quantified in peripheral blood based
on binding of the cell-permeable DNA-binding fluorescent dye DRAQ5 and EryP-specific
expression of GFP [4]. Enucleation was essentially complete by E15.5 [4] but the total
number of GFP+ EryP remained about the same from E12.5 to the end of gestation (our
unpublished data and ref. [4]). Therefore, EryP remain a stable population through the rest
of gestation [4].

The signalsthat initiate differentiation of EryP progenitors, just as the cells begin to enter
the bloodstream [10, 53], are largely unknown. An important breakthrough in our
understanding of this process has recently come from a screen for microRNAs (miRs) in
sorted populations of differentiating ES cells that might function in early hematopoiesis
[47]. miR-126 was identified as a non cell-autonomous regulator of primitive erythropoiesis
that represses Vascular Cell Adhesion Molecule-1 (Vcamn-1)inthe Y S mesenchyme [47].
Upon downregulation of miR-126, expression of Vcam-1 isinduced on the surface of
mesenchymal cells. Engagement of V cam-1 with its ligands on EryP, for instance a4f1
integrin (VLA-4), which is expressed on EryP progenitors [15] (Fig. 3), initiates a
maturation signal in EryP that operates viaa Src Family Kinase (SFK) member that remains
to be identified [47]. The Vcam-1+ mesenchymal cells have not yet been well characterized,
but they appear to arise from a FIk1+ hemangioblastic progenitor [47].

Extravascular niches for primitive erythroid maturation and enucleation

Thefirst enucleated EryP are not detected in the blood until E12.5, five days after they first
appear inthe YS and at least three days after they have begun to circulate [2, 4]. An
explanation for this lag may be that EryP appear to collect and complete their maturation
within the FL [3, 17], an organ that does not form until midgestation.

Integrins (a4-, a5-, and B1) are expressed transiently on EryP progenitors and are
downregulated by the time the cells have entered the circulation [15] (Fig. 3). These and
other adhesion proteins are re-expressed beginning around E12.5 [4], suggesting the
possibility that EryP hometo afetal tissue such as the liver, where they continue to mature.
Support for this hypothesis came from experiments using e-g/obin-GFPtransgenic mouse
embryos [17]. Green fluorescence was detected in the FLs of transgenic embryos from
E10.5 through E14.5 [17]. The FL isthe site of development of definitive erythroid cells,
which mature within “erythroblastic islands’ (EBIs) [18]. EBIs contain a central

macrophage surrounded by erythroid cells at various stages of maturation [18]. The
macrophages are thought to function as nurse cells and engulf expelled erythroid nuclei [18].
EryP/IGFGP+ cells were found in EBIs of the FL, along with developing definitive
erythroblasts and in close association with macrophages [17]. Reconstitution experiments
demonstrated that EryP can bind to FL macrophages in a developmentally regulated manner
[17]. The EryP/GFP+ cellsfound in the FL upregulate a4, a5 and p1 integrins and CD44
and bind more readily to macrophages in reconstituted EBIs than do circulating EryP [17].
The “rosettes” formed by these interactions can be disrupted by a blocking antibody against
Vcam-1, a macrophage receptor for a4p1 integrin [17], and by peptide blocking of a4 and
a5 integrin binding to fibronectin (Isern and Baron, unpublished data). Confocal microscopy
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and FACS analyses of FLs from e-globin-H2B-GFP(nuclear GFP) transgenic mice
indicated that nuclei extruded by EryP, like those of adult red blood cells [58], undergo
phagocytosis by macrophages [17]. In both adult and embryonic lineages, nuclear extrusion
occurs by budding off of the highly condensed nucleus surrounded by arim of plasma
membrane [3].

EryP enucleation could be monitored and expelled nuclei isolated using flow cytometry
[17]. Thisanalysis confirmed that the extruded nuclei were highly enriched for integrins, in
contrast with enucleated primitive reticul ocytes, which showed little or no expression of
these adhesion proteins [17]. Therefore, adhesion molecules are specifically redistributed
onto the membrane surrounding the expelled nucleus, perhaps causing it to become more
attractive for engulfment by FL macrophages [17]. Others have used antibodies against
mouse embryonic B-hemoglobins to identify EryP and to demonstrate that these cells are
present in FL and can interact with macrophages that can engulf expelled nuclei in vitro [3].
Direct evidence for maturation and enucleation of EryP within the FL will require time-lapse
imaging. Although arole for macrophages in definitive erythropoiesisis well accepted [18],
itisnot clear that they are essential for enucleation of either erythroid lineage (reviewed in
ref. [6]).

Enucleation of human primitive erythroblasts has been reported to occur within the placental
villi rather than the FL [16]. The expelled nuclei are likely engulfed by macrophages, as
suggested from fluorescence microscopy [16]. It is not yet known whether enucleation of
EryP aso occurs in the placenta of the mouse.

Transcriptional regulators of primitive erythroid development

Transcription during primitive erythropoiesis is characterized by two discrete waves that
correlate with the transition from Y S to circulation and with late maturation events such as
nuclear condensation and enucleation, respectively [15]. The zinc finger proteins GATA1
and EKLF are central playersin both primitive and definitive erythropoiesis. Deletion of
both Garal and Gafa? genes essentially eliminates primitive erythropoiesis [59]. While
EKLF (KLF1) wasinitialy thought to function only in definitive erythropoiesis [60, 61], it
later became evident that this gene functions in primitive erythropoiesis as well [42, 62, 63].
Haploinsufficiency of Ek/fin the embryo resultsin striking abnormalitiesin the cell surface
of EryP but not EryD, suggesting that EryP maturation may be more sensitive to gene
dosage [42]. In EryD, fetal-to-adult g/obin gene switching is also sensitive to £k/f gene
dosage [64, 65] and haploinsufficiency of £KL Fin humans causes hereditary persistence of
fetal hemoglobin (HPFH) [64]. Loss of Ek/fin EryP causes an “identity crisis’ [42] (partia
change in cellular identity) within maturing EryP in the circulation, with upregulation of a
subset of megakaryocyte-related surface proteins such as CD41 and Pecam-1/CD31 and
transcription factors such as F//-1[42]. Therefore, Ek/f not only regulates lineage divergence
from the megakaryocyte-erythroid progenitor (MEP, reviewed in ref. [66]) but also controls
various aspects of EryP maturation [15]. Cell surface abnormalities are also seen on Rurnx1
mutant EryP [67], suggesting that Eklf and Runx1 may regulate some of the same targets.

In the absence of both £k/f and the closely related gene K/72, embryonic lethality occurs by
~E11.5, 2 to 4 days earlier than when either geneis deleted alone [68], suggesting that these
genes function in acommon pathway. Recently it has been demonstrated that c-My«c, known
to be acritical regulator of erythroid progenitor survival in vivo [69], is a direct target of
both EkIf/KIf1 and KIf2 [70]. These findings are particularly interesting in light of the
discovery that c-Myc functions as a transcriptional amplifier of pre-existing gene expression
[71,72]
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EryP and EryD differ in their requirements for avariety of other transcriptional regulators
such as c-Myb, Runx1, Sox6 and ZBP-89 [73-78].

Pluripotent stem cells as models for mammalian erythropoiesis

Embryonic stem (ES) cells, isolated from the “inner cell mass’ of a preimplantation embryo
(the blastocyst), have gained increasing attention as an approach to exploring the induction
and differentiation of each of the three germ layers[79, 80]. Under appropriate conditions,
ES cells form EBs that mimic many aspects of early embryogenesis [79, 80]. The ability to
move back and forth between the developing embryo and cell culture has been a particularly
powerful feature of the mouse ES cell system, which is also the best studied. The temporal
appearance of hematopoietic and endothelia progenitors has been well characterized in ES
cell-derived EBs and mimics that observed during normal embryogenesis. For example, in
differentiating ES cultures from mouse or human, EryP progenitors are found earlier than
cells with definitive erythroid potential [44, 45, 81-85]. Studies using ES cells have
complemented genetic analyses in the mouse and sometimes have often led to important
insights such as the realization that erythroid progenitors form in the absence of GaraZ but
fail to mature [86].

Erythroid differentiation of mouse and human ES cell cultures has resulted in the formation
of megalocytic nucleated erythroblasts that resemble yolk sac-derived cells but do not
enucleate [87, 88]. In one report, terminal differentiation of mouse ES-derived erythroid
cells was observed after amultistep, prolonged culture period, but other hematopoietic cell
types also formed and the “progenitor” population used was not well characterized [89].
Extended coculture of hESCs with immortalized fetal hepatocytes led to the differentiation
of more mature fetal-like erythroblasts that expressed mostly fetal but not adult hemoglobin;
some of these cells did enucleate [90].

Over the past few years, awide variety of mouse and human embryonic, fetal and adult
somatic cell types have been reprogrammed in vitro to “induced Pluripotent Stem (iPS)”
cellsthat are very similar, and sometimes essentially identical, to ES cells[91-95]. Like ES
cells, iPS cells can be induced to differentiate to a variety of lineages, including
hematopoietic cells. However, in contrast with mouse ES cells, human ES [87, 88, 90, 96]
and iPS[95, 97, 98] cell-derived red blood cells express little or no adult p-globin and
enucleation is generally incomplete. Thus, differentiation of pluripotential cellsin vitro
produces erythroid cells that are phenotypically most similar to embryonic/fetal stages of
ontogeny. Comparisons between the mouse and human systems will be important for
understanding molecular mechanisms underlying the differentiation of the erythroid lineages
and for the development of efficient methods for the production of adult type red blood cells
for clinical use.

Perspectives

Our understanding of embryonic erythropoiesis has progressed over the past decade, but
important questions remain unresolved. Why have vertebrates evolved to produce two
erythroid lineages? Studies in the mouse embryo hint that the extraembryonic (Y S)
production of EryP may allow the embryo proper to conserve resources for the formation of
other tissues. EryP progenitors constitute a transient amplifying pool from which large
numbers of primitive erythroblasts are generated [15]. These cells enter the bloodstream and
continue to divide for several days asthey circulate and carry oxygen throughout the
embryo. EryP are essential to support the transition from embryo to fetus, asindicated by the
lethal phenotype of GataZl mutants[99]. A second transient wave of erythroid cells (ESRES
[26]) may serveto support the fetus until HSC-derived erythropoiesis is underway.

Stem Cells Author manuscript; availablein PMC 2014 May 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Baron

Page 8

Cell sizeisastriking distinguishing feature of EryP and EryD (Fig. 2). FL EryD are
intermediate in size between EryP and postnatal EryD [6]. What controls erythroid cell size?
Cyclin D3 [100] and its targets Cdk4 and 6 [101] may be the key to this question, but more
work will be required to determine whether there are different requirements for these cell
cycleregulators during erythroid ontogeny.

What signals trigger the differentiation of EryP progenitors at the onset of active circulation?
Theimplication of miR-126 in regulating the transition between EryP progenitor and
differentiating erythroblast through V cam-1 [47] provides an important clue but raises a new
guestion. Vcam-1(+) mesenchymal cells were proposed to provide asignal to EryP
progenitors, but how? The erythroid progenitors are in contact with one another and with
vascular endothelium, but there is no evidence for a direct interaction with Y S mesenchyme.
It seems unlikely that interruptionsin vascular integrity during remodeling would provide
sufficient opportunity for EryP-mesenchyme interactions. Conceivably the Vcam-1 signal is
soluble and can cross the endothelial barrier. Alternatively, another cell type may be the
direct source of the signal in vivo. Experiments using purified EryP progenitors and other

Y S cell types may provide additional insights.

What is the significance of therelatively late (~E12.5-15.5) enucleation of EryP? Istheir
enucleation essential for normal development? It is possible that |oss of the nuclei from
these very large cells provides the necessary cellular flexibility for navigation through the
narrowing capillary beds of later stage embryos.

What is the function of macrophages in erythropoiesis? Several lines of evidence argue
against a requirement for macrophages in erythropoiesis [6]. However, these cells may
stimulate proliferation of progenitors [102] and/or play other supportive roles [18].

Progenitors for primitive erythropoiesis are the first hematopoietic cells of the embryo and
arefound in the YSonly briefly; terminally differentiated primitive erythrocytes are present
in the circulation through the end of gestation and probably for a short time after birth [4].
The ontogeny of erythropoiesisis much more complex than previously appreciated. For
example, at least in the mouse, three distinct erythroid lineages can be identified (EryP, YS-
derived EryD, and HSC-derived EryD), each with a unique pattern of S-g/obingene
expression [25]. Interpretation of observations made not only in vivo but also in cell culture
systems such as ES and iPS cells must take this complexity into consideration. Our
understanding of red blood cell biology will continue to be enriched by comparative studies
of erythropoiesis at different stages of development, in different tissues within the same
stage, and across species.
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Shifts in site of erythropoiesis during development
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Figure 1. Shiftsin the site of hematopoiesis during ontogeny

The cartoon summarizes hematopoietic devel opment in the mouse embryo but shiftsin sites
(YS, AGM region, placenta, FL, bone marrow) are closely analogous for human
hematopoiesis. Primitive hematopoiesis initiates with the formation of EryP progenitorsin
the YS. Definitive hematopoiesis arises from HSCs that emerge in the Aorta-Gonads-
Mesonephros (AGM) region, the large vessels of the embryo (not shown), and the placenta.
At least in the mouse, HSCs also forminthe Y'S, but later than primitive hematopoietic
progenitors. HSCs migrate to and differentiate within the FL and, around the time of birth
and throughout postnatal life, in the bone marrow. The photographs show transgenic mouse
embryos that express a GFP reporter in the EryP lineage (see text). The spleen (not shown)
isasite of hematopoiesislate in gestation [31].). The contributions of the thymus and spleen
to lymphoid maturation are not shown in this cartoon.
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Figure 2. Primitive erythroid cells are megalocytic and are much larger than definitive
erythrocytes

The photograph shows FACS-sorted E13.5 EryP/GFP+ cells that were mixed with maternal
blood cells for the purpose of highlighting the difference in size of these cells.
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Figure 3. Transient expression of a4, a5 and Bl integrins on the surface of progenitor stage
EryP

FACS histograms demonstrating that a4, a5 and 1 integrins are present on progenitor
stage EryP (E7.5-8.5). By the time the cells have entered the circulation (around E9.0), little
if any integrin expression is detected [1%], These integrins appear once again on the surface
of EryP, later in their maturation [4 17,
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