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Lymphoid Progenitor Emergence in the Murine Embryo
and Yolk Sac Precedes Stem Cell Detection
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Mammalian embryos produce several waves of hematopoietic cells before the establishment of the hematopoietic
stem cell (HSC) hierarchy. These early waves of embryonic hematopoiesis present a reversed hierarchy in which
hematopoietic potential is first displayed by highly specialized cells that are derived from transient uni- and
bipotent progenitor cells. Hematopoiesis progresses through multilineage erythro-myeloid progenitor cells that
lack self-renewal potential and, subsequently, to make distinct lymphoid progenitor cells before culminating in
detectable definitive HSC. This review provides an overview of the stepwise development of embryonic hema-
topoiesis. We focus on recent progress in demonstrating that lymphoid lineages emerge from hemogenic endo-
thelial cells before the presence of definitive HSC activity and discuss the implications of these findings.

Introduction

In adult mammals, the hematopoietic system is main-
tained by hematopoietic stem cells (HSC) that reside in the

bone marrow. As the ultimate precursor of the adult hema-
topoietic hierarchy, HSCs can self-renew and give rise to
multipotent progenitors, which then differentiate to oligo-
potent and unipotent progenitors and, eventually, produce
mature platelet, erythroid, dendritic, myeloid, lymphoid, and
natural killer cells. In this process, the hematopoietic poten-
tial (self-renewal ability and/or lineage potential) of each cell
type decreases along the hierarchal tree [1–4]. However, in
the developing embryo, the metabolic and growth-promoting
processes dictate the generation of a series of unique hema-
topoietic cells that are only transiently produced from distinct
progenitor cells long before the generation of a definitive
HSC. While much of our understanding of the molecular
regulation of the earliest events of embryonic hematopoiesis
has been learned from frog and zebrafish systems, the greatest
number of reagents and functional assays to study this de-
velopmental hematopoiesis reside in the murine system. In
this review, we will provide an overview of the spatiotem-
poral emergence of hematopoietic cells in the mouse embryo
(Fig. 1). We will attempt to identify the most recent progress
and identify residual questions on the origin of each wave of
murine hematopoiesis. Reviews on developmental hemato-
poiesis in frogs and zebrafish can be found elsewhere [5–8].

Primitive Hematopoiesis: The First Blood Cells

More than one hundred years ago, Alexander Maximow
recognized that the first red blood cells emerging in the

mouse embryo appeared ‘‘primitive’’ by displaying a
number of distinct features that differed from adult ‘‘defini-
tive’’ erythrocytes [9]. The primitive erythrocytes were ex-
ceptionally large and nucleated, more similar to the red blood
cells of birds, reptiles, and fish than the small enucleated
mature erythrocytes in adult mammals [10–12]. The first
‘‘primitive’’ red blood cells emerge in the mouse on em-
bryonic day 7.5 (E7.5). These primitive erythroblasts divide
rapidly and accumulate along with endothelial cells in the
proximal yolk sac that eventually appear to form ‘‘blood is-
lands’’ [13–15]. The primitive erythroblasts are six times
larger and contain six times more hemoglobin compared with
the adult-type definitive red blood cells [10,16–18]. At 4–8
somite pair (sp) stage (E8.25), when the embryonic heart
starts beating, primitive erythroid cells enter the embryonic
body through the nascent circulation [19–21] and go through
a series of maturation steps, including cell division (until
E13.5) [12,22], hemoglobin switching (E8.5–15.5) [23], and
enucleation (E12.5–E16.5) [12,24,25]. At least some of the
fully matured primitive erythrocytes persist in the blood-
stream for the remainder of development but are progres-
sively outnumbered by adult-type definitive red blood cells
that are produced from E12 onward in the fetal liver [24,25].

While primitive erythroblasts may persist in the circula-
tion throughout development, the primitive erythroid pro-
genitor colony-forming cells (EryP-CFC) are only produced
in a very transient developmental window. In the mouse,
EryP-CFCs emerge as early as the mid-primitive streak
stage (*E7.25) exclusively in the yolk sac [12] and express
low levels of the cell surface marker CD41 [14]. The
number of EryP-CFC increases extensively in the late-
primitive streak stage/early somite stage and decline hastily
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soon afterward. After E9.0 (*20sp stage), no EryP-CFC
can be identified in the mouse embryo [12]. Just as EryP-
CFC mature simultaneously after 4–5 days of in vitro cul-
ture [12,26], the maturation of primitive erythroid cells
in vivo occurs in a synchronized fashion as the cells migrate
through the circulation [12,19,21–25].

Originally, the term ‘‘primitive’’ was only used to describe
this first wave of primitive erythroblasts generated in the yolk
sac based on their large, nucleated morphology [9]. However,
accumulating evidence has shown that primitive erythroid
cells are not the only product of this wave of hematopoiesis.
Moore and Metcalf also described the presence of mature
myeloid cells in the E7.5 yolk sac [27]. It is now known that
some ‘‘primitive’’ megakaryocytes and macrophages, which
exhibit unique features in terms of proliferation, differentia-
tion, and maturation, are also produced in this first wave of
mammalian hematopoiesis from E7.5 to E8.5 [12,27–39].
Thus, the nature of ‘‘primitive’’ hematopoiesis is more ex-
tensive than a single lineage of blood cells. Indeed, the recent
report that embryonic macrophages emerging in the yolk sac
at E8 give rise to long-term tissue macrophage populations in
adult mice without ongoing contributions from HSCs indi-
cates that some of the first emerging blood cells during em-
bryogenesis should possess self-renewal properties [40–43].

Erythro-Myeloid Progenitor: Definitive
Hematopoiesis Emerges as a Second Wave
of Yolk Sac Hematopoiesis

Just as the term ‘‘primitive’’ was originally used to define a
stage of erythroid development, the term ‘‘definitive’’ was
originally used to describe the morphology of mature red
blood cells in adult subjects [9]. However, over time, the term
definitive was applied to other lineages of cells (macrophages,
megakaryocytes, and mast cells) that emerged in development
at the same time as the definitive adult-type erythroid cells.
The term has also been applied to describe the HSC emerging
during development, which display the capacity to give rise to
multilineage hematopoiesis on transplantation into myeloab-
lated adult mice [44]. However, the determination that ery-
thro-myeloid progenitor (EMP) cells emerge in the yolk sac
with properties similar to adult-type EMP cells has caused
some confusion about use of the term ‘‘definitive’’ to describe
these cells. Thus, this wave of hematopoiesis in the yolk sac
has been referred to as the ‘‘second wave,’’ the EMP phase, or
the transient definitive stage [45].

From E8.25, various EMPs, including definitive ery-
throid colony-forming cells (BFU-E and CFU-E), macro-
phage colony-forming cells (CFU-M), granulocyte-
macrophage colony-forming cells (CFU-GM), and multi-
potent high proliferative potential colony-forming cells (HPP-
CFC), can be detected in the mouse yolk sac [12,14,27,46].
These progenitors enter the circulation and colonize the fetal
liver at E10 [12,45–48]. Once matured in the fetal liver, the
EMP progeny re-enter the circulation as mature cells at E12–
E13 [21]. In contrast to primitive erythroblasts that mature
intravascularly, definitive erythroid cells are enucleated and
fully matured in the extravascular fetal liver tissue before
entering the blood stream [12,25,45].

In wild-type mice, EMPs are first detectable in the yolk
sac and then in the circulation, embryo proper, and placenta
before liver colonization [12,28,46–48], indicating the pos-

sibility that this wave of EMPs is exclusively produced in
the yolk sac and then distributed to other tissues through
systemic blood flow. However, after the discovery of the
first definitive HSC, which could reconstitute adult mye-
loablated recipients, in the aorto-gonad-mesonephros
(AGM) region [49,50], the term ‘‘definitive’’ became fre-
quently used to depict HSC-derived hematopoiesis. This
raised the possibility that ‘‘definitive EMP’’ may be derived
from the para-aortic splanchnopleure (P-Sp)/AGM region
[51,52], and caused some controversy with regard to a yolk
sac versus P-Sp/AGM origin for EMP [53–55]. Indeed, the
establishment of the systemic circulation at E8.25, which
overlaps with the timing of EMP emergence, makes it dif-
ficult to determine when and where the EMPs first emerge.
Thus, transgenic mice lacking expression of the sodium-
calcium exchanger protein NCX1, which are unable to es-
tablish a systemic circulation due to the lack of a heartbeat
[56], were employed to examine EMP origin independent of
circulating blood. In Ncx1 - / - (Ncx1-null) mice, essentially
all the hematopoietic progenitor cells emerge and are re-
tained in the yolk sac, before the embryos die at E10–E11
[20,57]. In addition, the number of yolk sac hematopoietic
progenitors in the Ncx1-null mice was unchanged from the
total number of progenitors within the whole wild-type
mouse concepts at the same developmental stage [20,57].
These data suggest that EMPs in the embryo proper of wild-
type mice originate in the yolk sac (Fig. 1). However, it is
also known that the biomechanical force generated by
flowing blood is crucial to the production of hematopoietic
cells in zebrafish [58] and mouse [59] embryos and may be
critical for EMP emergence in the P-Sp of the embryo
proper. Indeed, after being exposed to sheer stress ex vivo,
the colony-forming unit (CFU) forming activity of P-Sp cells
from Ncx1-null mice was significantly elevated [59]. Pre-
circulation allantois explants and placental cells from Ncx1-
null embryos also possess the potential to produce myeloid
and definitive erythroid progenitors in vitro, although at
greatly diminished concentrations compared with the yolk
sac [60–63]. Likewise, a subset of the heart tube endocar-
dium possesses EMP potential at a precirculation stage [64].

Unlike primitive hematopoietic progenitors that either
derive directly from the mesoderm or emerge from a he-
mogenic endothelial intermediate [65–69], the direct pre-
cursor of the EMP wave of progenitor cells is less
controversial. EMPs are considered the direct derivatives
from the hemogenic endothelium [70–72]. VE-cadherin +

CD45 - Ter119 - endothelial cells from E8.5 yolk sac and P-
Sp can produce erythroid and myeloid cells in vitro [73]. In
murine embryonic stem (ES) cell differentiation culture,
EMPs are also derived from hemogenic endothelial cells
[69,74]. In vivo, CD41 + clusters, which contain EMPs, are
attached to endothelial cells forming the yolk sac capillary
bed at E8.25 [14]. At E8.5, about 2% of the endothelial cells
in the yolk sac are estimated to be the hemogenic endo-
thelium that can produce multipotent EMPs [75,76].

CFU-Spleen, Lymphoid Progenitors,
and Neonatal Repopulating HSCs:
Precursors to the Dawn of HSCs

From E8.5 to the onset of definitive HSCs at E10.5, an-
other three classes of hematopoietic progenitor/stem cells
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are produced in the mouse conceptus. The spatiotemporal
origin of these progenitor cells largely overlaps, and a few
markers have been developed to adequately probe their
similarities or differences. Each unique cell type will be
briefly introduced, and any comparisons that have been
conducted between these cells and definitive HSC will be
discussed.

CFU-Spleen

CFU-spleen (CFU-S), which are considered as re-
presenting short-term multilineage precursors [46,77], can
be found in the mouse yolk sac and P-Sp/AGM as early as
E9.5 by transplantation into adult hosts [27,50,78–80]. Al-
though it is believed that CFU-S originate from the AGM
because this region contains more CFU-S than the yolk sac
at E10.0 [78,80,81], both E8.0–E8.5 yolk sac and P-Sp cells
can give rise to CFU-S after being cocultured with AGM-S3
stromal cells (an E10.5 AGM-derived stromal cell line) [82].
CFU-S have not been detected in progenitor cells that are
derived from differentiated murine ES cells [83]. Thus, the
spatial origin of these cells in the murine conceptus remains
unclear.

Lymphoid Progenitors

In the search for the site of definitive HSC emergence in
the mouse embryo, lymphoid potential in each hematopoi-
etic organ (yolk sac, P-Sp, and placenta) had been exten-
sively examined, as it had been believed that lymphoid cells
could be produced only by HSCs, and that detection of
lymphoid cells would predict the presence of an HSC. Most
of these studies were done by coculturing embryonic tissues
with stromal cell lines such as OP9 and S-17 that support B
lymphopoiesis in vitro. Godin et al. cocultured yolk sac and
P-Sp cells with S17 stromal cells and detected lymphocyte
potential in both tissues from 10-25sp embryos [84]. In
addition, through a single cell assay, they confirmed that
these progenitors were multipotent and could differentiate
into B and T cells and myeloid cells in vitro [84]. Through
an in vitro culture, Liu and Auerbach detected T-lymphoid
potential from E8 yolk sac [85]; while Huang et al. detected
B-lymphoid potential from both E9 yolk sac and embryo
proper [86]. Cumano et al. separated yolk sac and P-Sp
tissues before the establishment of the systemic circulation
and cultured these tissue explants in vitro. Cells from P-Sp,
but not yolk sac explants showed the potential to differen-
tiate into B, T, and myeloid cell lineages in vitro [51,52].
Furthermore, P-Sp explant-derived cells could also provide
long-term multilineage reconstitution (including B and T
lymphocytes) to sublethally irradiated Rag2gc - / - recipient
mice [52]. These results were interpreted as evidence that
the P-Sp/AGM is the only site of emergence for definitive
HSC and lymphoid cells. Yokota et al. also showed, using
RAG1-GFP mice, that the majority of the earliest (E10.5)
RAG1/GFPlowCD45 + primitive lymphoid cells were dis-
tributed in the embryo body. When examining tissues that
were cocultured with OP9 stromal cells, 8-12sp (E8.5–E9.0)
P-Sp cells, but not yolk sac cells, gave rise to RAG1/
GFP + CD45 + lymphoid cells [87]. In contrast, using the
same OP9 coculture system, Nishikawa et al. identified B
and T lymphocyte potential in VE-cadherin + CD45 -

Ter119 - endothelial cells from E9.5 yolk sac and embryo

proper [73]. Thus, some controversy has emerged with re-
gard to the spatiotemporal origin of lymphoid cells in the
developing embryo. Since the embryonic heartbeat starts at
E8.25 and the systemic circulation may cause a mixture of
the lymphoid progenitor cells derived from different organs,
a novel approach to resolve the controversy was required.

To ask the origin of B- and T-lymphoid cells in the mouse
embryo, we have utilized Ncx1-null mice that display nor-
mal cardiac development, but lack the onset of cardiac
contractions and fail to generate systemic blood flow. We
also asked what kind of B cells would be generated from the
yolk sac and P-Sp before HSC emergence. Murine B lym-
phocytes are generally segregated into 3 populations: B-1,
B-2, and marginal zone (MZ) B cells. B-2 cells develop in
postnatal bone marrow from HSCs and mature into follic-
ular B cells in the spleen. B-1 cells, which are subdivided
into CD5 + B-1a cells and CD5 - B-1b cells, are a part of
innate immunity and secrete natural IgM antibodies in a T-
cell-independent manner [88,89]. B-1 cells reside in the
peritoneal cavity and are considered of fetal origin, because
fetal liver reconstitutes B-1 cells much more efficiently than
adult HSCs [89,90], and transplantation of a single purified
HSC failed to reconstitute B-1a cells in recipient mice [88].
Recent reports that B-1-specific progenitor cells found in the
fetal liver and neonatal bone marrow are diminished in the
adult bone marrow also support this idea [91,92]. MZ B
cells, which have similar functions with B-1 cells, are
considered as belonging to B-2 cells, but it is also suggested
that a part of them are embryonic derived [93]. Thus, we
hypothesized that the B cells produced in the yolk sac and P-
Sp may belong to a B-1 cell subset. We have demonstrated
that E9.5 Ncx1-null yolk sac and P-Sp cells as well as wild-
type cells from these tissues gave rise to lin - AA4.1 +

CD19 + B220lo - neg B-1 progenitor cells in coculture with
OP9 stromal cells [94]. These B cells were derived from
sorted CD41 - VE-cadherin + hemogenic endothelial cells
from E9.5 yolk sac and P-Sp, but not CD41 + VE-cadherin -

hematopoietic cells. Of interest, B cells could be generated
in vitro using CD41 + VE-cadherin - hematopoietic cells,
but only after the 28 somite pair stage [94]. Importantly,
CD19 + cells were detected in VE-cadherin + endothelial
cells in the yolk sac by confocal microscopy. Direct intra-
peritoneal transplantation of freshly isolated E9.5 yolk sac
cells engrafted in NOD/SCID/IL2gcnull (NSG) neonates as
mature B-1 (both B-1a and B-1b) cells and MZ B cells, but
no other lineages of hematopoietic cells, indicating that
restricted B-1 and MZ B cell progenitors have emerged in
the embryo at E9.5 [94]. E9.5 yolk sac and P-Sp derived
lin - AA4.1 + CD19 + B220lo-neg B-1 specific progenitor cells
engrafted in NSG neonates as mature B-1 cells (IgM +

IgDloMac1 + ) for approximately 9 months in primary hosts
and for at least 4 months in secondary recipient hosts [94].
In addition, these yolk sac and P-Sp-derived IgM + B cells
produced anti-phosphorylchorine IgM on stimulation with-
out T-cell support. Thus, autonomous yolk sac and P-Sp
lymphoid potential was confirmed using the Ncx1-null
mouse model, and the B cells produced from these sites at a
predefinitive HSC stage were identified as B-1 cells. In
contrast, conventional B-2 cells are not derived from either
the yolk sac or P-Sp at this predefinitive HSC stage [94].

Similarly, T-cell potential was also confirmed in wild-
type and Ncx1-null yolk sac and P-Sp tissues before E10
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when cells were cocultured on Delta-like ligand 1 (Dll1)
over-expressing OP9 (OP9-DL1) cells [95]. Using this
system, CD4 + CD8 + double-positive T cells as well as
TCRb and TCRgd T cells were produced from E9.5 wild-
type and Ncx1-null yolk sac and P-Sp cells. These yolk sac
and P-Sp derived T cells were transplantable into NSG ne-
onates, reconstituted the neonatal thymus, and differentiated
into numerous T-cell subsets, including naı̈ve, memory,
and regulatory T cells [95]. More importantly, freshly iso-
lated E9.5 wild-type and Ncx1-null yolk sac cells recon-
stituted only T cells, but not cells of other lineages, in NSG
mice on transplantation; while freshly isolated cells from
E9.5 P-Sp showed no such reconstitution capability. These
results provide compelling evidence of the existence of T-
cell-restricted progenitors emerging within the E9.5 yolk sac
and maturing to a thymic engrafting state, 1 day before the
emergence of definitive HSCs [95].

Taken together, these studies provide evidence that both
yolk sac and P-Sp tissues contain B and T progenitor cells at
1 or 2 days before definitive HSCs are detectable within the
AGM region (Fig. 1). In agreement with our results, Boiers et
al. have recently detected restricted lymphomyeloid lineage
progenitors that emerged before definitive HSCs during mu-
rine development [96]. These results are important for several
reasons and raise several issues: (1) Since definitive HSC-
independent lymphopoiesis arises in the developing embryo,
lymphoid potential displayed by a tissue does not predict the
existence of an HSC. (2) Definitive HSC-independent lym-
phoid cells may contribute to innate immunity in postnatal
life. (3) Definitive HSC-independent lymphoid cells may be
depleted in a bone marrow transplant setting and will not be
reconstituted by HSC transplantation. For example, in the
mouse, the B-1 cell potential of HSC and common lymphoid
progenitors has been proved to decrease with advancing age.
Single cell transplantation of adult long-term HSC failed to
reconstitute B-1a cells in recipient mice though B-2, MZ, and
B-1b cells were donor derived [88,89,91]. More work will be
required to fully understand the implications of these new
findings in both mouse and human subjects.

Neonatal Repopulating HSCs

Although definitive HSCs, which can provide long-term,
multilineage reconstitution in adult recipient mice, do not
exist in the mouse embryo until E10.5 [47,49,50,97–100],
cells with long-term multilineage repopulating ability
that can reconstitute sublethally myeloablated newborn an-
imals can be detected in the E9.0–E10.0 yolk sac and P-Sp
(Fig. 1) [14,101–103]. Neonatal HSCs are enriched in CD34+

ckit + cells [104] and are also positive for CD41 [14] and
VE-cadherin [103]. On injecting into the blood, peritoneal
cavity, or liver of myeloablated neonatal mice, these cells
can provide long-term, multilineage engraftment in primary
recipients for 9 months and in secondary adult recipients for
at least 6 months [102]. In another report, E9.0 yolk sac cells
were micro injected into E11–E15 anemic fetal hosts, and
gave rise to long-term reconstitution in the recipient animals
after birth [105]. Likewise, an injection of donor yolk sac
cells into host yolk sac tissues in utero gave rise to donor
hematopoietic reconstitution postnatally [106]. Neonatal
repopulating HSC display many of the features of the latter
appearing AGM-derived definitive HSC but lack the ex-

pression of stem cell antigen-1 (Sca-1) and CD45
[81,107,108] and are noted to express a different tran-
scriptome than the AGM-derived definitive HSC [109].

Many questions regarding neonatal repopulating HSCs
are yet to be answered: Do they differentiate in the fetus to
produce mature blood cells before the establishment of the
definitive HSC hierarchy? Are they the precursors of de-
finitive HSCs that emerge in the embryo proper at E10.5 or
do they diminish after the emergence of AGM-derived de-
finitive HSCs? Rybtsov S et al. have defined a hierarchical
pathway of VE-cadherin + CD45 - CD41 + pre-HSC isolated
from the E9.5 AGM that may subsequently mature into
definitive HSC via in vitro coaggregation with OP9 stromal
cells for 4 days before transplantation [110]. Whether these
pre-HSC cells represent the sublethally ablated newborn
engrafting CD34 + CD41 + CD45 - cells present in the E9.0
yolk sac and P-Sp/AGM remains to be determined. Finally,
the origin of neonatal HSCs within the yolk sac and P-Sp
has not been defined. Finding the specific cell surface
markers or gene expression patterns of neonatal repopulat-
ing HSCs would be a reasonable next step to answer these
questions [109].

Definitive HSCs: The Final Product
of Embryonic Hematopoiesis

At E10.5, definitive HSCs that can reconstitute mye-
loablated adult recipient mice start emerging from the
ventral wall of the aorta in the AGM region (Fig. 1)
[47,49,50, 70,97,98,111,112]. They can also be found in
vitelline/umbilical arteries [97] at the same stage and
slightly later in the placenta [47,100,113,114] and yolk sac
[47,49,98]. At E11.5–E12, HSCs start being detectable in
the fetal liver and circulation [47,115]. Afterward, they
colonize the fetal thymus and spleen and eventually, seed
the bone marrow right before birth [116,117].

The Endothelial Origin of HSCs

The concept of a ‘‘hemogenic endothelial cell’’ may have
been first described in chick embryos [118]. The endothelial
cells were labeled with DiI-labeled acetylated low-density
lipoprotein (AcLDL) in the dorsal aorta of chick embryos,
and CD45 + hematopoietic cells labeled with the Dil-
AcLDL were observed as budding off from the endothelial
intima [118]. Similarly, in mouse embryos, hematopoietic
budding from the ventral wall of the dorsal aorta has been
observed at E10.5–E11.5 [70,107,112,119–121]. These he-
matopoietic clusters are known to express Runx1, and de-
letion of this gene causes loss of all EMP and HSCs
[107,121–123]. Embryos that lack GATA2 [124–127], Scl
[128,129], and Notch1 [120], as well as Runx1 [107,121–
123], lose hematopoietic clusters and HSC potential in the
dorsal aorta. Thus, the hematopoietic clusters budding from
the dorsal aorta are considered an indicator of definitive
HSC emergence. Recent lineage tracing experiments revealed
that most adult hematopoietic cells resident in the bone mar-
row were the descendants of VE-cadherin-expressing endo-
thelial cells [72]. When Runx1 was deleted in the VE-cadherin
expressing cells, the intra-aortic clusters and definitive HSCs
were totally abrogated [122]. In contrast, when Runx1 ex-
pression was deleted in hematopoietic cells, definitive HSC
emergence from the AGM region was unaffected, indicating
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that Runx1 is indispensable for the endothelial to HSC transi-
tion, but not thereafter [122]. Finally, the actual endothelial-
hematopoietic transition events in the mouse [70] and zebrafish
[71,130] dorsal aorta have been unveiled by live imaging
confirming that this lineage fate change occurs as a normal
developmental event.

Seeking the HSC Origin: Potential Yolk Sac
Contribution to HSC Emergence

The first HSCs that display the ability to reconstitute an
adult hematopoietic system arise in the AGM region
[49,50,97,98,111]; however, definitive HSCs are also de-
tectable in the yolk sac and placenta at 1 day later
[47,49,98,100,113,114]. Thus, while the AGM may be the
first, it may not be the only tissue that has the potential to
generate definitive HSC. For example, E8.5 yolk sac cells
reconstituted lethally irradiated adult mice after being co-
cultured with AGM-derived stromal cells [82]. Yolk sac and
P-Sp-derived neonatal repopulating HSCs converted into
definitive HSCs at a time of secondary transplantation
[101,102,104]. Pre-HSCs identified in the murine embryo
are capable of engrafting in myeloablated adult recipient
mice if first coaggregated with OP9 stromal cells in vitro
[110]. These data suggest that there are particular matura-
tional mechanisms which instruct or permit cells that lack
adult repopulating ability to acquire that capacity.

Samokhvalov et al. have developed an inducible lineage
tracing system in which GFP or lacZ could be coexpressed
in Runx1 expressing cells by a single tamoxifen injection
[131]. Using this system, they demonstrated that Runx1 +

cells in the E7.5 yolk sac (no Runx1 expression reported in
P-Sp at this time) contributed to multiple lineages of he-
matopoietic cells and the HSC compartment in fetal liver

and adult bone marrow cells [131]. Interestingly, E7.5 tag-
ged yolk sac Runx1 + progeny were detected within the
endothelial cell intima of the umbilical vein, artery, and
dorsal aorta at E10.5–E11.5 [131]. This observation implied
that some of the endothelial cells in these HSC-producing
regions were derived from E7.5-labeled yolk sac cells. In a
subsequent study, Tanaka et al. developed an inducible
Runx1 rescue system by a single tamoxifen injection in
Runx1 knockout embryos [132]. Definitive hematopoiesis
and HSC generation were rescued by a single injection of
tamoxifen at E6.5 to E7.5, but not at any other time point
[132]. This result suggested that Runx1 expression in the
E7.5 yolk sac was indispensable for HSC production that
persisted into the adult bone marrow compartment. How-
ever, for these two reports, some investigators have ques-
tioned whether some Runx1 + cells could also exist in the P-
Sp at E7.5, or whether the half life of injected tamoxifen in
the embryo could have been longer than the authors antic-
ipated, raising the possibility that certain intraembryonic
Runx1-expressing cells may have also contributed to the
HSC marking. Further studies may yield new insights into
the role of the very early E7.5 yolk sac endothelium or
mesoderm, in contributing to HSC formation.

Placenta

The placenta has been considered a hematopoietic organ
for decades [133]. Emergence of definitive HSCs in the
placenta has been reported to occur around the same time as
they appear in the yolk sac and AGM region [47,100]. At
E11.5–E12.5, HSCs expand 15 times more than in the AGM
region, and, thus, the placenta is recognized as an important
niche for HSCs in the mouse embryo. In Ncx1-null em-
bryos (no circulation embryos), CD41 + hematopoietic cell

FIG. 1. Murine hematopoiesis during embryonic development. Progenitors that can give rise to the primitive erythroid
lineage emerge in the yolk sac at embryonic day 7.25 (E7.25). At E8.25, definitive erythro-myeloid progenitors (EMP) can
be detected in the yolk sac. At E9.0, both yolk sac and para-aortic splanchnopleure (P-Sp) contain neonatal hematopoietic
stem cells (HSC) that can reconstitute sublethally myeloablated newborn animals. Before the first definitive HSC can be
detected, lymphoid progenitors that can differentiate into B or T lymphocytes arise in the yolk sac and P-Sp at E9.5. Finally,
definitive HSC that can reconstitute lethally irradiated adult mice can be detected in the aorto-gonad-mesonephros (AGM)
region at E10.5 and later in the yolk sac and placenta at E11. Definitive HSC expand in the placenta and fetal liver and
migrate to the spleen and bone marrow before birth.
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clusters can be found in the placenta vasculature at E10.5
[63]. In addition, E8.5–E9.5 placental cells from Ncx1-null
embryos displayed lymphoid and myeloid potential in co-
culture with OP9 or OP9-Dll1 stromal cells [63]. These
studies suggested the autonomous emergence of hemato-
poietic cells within the placental vasculature. Direct evi-
dence for the production of engrafting HSC from this site in
the Ncx1-null embryo remains elusive.

Summary

The emergence of definitive HSC is a relatively late event
in embryonic hematopoiesis. Before the establishment of
adult-type hematopoiesis, several waves of hematopoiesis
are developed to support the survival and growth of the
embryo. Based on current data, it seems that the yolk sac
contributes to the early waves of progenitor cells (primitive
hematopoietic progenitors, EMPs, and lymphoid progeni-
tors); while the P-Sp (later becomes AGM) sequentially
displays B- and T-lymphoid potential before producing the
first definitive HSC. To date, it is not clear whether these
waves of embryonic hematopoiesis are independently devel-
oped from different hemogenic endothelial cells or depend on
the maturation of hemogenic endothelial cells possessing
multilineage hematopoietic potential. It is important to ac-
knowledge that attempts to generate definitive HSCs from ES
cells and induced pluripotent stem (IPS) cells have recapit-
ulated the derivation of all of the waves of hematopoiesis
seen in the yolk sac, but have yet to prove definitive HSC
emergence [36,37,134,135]. Many investigators are attempt-
ing to better understand how hematopoiesis is initiated in the
AGM region, as an important first step in identifying candi-
date pathways to modulate in differentiating ES or IPS cells.
Such a search is tedious given the only reliable assay is to
transplant cells and demonstrate multilineage engraftment for
proof of a definitive HSC (as it is now clear that lymphoid
cell presence does not predict the presence of an HSC). A
better understanding of the mechanisms of definitive HSC
expansion in the fetal liver would also provide new directions
for ex vivo HSC expansion. The number of definitive HSCs
in the fetal liver is increased 38-fold from E12 to E16 of
development [115]. These and numerous other questions
raised earlier highlight developmental hematopoiesis as a
field that continues to hold great promise for yielding new
insights toward understanding how the hematopoietic system
is established and the contributions of many different em-
bryonic precursors throughout adult life.
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