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The origin and fate of yolk sac hematopoiesis:

application of chimera analyses to developmental studies
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ABSTRACT During mammalian development, as exemplified by mice, hematopoietic cells first
appear in the yolk sac blood islands, then in the dorsal aorta of the aorta-gonad-mesonephros
(AGM) region and the placenta, eventually seeding into liver, spleen and then bone marrow. The
formation of hematopoietic stem cells from mesodermal precursors has finished by mid-fetal life.
Once established, the hematopoietic system must supply blood cells to host circulation and
tissues for the entire life of the animal. Easy access to hematopoietic cells has enabled a vast
number of studies over the last several decades, and much is now understood about the different
hematopoietic lineages, how they differentiate, and their derivation from immature progenitors.
Yet to be elucidated are the following two intriguing questions: do yolk sac and AGM hematopoi-
etic cells arise from a common precursor or from distinct precursor cells?; and what is the lineage
relationship between blood and endothelial cells. In this review, we will survey the state of our
current knowledge in these areas, and discuss the potential use of multicolor chimera analyses to

elucidate unresolved questions.
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Mosaic analyses

Advantages and limitations of clonal analysis by chimeras

The formation of chimeric mice which have deleted a specific
gene or introduced a novel one is a common practice today,
readily achieved by blastocyst injection of embryonic stem (ES)
cells or aggregation of early embryos with ES cells. However,
these methods were originally developed for studies of mouse
embryogenesis, and used extensively in lineage tracing experi-
ments. In the 1960’s Tarkowski found that two 8-cell stage
embryos deprived of zona pellucida can fuse together and de-
velop into a chimeric blastocyst in vitro. The resulting chimeric
embryos transplanted back to the uterus of pseudo-pregnant
foster mothers develop normally and gave rise to chimeric mice
(Tarkowski, 1961). If two embryos used to create chimeras are
derived from strains with distinguishable markers, itis possible to
follow the fate of cells originating from each embryo. Later, it was
found that dissociated inner cell mass cells from blastocyst stage
embryos can form chimeras by injecting them into the blastocoele
of another blastocyst stage embryo (Gardner, 1968; Gardner,
1978). In 1981, Evans and Martin developed a method to culture
inner cell mass cells in vitro and established mouse embryonic

stem (ES) cells (Evans and Kaufman, 1981; Martin, 1981), a
discovery which subsequently enabled the generation of chimeric
mice by blastocyst injection.

Another strategy for creating chimeras is to utilize genomic
imprinting of X chromosomesin females (Tam and Tan, 1992; Tan
and Breen, 1993). In these cases, marker genes, such as lacZ,
are integrated into an X chromosome locus that is susceptible to
genomic imprinting. Female mice heterozygous for the marker
gene undergo genomic imprinting, which results in a situation
where half of the somatic cells lose the marker expression, while
the other half retain the marker during development and through-
out life. This strategy is more convenient than the methods
described above using blastocyst injection/embryo fusion. In
each case, chimeras are composed of two cell types, most
typically lacZ positive and negative cells. Clearly such experi-
ments cannot be performed in humans, however, naturally occur-

Abbreviations used in this paper: AGM, aorta-gonad-mesonephros; CFU, colony
forming unit; CMP, common myeloid progenitors; ES, embryonic stem cells;
HSCs, hematopoietic stem cells; ICM, inner cell mass; P-Sp, paraaortic
splanchnopleura.
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Fig. 1. Clonal analyses of tissues using marker-positive and negative
mouse chimeras.
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ring human chimeras (such as XY/XO individuals) do exist at low
frequency and could theoretically be used for the lineage tracing
of cancer development (Novelli et al., 1996).

Another simple and classical way to increase complexity of
mosaicism is making use of retrovirus integration into the ge-
nome. Because integration sites of retroviruses are random,
every cell could be labeled distinctly by this method. For example,
assuming that all the cells are labeled at a specific point of mouse
development, progeny of a single cell would all have proviruses
in the same integration sites. In one elegant application of this
method, Soriano et al. reported that somatic lineages are derived
from at most eight founder cells (Soriano and Jaenisch, 1986).
Unfortunately the labeled cells could not be visualized or distin-
guished in situ, thereby limiting the application of this methodol-
ogy to lineage tracing of major populations. In recent years, cre-
loxp mediated genetic mosaic mice have been developed (Zong
et al., 2005; Livet et al., 2007). This system is particularly attrac-

B

tive, since selection of appropriate markers can yield animals
where the gene is expressed in a tissue-specific and/or inducible
manner.

Advantages of using multiple markers for chimeric analysis

Conventional single marker chimeras have been used to
examine whether the origin of one particular tissue of interest is
monoclonal or polyclonal. In one typical example, a single marker
chimerism was used as evidence that within adult intestinal
epithelial cells, each crypt develops from a single cell progenitor
(Ponder etal., 1985). The method was also utilized to estimate the
number of progenitors that generate a particular tissue. However
most attempts to utilize single marker chimeras and statistical
analyses have been unsuccessful (reviewed by McLaren et al.,
(Lewis etal., 1972; McLaren, 1972; West, 1975)). One reason for
this is that the complexity of chimerism created by single markers
(i.e. two color chimeras composed of marker positive and nega-
tive cells) is limited. In light of the previous discussion, one idea
for widening the applicability of chimeras is to increase the
number of markers used to mark cells. If a particular tissue
exhibits both marker positive and negative cells, it shows that
more than one type of progenitor has given rise to the tissue. Itis
more difficult to interpret a single tissue exhibiting a single color,
because this can be explained by the tissue being entirely derived
from a single precursor, or from multiple precursors that happen
to express the same color-encoding gene (Fig. 1). In single-color
chimeras, atissue derived from a single cell generally forms a cell
cluster expressing a single color. However, if the areais small and
the boundary between the area and the color-lacking surrounding
cells is unclear, precise interpretation may be difficult (Fig. 2A). In

Fig. 2 (Left). Single cell derived areas are easier to detect in multicolor chimeras (B) than in conventional single marker chimeras (A).

Fig. 3 (Right). Cell fusion is easily detected in multicolor chimeras (B), but difficult to detect using conventional marker-positive and negative

chimeras (A).
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Fig. 4 (Left). Transplantation chimeras. (A) /n conventional system, donors are marker positive and recipients are marker negative, by which it is
impossible to distinguish transdifferentiated cells and fused cells. (B) If donor and recipient mice have distinct markers, transdifferentiated cells and

fused cells could be distinguished by their marker expression.

Fig. 5 (Right). Merit of multicolor reporter system. (A) Conventional reporter mice. (B) Multicolor reporter mice, enabling the tracing of the direction

of tissue proliferation or migration.

multiple color chimeras, the border between such single cell
derived region and surrounding cells is clearer, improving detec-
tion and resolution. (Fig. 2B). Multicolor chimeras also enable
detection of cell fusion in situ. The fusion of two cells is an event
that occurs in at least some developing tissues. Using single
marker chimeras, only three cell fusion phenotypes can be
produced: marker-positive/positive, positive/negative and nega-
tive/negative. Fused cells in these animals would be marker
positive or negative, phenotypes which would be basically indis-
tinguishable from surrounding cells that are unfused (Fig. 3A). In
contrast, fused cells in multicolor chimeras will coexpress two
different markers if they are derived from two different color
expressing cells. Of course, it is not possible in these chimeras to
detect fusion of cells expressing the same color, but
as the input number of different colored cells in-
creases, the possible frequency of undetected fu-
sions goes down (Fig. 3B). Another advantage of
utilizing more than one marker to trace cell relation-
ships and lineages is seen in transplantation mod-
els, when cells from a marker-positive mouse are
transplanted into a marker negative mouse (trans-
plantation generated chimeras). For example, after
bone marrow transplantation, many studies have
demonstrated that bone marrow-derived cells or
even purified hematopoietic stem cells (HSCs) can
contribute to other lineages of cells based on find-
ings that the marker positive cells that are negative
for hematopoietic markers such as CD45, appearin

Fig. 6. Failure of contribution of some colors observed
in organs derived from oligoclonal progenitors. (A) In
multicolor chimeras, tissues or organs that are derived
from a small number of progenitors can fail to include all
the color clones. (B) Probabilities of “fewer” color tissues
in 2-4 color chimeras. X-axis, number of progenitors; Y-
axis probabilities of fewer color organs/tissues (Ueno in
preparation).
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tissues outside bone marrow (Krause et al,, 2001). In most of
these cases, careful follow-up studies have revealed that the
marker-positive cells are generated by cell fusion (Wagers and
Weissman, 2004), which is indistinguishable in color and obvi-
ously misleading (Fig. 4A). However, by using different marker
mice for donors and recipients, such misinterpretation of results
can be avoided (Fig. 4B). In case transplanted cells
“transdifferentiate” to other lineages of cells, the donor marker
positive cells should be observed in the tissue of interest. How-
ever, if transplanted cells undergo cell fusion with recipient cells,
donor and recipient marker coexpressing cells should be ob-
served (Fig. 4B).

Another common method for creating chimeras is provided by
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the cre-loxp system, in which cre or cre-ERT2 (Imai et al., 2001;
Li etal., 2000) gene is expressed under tissue specific promoters.
Crossing these animals to conventional reporter mice such as the
R26R mice produces a chimera where all the marker-expressing
cells and their progeny are labeled with a single color (Fig. 5A).
Extending this approach, if chimeras are generated within cre
expressing cells (Zong et al., 2005; Livet et al., 2007), itis possible
to trace the lineage of the labeled cell more precisely, and to
observe the direction of migration and proliferation of the progeny
of the initially labeled cells (Fig. 5B).

In the case of multicolor chimeric mice, when a cell cluster is
derived from a limited number of progenitors, it may not express
all possible colors encoded in the chimeric mouse (Fig. 6) (Ueno,
in preparation) (Ueno et al., 2009). The phe-
nomenon of “fewer color” tissues should be
more frequently observed in two situations:
(1) A smaller number of progenitors generate
the tissue. (2) More colors are used to gener-
ate the chimeras (Ueno, in preparation). As-
suming that the tissue includes more than one
lineage of cells and the tissue is not supplied
by cells from outside the tissue of interest, the
phenomenon could be used for lineage trac-
ing of the cells within the tissue. Fig. 7 shows
a diagrammatic illustration of one progenitor
population giving rise to two lineages of cells,
A and B. If these two lineages of cells are
derived from a small number of cells within the
founder population, they could lose one or more colored cells. If
the cell type A and B are generated independently, the combina-
tion of colors they have will generally be different (they will
sometimes be the same by statistical chance). If the two lineages
of cells share the same direct progenitors within the founder cells,
they generally have the same combination of colors. The basic
rule is the cells never get colors that the founder cells do not have,
while they can lose some of the colors of founder cells. To draw
definitive conclusions we generally need to check a sufficient
number of samples combined with statistical analyses. In this
way, we can draw a hierarchical map of generation of tissues
(Ueno, in preparation).

cell type A

organs and tissues.

Yolk sac hematopoiesis and adult hematopoiesis

Yolk sac hematopoiesis

In mammals, blood and endothelial cells are the first differen-
tiated cell types that are generated in the early stage embryo. In
mice, they appear by E7.25 - 7.5 within the extra-embryonic yolk
sac as a cluster surrounded by endothelial cells called blood
islands(Haar and Ackerman, 1971a, Haar and Ackerman, 1971b).
Blood circulation is established by approximately E8.25 in mice
(McGrath et al., 2003). The hematopoiesis in yolk sac is called
primitive hematopoiesis, and it has a distinct feature from that in
intra-embryonic, adult type hematopoiesis. In the yolk sac he-
matopoiesis, blood cells are largely composed of nucleated
erythrocytes that carry embryonic and fetal type hemoglobins.

Development of blood cells from mesodermal progenitors
In the case of mouse, epiblast cells before E5.5 have a
multipotency to generate any lineage of cells in embryo proper,
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Fig. 7. Hierarchical relationships deduced from the combination of colors expressed by

i.e., ectoderm, mesoderm, endoderm and germ cellsi.e. they can
contribute to any lineage of somatic and germ cells (Gardner and
Rossant, 1979; Lawson et al., 1991). Then, during gastrulation,
three germ layers are generated (Tam and Behringer, 1997). The
first mesodermal cells emerge at the early streak stage (E6.5),
and are reported to give rise to embryonic and extraembryonic
mesoderm (Lawson and Pedersen, 1992; Tam and Behringer,
1997). The fate mapping studies of the pre-streak stage epiblast
have demonstrated that the progenitors of yolk sac blood islands
exist within the distal proximal portion of the primitive streak and
that commitment to these progenitors begins as early as the mid
streak stage (Kinder et al., 1999; Lawson et al., 1991; Palis et al.,
1999) (Fig. 8A). The progenitors then migrate to the extraembry-
onic yolk sac. As described, the first blood island appears in the
yolk sac atthe neural plate stage (E7.25-7.5) (Haar and Ackerman,
1971a, Haar and Ackerman, 1971b).

Origin of adult HSCs in yolk sac blood islands or embryo
proper?

The question of whether primitive hematopoietic cells in the
yolk sac and definitive hematopoietic cells that subsequently

TABLE 1

CHIMERIC ANALYSIS OF SPLEEN COLONIES

Cells Antiserum

Anti D Anti K NMS
AKR 2,4 61,9 2,7
BALB/c 89,7 2,6 0,6
C57BL 3,7 4,4 6,2
Spleen colonies #1 88 71,4 2,4
Spleen colonies #2 91,9 55,3 8,2

From Weissman et al. (1977).



appear in the embryo proper share a common origin or not has
been a subject of debate for many years.

Moore and Metcalf showed that the precirculation mouse yolk
sac contained hematopoietic progenitors that could be read out
either by in vitro colony assays (Moore and Metcalf, 1970), or by
the generation of day 10 spleen colonies using the method of Till
and McCulloch (Becker etal., 1963).In 1977 and 1978 Weissman,
Papiouannou and Gardner isolated genetically defined donor
blood cells from precirculation or just post-circulation mouse yolk
sacs, and transplanted them in utero to the yolk sac cavities of
synchronic allogeneic embryos (Weissman etal., 1977; Weissman
et al., 1978). These mice were chimeric for life in both the
myeloerythroid and the lymphoid lineages. Donor day 10 spleen
colony forming cells were present in the bone marrow of chimeric
hosts; while day 10 spleen CFU were once thought to be the
product of HSC, we now know that HSC give colonies days 12-14,
and the vast majority of day 10 spleen colonies are formed from
injected hematopoietic CMP and MEP (Fig. 9). Because neither
CMP nor MEP self-renew, their continued presence requires the
persistence of self-renewing HSC. Fig. 9 gives the general method
of testing these mice, and Tables 1 and 2 are a summary of those
experiments, performed in 1975. Thus it was established that the
yolk sac can contribute to adult hematopoiesis by in vivo experi-
mentation.

Then, it was proposed later that adult hematopoietic cells are
generated in the embryo proper independently from yolk sac
blood cells. Intraembryonic hematopoietic cells are first observed
in the paraaortic splanchnopleura (P-Sp) region at E8.5 (Cumano
etal., 2001), and multipotent progenitors are first generated in the
aorta-gonad-mesonephros (AGM) region at around E10.5
(Medvinsky and Dzierzak, 1996). Primitive type nucleated eryth-
rocytes generated in the extraembryonic yolk sac disappear
during the fetal period. Moreover, hematopoietic cells in yolk sac
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Fig. 8. Developmental origin of blood cells
in early embryos. (A) Fate mapping of me-
sodermal cells in mouse gastrulating em-
bryos. Left panel, early streak stage embryo;
Right panel, late streak stage embryo. The
regions for notochord, somites, heart and
cranial mesoderm, lateral mesoderm and
extraembryonic mesoderm are shown. (B)
Fate mapping of a 32 cell stage Xenopus
embryo. aVBI, anterior ventral blood islands, pVBI, posterior ventral blood
islands; DLP, dorsal lateral plate; AP, animal pole; VP, vegetal pole.

before the onset of blood circulation cannot engraft in lethally
irradiated adult bone marrow by transplantation. Transplantable
HSCs are first generated in the AGM region at ~ E10.5. This
finding indicates that “primitive” hematopoietic cells in yolk sac
and “definitive” hematopoietic cells that appear in the AGM are
qualitatively different, potentially implying that they are generated
separately. Oddly, the PAS cells when cultured in vitro show
progenitor, but not fully multipotent stem cell activity(Cumano et
al., 2001) (Medvinsky and Dzierzak, 1996); this is consistent with
their origin at a distant site, as it is without precedent that
progenitors can be derived from mesoderm directly rather than via

TABLE 2

DIRECT AND SPLEEN COLONY ANALYSIS OF LITTERS FOR HEMATOPOIETIC PLURIPOTENT STEM CELL CHIMERISM

1st transplant of donor yolk-sac blood island hematopoietic cells

2nd transplant of Host-1 bone marrow cells

Source of yolk-sac cells

(Donor) Host-1 Donor-derived cells in Host-1 Host-2
Sacrifice age Original donor-derived
Mouse # H-2 age (dpc) H-2 age (dpc) (days after birth) Thymus Bone Marrow H-2 spleen colonies

d/d 9 b/k or b/b 9 1 + + d/d +
2 d/d 9 b/k or b/b 9 1 ND d/d +
3 d/d 9 b/k or b/b 9 ND ND d/d +
5 d/d 9 b/k or b/b 9 - ND ND d/d +
6 b/k or b/b 8 d/d 8 43 + ND ND ND
7 b/k or b/b 8 d/d 8 43 + ND ND ND
8 b/k or b/b 8 d/d 8 43 ND ND ND
9 b/k or b/b 8 b/b 8 43 + ND ND ND
10 b/k or b/b 8 b/b 8 36 + ND ND ND
11 b/k or b/b 8 b/b 8 36 + ND ND ND
12 d/d 9 b/b 8 36 + d/d
13 d/d 9 b/b 8 51 + d/d
14 d/d 9 b/b 8 51 d/d
15 b/k or b/b 8 b/b 9 43 + ND ND ND
16 b/k or b/b 8 b/b 9 43 ND ND ND
17 b/k or b/b 8 b/b 9 43 + ND ND ND
20 d/d 10 b/k 9 34 + d/d
21 d/d 10 b/k 9 34 + d/d

From Weissman et al. (1978).
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HSC.

However, another possibile explanation is that HSCs in the
AGM come from yolk sac, but undergo further maturation in the
AGM niche during which time they acquire the ability to engraftin
adult bone marrow. Actually past studies showed that by co-
culturing E8.5 yolk sac cells with AGM-derived stromal cells for 4
days, adult type HSCs that can reconstitute adult bone marrow
are generated in vitro (Matsuoka et al., 2001). The signals
required to induce the maturation are unknown, however, intro-
duction of HoxB4 (Kyba et al., 2002) or Cdx4 (Wang et al., 2005)
can make the yolk sac or ES derived hematopoietic cells trans-
plantable to adult bone marrow. Since blood circulation between
yolk sac and embryo proper is established as early as E8.25, it is
therefore possible that the first hematopoietic activity detected in
the embryo proper at paraaortic splanchnopleura (P-Sp) region at
E8.5 (Cumano et al., 2001) comes from yolk sac. This conclusion
needs to be tested by lineage tracing from yolk sac at E8.0 and by
lineage tracing from E10.5 dorsal aorta.

Numerous attempts have been performed to answer the issue.
First, as descrived above, we (Akashi and Weissman, Oxford
University Press, Oxford 2001; Weissman et al., 1978) and other
groups (Toles et al., 1989) have shown that by transplanting E8.0
yolk sac cells into the yolk sac cavity (Weissman et al., 1978);
(Weissman et al., 1977)or transplacentally (Toles et al., 1989) to
another early stage embryo, that the progeny of yolk sac blood
islands injected orthotopically and synchronically contribute to
lifelong hematopoiesis and lymphopoiesis. Fate-mapping studies
of early mesodermal cells have been performed. By single cell

Isolation of (AKR x BALB)F, yolk sac blood island hematopoietic cells

H-2 K/D
i. E-8 old donors In vivo injection
e, > L Into yolk sac of 8 day old
b (AKR x C57BI)F,
. H-2 K/B

X

1-3 months
Putative chimera

(K/D cells in K/B\h?
Balb/c host

(H-2 D/D)
.
\_._\".‘.: -
850 RAD

1-6 weeks ™% .ﬂ-'-'-' '

Immunize against
C57B/ (H-2B) cells

Isolate bone marrow cells
Inject i.v.

8-10 days

staining

Fig. 9. Experimental design of yolk sac blood cells (\Weissman et al.,

Remove spleen: count colonies
Dissociate each colony into
single cell suspension for

1977, 1978).

labeling followed by in vitro culture of embryos, it has been shown
that progenitors for yolk sac hematopoietic cells are generated in
the distal proximal region of primitive streak (Kinder et al., 1999;
Lawson and Pedersen, 1992; Tam and Beddington, 1987) (Fig.
8A). Itis not known in mammals whether the progenitors for AGM
HSCs existin the same region as those for yolk sac hematopoietic
cells in primitive streak of gastrulating embryos. In other verte-
brates, some conflicting results have been reported. By chick-to-
quail and chick-to-chick transplantation experiments of embryos,
it has been shown that avian yolk sac cells before connecting with
the embryo did not contribute to adult hematopoiesis (Dieterlen-
Lievre, 1975). In the case of non-mammalian vertebrates, it is
possible to do so, and in Xenopus, it has been proposed that yolk
sac and intraembryonic blood compartments originate from dis-
tinct blastomeres in the 32-cell embryo (Ciau-Uitz et al., 2000)
(Fig. 8B).

Recently, in mouse, Samokfvalov et al., have performed cre-
loxp mediated cell labeling technique to follow Runx-1 positive
yolk sac cells at E7.5, before establishment of vascular connec-
tion between yolk sac and embryos, and before intraembryonic
Runx-1 positive cells are generated. They showed that these yolk
sac cells can contribute to adult HSCs for at least 15 months after
birth (Samokhvalov et al., 2007). This result indicates that at least
some adult HSCs originate from yolk sac. However, because
developmental stages of embryos within littermates have some
variation (Downs and Davies, 1993), whereas activation of cre-
ER driven under Runx-1 promoter by tamoxifen is simultaneous
(Samokhvalov et al., 2007), further experiments are still needed
(DeWitt, 2007; Ueno and Weissman, 2007;
Scudellari, 2009).

Lineage relationships between endot-
helial and hematopoietic cells

Another issue regarding origin of blood cells
is lineage relationships between hematopoi-
etic and endothelial cells. The concept that
blood and endothelial cells share common ori-
gins was supported by histological observa-
tions that hematopoietic and endothelial cells
of each blood island originate from the same
population of cells, i.e., the mesodermal cell
mass, and that they develop in close spatial
and temporal proximity (Haar and Ackerman,
1971a, Haar and Ackerman, 1971b). More-
over, itis well known that progenitors for endot-
helial and hematopoietic cells share common
markers e.g. Flkl (Shalaby et al., 1997), Scl
(Jaffredo et al., 2005), Imo2 (Manaia et al.,
2000), Tiel (Marshall and Thrasher, 2001),
Tie2 (Takakura et al., 1998), CD31 (Garcia-
Porrero etal., 1998), CD34 (Wood et al., 1997).
However, no common gene expression or gene
knockout or knockdown study can be used to
delineate lineages; they only show the impor-
tance of the gene. A further consideration is
that disruption of some genes cause abnor-
malities in both lineages. For example, Runx1
deficient mice have not only anemia but also



abnormalities in their vasculature, and die mainly of bleeding
during fetal life (Okuda et al., 2001; Wang et al., 1996).

Hemangioblasts

In the early 1900s, a discrete cell population that might display
both hematopoietic and endothelial potential and was was discov-
ered in chick embryo cultures (Murray, 1932; Sabin, 1920) and
subsequently designated as hemangioblasts. More recent in vitro
studies have shown that the differentiation of mouse embryonic
stem (ES) cells into hematopoietic cells includes a clonal progeni-
tor intermediate, the BL-CFC, that can generate both endothelial
and hematopoietic cells(Choi et al., 1998; Kennedy et al., 1997).
On the basis of these observations, hemangioblasts have been
considered a single cell progenitor that can generate both cell
lineages (Robertson et al., 1999). But even if they can generate
both populations in vitro, it was not clear if the hemangioblast was
the only route to either hematopoiesis or vasculogenesis in vivo.

So far, the definition of the hemangioblast is by potential and
not by fate, which causes a little confusion. The BL-CFC popula-
tion can give rise to blood and endothelial cells, and therefore may
be considered “bipotential’. However perhaps only a very small
proportion of these cells give rise to both types of cells, with most
of the population giving rise to either HSC or endothelial cells. In
that case, it is impossible to know whether the cells that generate
one cell type only are actually capable of bipotency, or whether
they originate from single lineage committed progenitors. In the
case of hematopoietic stem cells (HSCs), single cell transplanta-
tion experiments have clearly shown that all the bone marrow
blood lineages can be generated from a single cell whereas no
other fraction of progenitors can continue supplying blood cells
over months. In addition, no other tissues outside of the
hematolymphoid system are derived from HSC (Wagers and
Weissman, 2004).To date, it has not been possible to transplant
hemangioblasts in vivo in order to analyze the cell types they
generate in vivo. The brief appearance of hemangioblasts during
development, and the subsequent difficulty in isolating them,
make the logisitics of this experiment exceedingly difficult.

It has been shown that within the brachyury and Flk1 positive
fraction of the primitive streak at the mid to the late streak stage,
there exist cells that possess hematopoietic and endothelial
potential, thereby leading to their tentative designation as
hemangioblasts (Huber et al., 2004). In studies using zebrafish
embryos, single cell fate mapping has revealed that at least a
proportion of the cells give rise to hematopoietic and endothelial
cells (Vogeli et al., 2006), supporting the model that both lineages
can originate from bipotential progenitors. One important ques-
tion that remains unanswered is whether all the blood and
endothelial cells originate from the hemangioblast, or whether
there are separate lineage-committed progenitors that are not
derived from hemangioblasts. Although there exist single cell
progenitors that actually develop into endothelial and blood cells
in vivo (Huber et al., 2004; Vogeli et al., 2006), the frequency of
such progenitors that actually give rise to both blood and blood
vessel fates in vivo is quite low. Additional experiments will be
needed to fully elucidate the origin and differentiation of endothe-
lial cells.

Hemogenic endothelial cells
In addition to hemangioblasts, there is another related issue
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regarding the existence and role of hemogenic endothelial cells
as a shared progenitor in the endothelial and blood development
pathways. These cells were first observed in experiments where
blood cells were found to be generated from a subset of pheno-
typically differentiated endothelial cells on the wall of the embry-
onic aorta (Marshall and Thrasher, 2001; North et al., 1999;
Tavian et al., 1999). The so-called hemogenic endothelial cells
possessing hematopoietic potential are initially identified in the
AGM region at around E10.5 (Jaffredo et al., 1998; North et al.,
2002). Hemogenic endothelial cells have been shown to arise in
cultures of in differentiating ES cell cultures (Nishikawa et al.,
1998). Further support or a connection between endothelial and
hematopoietic differentiation was provided by a study using dye
(Ac-LDL-Dil) labeling of endothelial cells at E10, with subsequent
generation of Dil positive erythrocytes, indicating that they were
potentially endothelial cell-derived (Sugiyama et al., 2003). One
study difficult to reconcile with this emerging view or intersecting
endothelial and hematopoietic development was performed by
Bertland, who identified markers for hematopoietic progenitors in
the AGM region that possess activity of long-term reconstitution
of sublethally irradiated mice. By using the markers (c-Kit, AA4.1,
CD31, and CD41, but not Flk1, and mainly negative for CD45),
they showed that the hematopoietic stem cells do not colocalize
with endothelial cells but rather they exist in subaortic patches
(Bertrand et al., 2005) (Fig. 8C).

To summarize these collective studies, there is evidence that
hemangioblasts are established from yolk sac hematopoiesis and
ES cells in vitro, whereas the existence of hemogenic endothe-
lium has been proposed from analyses of AGM hematopoiesis.
The obvious question of a potential lineage relationship between
hemangioblasts and hemogenic endothelium is currently unclear.
Very recently, a series of papers have proposed a model integrat-
ing both hemangioblast and hemogenic endothelium
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Fig. 10. Lineage relationships between hemangioblasts, hemogenic
endothelium and blood/endothelial cells (Chen et al., 2009, Eilken et al.,
2009, Lancrin et al., 2009).
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Fig. 11 (Top). Schematic of predicted results of possible yolk sac blood islands that could be obtained in this study (Ueno and Weissman, 2006).

Fig. 12 (Bottom). Subclassification of type IV blood islands. (A) /f the hematopoietic cells in a particular blood island are a subgroup of fluorescence
categories of those found in the endothelial cells, they are defined as type IVa. (B) If those in the endothelial cells are a subgroup of those in the
hematopoietic cells, they are subclassified as type IVb. (C) If some colors do not overlap in both lineages, they are classified as type IVc.

populations(Chen et al., 2009; Eilken et al., 2009; Lancrin et al.,
2009). In this new model, hemangioblasts initially generate
hemogenic endothelium, which subsequently gives rise to he-
matopoietic cells (Fig. 10). During differentiation, ES cells gener-
ate BL-CFC, the supposed counterpart of in vitro generated
hemangioblasts. BL-CFC subsequently generate Tie2+/c-kit+/
CDA41- blast colonies. The latter cells have markers of endothelial
cells, and can form endothelial networks when cultured in matrigel,
however they can also give rise to hematopoietic cells in vitro via
an Scl-dependent mechanism (Lancrin et al., 2009). These inves-
tigators proposed that BL-CFC differentiation into hematopoietic
cells occurs via the same mechanism that governs development
of primitive hematopoietic cells in yolk sac blood islands, and
development of definitive hematopoietic cells in the AGM region,

suggesting existence of a common mechanism for the origin of
blood and endothelial cells both for primitive and definitive he-
matopoiesis. In another study, a new technique of live imaging at
a single cell level was performed to observe this step in detail
(Eilken et al., 2009). The study provided evidence that a single
endothelial cell derived from BL-CFC can give rise to hematopoi-
etic cells (Eilken et al., 2009; Lancrin et al., 2009).

The new model does not contradict the previous hemangioblast
model, since both models indicate that the progeny of
hemangioblasts are both endothelial and blood cells. However,
the new model re-defines the hemangioblast as a cell type that
does not directly give rise to blood cells but generates them
through specialized intermediate progenitors that are designated
hemogenic endothelium. The new model proposes thathemogenic



endothelium exists both in yolk sac blood islands and in the AGM
region.

Chimeric analysis of yolk sac blood islands

Polyclonal origin of yolk sac blood islands

As described above, several important questions regarding
origin of blood and endothelial cells remain unanswered, such as
potential lineage relationships in vivo between these two juxta-
posed cellular systems. Similarly the relationship between
hemangioblasts and hemogenic endothelium is yet to be eluci-
dated. To examine whether our system of complex chimeric
mouse generation and associated analyses (as described above)
can answer such questions, we created four-color chimeras
(tetrachimeras) by injection of three different color expressing ES
cells as a mixture into no-color blastocysts (Ueno et al., 2008;
Ueno and Weissman, 2006). The injected ES cells were incorpo-
rated into the ICM, which gives rise to
multipotent progenitors in the epiblast.
These form three germ layers during
gastrulation, and a part of mesoderm
progenitors give rise to yolk sac blood
islands, as described above. Because
we don’tknow exactly where and when
hemangioblasts and their progeny are
generated, we considered several pos-
sibilities. A schematic depicting all pos-
sible results of yolk sac blood islands
that could theoretically be produced in
this study is providedin Figs 11 and 12.

The results(Ueno and Weissman,
2006) clearly indicate that (1) each
yolk sac blood island is polyclonal (Fig.
13) and that (2) endothelial cells and
blood cells within each blood island
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Fig. 13. Chimeric analysis of yolk sac blood islands with fluorescent
ES clones. (A) A chimeric embryo at the early neural plate stage (EB). A
white rectangle indicates an immature blood island (an arrow). Arrows
indicate the direction of tissue extension. ec, embryonic ectoderm,; me,
intraembryonic mesoderm, ve, visceral endoderm, am, amnion; al, allan-
tois; ch, chorion. (B,C,D) An immature blood island with EGFP, ECFP or
mRFP1 expressing and non-fluorescent progenitor cells. (B) This picture
is @ magnified picture of (A), white rectangle.

generally have a distinct combination of colors (Fig. 14), suggest-
ing that they arise independently before they reach the yolk sac
membrane. Decreasing the degree of chimerism by single cell
injection further segregated the contribution of blood and endot-
helial cells to each blood island. Approximately 80-85% of blood
islands were type IV blood islands (Fig. 11), while 13-18% are
type Il (Ueno and Weissman, 2006). These data have been added
to Fig. 11 (percentage values on left side of schematic) for clarity.
In single cell injection experiments, we frequently observed blood
islands in which marker-expressing cells only contributed to
endothelial cells or blood cells, and in these cases blood islands
with the same combination of colored cells tended to exist in
succession (Fig. 15). Collectively, these results suggest that (1)
multiple progenitors contribute to form blood islands, that (2)
blood and endothelial progenitor cells arise independently before
they reach at the yolk sac membrane, and that (3) blood islands
divide as the yolk sac membrane grows until they fuse together to
form the vasculature on the yolk sac membrane (Fig. 15F).

Progenitor cells that exclusively take endothelial fate

Because it is possible that blood cells can migrate to nearby
blood islands even if they are separated by endothelial cells, itis
clearer to check the combination of colors that total endothelial
and total blood cells within an embryo (whole embryo analysis).
The results indicate that there are many examples in which some
color(s) are exclusively distributed in endothelial cells that are not
found in blood cells within the same embryo (Fig. 16C). This
means that progenitor cells exist that are exclusively committed
to an endothelial cell fate. Of course, it could be argued that the
progenitors could also be hemangioblasts, because they are
defined by their potential but not by their actual fate.

Are the results shown in Figs 11-16 consistent with the new

“TypeTyb

Fig. 14. Examples of chimeric blood islands. Type //, Type |Va-c blood islands are classified as shown
in Figs. 10 and 11.
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model of hemangioblasts and hemogenic endothelium described
in Section 3.11i.e. that ES cells give rise to hemangioblasts, which
then differentiate into hemogenic endothelial cells, a progenitor
population capable of giving rise to both blood cells and endothe-
lial cells? The Tie2+/ckit+/CD41- hemogenic endothelium exists
within E7.75 immature blood islands (Lancrin et al., 2009) and a
subset of them should give rise to blood cells. If this is the case,
the results of blood islands in our model should be type Il or type
IVa (refer to Fig. 11 and 12). As shown in Section 4-1, approxi-
mately 80% of blood islands are within these categories (refer to
Figs 12 and 13). The remaining blood islands observed in our
experimenti.e. type IVb and type 1Vc blood islands, do not fit with
the model (Fig. 12). The whole embryo analysis of Fig. 16C
matches with the model that a subset of endothelial cells can give
rise to blood cells. Therefore, our results might match with the
model that blood/endothelial progenitors (hemangioblasts) first
give rise to endothelial progenitors a subset of which generates
hematopoietic cells while the rest becomes committed to an
endothelial fate. However, we also carried out fate-mapping
studies by injecting onto blastocysts ES cells marked by flk1 Cre
recombination of constructs with gene loss of lacZ upon recombi-
nation, and gene expression gain of EGFP or ECFP or a 3 color
vector designed to distinguish between low or no fkl1 cre expres-
sion, or low to mid level, or high level. In all cases all endothelial

Fig. 15. Examples of chimeric blood islands obtained by single cell injection of ES cells into blastocysts.
(A-C) Examples of blood islands in which fluorescent ES derived cells only contribute to endothelial cells. (D,E)
Examples of blood islands in which marker-expressing cells are mainly observed in blood cells. (F) A model of

division of blood islands during presomite stage embryos.

cells were flk1-derived, whereas again <20% of blood cells went
through a flk1+ progenitor (Ueno and Weissman, 2006). Because
the produced endothelial cells were all marked as derived from a
flk1+ and not flk1l- precursor, we must think that the proposed
hemogenic endothelium should have been marked, and any blood
cells derived from them. Thus our data support the notion that
endothelial and blood progenitors arise independently before they
reach the yolk sac membrane; the vast majority of these blood
cells are derived from Flk1-low/negative progenitors, while some
are derived from flk1+ progenitors(Ueno and Weissman, 2006),
suggesting a dual origin of blood cells. However, a recent study
from another group has reported that both primitive and definitive
blood cells are derived from flk-1 positive precursors, and this
issue will require further investigation (Lugus et al., 2009).

Future directions

In this review, we have discussed current issues concerning
the developmental origin of hematopoiesis. We have also de-
scribed in considerable detail the use of mosaic or chimeric mice
to help resolve these issues. The use of chimeric mice for genetic
analyses was initially developed in the 1960’s, however at that
time the technology was not sufficiently sensitive to be used in
developmental studies or to track all cells in a tissue or organ.
Recent improvements of this
technology have enabled an in-
crease in the number of colors
expressed within a single
mouse chimera, with a result-
antincrease in analytical sensi-
tivity and genetic discrimination,
enabling new applications of the
approach. Indeed, it was only
with the development of
tetrachimeras that every cell in
a tissue such as intestine can
be marked, and in those clonal
intestinal domains cell in the
lamina propria, the mesothe-
lium, and the surrounding cap-
sule are made up of mixtures of
all four colors (Ueno, in prepa-
ration).

Here we summarize in this
review recent studies from our
laboratory which demonstrate
that increasing the number of
colors expressed by a single
chimeric/mosaic mouse en-
ables application of this tech-
nology to cell lineage tracing.
Our experiments have already
yielded important new informa-
tion, however further technol-
ogy evolution is required to re-
move ambiguity of the coinci-
dent versus disparate origin of
like colored cells that can result
from the random labeling pro-
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ceduresin currentuse. Future development of this technology will
likely combine it with the cre-ER-T,-mediated cell labeling, creat-
ing mosaic tissues that are gene and/or tissue specific, and
inducible at distinct stages of development. In addition, by chang-
ing the dose of locally administered tamoxifen, the degree of
recombination in these complex chimeras can be adjusted, and
perhaps microinfusion of tamoxifen can limit lineage marking in
both time and place. Modifications of this nature will likely aug-
ment our abilities to trace lineages and elucidate lineage relation-
ships during cell development in the otherwise unmanipulated
host, and enable a more comprehensive understanding of how
blood cells evolve from the most primitive totipotent cells in the
developing embryo.
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