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The hematopoietic system of mice is established during the early
to midgestational stage of development. However, the earliest
lymphohematopoietic progenitors that appear during mouse de-
velopment have been less well characterized compared with the
hematopoietic stem cell compartment of fetal liver and bone
marrow. We isolated the earliest lymphohematopoietic progeni-
tors by using embryonic stem (ES) cell culture in vitro. Cells with the
c-Kit�Lin� cell surface phenotype were present abundantly in ES
cells cocultured with stromal cell lines. We further separated the
cells into two distinct cell subsets based on AA4.1 expression.
Although AA4.1� and AA4.1� cells had equivalent potency to
generate myeloid cell lineages, the lymphoid potential in ES-cell-
derived cells was largely restricted to the cells expressing AA4.1.
The same cell type was present abundantly in the early yolk sac and
in fewer numbers (�5% of that in the yolk sac) in the caudal half
of the developing embryos. These data suggest that AA4.1 is a cell
surface marker that can identify the earliest lymphohematopoietic
progenitors in mouse development.

embryonic stem cell � embryonic � hematopoiesis � yolk sac

Hematopoietic stem cells (HSCs) are a rare subset of cells
that are capable of self-renewal and differentiation into all

mature blood cell lineages (1). During mouse development, the
first hematopoietic cells appear in yolk sac (YS) blood islands (2)
and subsequently in the aorta-gonad-mesonephros (AGM) (3)
and placental regions (4, 5). After the establishment of circula-
tion, hematopoietic progenitors colonize the fetal liver (FL) and
later the bone marrow (BM) and spleen (6). Although the site
where HSCs initially originate in the mouse embryo is contro-
versial (7–11), in late fetal life, the BM becomes the major site
of hematopoiesis where HSCs reside, and it produces mature
blood cells throughout life (12, 13). Antibody-mediated pheno-
typing of cell surface molecules and cell sorting techniques have
been used to identify and isolate a rare HSC compartment from
hematopoietic tissues, and the techniques are especially success-
ful to isolate pure HSCs from FL and BM (13–16).

Embryonic stem (ES) cells, pluripotent cell lines derived from
the inner cell mass of blastocysts (17, 18), or induced pluripotent
stem cells generated from fibroblasts by the transduction of
transcription factors (19) are an alternative source of hemato-
poietic cells. Pluripotent stem cell lines can be a theoretically
unlimited source of HSCs because the cells expand indefinitely
in an undifferentiated state in vitro (20–22). Extrapolated to
humans, pluripotent stem cell lines can be a potential candidate
source for treating hematopoietic disorders. ES cell differenti-
ation in vitro recapitulates early embryonic development in vivo,
thus providing a potent analytical tool of early development. The
potency of ES cells to generate myeloid and lymphoid lineage
cells in vitro has been reported (23–26). Despite these observa-
tions, ES-cell-derived hematopoietic cells in vitro are known to
have only a limited ability to engraft adult mice and lack
long-term multilineage repopulating activity in vivo (27), al-
though ES cells could contribute to the hematopoietic system for
at least 10 months when replanted into blastocysts giving rise to
chimeric mice (28–30). The presence of lymphohematopoietic

progenitors in ES cell cultures was suggested initially by a report
that examined the hematopoietic potential of cells derived from
overexpressed BCR/ABL in ES cells: the ES cells acquired
improved ability to engraft mice, and hematopoietic progenitors
with both myeloid and lymphoid potential were demonstrated by
in vivo assay (31). In addition, HOXB4 with or without enforced
expression of Cdx4 was recently reported to confer long-term
multilineage repopulating capability on ES-cell-derived progenitors
(32, 33). However, whether these genes modified the transplant-
ability of preexisting HSCs or changed the self-renewal and differ-
entiation potential of ES-cell-derived hematopoietic progenitors
into HSC-like properties is not known, because these experiments
depended on exogenously introduced genes.

We examined cell surface phenotypes and differentiation
potentials of ES-cell-derived hematopoietic progenitors devel-
oped on stromal cell coculture to determine the earliest lym-
phohematopoietic progenitors in early embryos. We found that
a cell population positive for both c-Kit and AA4.1 expression
appearing on the early ES cell culture had both myeloid and
lymphoid lineage potentials. In embryos developing in utero,
AA4.1� lymphohematopoietic progenitors were found mainly in
the YS, and some in the caudal half (CH) of embryos. The cell
population represents the earliest subset of cells with lympho-
hematopoietic properties during development.

Results
Expression of AA4.1 on ES-Cell-Derived Hematopoietic Progenitors.
To derive hematopoietic cells from undifferentiated mouse ES
cells, we cocultured ES cells on stromal cell lines; ST2 (34) or
macrophage colony-stimulating factor-deficient OP9 (35, 36)
was used for this purpose (Fig. 1A). Stepwise culture on the ST2
stromal cell line was established based on the OP9 system (23).
We could not find any differences in the timing of hematopoietic
cell appearance, expression of cell surface molecules, and char-
acteristics of generated hematopoietic cells (described below)
between the OP9 and ST2 systems. In both culture systems,
starting from singly dissociated cells, ES cells extensively divided
and formed colonies consisting of differentiated cells on stromal
cells (Fig. 1B Left). On day 5 or day 6 of differentiation, a single
cell suspension was replated onto a fresh stromal cell layer. Small
hematopoietic cell clusters were observable a couple of days
later (Fig. 1B Center). These cells grew rapidly and formed large
hematopoietic clusters by 2 weeks of differentiation (Fig. 1B Right).

We examined the time point at which hematopoietic activity
appears during in vitro differentiation of ES cells by checking
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colony-forming activity in methylcellulose in the presence of
cytokines (stem cell factor, Flt3 ligand, IL-11, IL-3, granulocyte-
macrophage colony-stimulating factor, thrombopoietin, and
erythropoietin). As shown in Fig. 1C, we could detect very small
numbers of colony-forming cells (CFCs) on day 5 of differen-
tiation. A dramatic increase (�20-fold) of the CFC number was
observed in the next 3 days of culture (by day 8). The number of
CFCs increased by 2-fold in the following 2 days.

To find hematopoietic subsets during the differentiation of ES
cells, we first examined the time course for expressions of c-kit
(CD117) and mature blood cell lineage markers (Lin, Mac-1,
Gr-1, Ter119, B220, CD3, CD4, and CD8) in ES cell cultures
(Fig. 1D). The tyrosine kinase receptor c-Kit is known to be
expressed on embryonic and adult hematopoietic stem and
progenitor cells (37, 38) and is functionally important for these
cells (37). Undifferentiated ES cells expressed low levels of c-Kit.
We detected very few, if any, c-Kit� cells from day 3 to day 5 of
differentiation, indicating that c-Kit expression in undifferenti-
ated ES cells is down-regulated upon differentiation (39). Con-
sistent with the colony-forming activity in methylcellulose, c-
Kit� cells became abundant on day 8 of differentiation. Some
Linlow cells became apparent after day 10 of differentiation.
Abundant Lin� cells were observed after 2 weeks of differen-
tiation. Because of the selective induction of hematopoietic cell
lineages in our culture system and the cell collection process that
harvests cells only by pipetting, the contamination of c-Kit� cell

lineages other than hematopoietic cells (40) was unlikely in our
analyses after passage on days 5–6.

Further characterization of ES-cell-derived c-Kit� cells was
carried out from day 8 to day 9 of differentiation before the
presence of Lin� cells became overt, because HSCs quickly lose
their HSC properties in culture (41, 42). Among the stem cell
markers examined, AA4.1 (CD93 or C1qRp) was expressed
heterogeneously in ES-cell-derived c-Kit�Lin� cells (Fig. 2A).
AA4.1 is expressed on candidate HSCs present in the developing
embryo (43–45), but expression of the molecule is known to be
from low to undetectable in BM HSCs (46). The c-Kit�AA4.1�

and c-Kit�AA4.1� cells were present in a ratio of �1:8 to 1:2,
depending on the experiments, when analyzed on day 9 of
differentiation. Notably, we obtained the same pattern of ex-
pression for these molecules using either the D3 or the R1 ES
cell line.

Myeloid Lineage Potential of c-Kit�AA44.1� and c-Kit�AA4.1� Cells.
We next examined the differentiation potential of c-Kit�AA4.1�

and c-Kit�AA4.1� cells. The cells were sorted on day 9 of
differentiation and cultured on an OP9 stromal cell layer (Fig.
S1). Both cell populations proliferated well on stromal cells (Fig.
2B) and gave rise to monocyte/macrophage and granulocyte
(Mac-1/Gr-1) and erythroid (Ter119) lineage cells (Fig. 2C). We
also placed the sorted cells in methylcellulose culture with
cytokines. As shown in Fig. 2D, c-Kit�AA4.1� cells were ap-
proximately 2 times more enriched in CFC activity compared
with c-Kit�AA4.1� cells. Both cell populations generated mul-

Fig. 1. Differentiation of embryonic stem (ES) cells into hematopoietic cells.
(A) A schematic overview of the culture system. (B) Representative pictures of
hematopoietic differentiation of ES cells on ST2 stromal cells. (C) Hematopoi-
etic colony-forming activity during ES cell differentiation. The numbers of
colony-forming cells (CFCs) per well of the secondary plates plotted against
the time course of culture are presented. These cultures were initiated with
105 cells on day 5. Values are the mean � SD of triplicate cultures. A repre-
sentative result from 2 independent experiments is shown. (D) Expression of
c-Kit and lineage markers (Lin) during hematopoietic differentiation of ES
cells. The plots shown are pregated on forward scatter/side scatter (FSC/SSC).
The percentages of each fraction are indicated.

Fig. 2. AA4.1 expression and myeloid lineage potential. (A) Expression of
AA4.1 on cells present at day 9 of embryonic stem (ES) cell differentiation. The
numbers indicate the percentages within the parent population. (B) Hema-
topoietic clusters developed from AA4.1� and AA4.1� cells after 1 week of
culture on OP9 stromal cells. (C) Expression of monocyte/macrophage and
granulocyte (Mac-1/Gr-1) and erythroid (Ter119) lineage markers. AA4.1� and
AA4.1� cells cultured for 2 weeks on OP9 stromal cells were analyzed by flow
cytometry. The percentages of positive cells are indicated. (D) Hematopoietic
colony-forming activity of AA4.1� and AA4.1� cells. The data are presented as
the numbers of colony-forming cells (CFCs) per 500 cells. Values are the
mean � SD of triplicate cultures. A representative result from 2 independent
experiments is shown. (E) Representative pictures of granulocyte (G), ery-
throid (E), granulocyte–macrophage (GM), and mixed-type (mix) colonies.
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tilineage colonies in addition to single-lineage-containing colo-
nies (Fig. 2E). These results indicated that both c-Kit�AA4.1�

and c-Kit�AA4.1� cell subsets possess multilineage myeloid
potential in culture. The CFCs were present only in the c-Kit�

cell fractions on day 5, and the CFC activity of the c-Kit� cells
was only �20-fold less than that of c-Kit�AA4.1� cells on day 9,
as determined by our assay.

c-Kit�AA4.1� Cells Have Properties of Definitive Hematopoietic Pro-
genitors. We next examined either primitive or definitive hema-
topoiesis initiated by c-Kit�AA4.1� and c-Kit�AA4.1� cell
subsets. For this purpose, we cultured c-Kit�AA4.1� and
c-Kit�AA4.1� cells sorted on day 9 of differentiation for 1 week
on OP9 stromal cells and then examined the expression of
�-major and �-H1 globin genes as definitive and primitive
erythrocyte markers, respectively, by RT-PCR. We detected
�-major expression in both cell cultures initiated from
c-Kit�AA4.1� and c-Kit�AA4.1� cells; in contrast, we could not
detect �-H1 expression in either cell culture, although the gene
was detectable on embryonic day 12.5 (E12.5) FL (Fig. 3A). The
result indicated that both c-Kit�AA4.1� and c-Kit�AA4.1�

compartments represent definitive-type hematopoietic progen-
itors. It should be noted that neither c-Kit�AA4.1� nor
c-Kit�AA4.1� cell subset themselves expressed these globin
genes, further validating the immature properties of these pro-
genitors. These results prompted us to examine endogenous
HOXB4 expression in the ES-cell-derived progenitors because
HOXB4 reportedly promotes definitive hematopoiesis from ES
and YS cells (32). As shown in Fig. 3B, both c-Kit�AA4.1� and
c-Kit�AA4.1� cell subsets show expression of HOXB4, although
the expression level appears to be low compared with E12.5 FL.
The result suggested that the endogenous HOXB4 expression,
although low, is sufficient to allow ES cells to enact at least part
of the developmental program of definitive hematopoiesis.

We further tested whether these cell subsets possess lymphoid
potential. For this purpose, the cells were placed onto OP9

stromal cells and cultured under B lymphocyte culture condi-
tions in the presence of IL-7. Remarkably, the potential to
generate B lymphocytes was clearly separated depending on
AA4.1 expression. The c-Kit�AA4.1� cells gave rise to B
lymphocytes under the culture conditions, whereas
c-Kit�AA4.1� cells generated very few, if any, B lymphocytes
(Fig. 3C). Removal of IL-7 from the culture medium diminished
the number of CD19� cells (Fig. 3C), further validating the
lymphoid nature of these cells (47). The residual B cells in the
absence of IL-7 are presumably produced depending on endog-
enous IL-7 produced from OP9 stromal cells (48). This result
indicated that the potential to generate lymphocytes is largely
restricted to c-Kit�AA4.1� cells, although both c-Kit�AA4.1�

and c-Kit�AA4.1� cells have myeloid potentials. Together, these
results demonstrated that c-Kit�AA4.1� cells derived from ES
cells in vitro are definitive lymphohematopoietic progenitors.

To study the hierarchical relationship between c-Kit�AA4.1�

and c-Kit�AA4.1� cells, we sorted both cell populations on day
9 of differentiation, cultured them for 2 days on OP9, and then
analyzed the cells to determine the expression of c-Kit and
AA4.1. Both cell subsets readily became positive for the lineage
markers. Although c-Kit�AA4.1� cells generated a few
c-Kit�AA4.1� cells, c-Kit�AA4.1� cells did not give rise to
c-Kit�AA4.1� cells (Fig. S2).

Transplantation into Mice. Genetically unmodified ES-cell-derived
progenitors are generally considered to have only a limited
ability to engraft mice. We reevaluated their transplantability.
First, we transplanted EGFP-expressing c-Kit�AA4.1�cells,
c-Kit�AA4.1� cells, or unfractionated cells (H-2b) harvested on
day 8 and day 9 of differentiation into lethally irradiated adult
C57BL/Ka (H-2b) mice along with helper whole BM cells or into
sublethally irradiated RAG2�/��c�/� mice (H-2b), which com-
pletely lack T, B, and NK cell lineages (49). In these experiments,
we could not detect any ES-cell-derived cells in peripheral blood,
BM, and spleen when analyzed at 1, 4, and 12 weeks after
transplantation. The results indicated that in vitro ES-cell-
derived cells do not engraft adult mice and that immune
surveillance through T, B, and NK cells cannot explain ES cell
inability to settle in mice. Next, we transplanted c-Kit�AA4.1�

cells, c-Kit�AA4.1� cells, or unfractionated day-9 cells into
sublethally irradiated newborn RAG2/�c-deficient mice via the
facial vein (10). However, even in newborn recipients, we could
not detect any lymphoid and myeloid lineage cells derived from
ES cells (Fig. S3). We also tested an ES cell line overexpressing
Bcl-2, an antiapoptotic molecule that we had previously estab-
lished (22). The overexpression of Bcl-2 is known to increase the
repopulation potential of HSCs in mice (50). However, overex-
pression of Bcl-2 did not improve the transplantability of ES-
cell-derived cells in newborn RAG2/�c-deficient mice (Fig. S4),
suggesting that protecting cells from apoptosis is not sufficient to
allow ES-cell-derived stem cells to engraft mice.

As shown in Fig. S5, the expressions of CXCR4 (CD184),
integrin �4 (CD49d), and integrin �1 (CD29), molecules in-
volved in the homing and retention of stem cells and progenitors
in hematopoietic tissues (51–56), were observed in ES-cell-
derived progenitors. Because integrins must be activated to be
functional, these ES-cell-derived progenitors should be tested
with Mn2� activation (57) before we rule out integrin �4�1
defects in the activation to transplantable HSCs. Taken together,
these studies showed that even lymphohematopoietic stem cells
derived from genetically unmodified ES cells do not engraft
neonatal or adult mice.

Expression of Stem-Cell-Related Markers on ES-Cell-Derived
c-Kit�AA4.1� Cells. The above-mentioned experiments showed
that AA4.1 expression could mark lymphohematopoietic pro-
genitors derived from ES cells. We examined the expression of

Fig. 3. The �-globin expression and lymphoid potential of AA4.1� and
AA4.1� cells. (A) RT-PCR analysis of �-major and �-H1 expression in
c-Kit�AA4.1� and c-Kit�AA4.1� cells or c-Kit�AA4.1� and c-Kit�AA4.1� cells
cultured for a week on OP9 stromal cells. Lanes of OP9 and embryonic day 12.5
(E12.5) fetal liver (FL) are shown as controls. (B) RT-PCR analysis of HOXB4
expression on AA4.1� and AA4.1� cells. Expression in E12.5 FL is shown as a
control. (C) B lymphocyte potential of AA4.1� and AA4.1� cells. Sorted cell
subsets were cultured under B cell culture conditions for 4 weeks on OP9
stromal cells and then analyzed for CD19 expression. A representative result
from 3 independent experiments is shown. The plots shown are pregated on
FSC. The numbers indicate the percentages of the positive fraction.
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other stem-cell-related markers in c-Kit�AA4.1� cells. In addi-
tion to the expression of the panhematopoietic marker CD45,
c-Kit�AA4.1� cells expressed CD34 and CD41 (�4IIb integrin
and GPIIb) (Fig. 4A), which were previously shown to be
expressed on ES-cell-derived hematopoietic progenitors, al-
though their lymphoid potential has not been tested (58, 59).
Especially, CD41 is known to be expressed on YS and AGM
hematopoietic progenitors and has been used to isolate these
progenitors (58–60). We compared the expression pattern of
CD41 and AA4.1 in the c-Kit� cell fraction and found that
�80% of the CD41� cells coexpressed AA4.1, but the remaining
20% were unmarked with AA4.1 (Fig. 4B). The results indicated
that CD41 expression marks wider cell populations compared
with AA4.1. Thus, AA4.1 expression enables the further enrich-
ment of lymphohematopoietic progenitors in differentiating ES

cells. We also examined Sca-1 (Ly-6) expression in
c-Kit�AA4.1� cells. Sca-1 is traditionally used to isolate HSCs
present in FL and BM (13, 14, 16). However, c-Kit�AA4.1� cells
were negative for Sca-1 expression (Fig. 4A), suggesting that
Sca-1 is not expressed in hematopoietic progenitors in the early
stage of development.

Localization and Characterization of c-Kit�AA4.1� Cells in Developing
Embryos. We next searched the in vivo counterpart of ES-cell-
derived c-Kit�AA4.1� cells in E9.5 embryos. Flow cytometric
analysis showed that the cell subset was present abundantly in the
YS and in small numbers in the CH (including the AGM region)
of the embryo proper in a cell fraction deprived of Ter119�

primitive erythrocytes (Fig. 5A). The quantification result
showed that �20-fold more c-Kit�AA4.1� cells existed in the YS
compared with the CH of the embryos (Table 1), suggesting that
the YS is a major site for producing the earliest lymphohema-
topoietic progenitors (7, 10). The c-Kit�AA4.1� cells were

Fig. 4. Cell surface antigen expression of embryonic stem (ES)-cell-derived
lymphohematopoietic progenitor cell subsets. (A) Cell surface marker expres-
sion in c-Kit�AA4.1� cell subset. (B) CD41 and AA4.1 expression in the c-Kit�

cell fraction. The numbers indicate the percentages within the parent popu-
lation.

Fig. 5. Characterization of c-Kit�AA4.1� cells present in embryonic day 9.5 (E9.5) mice. (A) Presence of c-Kit�AA4.1� cells in the yolk sac (YS) and caudal half
(CH) of developing embryos. A GFP-Tg male was crossed with non-Tg female to obtain GFP� embryos to avoid the possible contamination of maternal CD45�

cells. (B) Cell surface marker expression of c-Kit�AA4.1� cells in the YS. (C) Hematopoietic colony-forming activity of c-Kit�AA4.1� cells present in the YS.
Representative pictures of macrophage (M), erythroid (E), granulocyte–macrophage (GM), and mixed-type (mix) colonies are shown. (D and E) The potential of
c-Kit�AA4.1� cells present in the YS and CH to differentiate into B (D) and T (E) lineage cells was examined using OP9 and OP9DL1 stromal cells, respectively.
Representative results from 4 (YS) and 2 (CH) independent experiments each initiated with pooled littermate embryos are shown. The plots shown are pregated
on FSC/SSC. The numbers indicate the percentages within the parent population.

Table 1. Quantification of c-Kit�AA4.1� cells in E9.5 embryos

Exp. 1 Exp. 2 Exp. 3

No. embryos* 8 6 7
No. somite pairs† 21.1 23.8 28.2
No. c-Kit�AA4.1�CD45�Ter119�

cells‡

CH 20 44 75

YS 353 920 1,419

*The number of embryos analyzed. Pooled littermate embryos were used in
each experiment.

†The average number of somite pairs for the analyzed embryos.
‡The average number of c-Kit�AA4.1�CD45�Ter119� cells within the indi-
cated location of an embryo estimated from the pooled analysis of caudal
half (CH) and yolk sac (YS) cells.
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detected in at least the YS at E8.5 (Fig. S6), although CD45
expression was not detected at that time. Consistent with ES-
cell-derived c-Kit�AA4.1� cells, the cell surface phenotype of
c-Kit�AA4.1� cells in the developing mice was
CD34�CD41�Sca-1� (Fig. 5B), and the cells formed myeloid
lineage colonies in methylcellulose (Fig. 5C). The c-Kit�AA4.1�

cells, isolated from either the YS or the CH of E9.5 embryos,
gave rise to B lymphocytes (Fig. 5D) and ��/��-lineage T
lymphocytes when transferred onto OP9 and OP9-DL1 (61)
stromal cell lines (Fig. 5E), respectively. The efficiency of these
cells in generating lymphocytes was comparable to that of BM
c-Kit�Sca-1�Lin� cells. Thus, AA4.1 is a marker of the earliest
lymphohematopoietic progenitor of developing embryos.

Discussion
We showed that hematopoietic activity from the early differen-
tiation of ES cells resides in c-Kit�Lin� cells. We found that the
cell population is further separated into two distinct cell subsets
based on AA4.1 expression. We demonstrated that the AA4.1�

cell subset gives rise to both myeloid and lymphoid lineage cells,
whereas the differentiation potential of the AA4.1� cell subset
is largely restricted to myeloid cell lineages (Figs. 2 and 3C).
Although performing clonal analysis is difficult until we improve
the culture conditions so that AA4.1� cells survive at a high
efficiency after the cell sorting, experiments must be done in the
future to confirm that single cells have both myeloid and
lymphoid potential. On the basis of the �-globin expression
pattern (Fig. 3A), both AA4.1� and AA4.1� cell subsets should
be classified as definitive-type hematopoietic progenitors.
We showed that the c-Kit�AA4.1� cells gave rise to some
c-Kit�AA4.1� cells but not vice versa (Fig. S2). However,
whether all of the c-Kit�AA4.1� cells originate from
c-Kit�AA4.1� cells is still unclear, because we detected
some c-Kit�AA4.1� cells together with c-Kit�AA4.1� cells at
earlier time points. AA4.1 marks the majority of CD41� cells;
however, 1/5 of the CD41� cells were AA4.1� (Fig. 3B). Be-
cause AA4.1� cells did not give rise to lymphoid cells (Fig. 3C),
the cell fractionation method using AA4.1 antibody provides a
way to isolate only the most immature hematopoietic cell subset
from the ES cell culture. The phenotypic characterization of the
first lymphohematopoietic cells in mouse ES cultures should
allow the identification of their immediate precursors and which
other mesodermal lineage cells can be derived from these
precursors (30).

Despite the in vitro potency to generate both myeloid and
lymphoid lineage cells, we could not detect in vivo engraftment
of the c-Kit�Lin�AA4.1� cells (Fig. S3 and Fig. S4). The results
indicate that even the earliest hematopoietic progenitors derived
from ES cells are not competent to engraft mice. Our results also
indicate that endogenous HOXB4 expression (Fig. 4B) is not
sufficient to provide ES cells with engraftment potency. The
transplantation failure is not due to immunological surveillance
through T, B, and NK cells nor to a cell survival problem (Fig.
S3 and Fig. S4). At least, CXCR4, integrin �4, and integrin �1
were expressed on ES-cell-derived progenitors as homing mol-
ecules (Fig. S5). Our results are consistent with those of past
studies that reported the inability of genetically unmodified
ES-cell-derived progenitors to engraft mice (27). Contrary to
our study, Potocnik et al. (62) reported that AA4.1�B220� cells
derived from ES cells exhibit some potential for lymphoid
engraftment in Rag1-deficient mice. One possible explanation
for these contrasting observations is that the cell subset used by
Potocnik et al. represents lymphoid-committed cells because
these cells were isolated as late as day 15 of differentiation, a time
point at which c-Kit�Lin�AA4� cells were no longer detected in
our assay. The expression of cell surface molecules in
c-Kit�AA4.1� cells is consistent with that of embryonic stage
HSCs except that the cells do not express Sca-1 antigen (Fig. 4)

(14, 16, 43–46, 58, 60, 63). The in vivo counterpart of
c-Kit�AA4.1� cells was found mainly in the YS, with some cells
in the CH of the embryo proper (Fig. 5 and Table 1), and the cells
gave rise to both myeloid and lymphoid lineages in culture.
Further studies are required to determine the exact location of
c-Kit�AA4� cells within the YS and CH of developing mice (64).
Yolk sac blood island cells taken from E8 and E9 donors fail to
engraft adult irradiated syngeneic or congenic mice (3), yet the
same cells transplanted in utero into the YS cavities of E8–E10
haploidentical hosts engraft and give rise to myeloerythroid day
10 spleen colonies and donor-derived T cells in the hosts at all
ages tested (7). The cell tracking technique also revealed the
contribution of early YS cells to adult hematopoieisis (11). We
propose that our ES-cell-derived c-Kit�Lin�AA4.1� cells and
the homologous cells in the YS and CH require signals in vivo
to transit to fetal, transplantable HSCs. Sca-1 expression may be
acquired during the switch.

In conclusion, we demonstrated that expression of AA4.1
marks the earliest lymphohematopoietic progenitors in ES cell
culture and in early embryos. This is the clear demonstration that
genetically unmodified ES cells give rise to multipotent hema-
topoietic progenitors with both myeloid and lymphoid lineage
potentials in vitro. Our findings should provide helpful guidance
for the therapeutic utilization of human pluripotent stem cells
and will facilitate the understanding of how HSCs develop in
embryos.

Materials and Methods
Cell Culture. MouseD3EScells (65),R1EScells (28),D3EScell linesexpressingEGFP
under the control of human EF-1� promoter or CAG promoter (provided by
Shin-Ichi Hayashi, Tottori University, Japan), D3 ES cells overexpressing human
Bcl-2 (22), OP9 stromal cells (36), OP9-DL1 (61), or ST2 stromal cells (34) were
maintained as described earlier (24). To induce hematopoietic differentiation of
ES cells in vitro, cells were placed on ST2 or OP9 stromal cells in MEM � medium
(Gibco) supplemented with 10% or 20% FBS (HyClone), respectively. On day 5 or
day6ofdifferentiation, coloniesweredissociatedwith0.25%trypsinand0.5mM
EDTA (Gibco) and replated on freshly prepared stromal cell lines. For FACS and
analysis, cells were collected by dissociating colonies with Hanks-based Cell Dis-
sociationBuffer (Gibco)uptoday6ofdifferentiationandthereafterbypipetting.
For B or T lymphocyte culture, cells were placed and cultured in RPMI medium
1640 supplemented with 5% FBS, 50 �M 2-mercaptoethanol, and 10 ng/mL
recombinant murine IL-7 on OP9 or cultured in MEM � medium supplemented
with 20% FBS on OP9-DL1, respectively.

Antibodies. The following monoclonal antibodies were used in this study:
AA4.1, 6B2 (anti-B220), KT31.1 (CD3), GK1.5 (CD4), 53–6.7 (CD8), 6D5 (CD19),
RAM34 (CD34), MWReg30 (CD41), 30-F11 (CD45), 2B8 (c-Kit), 2B11/CXCR4
(CXCR4), 8C5 (Gr-1), II/41 (IgM), M1/70 (Mac-1), E13–161.7 (Sca-1), H57–597
(TCR�), Ter119, R1–2 (�4 integrin), Ha2/5 (�1 integrin), GL3 (��TCR).

Mice. Mice were purchased from CLEA Japan and maintained in the Institute
of Laboratory Animals at Mie University or bred and maintained in Stanford
University’s Research Animal Facility. All experiments were performed accord-
ing to the guidelines of the animal committee of Mie University or Stanford
Administrative Panel on Laboratory Animal Care.

Cell Preparation from Embryos. Caudal half and YS obtained from timed-
mated C57BL/6J females were incubated with 1 mg/mL collagenase (Wako) in
2% FBS/HBSS for 30 min at 37 °C. A single-cell suspension prepared by pipet-
ting after the incubation was used for the experiments.

Colony-Formation Assay, FACS, and RT-PCR. See SI Materials and Methods.
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