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Background
The hemangioblast is a bi-potential precursor cell with the capacity to differentiate into
hematopoietic and vascular cells. In mouse E7.0–7.5 embryos, the hemangioblast can be iden-
tified by a clonal blast colony-forming cell (BL-CFC) assay or single cell OP9 co-culture.
However, the ontogeny of the hemangioblast in mid-gestation embryos is poorly defined.

Design and Methods
The BL-CFC assay and the OP9 system were combined to illustrate the hemangioblast with
lymphomyeloid and vascular potential in the mouse aorta-gonad-mesonephros region. The
colony-forming assay, reverse transcriptase polymerase chain reaction analysis, immunostain-
ing and flow cytometry were used to identify the hematopoietic potential, and Matrigel- or
OP9-based methods were employed to evaluate endothelial progenitor activity.

Results
Functionally, the aorta-gonad-mesonephros-derived BL-CFC produced erythroid/myeloid pro-
genitors, CD19+ B lymphocytes, and CD3+TCRβ+ T lymphocytes. Meanwhile, the BL-CFC-
derived adherent cells generated CD31+ tube-like structures on OP9 stromal cells, validating the
endothelial progenitor potential. The aorta-gonad-mesonephros-derived hemangioblast was
greatly enriched in CD31+, endomucin+ and CD105+ subpopulations, which collectively pin-
points the endothelial layer as the main location. Interestingly, the BL-CFC was not detected in
yolk sac, placenta, fetal liver or embryonic circulation. Screening of candidate cytokines
revealed that interleukin-3 was remarkable in expanding the BL-CFC in a dose-dependent man-
ner through the JAK2/STAT5 and MAPK/ERK pathways. Neutralizing interleukin-3 in the
aorta-gonad-mesonephros region resulted in reduced numbers of BL-CFC, indicating the phys-
iological requirement for this cytokine. Both hematopoietic and endothelial differentiation
potential were significantly increased in interleukin-3-treated BL-CFC, suggesting a persistent
positive influence. Intriguingly, interleukin-3 markedly amplified primitive erythroid and
macrophage precursors in E7.5 embryos. Quantitative polymerase chain reaction analysis
demonstrated declined Flk-1 and elevated Scl and von Willebrand factor transcription upon
interleukin-3 stimulation, indicating accelerated hemangiopoiesis.

Conclusions
The hemangioblast with lymphomyeloid potential is one of the precursors of definitive
hematopoiesis in the mouse aorta-gonad-mesonephros region. Interleukin-3 has a regulatory
role with regards to both the number and capacity of the dual-potential hemangioblast.

Key words: interleukin-3, hemangioblast, AGM, definitive hematopoiesis, hematopoietic
stem cells.
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Introduction

There are generally two stages of early embryonic
hematopoiesis in the mouse. The first stage, primitive
hematopoiesis, is characterized by de novo generation of
nucleated erythrocytes (large cells that produce embryonic
hemoglobin) in the extra-embryonic yolk sac. The second
stage, definitive hematopoiesis, is marked by autonomous
formation of adult type hematopoietic stem cells (HSC) in
E10.5 major vessels or highly vascularized structures, i.e. the
aorta-gonad-mesonephros (AGM) region, umbilical/
vitelline arteries, yolk sac, and placenta.1-8 Although
hematopoietic activities are largely different in the two
stages, in both stages there is close intertwining with the
vascular lineage in two speculated forms: the hemangioblast
(a common precursor of hematopoietic and endothelial cell
lineages) and hemogenic endothelium (de-differentiation of
mature endothelium into hematopoietic lineage).9-12
Eighty years ago, the term hemangioblast was proposed

in the light of the finding that, in the yolk sac, the aggregat-
ed mesodermal cells simultaneously gave rise to central
primitive erythrocytes and peripheral endothelial cells in
close proximity, forming a distinct structure called a blood
island. However, It was not until 1998 that two independ-
ent groups provided the first convincing evidence of the
hemangioblast through in vitro differentiation assays of
mouse embryonic stem cells. Nishikawa et al. used a colla-
gen-based, two-dimensional differentiation system with an
OP9 feeder layer to visualize blood budding and tube for-
mation from single Flk-1+CD144+ cells.13 Choi et al., on the
other hand, defined clonal blast colony-forming cells (BL-
CFC) with remarkable responsiveness to vascular endothe-
lial growth factor (VEGF) in early embryoid bodies.14
Recently, they revealed that the comparable BL-CFC
(Brachyury+Flk-1+) predominantly arise in the posterior
primitive streak of E7.5 embryos, not, as presumed, in the
yolk sac.15 This finding suggests that: (i) the precursor repre-
sents a transient mesoderm population undergoing hema -
topoietic and vascular specification, and (ii) hematopoietic
commitment initiates prior to the establishment of the yolk
sac blood island. It is believed that embryonic stem cell-
derived hematopoietic differentiation recapitulates yolk sac-
stage hematopoiesis.16 Embryonic stem cell/hemangioblast
models have helped in the understanding of the complicat-
ed molecular mechanisms underlying commitment to the
mesoderm-hemangioblast-hematopoietic cascade. In con-
trast, the hemangioblastic origin and molecular modulation
of definitive intra-embryonic hematopoiesis remain poorly
understood. Because HSC derived from the AGM region
possess nearly all the immunophenotypic features of
endothelium (LDL receptor+, CD31+, CD144+, CD34+ and
Tie2+), it is accepted that the hemogenic endothelium serves
as the direct precursor of HSC.17-20 Recently, we found that
high proliferation potential precursors in the mouse AGM
region could be categorized into two types: one restricted to
the hematopoietic lineage, and the other with heman-
gioblastic properties (referred to as HPP-HA).21 Of note, it
remains unknown whether hemangioblasts (from either
embryonic stem cells or embryos) possess lymphoid poten-
tial. 
In this study, we combined the BL-CFC and OP9 systems

to quantify hemangioblasts with B and T lymphoid poten-
tial in the mouse AGM region and screened candidate
cytokines for a regulatory effect on hemangioblast develop-
ment in the AGM region.

Design and Methods

Blast colony-forming cell assay
The BL-CFC medium was composed of 0.9% methylcellulose

(Sigma), 2 mM glutamine (Hyclone, Logan, UT, USA), 100 U/mL
penicillin and 100 mg/mL streptomycin (Hyclone), 5% protein-free
hybridoma medium II (Gibco, Grand Island, NY, USA), 200 µg/mL
iron-saturated transferrin (Sigma), 1% bovine serum albumin
(Stem Cell Technologies, Vancouver, Canada), 0.45 mM monothio-
glycerol (Sigma), 15% fetal bovine serum (Hyclone) and a cocktail
of recombinant human (rh) and recombinant mouse (rm) cytokines
including basic fibroblast growth factor (rhbFGF; 10 ng/mL), stem
cell factor (rmSCF; 50 ng/mL), interleukin-6 (rhIL-6; 5 ng/mL),
insulin-like growth factor-I (rhIGF-I; 50 ng/mL), leukemia inhibito-
ry factor (rmLIF; 10 ng/mL) and rhVEGF-165 (5 ng/mL). Following
4-5 days of inoculation, blast colonies were scored. 

OP9-based hematopoietic and endothelial progenitor
potential assay
Individual blast colonies were plated on OP9 stromal cells in the

presence of rhVEGF-165 (200 ng/mL), rhFlt3 ligand (rhFL; 20
ng/mL) and rhIL-7 (20 ng/mL). After 10 days of culture, they were
fixed in 4% paraformaldehyde for 30 min, and incubated with
monoclonal antibody against CD45 (phycoerythrin-conjugated,
eBioscience, San Diego, CA, USA) overnight at 4°C. Thereafter, a
two-step staining protocol was used to identify the endothelial
development. Following incubation with a primary anti-CD31
antibody (BD Pharmingen), the culture was visualized by the indi-
rect immunoperoxidase method using horseradish
peroxidase–conjugated anti-rat IgG (Zymed, South San Francisco,
CA, USA). The peroxidase activity was visualized using 3,38-
diaminobenzidine (Zymed). 
To determine B lymphoid potential, blast colonies were replat-

ed on fresh OP9 stromal cells in the presence of rhFL (20 ng/mL)
and rhIL-7 (20 ng/mL). After 7-10 days of culture, B lymphocyte
differentiation was assessed.
To generate T lymphocytes, blast colonies were replated onto

OP9-DL1 stromal cells supplemented with rhFL (5 ng/mL), rhIL-7
(5 ng/mL) and thrombopoietin (rhTPO; 5 ng/mL). After 4 days of
culture, TPO was withdrawn. T lymphocyte differentiation was
analyzed after a further 11-16 days of culture.

Polymerase chain reaction analyses
Nested reverse transcriptase polymerase chain reaction (RT-

PCR) for individual colonies was performed as described previous-
ly.21 For RT-PCR analysis, total RNA from E7.5 embryos or the
E10.5 AGM region was extracted using TRIZOL reagent
(Invitrogen) and reverse transcribed using the mRNA Selective
PCR Kit (TaKaRa). Blast colonies were harvested and analyzed by
quantitative real-time PCR as described previously.22 The specific
primer sequences and amplified product size are listed in Online
Supplementary Tables S1-S3.

Immunohistochemistry
Immunohistochemical studies were carried out as described

elsewhere.22 The primary antibodies used were anti-CD31 (BD
Pharmingen), anti-endomucin (eBioscience), and anti-platelet-
derived growth factor receptor-β (anti-PDGFRβ; Cell Signaling).

Other procedures
The methods of embryo dissection, the hematopoietic colony-

forming cell assay, in vitro tube formation assay, flow cytometry,
magnetic sorting, immunofluorescence staining, western blotting,
and phase contrast and fluorescence imaging are described in the
Online Supplementary Design and Methods.
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Statistical analysis
Results are expressed as means ± s.e.m. The statistical signifi-

cance of differences was determined using the Student’s t test.

Results

Characterization of the blast colony-forming cell in the
mouse aorta-gonad-mesonephros region

In order to carry out the clonal BL-CFC analysis, a sin-
gle-cell suspension from mouse E10.5 AGM region (0.5-
1×105 cells/mL) was plated in methylcellulose medium
containing bFGF, SCF, VEGF, LIF, IGF-I and IL-6. After 4-5
days of incubation, the typical blast colonies with unique
and identifiable morphology emerged. The blast colony
was composed of a compact core and a loose peripheral
layer with clear intercellular boundaries (Figure 1A).
Under such conditions, the typical hematopoietic colonies
were rare and could be easily identified. The blast colony
predominantly consisted of immature cells with a high
nuclear/plasma ratio as demonstrated by Wright-Giemsa
staining (data not shown). Nested RT-PCR assays of individ-
ually plucked colonies revealed that most of them har-
bored the hemangioblast-like molecular pattern:
Brachyury–, Flk-1+, and Runx1+ (Figure 1B). Immuno -
fluorescence staining demonstrated that the colonies con-
tained Sca-1+, F4/80+ and Ter119+ cells (Figure 1C). The
data suggested that the blast colonies derived from the
AGM region progressed beyond the mesoderm and
underwent hemangioblastic commitment. 
We then attempted to determine the critical cytokines

for generating blast colonies from the AGM region. By
eliminating cytokines, one by one, from the original for-
mula (SCF+bFGF+IL-6+IGF-I+LIF+VEGF), we found that
bFGF and SCF had the strongest effect on colony growth
(P<0.01). The removal of IL-6 had a modest effect on the
number of colonies (P<0.05) (Online Supplementary Figure
S1).
To validate the hematopoietic potential, the blast

colonies were individually harvested and replated into a
hematopoietic colony-forming cell (CFC) system contain-

ing SCF, IL-3, IL-6, IL-11, erythropoietin (Epo), TPO and
granulocyte-macrophage colony-stimulating factor (GM-
CSF). As demonstrated in Online Supplementary Figure S2A,
they gave rise to CFU-E, CFU-GM, CFU-Mix, and BFU-E.
Of 12 representative colonies, all could generate hemato -
poietic CFC (Online Supplementary Figure S2B). On average,
a single BL-CFC yielded 5.7 CFU-E, 1.9 CFU-GM, and 5.7
CFU-Mix.
To further characterize the vascular potential, a single

blast colony was cultured in a liquid expansion system
with hematopoietic and endothelial cytokines (bFGF,
VEGF, SCF, IL-3, IL-11, Epo, IGF-I and ECGS). After 24 h
of incubation, the adherent cells were evident in over 97%
(64/66) of the colonies. In a couple of days, they amplified
significantly (Figure 1D). Meanwhile, non-adherent or
semi-adherent hematopoietic clusters developed in the
upper layer and retained hematopoietic colony-forming
capacity (data not shown). At day 4, the non-adherent
hematopoietic population was depleted and the culture
was replaced with EGM-2 to support vascular differentia-
tion and maturation. At day 10, adherent cells with cob-
ble-stone or spindle-like morphology were predominant
in the culture (Figure 1E). Most of them incorporated DiI-
Ac-LDL, but occasionally expressed CD45 and F4/80
(Figure 1F, G). This indicated that the endothelial lineage
(rather than hematopoietic/monocytic cells) prevailed in
the culture. At the same time, α-SMA+ cells appeared in
the adherent layer (Figure 1H). Next, an in vitro tube form-
ing assay was used to evaluate whether the adherent pop-
ulation was functionally equivalent to the vascular cells.
As shown in Figure 1I, the adherent cells from 45 of a total
of 60 colonies were capable of forming tube-like structures
in Matrigel. Alternatively, the adherent cells were labeled
with DiI-Ac-LDL prior to replating. The participation of
elongated LDL-incorporating endothelial cells and α-
SMA+ or calponin+ cells in the capillary formation was
visualized (Figure 1J,K). Of note, under appropriate stim-
uli, the blast colonies failed to generate osteogenic and
adipogenic lineages in vitro (data not shown).
OP9, the bone marrow stromal cell line, is known to

provide an appropriate microenvironment for endothelial
and lymphocyte differentiation.13,23,24 To further validate
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Figure 1. Molecular characteristics, hemato -
poietic and vascular potential of BL-CFC
derived from E10.5 mouse AGM region. (A)
Morphology of a typical blast colony. (B)
Expression of Brachyury, Flk-1 and Runx1 in
seven representative blast colonies deter-
mined by nested RT-PCR. (C) Immuno -
fluorescence staining of Sca-1, F4/80 and
Ter119 in blast colonies. Morphology of indi-
vidually plucked blast colonies in the liquid
expansion system after 48 h (D) and 10 days
(E) of incubation. (F-G) DiI-Ac-LDL incorpora-
tion (red) combined with CD45 or F4/80
staining (green) of the adherent cells.
Arrowheads, CD45 positive in H or F4/80
positive in I. (H) α-SMA+ staining (green) of
the adherent cells. (I) Tube-like structures in
Matrigel of the adherent cells. (J-K) DiI-Ac-
LDL incorporation (red) combined with α-
SMA or Calponin staining (green) of the tube-
like structures. Inserts show the correspon-
ding bright fields. Original magnification:
×40 (I), ×100 (D, E), and ×200 (A, C, F-H, J, K).



hemangioblastic activity, 50 blast colonies were individu-
ally co-cultured with OP9 cells for 10 days. All of them
demonstrated both hematopoietic and endothelial pro-
genitor potential. As shown in Figure 2A,B, a representa-
tive colony simultaneously generated abundant CD45+
hematopoietic cells and CD31+ tube-like structures on
OP9 stromal cells.
To determine B lymphoid potential, blast colonies were

incubated with OP9 in the presence of FL and IL-7 for 7-
10 days. After 6 days of culture, significant proliferation of
round non-adherent cells was detected. B220 (CD45R) is
expressed at all stages of B-cell ontogeny. However, CD19
remains the most reliable marker for B-lineage commit-
ment. As shown in Figure 2C, abundant B220+ and CD19+
populations were generated from blast colonies. Mature B
cells were detected in approximately 1.5% of total cells by
analyzing surface expression of IgM.
To further assay T lymphoid potential, blast colonies

were co-cultured with OP9-DL1 cells (proven to support T
lymphocyte development from hematopoietic stem pro-
genitor cells and embryonic stem cells).24,25 After 8 days of
culture, round non-adherent cells proliferated abundantly.
After 15-20 days, CD3+TCRβ+ and CD4+/CD8+ T lympho-
cytes were generated (Figure 2D). NK1.1+ natural killer
cells also emerged in the culture. Furthermore, six blast
colonies were individually expanded and tested for B and
T potential. All demonstrated both B (CD19+) and T
(CD3+TCRβ+) lymphocyte potential (Online Supplementary
Table S4). Compared with the OP9 co-culture, differentia-
tion of CD19+ B lymphocytes was greatly suppressed in
the OP9-DL1 system (data not shown). However, the blast
colonies contained hematopoietic precursors with both
myeloid and lymphoid potential, indicating their defini-
tive hematopoietic identity. 
As previously described,14,15 two steps were taken to val-

idate the clonality of the AGM-derived blast colonies.
First, cells from the AGM region were plated at different
concentrations. As shown in Online Supplementary Figure
S3A, the number of blast colonies was directly proportion-
al to the input of AGM cells, indicating that a single cell
corresponded to the growth of a colony. Second, a cell
mixing analysis was carried out (Online Supplementary

Figure S3B). An equal number of cells from the AGM
region of male wild type (Sry+GFP–) and female GFP trans-
genic (Sry–GFP+) mice were mixed at the density of 0.5-
1×105 cells/mL. After 4 days of culture, the blast colonies
were picked out and expanded individually to determine
the content of genomic DNA. Among 20 representative
colonies analyzed, ten displayed exclusively the Sry+GFP–
genotype and the other ten 10 Sry–GFP+ (Online
Supplementary Figure S3B). Representative blast colonies
from wild type and GFP transgenic AGM region in the cell
mixing analysis are shown in Online Supplementary Figure
S3C. The experiments suggest that the blast colony origi-
nated from a single cell.

Spatiotemporal distribution and surface markers 
of blast colony-forming cells in the mouse 
aorta-gonad-mesonephros region
To characterize the developmental kinetics of BL-CFC

in the caudal half (E9.5) or AGM region (E10.5-12.5), the
tissues were analyzed daily between E9.5 and E12.5. As
shown in Figure 3A, E9.5 caudal half contained 19.3±2.1
BL-CFC on average, reaching a maximum of 125.0±8.0
BL-CFC at E10.5, followed by a significant decline to
54.8±17.6 at E11.5 and 20.0±10.6 at E12.5. The kinetics of
BL-CFC was different from that of hematopoietic CFC,
which peaked in number at E12.5. A further separation of
dorsal aorta with surrounding mesenchyme from gonad
and mesonephros in the E11.5 AGM region revealed that
over 95% of BL-CFC were concentrated in the former sub-
region (data not shown). 
Next, four molecules were selected to determine the

location of BL-CFC in the AGM region. As shown in
Figure 3B, C and described in previous reports,26,27 CD31,
endomucin, and CD105 have similar expression patterns
(restricted to the endothelial layers and intro-aortic
hematopoietic clusters). In contrast, PDGFRβ is expressed
by mural cells (Figure 3D), and its response to PDGF
secreted by endothelial cells results in migration and mat-
uration of mural cells.28 As demonstrated in Figure 3E-G,
the E10.5 AGM-derived BL-CFC were enriched in CD31,
endomucin, and CD105 exclusively. Together with the
finding that most BL-CFC were negative for PDGFRβ
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Figure 2. Identification of
hematopoietic and endothelial
potential of BL-CFC by the OP9-
based system. Individual blast
colonies are co-cultured with
OP9 for 10 days in a 48-well
plate. In one representative
well, both CD45+ cells (A) and
CD31+ tube-like structures (B)
are detected. (C) Flow cytome-
try analysis of B lymphocyte
markers of blast colonies differ-
entiated on OP9 stroma for 10
days. (D) Flow cytometry analy-
sis of T lymphocyte markers
and NK1.1 of blast colonies dif-
ferentiated on OP9-DL1 stroma
for 15 days. Representative
data from three independent
experiments are shown.
Original magnification: ×40 (B),
and ×100 (A).
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(Figure 3H), we concluded that the hemangioblasts were
mainly located within the endothelium lining the vessel
wall of dorsal aorta.
Of note, the blast colonies were not readily detected in

cells from yolk sac (E9.5-E11.5), placenta (E9.5-E11.5),
fetal liver (E10.5-E11.5) or the embryonic circulation
(E10.5-E12.5) (Online Supplementary Figure S4).

Positive regulation of blast colony-forming cells derived
from the aorta-gonad-mesonephros by interleukin-3
As the BL-CFC model was quantitative, a set of

hematopoietic/vascular cytokines (i.e., bFGF, SCF, GM-
CSF, IL-6, OSM, VEGF, TPO, IL-3, EPO) were screened for
their modulation of hemangioblast development in the
mouse AGM region. Initially, a single-cell suspension of
the AGM region was incubated with the indicated
cytokines for 12 h, and then collected for the BL-CFC
assay. As expected, a significant expansion of BL-CFC was
detected in the presence of bFGF (10 ng/mL). However,
among the other cytokines, only IL-3 (50 ng/mL) was able
to amplify the BL-CFC markedly (148.0±22.5 versus
46.7±8.6, P<0.01) and its effect appeared more pro-
nounced than that of bFGF (Figure 4A). Interestingly, IL-3-
stimulated BL-CFC formed typical blast colonies at day
2.5 of culture, 12 h earlier than the control. Furthermore,
the effect was dose-dependent (Figure 4B). As shown in
Figure 4C, without IL-3 treatment, the number of BL-CFC
gradually decreased after in vitro incubation. In contrast,
significant expansion was detected after incubation with
IL-3 for 6 h (165.7±21.0 versus control of 93.3±23.5;
P<0.01) and 12 h (210.3±41.2 versus control of 93.3±23.5,
P<0.01). However, prolonged culture to 24 h resulted in a
dramatic decrease (103.2±31.7), indicating that IL-3 failed
to support hemangioblast expansion in vitro for a long
duration.
To determine whether IL-3 is physiologically required,

we used IL-3 neutralizing antibody and an isotype control
(IgG1). Compared with the IgG1, neutralization of tissue-
derived IL-3 reduced the number of BL-CFC (31.3±4.5 ver-
sus 67.7±1.5, P<0.01) (Figure 4D). Of note, the result was
obtained by continuous exposure to neutralizing antibody
from the AGM incubation to the BL-CFC assay. This
implies that the cytokines in the BL-CFC assay could com-
pensate for a transient absence of endogenous IL-3 signals
during incubation for 12 h.
The IL-3 signaling pathway has been well character-

ized.29 Following stimulation with IL-3, an immediate
response of cells is tyrosine phosphorylation of Janus
kinase-2 (JAK2)/STAT5 proteins as well as activation of
Ras, Raf, MEK and ERK. Subsequently, these signals are
transduced to the nucleus, where they bind specific DNA
elements to activate transcription of target genes. As
demonstrated in Figure 4E, IL-3 supplementation
enhanced the phosphorylation of STAT5 and ERK1/2 in
the AGM cells. To further investigate the IL-3-mediated
signaling involved in hemangioblast expansion, AGM
cells were stimulated with IL-3 for 12 h in the presence
of pharmacological inhibitors or vehicle control
(dimethyl sulfoxide). There was greater than 50% inhibi-
tion of BL-CFC amplification (P<0.01) when cells were
incubated with 100 mM AG490 (an inhibitor of JAK2)
and similar results with 50 mM PD98059 (an inhibitor of
MEK1/2) (P<0.01). Thus, IL-3 expanded BL-CFC at least
partially through JAK2/STAT5 and MAPK/ERK signaling
(Figure 4F).

Increased hematopoietic and vascular potential 
of interleukin-3-treated blast colony-forming cells 
We carried out differentiation assays to determine the

regulatory roles of IL-3 in the hematopoietic/vascular
potential of BL-CFC. As shown in Figure 5A, the IL-3-
stimulated BL-CFC gave rise to increased number of CFC

Promoting AGM hemangioblast development by IL-3
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Figure 3. Development kinetics and surface markers of BL-CFC. (A) BL-CFC and hematopoietic CFC derived from caudal half (E9.5) or AGM
region (E10.5-12.5) are analyzed in parallel, showing different development kinetics. (B-D) Immunohistochemical analysis of E10 embryos.
Transverse sections of dorsal aortas (DA) are stained with anti-CD31 (B), anti-endomucin (C) and anti-PDGFRβ (D) antibodies. The dorsal
aspect is upward. The endothelial layer is positive for CD31 and endomucin, but negative for PDGFRβ (red arrowheads in D). CD31 and endo-
mucin are also expressed in hematopoietic cell clusters (arrowheads in B and C) associated with endothelium. (E-H) The frequency of BL-
CFC in CD105 (E), CD31 (F), endomucin (G), and PDGFRβ (H) positive cells sorted from E10.5 AGM region. The results are representative
data expressed as means ± s.e.m from three of four independent experiments.
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(43.7±3.5 versus 6.4±2.1 per blast colony, P<0.01),with this
increase being more pronounced than that with bFGF
treatment (P<0.01). Furthermore, quantification of in vitro
tube-forming capacity on Matrigel revealed that IL-3-stim-
ulated BL-CFC displayed significant increases in both tube
number (2.0±0.1 fold, P<0.01) and tube length (2.3±0.3
fold, P<0.01) (Figure 5B-D). Alternatively, IL-3 was added
during the formation of blast colonies. As shown in Figure
5E, the IL-3-treated blast colonies generated increased
numbers of CD31+ tubes on OP9 stromal cells, confirming
the enhanced endothelial progenitor capacity.
Subsequently, several hematopoietic- and vascular-relat-

ed genes were selected to define the IL-3-mediated molec-
ular changes in the AGM cells. Upon stimulation, up-reg-
ulated expression of Scl and vWF were detected, corrobo-
rating the enhanced hematopoiesis and endothelial differ-
entiation seen in the BL-CFC assay (Figure 5F). Of interest,
expression of Runx1 was significantly decreased, presum-
ably reflecting its complicated and dose-dependent
involvement in regulating embryonic hematopoiesis.
These data collectively indicated that incubation with

IL-3 led to elevated numbers as well as intrinsic heman-
giopoietic commitment of the hemangioblast.

Interleukin-3 promoted primitive hematopoiesis 
in E7.5 embryos
The first wave of hemangioblasts (BL-CFC) is detected

mainly in the posterior primitive streak of E7.5 embryos.

Of note, the number of BL-CFC in this stage is small, and
the hypoxic culture condition is critical. We only detected
typical hematopoietic other than BL-CFC colonies in E7.5
embryos. Once transferred to the liquid expansion medi-
um, these hematopoietic-like colonies remained non-
adherent and failed to expand as an adherent population.
As shown in Online Supplementary Figure S5A, the expres-
sion of two types of IL-3 receptors (IL-3Rα/βC, IL-3Rα/βIL-
3) was detected by RT-PCR in both E10.5 AGM and E7.5
embryos. After incubation with IL-3 for 12 h, a single-cell
suspension of E7.5 embryos was subjected to the CFC
assay. Hematopoietic colonies were classified as three
types of primitive hematopoietic progenitors, i.e. CFU-
EryP, CFU-Mac and CFU-EM (Online Supplementary Figure
S5C). As shown in Online Supplementary Figure S5B,D IL-3
significantly amplified CFU-EryP (23.7±3.1 versus 6.3±2.5,
P<0.01), CFU-M (17.0±4.0 versus 3.0±1.0, P<0.01) and
CFU-EM (11.3±2.5 versus 2.0±0, P<0.01). Quantitative RT-
PCR revealed that, upon IL-3 stimulation, transcriptional
changes of the hematopoietic- and vascular-related genes
were similar to those of E10.5 AGM, including down-reg-
ulation of Flk-1 and up-regulation of Scl and vWF. In con-
trast, expression of Runx1 and GATA1was significantly ele-
vated, demonstrating somewhat different mechanisms of
IL-3 in the regulation of primitive and definitive
hematopoiesis (Online Supplementary Figure S5E).
Collectively, these data indicate that IL-3 is a positive mod-
ulator of the first wave of embryonic hematopoiesis.
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Figure 4. Influence of BL-
CFC development in the
E10.5 AGM region by IL-
3-mediated signaling. (A)
Among a panel of
cytokines, IL-3 and bFGF
significantly amplified
the BL-CFC in the E10.5
AGM region. The IL-3-
mediated effect was
dose-dependent (B) and
temporally regulated (C).
Neutralizing tissue-
derived IL-3 markedly
reduced the number of
BL-CFC in the AGM
region. Neu denotes IL-3
neutralizing antibody (D).
Phosphorylation of STAT5
and ERK1/2 in AGM cells
was enhanced by IL-3 (E),
and the corresponding
p h a r m a c o l o g i c a l
inhibitors abrogated IL-3-
mediated BL-CFC expan-
sion (F). The results rep-
resent the means ±
s.e.m. Significance was
determined using the
Student’s t test: *P<0.05;
**P<0.01, compared
with the control data.
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Discussion

It remains unclear whether the hemangioblast serves as
the precursor of definitive intra-embryonic hematopoiesis.
Here, we show that AGM-derived BL-CFC are capable of
generating various kinds of lymphomyeloid progenitors
and vascular lineages in vitro, representing a canonical
definitive hemangioblast. Based on the model, the novel
role of IL-3 in governing ontogeny and differentiation of
hemangioblast is demonstrated. 

Characterization of the hemangioblast with
lymphomyeloid potential in the mouse aorta-
gonad-mesonephros region
The precursor of definitive hematopoiesis in the AGM

region has been supposed to be hemogenic endothelium or
differentiated mesoderm cells, i.e., the hemangioblast and
mesenchyme. Thus, the site may harbor multiple
hematopoiesis-related precursors, with their sequential
maturation and migration under dynamic but stringent
control.
The existence of the hemangioblast in the AGM region

was initially implied by a bulk culture system in which
hematopoietic clusters budded from proliferating endothe-
lial layers in the presence of bFGF, SCF and OSM.30
Recently, the HPP-HA model has been used to quantify
hemangioblasts with high proliferating potential in the
AGM region.21 In comparison, the BL-CFC assay revealed
more progenitors with hemangioblastic activity in the

AGM region (E10.5: 125 BL-CFC versus 8 HPP-HA per tis-
sue). More importantly, it demonstrated the lymphoid
capacity of the hemangioblast in vitro.
Based on the analysis of four membrane proteins

(CD31+, endomucin+, CD105+ and PDGFRβ–) and knowl-
edge regarding their distribution in the AGM region, we
concluded that the endothelial layer of dorsal aorta  was
the main location of BL-CFC. In particular, the identity of
the AGM-derived BL-CFC as the authentic hemangioblast
rather than more primitive precursors was reinforced by its
failure to generate additional mesoderm progenies such as
bone and fat. Interestingly, the BL-CFC was not detected
in yolk sac or placenta. This may reflect the different
nature of hematopoietic precursors in various blood-form-
ing tissues. Alternatively, the AGM region (a hemogenic
other than hematopoietic site) may provide a unique niche
to maintain the hematopoietic precursors in a primitive
undifferentiated state. The absence of BL-CFC in the circu-
lation and fetal liver suggests that the AGM-derived
hemangioblast may differentiate and become undetected
upon intravasation.
Several lines of evidence support the hypothesis that

hemogenic endothelium may be the direct precursor of
definitive hematopoiesis in the AGM region. Firstly, mor-
phological analysis has shown that cells in the hematopoi-
etic clusters form tight junctions with the endothelial cells
of the dorsal aorta, and appear to bud from the endotheli-
um,31,32 Furthermore, these cells express either endothelial
or hematopoietic markers, i.e. CD144, CD31, CD34 and
CD45, indicative of their ongoing immunophenotypic
transition from endothelium to blood. Of interest, North et
al. pointed out that mesenchymal cells (CD45–CD34–) can
function as HSC in Runx1+/- embryos, but not in normal
embryos.33 Very recently, using an in vitro embryonic stem
cell differentiation system, Lancrin et al. demonstrated that
the hemangioblast generates hematopoietic cells through a
hemogenic endothelium stage, providing the first direct
link between the two types of precursors.34 It will, there-
fore, be intriguing to determine whether the BL-CFC in the
AGM region is capable of generating hematopoietic lineag-
es through hemo genic endothelium or other unknown
intermediates. In close association with dorsal aorta, the
mesoangioblast is identified as a common precursor for
vascular and extra-vascular mesodermal derivatives.
Compared with the BL-CFC, the mesoangioblast emerges
at a higher frequency, is unable to proliferate in semisolid
culture, and fails to generate typical hematopoietic
colonies.35, 36 It is, therefore, challenging to illustrate rela-
tionships between hemogenic endothelium, the heman-
gioblast and the mesoangioblast in the AGM region.

Interleukin-3-mediated positive regulation of heman-
gioblast development in the mouse 
aorta-gonad-mesonephros region
Studies of in vitro differentiation of embryonic stem

cells has provided substantial understanding of heman-
gioblast regulation by intrinsic transcriptional factors or
microenvironment cues.9-12,37 In particular, a precise and
stage-specific control of the differentiation cascade
(Brachyury+ meseoderm/Flk-1+ hemangioblast/CD41+ or
CD45+ hematopoietic cells) has been linked to multiple
molecules. In striking contrast, little is known regarding
the modulation of embryonic hemangioblast develop-
ment. Among the currently tested cytokines, IL-3
appeared to be the most potent stimulator of AGM
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Figure 5. Increased hematopoietic and vascular potential of IL-3-
treated BL-CFC from the E10.5 AGM region. (A) IL-3- and bFGF-stim-
ulated BL-CFC gave rise to increased numbers of hematopoietic
CFC. (B-D) A Matrigel-based test revealed that IL-3- and bFGF-stim-
ulated BL-CFC have enhanced tube-forming capacity both with
regards to the number and length of the tubes. (E) CD31 staining
of blast colonies co-cultured with OP9 for 10 days. Increased tube
formation was detected when IL-3 was added during blast colony
formation. (F) Real-time PCR analysis of BL-CFC cultures to exam-
ine IL-3-mediated molecular changes. Original magnification: ×40
(B, E). The results represent means ± s.e.m. Significance was deter-
mined using the Student’s t- test: **, P<0.01, compared with the
control data.
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hemangiopoiesis. In line with this, Robin et al. found that
IL-3 can amplify HSC with long-term reconstitution
capacity in the AGM region up to 30-fold.38 They attempt-
ed to define which target gene could rescue the defective
HSC ontogeny of Runx1-/- embryos, and found that IL-3
other than GM-CSF can fulfill such a rescue function by
promoting survival and proliferation of HSC in the AGM
region. Likewise, 12 h of IL-3 treatment was capable of
preventing apoptosis of CD31+ cells in the AGM region
(data not shown). Together with the temporal analysis of
BL-CFC development in vitro after IL-3 stimulation, we
concluded that IL-3 was more of a survival than an
expanding factor on hemangioblasts. Taoudi et al. report-
ed that the cytokine cocktail containing IL-3, SCF and FL
can promote HSC generation within a novel reaggregate
composed of CD144+CD45+ cells from the AGM region.39
While addition of IL-3 to the explant culture of E10 AGM
leads to precocious HSC activity,38 IL-3-treated AGM cells
form blast colonies 12 h earlier than control cells. The sim-
ilarity suggests that IL-3 can fuel the intrinsic hematopoi-
etic potential of pre-hematopoietic precursors in addition
to increasing the number of hemangioblasts. In compari-
son, IL-3-induced expansion of HSC appears more drastic
than that of hemangioblasts. This discrepancy may be
ascribed to a longer duration of IL-3 incubation (3 days
versus 12 h) and more importantly, to the three-dimension-
al organ culture, advantageous for maintaining supportive
microenvironment cues. Of note, bFGF fails to promote
HSC expansion, in striking contrast to its unambiguous
function on avian and mouse hemangioblast.21,40 This may
reflect that, unlike IL-3, bFGF-induced BL-CFC can pro-
duce more hematopoietic progenitors other than HSC. A
previous study of bulk AGM cultures revealed that onco-
statin M can promote hemogenesis from endothelial
cells.30 However, oncostatin M does not expand either
HSC or BL-CFC, suggesting that it may predominantly
accelerate the generation of hematopoietic progenitors
from hemogenic endothelium or the hemangioblast.38
Thus, the multi-step control of embryonic heman-
giopoiesis by candidate molecules can be accurately ana-
lyzed by the BL-CFC assay.
Albeit dispensable, the regulatory roles of IL-3 in AGM

hematopoiesis are physiologically important. The expres-
sion of IL-3 is detected by in situ hybridization mainly in
the cells lining the lumen or attaching to the endothelium
of dorsal aorta.38 Thus, in the mouse AGM region, the
HSC and BL-CFC with an endothelial immunophenotype
(CD31+endomucin+) are directly regulated by autocrine or

paracrine IL-3. Consistently, the use of IL-3-blocking anti-
body leads to decreased activity of HSC as well as BL-
CFC.38 Direct transplantation of E11 IL3-/- AGM cells into
irradiated recipients resulted in undetectable donor-
derived HSC activity.38 Indeed, IL3 acts as a target gene of
Runx1, and can rescue the HSC defect in the Runx1-/-
AGM region.38 Here, upon IL-3 stimulation, the expres-
sion of Runx1 in AGM cells was significantly down-regu-
lated, implying a possible negative feedback. In line with
our data, the hemangioblast and hematopoietic specifica-
tion from mesodermal precursors is accelerated in Runx1
heterozygous embryoid bodies.41 In Runx1+/- embryos,
HSC activity is reduced in the AGM region, contrasting
with its increase in the yolk sac and the placenta.
Therefore, the gene dosage of Runx1markedly affects the
spatiotemporal distribution of HSC in mid-gestation
blood-forming tissues.33,42
Another novel finding is the positive role of IL-3 in the

stage of primitive hematopoiesis. The dramatic amplifica-
tion of primitive hematopoietic precursors by short-term
stimulation with IL-3 may be largely ascribed to rapid
hemogenesis from pre-existing precursors, such as Flk-1+
mesodermal cells or hemangioblasts. In agreement with
this, the expression of Flk-1 declined in the presence of IL-
3, with elevated transcription of a panel of transcription-
al factors such as Scl and GATA1. As defective primitive
hematopoiesis is undetected in gastrulating IL-3 mutants,
these findings may reveal a cytokine redundancy.
It has recently been reported that IL-3 is capable of

expanding angiogenic cells from adult CD45+
hematopoietic progenitors via STAT5 signaling and of
promoting arterial specification.43 Taken together, these
data suggest that IL-3 can exert functions on the heman-
giopoietic system from active embryogenesis to homeo-
static adulthood. 
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