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Summary
During embryonic development, the establishment of the primitive erythroid lineage in the yolk
sac is a temporally and spatially restricted program that defines the onset of hematopoiesis. In this
report we have used the embryonic stem cell differentiation system to investigate the regulation of
primitive erythroid development at the level of the hemangioblast. We show that the combination
of Wnt signaling together with inhibition of the Notch pathway is required for the development of
this lineage. Inhibition of Notch signaling at this stage appears to be mediated by the transient
expression of Numb in the hemangioblast-derived blast cell colonies. Activation of the Notch
pathway was found to efficiently inhibit primitive erythropoiesis through the upregulation of
inhibitors of the Wnt pathway. Together, these findings demonstrate that specification of the
primitive erythroid lineage is controlled, in part, by the coordinated interaction of the Wnt and
Notch pathways and position Numb as a key mediator of this process.

Introduction
The development of blood islands in the yolk sac marks the onset of hematopoiesis in the
mammalian embryo. These blood islands consist of a population of maturing primitive
erythrocytes surrounded by developing endothelial cells that will form part of the yolk sac
vasculature (reviewed by Ferkowicz and Yoder, 2005). Primitive erythrocytes represent the
predominant population generated during the yolk sac stage of hematopoiesis and are
characterized by their large size and their expression of embryonic hemoglobin (Barker,
1968). Production of this lineage, primitive erythropoiesis, represents a unique
developmental program within the hematopoietic system in that it is transient and restricted
to one site, the yolk sac (Palis et al., 1999). Along with the primitive erythrocytes, the yolk
sac generates a subset of other hematopoietic cell types including macrophages and
progenitors of the definitive erythroid, megakaryocyte and mast cell lineages (Palis et al.,
1999). These populations are considered as the yolk sac definitive hematopoietic lineages
and differ from the primitive erythroid lineage in that they are also generated in other
hematopoietic sites including the fetal liver and bone marrow (reviewed by Keller et al.,
1999).
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The hematopoietic and vascular lineages of the yolk sac are derived from the first
mesodermal population generated during gastrulation (Haar and Ackerman, 1971).
Following induction, these mesodermal cells migrate proximally from the primitive streak to
the extra-embryonic region where they rapidly differentiate and give rise to vascular and
hematopoietic cells (Tam and Behringer, 1997). Insights into the developmental progression
of mesoderm to these derivative lineages have come from studies using the embryonic stem
(ES) cell differentiation model (reviewed in Keller, 2005). These studies demonstrated that
one of the earliest steps in this process is the generation of a progenitor that displays both
hematopoietic and vascular potential (Choi et al., 1998 and Nishikawa et al., 1998). This
progenitor known as the blast colony-forming cell (BL-CFC) co-expresses the receptor
tyrosine kinase Flk-1 and the T box transcription factor brachyury and is considered to
represent the in vitro equivalent of the hemangioblast (Fehling et al., 2003). Analysis of the
hematopoietic potential of the BL-CFC revealed that it displays the capacity to generate
primitive erythroid cells as well as the spectrum of definitive lineages found in the yolk sac
(Kennedy et al., 1997; Choi et al., 1998). As such, the hemangioblast can be considered to
be the immediate progenitor of the primitive erythroid lineage. Following the discovery of
the BL-CFC in mouse ES cell cultures, a progenitor with virtually identical characteristics
was identified in the posterior primitive streak (PS) of the gastrulating embryo at a stage
prior to the establishment of the yolk sac blood islands (Huber et al., 2004). The properties
of this progenitor suggest that it represents the yolk sac hemangioblast, the progenitor of the
yolk sac hematopoietic program.

The transient nature of primitive erythropoiesis indicates that the regulation of this lineage is
tightly controlled, possibly by mechanisms that differ from those that control development
of the other lineages in the yolk sac. Targeting studies have identified several key regulators
of yolk sac hematopoiesis including VEGF/Flk-1 (Shalaby et al., 1995), TGFβ1 (Dickson et
al., 1995) and erythropoietin/EpoR (Wu et al., 1995; Lin et al., 1996) and have demonstrated
that they function at specific stages, ranging from establishment of the hematopoietic and
vascular lineages, to expansion of specific populations following their induction. To date,
none of these signaling pathways has been shown to specifically regulate primitive
erythropoiesis. Several recent studies have provided evidence suggesting that the Notch and
Wnt pathways may play a role in the regulation of this early blood cell lineage. The Notch
pathway appears to function in an inhibitory capacity as Notch1 null ES cells and RBP-Jκ
mutant embryos display enhanced primitive erythroid potential compared to wild-type
counterparts (Hadland et al., 2004; Robert-Moreno et al., 2007). Wnt signaling, on the other
hand appears to positively regulate the development of this lineage, as blocking the pathway
dramatically reduced primitive erythroid development from Flk-1+ progenitor cells in
mouse ES cell differentiation cultures (Nostro et al., 2008). The opposite effects of the
Notch and Wnt signaling on primitive erythroid development suggest that these two
pathways comprise part of the regulatory network that controls this early blood cell
program.

In the current study we have further evaluated the role of the Notch and Wnt pathways in the
specification of the earliest hematopoietic lineages, focusing on the BL-CFC/hemangioblast
stage of development. From these studies, we provide evidence that the combination of
canonical Wnt signaling together with the inhibition of the Notch pathway by Numb is
required for primitive erythroid specification from this progenitor. Notch signaling was
found to inhibit primitive erythropoiesis through the upregulation of inhibitors of the Wnt
pathway. Immunostaining analysis of early stage embryos demonstrated the presence of
Numb and β-catenin in the region of the developing yolk sac, suggesting that these pathways
also regulate this lineage in vivo. Together, these findings provide the first detailed insights
into the signaling networks controlling specification of the primitive erythroid lineage from
the hemangioblast.
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Materials and Methods
ES cell lines

The ES line Bry-GFP (Fehling et al., 2003) was used for the gene expression analysis of
developing hemangioblast-derived colonies. The ES line A2lox.sβcat (sβ-cat) that contains a
stabilized β-catenin gene under control of a doxycyclin-regulated promoter (Lindsley et al.,
2006) was a gift from Dr. Kenneth Murphy at Washington University School of Medicine.
The AinV/GFP-Bry/CD4-Foxa2 ES cell line is a tet-on inducible ES line modified from the
AinV18 ES cell line (Kyba et al., 2002) with EGFP and CD4 cDNAs targeted into the
Brachyury and Foxa2 loci, respectively,. The tet-inducible Numb and Notch1-IC expressing
ES lines were generated by targeting either the PRR-S Numb (Petersen et al. 2006) (gift
from Dr. Weimin Zhong,) or Notch1-IC (Pear et al. 1996) (gift from Dr Warren S. Pear)
cDNA into the HPRT locus of the AinV/GFP-Bry/CD4-Foxa2 ES cell line as previously
described (Kyba et al., 2002).

Flk-1+ cell reaggregation assay
For reaggregation, Flk-1+ cells were isolated by cell sorting from 2.75 EBs generated from
either the GFP-Bry, Notch1-IC, Numb or sβ-cat ES cell lines The isolated Flk-1+ cells were
cultured at densities of 150,000 -200,000 cells/ml in low cluster dishes (Costar) for one or
two days in a serum-free media (IMDM/F12, 3:1; with 0.5% N2-supplement and 1% B27,
Gibco) supplemented with 10 ng/ml hVEGF in the presence or absence of Dox, and/or
agonists or antagonists of Wnt or Notch signaling pathways. Following this short culture
period, the aggregates were harvested, the cells dissociated and plated in methylcellulose
hematopoietic progenitor assays to evaluate hematopoietic potential.

RT-PCR and quantitative real-time PCR
Gene expression analyses of colonies or colony-derived single cells were performed by a
modified polyA+ global amplification polymerase chain reaction (PCR) as previously
described (Robertson et al., 2000). Briefly, 3′ cDNA was diluted and subjected to gene-
specific PCR using primers designed within the most 3′ 600 bp, including the UTR. The
primer sequences are listed in Supplemental Table 1. PCR conditions were: 94°C, 5 min
followed by X cycles (94°C, 30 s; 55-65°C, 30 s; 72°C, 30 s); 72°C, 10 min.

Real-time quantitative PCR was performed as previously described (Nostro et al., 2008) on a
MasterCycler® EP RealPlex (Eppendorf) or the ABI 7900HT (Applied Biosystems). All
experiments were done in triplicate using Platinum SYBR Green qPCR SuperMix or SYBR
GreenER qPCR SuperMix (Invitrogen). The oligonucleotide sequences and PCR cycle
conditions are listed in the supporting text (Supplemental Table S2). A 10-fold dilution
series of mouse genomic DNA standards ranging from 100 ng/ml to 10 pg/ml was used to
evaluate the efficiency of the PCR and calculate the copy numbers of each gene relative to
the house keeping gene actb. cDNA samples from three independent experiments were
analyzed for the expression of each genes. To reveal the gene expression patterns of
developing blast colonies, 3′ cDNA samples of seven individual colonies of each time point
were pooled and diluted and subject to qPCR.

Blast colony assay
The serum-based blast colony assay was as previously described (Kennedy et al., 1997). In
brief, sorted Flk-1+ cells were plated in 1% methycellulose-containing media with 10% FCS
(Summit), VEGF (5 ng/ml), interleukin-6 (IL-6; 5 ng/ml) and 25% D4T endothelial cell-
conditioned medium. The serum-free blast colony condition M10 was established by
substituting the FCS and D4T with StemPro-34 serum-free medium (Invitrogen), and
supplementing with a combination of the following 10 cytokines: KL (50ng/ml); mIL3
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(20ng/ml); hMBP4 (5ng/ml); hIL11 (5ng/ml); EPO (2U/ml); hVEGF (5ng/ml), mLIF (2ng/
ml); mIL6 (10ng/ml); bFGF (5ng/ml); TGFβ1 (2pg/ml). All cytokines were purchased from
R&D Systems. To evaluate their hematopoietic and vascular potential, the resulting blast
colonies were picked from the methylcellulose and cultured on a matrigel-coated surface in
media containing both hematopoietic and endothelial cytokines, as previously described
(Choi et al., 1998). For quantification of their hematopoietic potential, pools of blast
colonies were picked, the cells dissoicated by treatment with 1% collagenase at 37°C for 30
min followed by trypsin for 5 min and replated in methylcellulose progenitors assays.
(Kennedy and Keller, 2003). For analyzing the role of Wnt signaling in blast colony
development, Dox and hDKK1 were added at 0hr and 6hr of culture respectively for a
period of 24 hours. Following this treatment, the colonies were washed with IMDM to
remove Dox and hDKK1 and then replated in hemangioblast conditions for an additional 2-3
days.

Immunofluorescence
Developing blast colonies (approximately 400) were pooled in 100 μl serum, and spread on
coverslips by centrifugation at 1000rpm for 5 min with a cytocentrifuge (Thermo Shandon
Ltd.). The coverslips were fixed with 4% paraformaldehyde for 30 min at room temperature,
and washed with PBS three times. Fixed colonies were blocked and the cell permeabilized
by incubation in 3% donkey serum and 0.1% BSA in PBS containing Triton X-100
(blocking buffer) for 30 min. The cells were incubated overnight (4°C) with either rabbit
anti-mNumb (anti-NMBR1, a gift from Dr Weimin Zhong, Yale University; 1:500 in
blocking buffer) or rabbit anti-activated Notch1 (GeneTex Inc. GTX28925; 1:300 in
blocking buffer) and monoclonal anti-active β-catenin (Upstate, clone 8E7, 1:500 in
blocking buffer) Following this incubation, the cells were washed six times (10 min each)
and then incubated with either Cy2-conjugated donkey anti-rabbit-IgG (Jackson
ImmunoResearch, 1:300 in blocking buffer at room temperature for 2 h) to reveal Numb and
Notch1-IC positive cells or with Cy3-conjugated donkey anti-mouse IgG (Jackson
ImmunoResearc, 1:500 in blocking buffer for 2h) to detect active β-catenin. After an
additional six washes the coverslips were mounted onto slides with Slowfade Gold antifade
reagent with DAPI (Invitrogen, Molecular Probes). Images were captured with Leica SP5
confocal laser scanning microscope (Leica Microsystems; 63×, oil lens) by single layer
scanning.

Transient transfections, luciferase assays, and reporter plasmids
The TOP/FOP Flash reporter assay was performed to evaluate the TCF/LEF transcriptional
activity induced by activated β-catenin. In brief, 1×106 day 2.75 sorted GFP-Bry+Flk-1+

cells generated from the Numb or Notch1-IC ES cell lines were co-electroporated (Mouse
ES Cell Nucleofector kit and Nucleofector device, Amaxa Inc., with the Nucleofector
program set to O17) with two sets of plasmids, either TOPflash reporter plasmids (10 μg/
100μl) plus Renila-tk plasmids (1 μg/100μl) or FOPflash plasmids (10 μg/100μl) plus
Renila-tk plasmids (1 μg/100μl). The plasmids used were obtained from Dr. Sergei Sokol,
Mount Sinai School of Medicine. Electroporated cells were allowed to reaggregate in the
presence or absence of Dox (2 μg/ml), and/or hDKK1 (300 ng/ml) and/or Wnt3a (100 ng/
ml). Following 24 hours of culture, both the firefly and the renila luciferase activities were
measured using Dual Luciferase Reporter Assay System Kit (Promega). TOP/FOP activities
were calculated following the formula: TOP/FOP = (TOP firefly luciferase activity / renila
luciferase activity) / (FOP firefly luciferase activity / renila luciferase activity). This
experiment was repeated three times.
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Whole mount immunohistochemistry of mouse embryos
Dissected embryos were washed with PBS three times and fixed with ice-cold 100% acetone
for 10 min. Following three washes with PBS+0.5%BSA, embryos were blocked and
permeabilized in PBS with 0.01% Triton X-100 and 3% nonfat milk (PBSMT/40), rotating
at 4°C overnight. Fixed embryos were stained with rabbit anti-mNumb (anti-NMBR1;
1:300), rabbit anti-activated Notch1 (GeneTex Inc. 1:300), or monoclonal anti-active β-
catenin (Upstate, clone 8E7, 1:300), and with control antibodies, rabbit IgG (for numb and
activated Notch1) or Mouse IgG2a (for β-Catenin), rotating in 50 μl PBSMT/40 for 4 h at
room temperature. The embryos were washed eight times for 15 min each in PBSMT/40
solution, then incubated for 2 h at room temperature with rotation in the presence of Cy3-
conjugated donkey anti-rabbit IgG (Jackson ImmunoResearch Inc., 1:300) or Cy3-
conjugated donkey anti-mouse IgG (Jackson ImmunoResearch Inc., 1:300) in PBSMT/40.
Following eight washes for 15 min each in PBS+0.5% BSA, embryos were mounted onto
slides with Slowfade Gold antifade reagent with DAPI (Invitrogen, Molecular Probes).
Images were acquired with Leica SP5 confocal laser scanning microscope (Leica
Microsystems; 10× or 20× lenses, optimized Z-stacking). In the z (depth) direction,
approximately half of the embryo was processed. Software Autodeblur (Media Cybernetics)
was used for resolution improvement and noise reduction of the confocal images. Leica
confocal software was used to analyze the images.

Statistical Analysis
Results for continuous variables are expressed as mean ± standard deviation or mean ±
standard error. Treatment groups were compared with the independent samples' t-test. P
values < 0.05 were considered statistically significant.

Results
Gene expression analysis of developing hemangioblast-derived colonies

As a first step in defining the signaling pathways that regulate commitment of the BL-CFC/
hemangioblast to its derivative lineages, we analyzed the gene expression patterns of
individual blast colonies in 12 hour intervals over a 48 hour time period. During the first 24
hours of growth, the blast colonies appear as compact structures that consist of tightly
packed clusters of cells (Fig. 1A). Within the next 12 to 24 hours, round cells begin to “bud”
from the periphery of these structures and over the next 2 days this outer “budding”
population expands dramatically and forms a loose cluster of cells that completely surrounds
the inner core, resulting in a colony with typical blast colony morphology. Previous studies
have shown that the outer loose cells represent the hematopoietic component of the blast
colonies whereas the inner core contains the progenitors with vascular potential.

Expression analyses revealed that the mesoderm/primitive streak gene brachyury (Kispert
and Herrmann, 1994) was downregulated within the first 24 hours of colony growth (Fig.
1B). With the loss of Brachyury, we observed the upregulation of expression of CD31/
PECAM1 (Watt et al., 1995), Tie2 (Takakura et al., 1998), Scl (Robb et al.,1995; Shivdasani
et al., 1995) and Runx1/AML1 (Okuda et al., 1996; Wang et al., 1996), genes associated with
both hematopoietic and vascular development as well as of CD41 (Ferkowicz et al., 2003)
and Gata-1 (Orkin, 1992), genes indicative of hematopoietic commitment. The genes
defining the earliest stages of endothelial specification and development, Flk-1 (Millauer et
al., 1993; Yamaguchi et al., 1993; Shalaby et al., 1995), Flt-1 (Fong et al., 1996), and VE-
cadherin/Cdh5 (Breier et al., 1996; Nishikawa et al., 1998) were expressed in colonies at all
time points analyzed. These expression patterns indicate that the developing blast colonies
rapidly progress from the hemangioblast stage, characterized by co-expression of Brachyury
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and Flk-1 and undergo commitment to the vascular and hematopoietic lineages within 24
hours of culture.

Methylcellulose colony assays confirmed the molecular analysis and demonstrated that the
24-hour-old blast colonies contained readily detectable numbers of hematopoietic
progenitors, including those of the primitive erythroid (Ep) and macrophage (Mac) lineages
as well as bipotential cells able to generate both the erythroid and macrophage lineages (E/
Mac) (Fig. 1C). Primitive erythroid progenitors were predominant at this early stage and
represented more than 50% of the total progenitor population. The hematopoietic potential
of the colonies continued to increase over the following 24 hours at which time
multipotential progenitors (Mix) able to generate mixed lineage colonies (3 or more
lineages) were also detected. Most of this increase was due to an increase in the number of
definitive hematopoietic progenitors which now account for greater than 70% of the total
number of progenitors. These findings demonstrate that the hemangioblast undergoes
hematopoietic specification within the first 24 hours of culture and suggest that the primitive
erythroid lineage is generated in the blast colonies before the definitive populations.

Analysis of components of the notch signaling pathway revealed that Notch1 and Notch4
were expressed in the colonies at all time points (Fig. S1). In contrast, Notch2 was not
detected at any stage of colony growth. The negative modulator of Notch signaling, Numb,
but not its homologue Numblike (Zhong et al., 1997), was also expressed in the blast
colonies throughout the time course. Among the β-catenin-dependent Wnt family members
analyzed, only Wnt3 was expressed in the developing colonies and the levels appeared to be
highest in the earliest colonies. Neither Wnt3a nor Wnt8a were detected at any stage of
colony growth. Wnt5a, a β-catenin-independent/non-canonical Wnt was expressed in
colonies at all time points analyzed.

Quantitative PCR analyses on pools of colonies revealed a rapid upregulation of expression
of the Notch ligand Jagged1(Jag1) and of two transcriptional targets of the Notch pathway,
Hes5 and Hey1, suggesting the initiation of active Notch signaling early in the blast colonies
(Fig. 1D). Consistent with this interpretation is the observation that expression of Numb
declines over this same period of time. In contrast to Notch, the Wnt pathway appears to be
active in the isolated Flk-1+ population as demonstrated by the expression of Wnt3 and
Axin2, the downstream target of Wnt signaling (Jho et al., 2002). With the onset of colony
development, one observes a rapid downregulation of Axin2 expression and an upregulation
of inhibitors of the pathways including the soluble inhibitors Sfrp1, Sfrp2, Sfrp5 (reviewed
in Kawano and Kypta, 2003), non-canonical Wnt5a and nemo-like kinase (Nlk), a gene that
encodes a component of MAPK pathway that antagonizes canonical Wnt signaling (Ishitani
et al., 1999). These patterns suggest that Wnt signaling is inhibited early in the development
of the blast colonies. The expression patterns of gata-1 are consistent with specification of
the hematopoietic lineage by 24 hours of growth. Together, these findings reveal dynamic
changes in the signaling program within the developing blast colonies, and suggest a rapid
transition from the Wnt to the Notch pathway.

Cells from different aged blast colonies were next stained with appropriate antibodies to
demonstrate the presence and distribution of Numb, the cleaved intracellular active portion
of Notch1 (Notch1-IC or N1C) and activated β-catenin protein. Cells from the 12 and 24-
hour stage colonies revealed a striking pattern for Numb, as the protein was predominantly
restricted to the boundaries of cell-cell contact (Fig. 2A). Beyond this stage the levels of
Numb protein appeared to decline and undergo re-distribution to the cytoplasm (48 hour
colony). These patterns are consistent with those of the qPCR analysis (Fig. 1D) and suggest
a role of membrane-associated Numb protein at the onset of colony growth, possibly
functioning to inhibit Notch signaling at this stage. Analysis of colonies stained with the
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anti-Notch1-IC antibody demonstrated the presence of Notch1-IC in the colonies at all time
points, indicating active Notch signaling at these stages (Fig. 2B). Activated β-catenin
appeared to be predominantly localized to the cell membrane in the early 12 hour-old
colonies, similar to the pattern observed for Numb. In most early colonies, staining was also
detected in the nucleus (Fig. 2A and B). The level of β-catenin appears to decline beyond
this time, indicating a rapid downregulation of this pathway in the developing blast colonies.

Wnt and Notch signaling affect blast colony development from the hemangioblast
To dissect the signaling pathways involved in hematopoietic and vascular development from
the hemangioblast, it was important to first establish serum-free conditions for the growth of
blast colonies from these progenitors. Replacing serum with a combination of 10 different
cytokines (M10) resulted in the development of 3-fold more blast colonies from 3.25 EB-
derived GFP-Bry+Flk1+ cells (Fig. S2A). Blast colonies grown under the serum free
conditions gave rise to hematopoietic colonies when replated in methylcellulose assays (Fig.
S2B). They also generated both vascular and hematopoietic progeny when plated on a thin
layer of Matrigel in liquid media in the presence of hematopoietic and vascular cytokines
(liquid expansion assay) (data not shown), indicating that growth in the absence of serum
did not impact their developmental potential. Expression analysis of the blast colonies
grown in serum-free cultures revealed patterns similar to those observed in the colonies
grown in the presence of serum (Fig. S2C).

To determine if Wnt and Notch signaling play a role in the generation of the blast colonies
from the hemangioblasts, we manipulated these pathways in the developing colonies either
by the addition of agonists or antagonists to the methylcellulose cultures or through the
inducible expression of components of the pathways in the Flk-1+ hemangioblasts. For the
latter approach, the A2lox ES cell line or the AinV/GFP-Bry/CD4-Foxa2 ES line, that allow
doxycyclin (Dox)-inducible expression of a gene of interest, were engineered to express the
stabilized form of β-catenin (sβ-cat) (Lindsley et al., 2006), the constitutively activated
Notch1-IC or the PRR-S isoform of Numb. The resulting cell lines were designated as sβ-
cat, Notch1-IC and Numb ES cell lines, respectively. Expression of sβ-cat results in
constitutive β-catenin-dependent signaling whereas expression of Notch1-IC activates the
Notch pathway without the need for ligand stimulation. The PRR-S isoform of Numb
contains a truncated C-terminal region and was used for these studies, as it is more
abundantly expressed in early blast colonies than the PRR-L isoform (Fig. S3). The PRR-S

isoform was found to be functionally indistinguishable from other Numb isoforms when
ectopically expressed in Drosophila (Petersen et al., 2006). Dox-induced expression of sβ-
cat, Notch1-IC and Numb in the respective ES cell lines was confirmed by western blot
analyses (Fig. S4). Activation of Notch signaling following Dox-induction was also
demonstrated using a RBP-Jκ reporter assay (Fig. S5).

As a first step in evaluating the role of Wnt signaling in blast colony development, the Wnt
inhibitor DKK1 was added to the serum-free cultures of Flk-1+ hemangioblasts generated
from the sβ-cat ES cell line. Blocking Wnt signaling by the addition of DKK1 resulted in a
dramatic suppression of blast colony formation (Fig. 3A). Induction of the Wnt pathway
through sβ-cat completely reversed the inhibitory effects of DKK1 (+Dox+DKK1),
indicating that the reduction of blast colonies was in fact due to inhibition of the Wnt/β-
catenin pathway. While administration of DKK1 suppressed the formation of typical blast
colonies, compact (or core) colonies with the morphology of immature blast colonies
developed in these cultures (Figs. 3B, S6). The total number of blast and core colonies in the
untreated and treated groups was the same suggesting that the core colonies are blast
colonies without the outer population of hematopoietic cells. Pools of 3-day-old blast
colonies from the untreated group and core colonies from the DKK1 treated cultures were
picked, the cells dissociated and replated in the hematopoietic methylcellulose assay. While
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both types of colonies gave rise to secondary definitive hematopoietic colonies, only the
blast colonies generated secondary primitive erythroid colonies (Fig. 3C) When plated on a
thin layer of Matrigel in liquid expansion assay, these compact core colonies generated both
adherent (vascular) and non-adherent (hematopoietic) progeny comparable to those derived
from typical blast colonies (Fig. S7). These findings indicate that Wnt signaling is required
for the establishment of the primitive erythroid lineage from the hemangioblast.
Development of the definitive hematopoietic and vascular lineages from this progenitor, in
contrast, is not dependent on this signaling pathway. Inhibition of Notch signaling either by
addition of γ-secretase inhibitor X (gSI) or through the induction of Numb with Dox led to a
moderate but significant increase in blast colony number (Fig. 3D). These colonies were
larger in size than those from the control cultures and did give rise to both vascular and
hematopoietic cells in the liquid expansion cultures (data not shown). Conversely, the
induction of activated Notch1 inhibited blast colony development, but did permit the
formation of compact core colonies, comparable to those observed in the cultured treated
with DKK1 (Figs. 3E, S8A) When replated in hematopoietic methylcellulose cultures, these
compact colonies displayed definitive but not primitive hematopoietic potential (Fig. S8B).
These observations demonstrate that active Notch signaling inhibits primitive erythroid
development from the hemangioblast.

Interaction between Notch and Wnt signaling modulates primitive erythroid development
from the hemangioblast

To further dissect the roles of canonical Wnt and Notch signaling in hematopoietic
specification, the Flk-1+ population that contains hemangioblasts was cultured in liquid
rather than in methylcellulose to enable easy access to these progenitors for more precise
stage-specific manipulation of the signaling pathways. When cultured under appropriate
conditions in liquid culture, the cells form aggregates and undergo hematopoietic
commitment in a time frame similar to that observed in the blast colonies growing in
methylcellulose cultures (Nostro et al., 2008; Keller G. and Cheng X. unpublished
observation). For the following set of experiments, Flk-1+ cells were induced from the
different ES cell lines using a combination of Wnt3a, Activin and BMP4 in the absence of
serum as previously described (Nostro et al., 2008). The Flk-1+ cells were isolated by cell
sorting and allowed to reaggregate for different periods of time in serum-free media
supplemented with 10 ng/ml VEGF in the presence or absence of Dox.

Expression of Wnt3 and Axin2 within the aggregates declined sharply within the first 24
hours of culture (Fig. 4A) suggesting that this pathway may be required only at the onset of
hematopoietic commitment. To determine if this is the case, we delayed the addition of
DKK1 to the Flk-1+ cells for either 6 or 12 hours and then analyzed the population for both
primitive and definitive hematopoietic potential at 48 hours (Fig. 4B). Consistent with our
previous study, the addition of DKK1 at the onset of the culture significantly reduced the
development of primitive erythroid progenitors (Fig. 4B, DKK-0h). Definitive
hematopoiesis was not affected by the addition of DKK1. A delay in the addition of DKK1
by 6 hours did not alter its inhibitory effect on primitive erythroid development (Fig. 4B,
DKK-6h). However, a further delay of 6 hours significantly diminished this inhibition (Fig.
4B, DKK-12h), indicating that Wnt signaling does function early and transiently in the Flk-1
population to establish the primitive erythroid lineage.

Inhibition of Notch signaling by the Dox-induced expression of Numb or by the addition of
gSI increased the number of primitive erythroid progenitors that developed from the Flk-1+
population (Fig. 4C). In contrast, activation of Notch1-IC resulted in a dramatic decrease in
primitive erythroid development, 24 hours following induction (Fig. 4D). Manipulation of
Notch signaling by Numb or by Notch1-IC did not significantly impact definitive
hematopoietic development (Fig. 4C, D). Taken together, these findings demonstrate that
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Notch signaling specifically inhibits primitive erythroid development from the Flk-1+
population in liquid culture, as observed in the hemangioblast methylcellulose assay.

The opposing effects of the Wnt and Notch signaling pathways on primitive erythroid
development suggest that they may interact in the specification of this lineage and in the
establishment of the embryonic hematopoietic system. To determine if this is the case and to
define the relationship between them, epistasis analyses were carried out. The addition of
Wnt to aggregates induced to express Numb or to those treated with gSI dramatically
increased the development of primitive erythroid progenitors compared to those treated with
Wnt, Dox or gSI alone (Fig. 5A, B). When added to Notch1-IC induced cells, Wnt3a was
able to rescue the block in primitive erythroid development (Fig. 5C). In contrast, expression
of Numb was unable to rescue the DKK1-induced inhibition in primitive erythroid
development (Fig. 5D). Together, these findings demonstrate that Wnt signaling is essential
for the establishment of the primitive erythroid lineage from the Flk-1+ hemangioblast
population and that inhibition of residual Notch signaling enhances development of the
lineage. They also suggest that the inhibitory effects of Notch are mediated through the
inhibition of the Wnt pathway. The inability of Numb to overcome the DKK1 block in
primitive erythroid development, supports the interpretation that it functions to inhibit Notch
signaling rather than to directly activate the Wnt pathway.

To further investigate the interactions of these pathways, TOP/FOP Flash reporter assays
were used to evaluate TCF/LEF transcriptional activity in Flk-1+ populations induced to
express either Notch1-IC or Numb. For this assay, appropriate reporter plasmids were
introduced into the Flk-1+ cells and the cells reaggregated in the conditions outlined in
Figure 5E. Following 24 hours of culture, TOP or FOP reporter activities were quantified by
measuring firefly luciferase activities, and normalized to the renila luciferase activities.
TOP/FOP values represent the specific β-catenin-dependent TCF/LEF activity. In the
absence of exogenous Wnt3a, β-catenin activity was significantly suppressed by the Dox-
induced Notch1-IC expression. As expected the addition of Wnt3a induced high levels of β-
catenin activity. This level was reduced by the induction of Notch1-IC, but remained
substantially higher than the levels in the Dox-induced cells in the absence of exogenous
Wnt3a. Induction of Numb either in the absence or presence of exogenous Wnt3a resulted in
a significant increase of β-catenin activity (Fig. 5E). Almost no activity was detected in the
groups treated with DKK1. These results demonstrate that Notch signaling can modulate
Wnt signaling in Flk-1-derived populations and reveal a strong correlation between the β-
catenin activity in TOP/FOP reporter assay (Fig. 5E) and the number of primitive erythroid
progenitors in hematopoietic progenitor assays (Fig. 5A, C, D). This suggests that Wnt
signaling is dominant for primitive erythropoiesis from the hemangioblast, while Notch-
Numb signaling acts on this program through its ability to influence Wnt signaling.

To reveal the mechanism by which Notch1-IC and Numb can modulate canonical Wnt
signaling, the aggregates grown in the presence or absence of Dox were analyzed by
quantitative PCR for the expression of genes known to encode inhibitors of the Wnt
pathway. As expected, Hey1, a downstream target of Notch signaling (Jarriault et al., 1995)
was up-regulated following induction of Notch1-IC. Induction of Numb reduced Hey1
expression during the first 24 hours of culture (Fig. S9). Expression of Notch1-IC led to the
rapid upregulation of expression of Sfrp1, Sfrp5, Dkk1 (Fig. 6A, B and E), soluble inhibitors
of Wnt signaling, as well as of Wnt5a (Fig. 6C) and Nlk (Fig. 6D). The induction of Numb
had more modest effects but did lead to the reduction of expression of Wnt5a, Nlk, Dkk1
(Fig. 6C through E) for the first 24 hours of culture. The levels of Sfrp1 and Sfrp5 were not
significantly impacted by Numb expression (data not shown). Collectively, these qPCR data
strongly suggest that Notch signaling negatively regulates Wnt/β-catenin signaling through
the upregulation of antagonists of the pathway. Through its capacity to inhibit Notch, Numb
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suppressed a subset of these Wnt inhibitory molecules. To determine if the Notch-induced
canonical Wnt antagonists SFRP1 and Wnt5a can affect primitive erythropoiesis from the
Flk-1+ population, they were added individually to the Flk-1+ aggregation cultures. As
observed with DKK1, both SFRP1 and Wnt5a did specifically inhibit primitive erythroid
development (Fig. S10).

Expression of Numb, Notch1-IC and activated β-catenin in the early embryo
To gain some insight into the potential role of these pathways in the regulation of primitive
erythropoiesis in the early embryo, whole mount immunostaining was performed on E7.5
(neural plate), E8.25 (3-7 somite-pair) and E8.5 (10-12 somite-pair) stage mouse embryos to
establish the spatial expression patterns of Numb, Notch1-IC and activated β-catenin. These
stages span the primitive erythropoiesis phase (E7.5 to E8.5) of hematopoiesis (Palis et al.,
1999). As shown in Figures 7A and S11B, whole membrane-tethered NUMB was
preferentially localized to the posterior PS and developing YS of these early embryos, the
sites of hemangioblast development and primitive erythropoiesis respectively. Expression of
Numb in the yolk sac decreased substantially by E8.25 (3-7 somite-pair stage) and remained
low at E8.5 (10-12 somite-pair stage). Numb was detected in the embryo proper at these
stages (Fig. 7A and not shown). Notch1-IC was present in the distal and lateral region of the
early stage embryo, but not in developing yolk sac (Figs. 7B, S11B). This distribution
confirms a previous report showing the absence of Notch-1C in the E7.5 yolk sac blood
islands (Hadland et al., 2004). By E8.25 (7 somite-pair stage), Notch-1C was detected in
specific regions of the yolk sac, and by E8.5 it was broadly distributed in this tissue.
Activated β-catenin showed a pattern similar to that of NUMB and appears to be
preferentially enriched in the YS and the posterior primitive streak of the early embryo
(Figs. 7C, S11B). The levels of β-catenin remained high in the yolk sac of the E8.25 embryo
and then declined dramatically by E8.5. Taken together, these findings demonstrate that
Numb and activated β-catenin are present in the yolk sac during the primitive erythroid stage
of development, supporting the interpretation that the interaction of these pathways regulates
the development of this lineage in vivo, as observed in vitro.

Discussion
Cell fate is determined during embryonic development by multiple signaling pathways,
including Wnt and Notch, which function both synergistically and antagonistically
(Hayward et al., 2008). The primitive erythroid lineage is the first hematopoietic fate to be
established in the mammalian embryo, in a region that will form the yolk sac. The
development of this lineage is rapid, synchronous and restricted both in time and embryonic
site. Detailed analyses of the developing mouse yolk sac indicate that primitive
erythropoiesis is active for approximately 48 hours and then rapidly shut down (Palis et al.,
1999), suggesting control by both positive and negative regulators. Primitive erythropoiesis
in ES cell differentiation cultures follows a similar temporal pattern of development,
suggesting that the regulation of the lineage is preserved in this model system (Keller et al.,
1993). While long recognized as the first blood cell lineage to develop, little is known about
the pathways that control primitive erythropoiesis. In this study we provide evidence that the
Wnt pathway is a pivotal regulator of primitive erythropoiesis at the level of the
hemangioblast and that it functions in concert with Numb, an inhibitor of the Notch pathway
(Zhong et al., 1996; Petersen et al., 2006) to establish this lineage (Fig. 8).

Analyses of the gene expression patterns in the developing blast colonies provide a picture
of dynamic change as the hemangioblast undergoes specification to the hematopoietic and
vascular lineages (Fig.1B, D). Of particular interest is the change in expression of
components of the Wnt and Notch pathways (Fig. 1D), indicating a transition from Wnt to
Notch signaling. The rapid downregulation in Wnt signaling, predicted from the gene
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expression patterns (Figs. 1D, 4A) are in line with the inhibition studies (Fig. 4B)
demonstrating that Wnt/β-catenin signaling is required for a remarkably short period of time
to establish the primitive erythroid fate. This restricted period of Wnt signaling may, in part,
determine the transient nature of primitive erythropoiesis. The rapid onset of Notch
signaling during blast colony development (Fig. 1D), together with the observation that this
pathway induces Wnt inhibitors (Fig. 6), suggests that Notch may play a role in restricting
the window of Wnt signaling and thereby regulate the primitive erythroid phase of
hematopoiesis. Attempts to prolong primitive erythropoiesis by sustaining Wnt signaling
while inhibiting the Notch pathway with γ-secretase inhibitor were not successful (data not
shown), suggesting that other regulators are also likely to be required to establish this
temporal pattern.

The TOP/FOP reporter assays and PCR analyses provide strong evidence that activation of
the Notch pathway leads to the inhibition of Wnt/β-catenin signaling, whereas enforced
expression of Numb potentiates Wnt/β-catenin signaling (Fig. 5E, 6). The rapid induction of
Wnt inhibitors by Notch activation strongly suggests that this is the mechanism by which
Notch mediates this antagonistic effect. The observation that the addition of Wnt can
overcome the Notch-induced inhibition of primitive erythropoiesis supports this
interpretation (Fig. 5C). The presence of multiple CSL-binding sites in the vicinity of the
genes coding region or within the coding region of these Wnt inhibitors suggests that they
might be the direct targets of Notch signaling (data not shown). Previous studies have shown
that Notch can function as an antagonist for Wnt signaling through a number of different
mechanisms including the modulation of Armadillo/β-catenin activity (Hayward et al.,
2005;Nicolas et al., 2003;Deregowski et al., 2006), the induction of NLK (Röttinger et al.,
2006), the interaction with Axin (Hayward et al., 2006) and the regulation of GSK3β (Brack
and Conboy et al., 2008). The induction of Wnt inhibitors by Notch demonstrated in this
study provides another mechanism through which these pathways can interact. While the
reciprocal interaction of Wnt regulating Notch signaling is less well established,
observations that Numb is induced in the chick somites by the canonical Wnt signaling and
that a series of Notch target genes including Jag1 and Hes1 are induced upon β-catenin
activation in the mouse skin provide strong evidence for this level of control (Holowacz et
al. 2006;Estrach et al., 2006;Ambler et al., 2007). This reciprocal regulation of these critical
signaling pathways may function to provide the appropriate level of temporal control
necessary for establishing specific cell fates, including the primitive erythroid lineage,
during development.

Our immunostaining analyses demonstrating transient expression of activated β-catenin
(Figs. 7C, S11B) and Numb (Fig. 7A, S11B) in the yolk sac during the primitive
erythropoiesis stage of development are consistent with the interpretation that these
pathways interact to regulate this lineage in vivo. Findings from recent targeting studies
have reported an increase in primitive erythropoiesis in the yolk sac of embryos lacking
RBP-Jκ/CBF1, the canonical effector of Notch signaling, suggesting that this pathway does
inhibit the development of this lineage in vivo (Robert-Moreno et al., 2007). This difference
is in contrast to an earlier study that failed to document enhanced primitive erythropoiesis in
Notch1-/- embryos (Hadland et al., 2004). In this case, it is possible that other Notch family
members such as Notch4 known to be expressed in the yolk sac (Shirayoshi et al., 1997 and
Chen V. unpublished data) provide some compensatory function for primitive erythroid
development. Numb -/- embryos die around E11.5 from premature depletion of neural
progenitors and other defects including abnormal vasculature (Zhong et al., 2000). As
primitive erythropoiesis was not evaluated in this study, it is unclear if the development of
this lineage was impacted in these embryos. The role of Wnt signaling in primitive
erythropoiesis in vivo is currently not known as embryos deficient in key components of this
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pathway, including Wnt3 or β-catenin die during gastrulation (Liu et al., 1999;Huelsken et
al., 2000).

In summary, the findings reported here have uncovered a novel role for Numb in mediating
the interplay between canonical Wnt and Notch signaling in the establishment of the
primitive erythroid lineage from the hemangioblast. The observed specificity of these
pathways to the primitive erythroid lineage further highlights the unique properties of this
blood cell population and lays the foundation for future studies aimed at identifying other
regulators of the earliest stages of hematopoietic commitment. The approach used in this
study also demonstrates the power of the ES differentiation model in dissecting signaling
pathways that regulate early developmental programs that would be difficult, if not
impossible, to study in the normal embryo.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Gene expression analysis of developing blast colonies
Flk-1+ cells isolated from Bry-GFP ES cell-derived day 3.25 EBs were cultured in serum-
containing hemangioblast methylcellulose media and the developing blast colonies assayed
at the indicated time intervals. (A) Images showing the morphology of representative
developing blast colonies over a 72 hour culture period. (B) Expression profiles of
individual developing blast colonies isolated at the indicated times. Each lane represents an
individual colony. Pos: positive control. (C) Hematopoietic progenitor potential of different
aged blast colonies. 700 colonies of each time points were collected, dissociated and the
cells plated in methylcellulose media supplemented with hematopoietic cytokines. Primitive
erythroid (Ep), macrophage (Mac), and bipotential macrophage/erythroid (E/Mac) colonies
were scored following 4-5 days of culture, while definitive erythroid (Ed) and multipotential
myeloid/erythroid (Mix) colonies were scored at day 9 of culture. (D) Expression of Notch
and Wnt signaling components in developing blast colonies revealed by quantitative PCR. 3′
cDNA samples of day 3.25 Flk-1+ cells (0h) and 3′ cDNAs of seven individual blast
colonies used in (B) were pooled and analyzed at each time point (12-48h). Average
expression normalized to actb is shown. Error bars represent the standard errors of mean
from three independent experiments.
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Figure 2. Immunostaining of Numb, cleaved Notch1 intracellular domain and active β-catenin in
developing blast colonies
Immunostaining showing (A) Numb and activated β-catenin (b-cat), (B) cleaved Notch1
intracellular domain (NIC) and activated β-catenin (b-cat) in 12 hr, 24 hr and 48 hr blast
colonies. Merged images show the overlay of three channels (DAPI, Cy2 and Cy3). Light
transmission images (DIC) display the morphology of the cells. Arrows indicate the nuclear
presence of activated β-catenin. Scale bars represent 5μm.
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Figure 3. Wnt and Notch signaling affects blast colony formation from the hemangioblast
(A) Role of Wnt signaling in blast colony development. 4×104 Flk-1+ cells isolated from the
day 2.75 EBs generated from either sb-cat or Notch1-IC ES cells were cultured in M10
serum-free hemangioblast media in the presence or absence of doxycyclin (Dox; 2 μg/ml)
and DKK1(DKK; 300ng/ml) as indicated. Dox was added at 0 hr of culture, while DKK1
was added at 6 hr of culture. Colonies were washed with media at 24 hr to deplete DKK1
and Dox, and replated back into fresh M10. Blast and core colonies were scored following 4
days of culture. (B) Effect of DKK1 treatment on blast and core colony development. (C)
Hematopoietic potential of DKK1 treated colonies. 1600 colonies of each group were picked
at day 3 of culture, pooled, dissociated and replated into hematopoietic methylcellulose
cultures. Ep: primitive erythroid colonies; Def: combined macrophage, bipotential
macrophage/erythroid, definitive erythroid and multipotential myeloid/erythroid colonies.
(D) Role of Numb in blast colony development. gSI γ-secretase inhibitor X (2.5 μM) (E)
Role of Notch signaling in blast colony development. (A-E) Error bars represent standard
deviations of the mean of number of colonies from n independent experiments (A, n=3; B,
n=3; C, n=3; D, n=4; E, n=4). (**P-value<0.01; ***P-value<0.001)
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Figure 4. Wnt and Notch signaling regulate primitive erythroid development from Flk-1+ cells
Flk-1+ cells isolated from day 2.75 EBs generated from the indicated ES cell lines were
cultured as aggregates in serum-free media containing VEGF (10 ng/ml) and either DKK1
(300 ng/ml), Dox (2 μg/ml), γ-secretase inhibitor (2.5 μM) or DMSO (2.5 μl/ml), as
specified. (A) Expression of Axin2 and Wnt3 in aggregates at different times. Average
expression normalized to actb is shown. (B) Transient requirement for Wnt signaling in
primitive erythroid specification of Flk-1+ cells Ep: primitive erythroid colonies; Def:
combined macrophage, bipotential macrophage/erythroid, definitive erythroid and
multipotential myeloid/erythroid colonies. Total colony numbers are shown (C) Effect of
Numb expression or addition of gSI on primitive erythroid development from Flk-1+ cells.
−Dox: doxycyclin-untreated group; +Dox: doxycyclin was added for the first 24 hours, and
then washed away. (D) Effect of Notch expression on primitive erythroid development from
Flk-1+ cells. Dox was added as indicated above in (C). (B-D) Error bars represent standard
deviation of the mean number of colonies from n independent experiments (B, n=3; C, for
the first three groups n=6, and last two groups n=3; D, n=6). (**P-value<0.01; ***P-
value<0.001)
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Figure 5. Interaction of Wnt and Notch signaling in modulating primitive erythropoiesis from
Flk-1+ cells
Flk-1 cells isolated from day 2.75 EBs generated from the indicated ES cell lines were
cultured as aggregates in serum free media containing hVEGF (10ng/ml) and either Wnt3a
(100 ng/ml), DKK1 (300 ng/ml), Dox (2 μg/ml), γ-secretase inhibitor (gSI; 2.5 μM) or
DMSO (2.5 μl/ml), as specified. Hematopoietic potential of the aggregates was assayed as
described in the Figure 4 legend. (A) Synergistic effects of Numb and Wnt3a on primitive
erythroid development from Flk-1+ cells. (B) Synergistic effects of γ-secretase inhibitor and
Wnt3a on primitive erythroid development from Flk-1+ cells. (C) Effect of Wnt3a on
Notch1-IC-induced suppression of primitive erythroid development. (D) Effect of Numb
expression on DKK1-induced block in primitive erythropoiesis. DKK1 was added to the
reaggregation media after 6 hours of culture to allow time for Numb protein to accumulate.
(A-D) Error bars represent the standard deviation of the mean of the number of colonies
from n independent experiments (A, n=6; B, n=4; C, n=5; D, n=3) (**P-value<0.01; ***P-
value<0.001). (E) The TOP/FOPflash reporter assay demonstrates interaction between Wnt
and Notch pathways. Error bars indicate standard deviation of TOP/FOP values of triplicate
electroporations. Numbers above each bar represent actual TOP/FOP values.
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Figure 6. Expression analyses of Flk-1+ cell-derived populations following induction of Notch1-
IC or Numb
Flk-1+ cells isolated from day 2.75 EBs generated from either the Numb or Notch1-IC ES
cell line were cultured as aggregates with VEGF (10 ng/ml) in the presence or absence of
Dox (2 μg/ml). Flk-1+ cells prior to culture (0h) or aggregates following 12hr, 24hr, and
48hr of culture were harvested for qPCR. Average expression normalized to actb is shown.
Error bars represent the standard errors of mean from three independent experiments. (A)
Sfrp1; (B) Sfrp5; (C) Wnt5a; (D) Nlk; (E) Dkk1
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Figure 7. Expression of Numb, Notch1-IC, and activated β-Catenin in early embryos
Confocal images (maximum projection by z-stacking, XY planes) of whole mount
immunostaining for (A) NUMB, (B) cleaved Notch1 intracellular domain (Notch1-IC) and
(C) activated β-catenin in different staged mouse embryos and yolk sacs. Yellow arrows
indicate the yolk sac; white arrow-heads indicate the posterior primitive streak region in
neural plate stage embryos, and white arrows indicate the embryo proper. Dashed lines
delineate the YS region in somite-stage embryos. Scale bars represent 50μm. Red: Numb, or
Notch1-IC or activated β-catenin; Blue: DAPI
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Figure 8. Model of Primitive Erythroid Development
Shown are the changes in the signaling pathways during the first 24 hours of blast colony
development. Both Wnt and Numb are indicated as active in the isolated Flk-1+ population
(0h) as well as in the 12 hour colonies. The Notch pathway is not active in the starting Flk-1
population, but is activated within the first 12 hours of colony growth. The activation of
Notch induces different Wnt inhibitors, which in turn inhibits the Wnt pathway by 24 hours.
Arrows below the line indicate specification to the primitive erythroid and definitive
hematopoietic lineages. The thicker red arrow at 24 hours represents a higher proportion of
primitive erythroid progenitors at this stage, whereas the thicker blue arrow at 48 hours
depicts an expansion of the definitive lineages.
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