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The Notch ligand DLL4 specifically marks human
hematoendothelial progenitors and regulates their
hematopoietic fate
V Ayllón1, C Bueno2,6, V Ramos-Mejía1,6, O Navarro-Montero1, C Prieto2, PJ Real1, T Romero1, MJ García-León3, ML Toribio3, A Bigas4

and P Menendez1,2,5

Notch signaling is essential for definitive hematopoiesis, but its role in human embryonic hematopoiesis is largely unknown. We
show that in hESCs the expression of the Notch ligand DLL4 is induced during hematopoietic differentiation. We found that DLL4 is
only expressed in a sub-population of bipotent hematoendothelial progenitors (HEPs) and segregates their hematopoietic versus
endothelial potential. We demonstrate at the clonal level and through transcriptome analyses that DLL4high HEPs are enriched in
endothelial potential, whereas DLL4low/– HEPs are committed to the hematopoietic lineage, albeit both populations still contain
bipotent cells. Moreover, DLL4 stimulation enhances hematopoietic differentiation of HEPs and increases the amount of clonogenic
hematopoietic progenitors. Confocal microscopy analysis of whole differentiating embryoid bodies revealed that DLL4high HEPs are
located close to DLL4low/– HEPs, and at the base of clusters of CD45+ cells, resembling intra-aortic hematopoietic clusters found in
mouse embryos. We propose a model for human embryonic hematopoiesis in which DLL4low/– cells within hemogenic endothelium
receive Notch-activating signals from DLL4high cells, resulting in an endothelial-to-hematopoietic transition and their differentiation
into CD45+ hematopoietic cells.

Leukemia accepted article preview 17 March 2015; doi:10.1038/leu.2015.74

INTRODUCTION
Definitive hematopoietic stem cells (HSCs) are generated during
embryonic development and represent the life-long source of
functional hematopoietic cells.1 Human embryonic stem cells
(hESCs) and induced pluripotent stem cells represent an ideal
source of HSCs for clinical use.2 However, attempts at producing
hESC-derived HSCs capable of robust immune reconstitution have
been unsuccessful.3 Increasing our knowledge on the signaling
pathways involved in human embryonic hematopoiesis will help
designing new protocols for in vitro generation of HSCs.
In the embryo, definitive hematopoiesis cannot occur in the

absence of endothelial cell development and arterial specification,
which are regulated by the conserved signaling pathways Sonic
Hedgehog, Wnt and Notch, with a prominent role for the ligand
DLL4.4–7 Once the dorsal aorta (DA) is formed, definitive HSCs
emerge from the hemogenic endothelium (HE) on the ventral wall
of the DA, by a process known as endothelial-to-hematopoietic
transition (EHT).8 The limited studies available suggest that
similar processes may be occurring during human embryonic
hematopoiesis.9,10 In vitro, hematopoietic differentiation of hESCs
occurs through the generation of a KDR+VE-cadherin+CD31
+CD34+CD45– bipotent hematoendothelial progenitor (HEP) that
can originate both endothelial and hematopoietic cells and could
be considered equivalent to the HE.11,12 However, the molecular

identity of hemogenic and non-hemogenic endothelial cells, and
the extrinsic and intrinsic mechanisms leading to hematopoietic
commitment of HE cells remain unclear.
The Notch pathway is essential for definitive HSC emergence

in the embryo. Embryos from Notch1− /− , Jagged1− /−
and CSL/RBP-Jκ− /− knock-out mice lack intraembryonic
hematopoiesis,13,14 and blocking Notch signaling in zebrafish also
abrogates definitive hematopoiesis.15 However, data on its role in
humans are scarce. In hESCs, transient Notch activation increases
the generation of CD45+ cells from human embryoid bodies
(hEBs),16 and Notch signaling via Hes1 is necessary for hemato-
poietic differentiation of hESCs.17 However, there is no data on
which ligands are responsible for Notch activation in human HE
and their contribution to EHT and hematopoietic differentiation.
Here we analyzed the involvement of Notch signaling in human

embryonic hematopoietic differentiation using hESCs. We found
that the ligand DLL4 exclusively marks a subset of HEPs, and its
surface expression segregates at the clonal level hematopoietic-
versus endothelial-committed HEPs. Moreover, DLL4 activates
Notch in HEPs and induces their hematopoietic differentiation.
Using whole-mount hEB confocal microscopy, transcriptomics and
in vitro assays, we provide evidence to sustain a model of human
hematopoiesis in which DLL4-expressing cells within the HEP
population signal to neighboring DLL4low/– cells to differentiate
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into CD45+ hematopoietic cells, resembling what occurs in mouse
AGM hematopoietic clustersQ2 .

MATERIALS AND METHODS
hESC culture
The hESCs lines AND1 and H9 were cultured in Matrigel-coated T25 flasks
(BD BiosciencesQ3 ) in mesenchymal stem cell conditioned media supple-
mented with 8 ng/ml basic fibroblast growth factor (Miltenyi) with daily
media changes. Cells were split weekly by dissociation with 200 U/ml of
collagenase IV (Invitrogen). hESC cultures were visualized daily by phase
contrast microscopy. The production of mesenchymal stem cell condi-
tioned media has been extensively reported elsewhere.18,19 All the work
with hESCs has the approval from the Spanish National Embryo Ethical
Committee.

Hematopoietic differentiation from hESCs through embryoid body
formation
Undifferentiated hESCs at confluence were treated with collagenase IV and
scraped off of the Matrigel attachments. To allow hEB formation, hESC
clumps were transferred to low-attachment plates (CorningQ4 ) and incubated
overnight in differentiation medium (DM; Knock-out-Dulbecco’s modified
Eagle’s medium supplemented with 20% non-heat-inactivated fetal bovine
serum, 1% nonessential amino acids, 1 mmol/l l-glutamine, and 0.1 mM

β-mercaptoethanol). The medium was changed the next day (day 1) with
the same DM supplemented with hematopoietic cytokines: 300 ng/ml
stem cell factor (SCF), 300 ng/ml Flt3L, 10 ng/ml interleukin (IL)-3, 10 ng/ml
IL-6, 50 ng/ml granulocyte-colony-stimulating factor and 25 ng/ml bone
morphogenetic protein 4.20,21 hEBs were dissociated using collagenase B
(Roche Diagnostic) for 2 h at 37 °C followed by 10min incubation at 37 °C
with enzyme-free Cell Dissociation Buffer (Invitrogen) at days 7, 10, 15 and
22 of development. A single-cell suspension was obtained by gentle
pipetting and passage through a 70-μm cell strainer. The dissociated cells
were stained with anti-CD34-PE-Cy7(BD Biosciences), anti-CD31-PE, anti-
CD45-APC or -FITC and DLL4-APC or -PE antibodies (all from Miltenyi) and
7-actinomycinD (BD Biosciences). Live cells identified by 7-actinomycinD
exclusion were analyzed using a FACSCanto II flow cytometer equipped
with FACS Diva software (Becton Dickinson).

Generation of OP9-DLL1 and OP9-DLL4 cell lines
The pLZRS-IRES-eGFP retroviral constructs encoding either the full-length
human DLL1 or the green fluorescent protein (GFP) empty vector (EV) were
kindly provided by Dr L Parreira (Instituto de Histologia e Embriologia,
Lisboa, Portugal). Human DLL4 full-length complementary DNA (cDNA)
expressed in the pcDNA3.1/myc-His expression vector was a generous gift
of Dr G Tosato (National Institutes of Health, Bethesda, MD, USA). DLL4
cDNA was excised from the pcDNA3.1/myc.His expression vector and
cloned into the BamHI and EcoRI restriction sites of the pLZRS-IRES-eGFP
retroviral vector. Restriction and sequence analyses were performed to
confirm proper ligation of the human DLL4 open reading frame into the
pLZRS-IRES-eGFP vector. DLL1, DLL4 and EV retroviral constructs were
lipofected (FugeneQ5 ) into the packaging 293T cell line. Transfected
293T cells were selected with 2.5 μg/ml of puromycin (Clontech). Two
weeks after transfection, puromycin-selected cells were plated at
confluency in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum and 1% HEPES (Gibco) without puromycin to
obtain high titers of retrovirus. EV, DLL1 or DLL4 retroviral supernatants
were used for transduction of the OP9 stromal cells (ATCC) that were
seeded at semiconfluency onto p24-well plates. Transduction was
performed by centrifugation in the presence or 8ng/ml of polybrene and
OP9 cells were analyzed for GFP expression at 48 h post-transduction by
flow cytometry and then sorted for enrichment (100%) in GFP-expressing
cells. OP9-Jagged2 are a kind gift of Dr Tom Taghon (Ghent University,
Belgium).

hESCs-OP9 co-cultures
hESC-OP9 co-cultures were performed as previously described22 with
minor modifications. Briefly, OP9 stroma was prepared by plating OP9 cells
in gelatine-coated 10-cm dishes in alpha-minimum essential media basal
medium supplemented with 20% non-heat-inactivated fetal bovine serum.
OP9 cells were let to grow for 8 days to form an overgrown monolayer. The
hESC lines AND1 and H9 grown in Matrigel-coated flasks were prepared as

a suspension of small aggregates using collagenase IV treatment followed
by gentle scraping in DM (alpha-minimum essential media basal medium,
10% non-heat-inactivated fetal bovine serum, 100mM monothioglycerol
and 50mg/ml ascorbic acid). One-tenth of this suspension was plated on
top of the 8-day overgrown OP9 stroma in 10ml of DM. Next day, media
was replaced by 20ml of DM to remove unattached cells. Where indicated,
we added the following inhibitors: 200 nM compound E (CpE; Calbiochem) Q6,
500 ng/ml bevacizumab (Grifols Laboratories, a kind gift from Dr Rodriguez
Manzaneque) or 350 nM PKF-115-584 (Novartis). From day 3 of co-culture, a
half-volume media change was performed every other day. Hematopoietic
differentiation was assessed by flow cytometry (at days 6, 8 and 10 of co-
culture). Cells were treated for 1 h with collagenase IV followed by 20min
with Tryple (Gibco), dissociated by pipetting and filtered through a 70 μm
strainer. Single-cell suspensions were stained with anti-mouse CD29-FITC
and anti-human CD31-PE, CD34-PE-Cy7 and CD45-APC. In the case of
transgenic OP9 cell lines, we skipped the staining with anti-CD29-FITC
because these cells express GFP. The proportion of hemogenic progenitors
(CD31+CD45–), primitive blood cells (CD34+CD45+) and total blood cells
(CD45+) was analyzed within the hESC-derived cell population identified as
either CD29 or GFP-negative cells.

HEPs-OP9 co-cultures
hEBs at day 10 or 11 of differentiation were dissociated as described above
and the HEP population was purified by MACS separation using the human
CD34 Microbead kit and the AutoMACS Pro separator (Miltenyi Biotech Q7) as
per the manufacturer’s instructions. Purity of the CD34 fraction was
assessed by flow cytometry and only CD34 fractions showing ⩾ 95% purity
were used. Purified HEPs were then plated on either OP9-EV, OP9-DLL4,
OP9-DLL1, OP9-Jagged1 or OP1-Jagged2 stroma ± 200 nM CpE on six-well
plates using DM supplemented with hematopoietic cytokines (300 ng/ml
SCF, 300 ng/ml Flt3L, 10 ng/ml IL-3, 10 ng/ml, IL-6 and 50 ng/ml
granulocyte-colony-stimulating factor). At day 7 of co-culture, the cells
were dissociated as described above, analyzed by flow cytometry in a
similar way and plated for CFUs Q8assays in methylcellulose. Alternatively,
DLL4high and DLL4low/– HEPs were FACS purified using anti-human CD31-
PE, CD45-FITC, CD34-PE-Cy7 and DLL4-APC (all from Miltenyi) and plated
on OP9 stroma. At day 7 of co-culture, the cells were dissociated as
described above and analyzed by flow cytometry.

CFU assays
CFU assays were performed by plating 35 000 cells from day 7 HEPs-OP9
co-cultures into serum-free methylcellulose H4436 (Stem Cell Technolo-
gies Q9) supplemented with SCF (50 ng/ml), erythropoietin (3 U/ml),
granulocyte-macrophage colony-stimulating factor (10 ng/ml), and IL-3
(10 ng/ml). Cells were incubated at 37 °C in a 5% CO2-humidified
atmosphere, and colonies were counted after 14 days using standard
morphological criteria.

Real-time reverse transcriptase–polymerase chain reaction
Total RNA was extracted from hEBs, hESCs-OP9 co-cultures or CFUs using
either Total RNA Purification Kit (Norgen Biotek Q10) or Trizol (Invitrogen). First-
strand cDNA synthesis was performed using the First-Strand cDNA
Synthesis Kit (Amersham). The resulting cDNA was analyzed for differential
gene expression by using Brilliant II SYBR Green QPCR master mix on a
Mx3005P Q-PCR System (Stratagene). Primer sequences are listed in
Supplementary Table S6.
To confirm gene expression changes from the microarray data, we used

a quantitative PCR (qPCR) array to analyze the expression levels of 84
genes involved in the Notch pathway (RT2 Profiler PCR Array Human Notch
Signaling Pathway, PAHS-059Z, SA Biosciences, QIAGEN) Q11, 40 of which were
present in the microarray. A total of 105 purified CD31+CD34+CD45–
DLL4high and CD31+CD34+CD45– DLL4low/– HEPs were used for total RNA
extraction using RNeasy Plus kit (QIAGEN). RNA quality (RIN 9.0 Q12) was
assessed using a Bioanalyzer (Agilent Technologies) before cDNA synthesis
using 150 ng total RNA per sample. The resulting cDNA was used as
template to perform qPCR analysis. The raw data were analyzed using SA
Biosciences web-based tool (www.sabiosciences.com/pcrarraydataanalysis.
php), after which we discarded genes categorized as ‘C’ for their low-
quality quantitative PCR data, as recommended by the manufacturer.
Genes showing a change in expression 41.5-fold were considered
differentially expressed between the two groups.
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Endothelial differentiation from purified HEPs and in situ
immunocytochemistry
DLL4high HEPs and DLL4low/– HEPs were FACS isolated from hEBs at day 11
of development. To promote endothelial differentiation, 2 × 104 isolated
HEPs were seeded on 0.1% gelatine-coated 24-well plates in complete
EGM-2Q13 media with microvasculature supplements (Lonza, Walkersville, MD,
USA) for 7 days. After fixation and permeabilization, cells were stained with
rabbit anti-human VE-cadherin (Cayman, Miami, FL, USA), and mouse anti-
human eNOS (BD Biosciences), mouse anti-human von Willebrand factor
(DAKO) followed by Alexa488-conjugated (Invitrogen) anti-rabbit or Cy3-
conjugated anti-mouse antibodies (Jakson Immunoresearch), respectively.
The nuclei were counterstained with 4,6-diamidino-2-phenylindole.
Pictures were obtained using an EVOS fluorescence inverted microscopeQ14 .

HEPs differentiation in immobilized DLL4 protein
In all, 2x104 FACS-isolated DLL4high and DLL4low/– HEPs were cultured for
12 days in StemSpan supplemented with SCF, FLT3, granulocyte-colony-
stimulating factor, IL-6 and IL-3 in 24-well plates coated with either 0.2%
bovine serum albumin or 500 ng/μl purified DLL4 (R&D SystemsQ15 ) diluted in
0.2% bovine serum albumin. After this time, the cells were collected and
hematopoietic differentiation assessed by flow cytometry.

Gene expression profiling
In total, 105 DLL4high and DLL4low/– HEPs purified by FACS from H9 and
AND1 hEBs at day 15 of differentiation were used for gene expression
analysis using Whole Human Genome Oligo Microarray chips (Agilent
Technologies). Analysis of gene functions and canonical pathways was
performed using the Ingenuity Pathway Analysis (IPA) software (Ingenuity
Systems Inc., Redwood City, CA, USA), and the Gene Set Enrichment
Analysis software (http://www.broadinstitute.org/gsea/index.jsp). The
microarray data have been deposited in the public Gene Expression
Omnibus database, accession number GSE56881.

Clonal experiments with FACS-sorted single DLL4high

and DLL4low/– HEPs
Single DLL4high and DLL4low/– HEPs FACS isolated from day 11 hEBs were
deposited into individual wells of 96-well plates coated with 0.1% gelatine
in the presence of a 1:1 mixture of hematopoietic (100 μl of StemSpam
supplemented with SCF, FLT3 and IL-3) and endothelial (100 μl of complete
EGM-2 media) supportive media. Nine 96-well plates (∼850 single cells)
were used per condition. Single-cell sorting was carried out using a
FACSAria sorter equipped with an Automatic Cell Deposition Unit (ACDU)Q16 .
Sorted single cells were allowed to expand and differentiate for 12 days
and the resulting clonal outgrowth in each well was analyzed in situ by
phase contrast morphology and immunocytochemical staining for CD45
(hematopoietic) and VE-cadherin (endothelial). The nuclei were counter-
stained with 4,6-diamidino-2-phenylindole.

Confocal analysis of whole-mount hEBs
hEBs undergoing hematopoietic differentiation for 11 or 15 days were fixed
using fresh methanol:dimethylsulphoxide (4:1) and stored at − 20 °C until
used. hEBs were then rehydrated in methanol, washed in PBT (phosphate-
buffered saline containing 0.1% Tween 20), and incubated with blocking
solution (TBSTQ17 containing 2% nonfat milk carnation and 0.5% Tween) for 1 h.
hEBs were stained at 4 °C overnight with primary antibodies (all at 1:50
dilution): rat monoclonal anti-CD45 (Abcam)Q18 , mouse monoclonal anti-CD31
(Dako), rabbit polyclonal anti-DLL4 (Abcam), rabbit polyclonal anti-NICD1
(Sigma). After washing in TBST for 5 h, hEBs were incubated with their
corresponding secondary antibodies (anti-rabbit-Alexa488, anti-rat-Alexa546,
anti-mouse-Alexa647; 1:1000 dilution) and 4,6-diamidino-2-phenylindole
(1:10 000 dilution) overnight at 4 ºC. After washing in TBST for 5 h, the
stained hEBs where mounted in glycerol 80%. Images were acquired in a
Zeiss LSM710 confocal microscope, using the ZEN 2009 software.

Mice xenotransplantation and analysis of engraftment
We used the mice strain NOD/LtSz-scidIL2Rγ− /− (NSG). Animals were
housed under pathogen-free conditions and all the procedures were
approved by the Animal Care Committee of Parc de Recerca Biomèdica de
Barcelona and Generalitat de Catalunya. CB-derived CD34+ cells (2 × 105

cells/20 μl), as well as day 4 EV-OP9 or DLL4-OP9 co-cultured hematopoie-
tic derivatives (5 × 105 cells/20 μl) were transplanted intra-bone marrow to

sublethally irradiated (2.25 Gy) mice at 7–12 weeks of age. They were
monitored throughout the entire experiment and killed 7 weeks after
transplantation. Injected tibiae, contra-lateral tibiae, spleen, liver and
peripheral blood were collected and analyzed for human hematopoietic
engraftment by flow cytometry using anti-HLA-ABC-PE and anti-
humanCD45-APC-Cy7 antibodies (BD Biosciences).

Statistical analysis
We applied T-test and ANOVA tests for statistical analysis of all data, except
for the single-cell cloning experiment where we applied a Wald’s test using
R script (http://cran.r-project.org).

RESULTS
Notch receptors and ligands are differentially expressed during
hESC hematopoietic differentiation
To address how the Notch pathway contributes to human
embryonic hematopoiesis, we differentiated two hESCs cell lines
(AND1 and H9) toward a hematopoietic fate through the
formation of hEBs. This differentiation process consists of a stage
I of HEPs specification followed by a stage II of hematopoietic
commitment of these HEPs, marked by the appearance of
hematopoietic progenitors in CFU assays12,21,23 (Figures 1a and b).
We analyzed by qPCR the expression of the four human Notch
receptors (Notch1–4) and four human ligands (DLL1, DLL4,
Jagged1 and Jagged2) in hEBs at different time points of
hematopoietic differentiation. Notch1 and Notch2 are already
expressed in undifferentiated hESCs (Supplementary Figure S1A)
and become moderately upregulated as differentiation progresses
(Figure 1c). Notch4 is barely expressed in hESCs (Supplementary
Figure S1A) but it is strongly upregulated during hematopoietic
differentiation (Figure 1c). As for the ligands, hESCs only express
Jagged1 (Supplementary Figure S1A), but its expression barely
changes throughout hEB differentiation. In contrast, from day 7
onward there is an upregulation of Jagged2 (~3-fold) and DLL4
(~50-fold) (Figure 1c).
In order to find associations between gene expression and

generation of hematopoietic cells, we correlated the expression
values of each gene with the percentages of the populations of
interest (HEPs, CD45+ hematopoietic cells and CD34+CD45+
hematopoietic progenitors; Supplementary Figure S1B) at each
differentiation time point. Several statistically significant correla-
tions were observed for Notch1, Notch2, Notch3 and DLL4
(Supplementary Table S1). Despite its upregulation, we found no
significant correlation of Notch4 with any hematopoietic popula-
tion. We focused on the correlations involving DLL4, as DLL4
expression during stage II of hematopoietic commitment posi-
tively correlated with the output of CD34+CD45+ and CD45+ cells
(Figure 1d). Thus, we generated a working hypothesis proposing
that DLL4-mediated Notch activation favors hematopoietic
commitment of HEPs.
We also analyzed which signaling pathways are involved in the

regulation of DLL4 expression during hESC hematopoietic
differentiation. We used small molecules that inhibit the three
main pathways reported to regulate DLL4 expression in endothe-
lial cells:5,24,25 the blocking antibody bevacizumab, which prevents
activation of vascular endothelial growth factor (VEGF) Q19receptors;
the γ-secretase inhibitor CpE, which blocks the activation of Notch
receptors; PKF-115-584, which inhibits the transcriptional activity
of β-catenin.26 Owing to the low permeability of the hEB system to
small molecules, and to ensure the efficacy of these inhibitors, we
performed hESC hematopoietic differentiation using OP9 co-
cultures.22 In these co-cultures, hESCs also generate HEPs and
CD45+ hematopoietic cells (Supplementary Figure S1C), and DLL4
expression is also upregulated at the time of HEPs appearance
(Supplementary Figure S1C). As shown in Figure 1e, inhibition of
Notch activation by CpE reduced DLL4 expression at day 8 of co-
culture to ~ 40% of the levels present in control co-cultures,
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Figure 1. Expression kinetics of Notch ligands and receptors during hESC hematopoietic differentiation. (a) Schema of hESC hematopoietic
differentiation system based on hEB formation and flow cytometry analysis. The differentiation process can be divided in stage I of HEPs
specification, and stage II of hematopoietic commitment, based on the appearance of hematopoietic progenitors in CFU assays at day 10 of
differentiation. (b) Kinetics of appearance of HEPs (CD31+CD34+CD45-), hematopoietic progenitors (CD34+CD45+) and total hematopoietic
cells (CD45+ cells) in the differentiation experiments (n= 4). (c) Relative changes in the expression of Notch receptors (left graph) and ligands
(right graph) during hEBs hematopoietic differentiation. qPCR data are presented as fold regulation considering expression in undifferentiated
hESCs (Day 0) as 1. (d) Correlations between DLL4 expression and emergence of hematopoietic cells (CD45+) and hematopoietic progenitors
(CD45+CD34+), respectively (n= 4). See also Supplementary Figure S1 and Supplementary Table S1. (e) Analysis of signaling pathways
regulating DLL4 mRNA levels in hESC undergoing hematopoietic differentiation. Bev, bevacizumab; PKF, PFK-115-584.
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whereas the other two inhibitors did not have a significant impact
on DLL4 mRNA levels. Thus, in hESCs undergoing hematopoietic
differentiation the Notch pathway is the main regulator of DLL4
expression.

DLL4-mediated Notch activation enhances the differentiation of
HEPs toward a hematopoietic fate
To analyze whether DLL4-mediated Notch activation participates
in the hematopoietic commitment of HEPs, we isolated HEPs from

hEBs at days 10–11 of differentiation (before CD45+ cells emerge)
and co-cultured them on OP9-EV or OP9-DLL4 (Figure 2a). DLL4
stimulation enhanced the appearance of both CD34+CD45+
hematopoietic progenitors (~4-fold) and total CD45+ hemato-
poietic cells (~2-fold) from HEPs (Figure 2b). CFU assays confirmed
that DLL4 also enhanced the production of clonogenic hemato-
poietic progenitors (Figure 2c) and promoted a skew toward an
erythroid lineage (Figure 2d), as previously reported for fetal liver
CD34+ cells and mouse ES cells.27,28 qPCR showed that different
hemoglobin genes (including adult HBA) were highly upregulated
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Figure 2. Activation of Notch by DLL4 enhances the differentiation of HEPs toward a hematopoietic fate. (a) HEPs were purified by magnetic
sorting from hEBs at day 10 of differentiation and co-cultured with either OP9-EV or OP9-DLL4 stroma (both GFP+) in the presence of
hematopoietic cytokines. Differentiating hematopoietic progenitors (CD34+CD45+) and hematopoietic cells (CD45+) were identified within
the human GFP– population. (b, c) Effect of DLL4 on the appearance of hematopoietic progenitors (left panel) and total hematopoietic cells
(right panel) in HEPs-OP9 co-cultures (b), and on the generation of hematopoietic colonies (CFUs) from HEPs-OP9 co-cultures (c).
(d) Abundance of erythroid colonies in CFUs formed from HEPs co-cultured with the different OP9 stromas described in c. (e) Expression of
the different hemoglobins in CFUs. qPCR data are presented as fold regulation considering expression in CFUs from OP9-EV co-cultures as 1.
Inset shows a representative erythroid CFU. n= 5; * Po0.05, **Po0.01. See also Supplementary Figure S2.
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in CFUs from OP9-DLL4 co-cultures, confirming the promotion of
erythroid lineage (Figure 2e). All these effects were reversed by
the γ-secretase inhibitor CpE, demonstrating that DLL4 is acting in
a Notch-dependent manner. It has been postulated that this skew
toward an erythroid lineage may be mediated by DLL4-regulated
expression of ephrinB2,28 which will act through its receptor
EphB4 that is expressed in erythroid progenitors.29 We analyzed
by qPCR the expression levels of ephrinB2 in OP9-DLL4 cells and
found that the exogenous overexpression of DLL4 was not
increasing endogenous ephrinB2 levels in these cells. Then, we
quantified ephrinB2 and EphB4 levels in CFUs and found that
none of them were upregulated in the CFUs originating from
HEPs/OP9-DLL4 co-cultures (data not shown). Based on these
results, we hypothesize that the ephrinB2/EphB4 pathway is not
responsible for the erythroid skew caused by DLL4. Importantly,
both the increase in clonogenic progenitors and the skew toward
erythroid lineage is specific of DLL4, as DLL1 did not significantly
change the amount of CFUs or the proportion of erythroid
colonies (Supplementary Figure S2). We did not observe either a
significant increase in hematopoietic differentiation of HEPs when
co-cultured with OP9-Jagged1 or OP9-Jagged2 (data not shown).

DLL4 is exclusively expressed in a sub-population of HEPs
As exogenous DLL4 stimulation enhances hematopoietic differ-
entiation of HEPs, we asked which population in the differentiating
hEBs expresses DLL4. We analyzed the expression levels of
Notch receptors and ligands by qPCR in FACS-purified HEPs,
hematopoietic cells and non-hematopoietic/remaining cells from
hEBs (Figure 3a). We found that HEPs differentially express Notch1,
Notch4 and DLL4 at both days 10 and 15 of differentiation, a
pattern also present in endothelial cells of the DA14,30–32

(Figure 3b). Based on this expression pattern, we can speculate
that DLL4-mediated hematopoietic differentiation of HEPs
(Figure 2) may be occurring through activation of either Notch1
or Notch4. HEPs differentially express the endothelial marker
VEGFR2/FLK1 and the HE marker SCL/TAL1Q20 , whereas CD45+ cells
are enriched in the hematopoietic transcription factor PU.1
(Figure 3b), confirming the identity of the purified populations.
By flow cytometry, DLL4 could be detected exclusively in a sub-

population of HEPs (Figure 3c), confirming our qPCR data.
Confocal microscopy on whole-mount hEBs showed a consistent
staining of CD31+ cells arranging themselves in vessel-like
structures. Some of these CD31+ cells (5–20%) also showed
strong, punctuated, intracellular DLL4 staining, possibly due to the
recycling of DLL4 in the signaling cell,14,33,34 although we were
also able to see in some instances DLL4 present at the membrane
co-localizing with CD31 (Figure 3d). CD31+DLL4+ cells were
intermingled with CD31+DLL4– cells (Figure 3d), confirming the
existence of two CD31+ populations with different levels of DLL4.

Gene expression profiling of DLL4high and DLL4low/– HEPs
Next, we FACS-isolated DLL4high and DLL4low/– HEPs at day 15 of
differentiation and performed gene expression analysis using
microarrays (Figure 4a). We found 5606 genes differentially
expressed in DLL4low/– compared with DLL4high HEPs
(Supplementary Table S2), including DLL4 itself (~7.5-fold
upregulation in DLL4high HEPs). To get insight into the biological
functions affected by these genes, we performed ingenuity
pathway analysis comparing DLL4low/– with DLL4high HEPs. The
top biological functions included ‘cellular movement’, ‘cardio-
vascular development and function’ and ‘hematological develop-
ment and function’ (Figure 4b), compatible with the bipotent
nature of HEPs12 and in agreement with gene expression data
from AGM-derived HSCs.35

Using ingenuity pathway analysis, we further analyzed which
specific biofunctions are either activated or inhibited in DLL4low/–

HEPs, based on z-score value. All the activated ‘cell movement’

functions are related to the movement of hematopoietic cells,
whereas the few inhibited functions correspond to endothelial cell
movement. Moreover, all the ‘cardiovascular development and
function’ biofunctions are inhibited, whereas all the ‘hematological
development and function’ biofunctions are activated in
DLL4low/– HEPs (Figure 4c). A gene set enrichment analysis
showed that genes differentially expressed in DLL4low/– HEPs
show very significant enrichment in gene sets obtained from
HSCs, megakaryocytes/platelets and hematopoietic cell lineage
pathways, whereas genes differentially expressed in DLL4high HEPs
are enriched in gene sets obtained from endothelial cells
(Supplementary Tables S3 and S4 and Supplementary Figure S3).
DLL4low/– HEPs express genes essential for EHT (RUNX1, GFI1,
GFI1B and TAL1), hematopoietic transcription factors (GATA1,
GATA2, SPI1, IKZF1 and MYB), as well as the early HSC markers
CD41 and CD4336,37 (Figure 4d). Of note, DLL4low/– HEPs express
only a few components of the Notch pathway, as already reported
for ESC-derived HSC compared with definitive HSCs35

(Supplementary Figure S4A). On the other hand, DLL4high HEPs
differentially express important genes involved in endothelial cell
function, such as VEGFs, VEGFRs and co-receptors (neuropilins),
ephrins and VE-cadherin, as well as known transcriptional
regulators of DLL4, such as FOXC1/2(ref.38) (Figure 4d and
Supplementary Figure S4B).
To confirm our microarray data, we quantified the expression of

40 selected genes by qPCR and obtained a high (~0.75)
concordance correlation coefficient between the microarray and
the qPCR data (Figure 4e and Supplementary Table S5). By flow
cytometry, we confirmed the enriched expression of the
endothelial markers CD31, CD34 and KDR/VEGFR2 in DLL4high

HEPs, whereas the early hematopoietic markers CD41 and CD43
are expressed exclusively in a small fraction of DLL4low/– HEPs
(Figure 4f). Taken together, these analyses indicated that DLL4low/–

HEPs are undergoing an EHT leading to their differentiation into
hematopoietic cells, whereas DLL4high HEPs retain an endothelial
identity.

DLL4 expression segregates HEPs that retain an endothelial fate
from HEPs that are committed to a hematopoietic fate
We next wanted to verify whether DLL4high and DLL4low/– HEPs
were already committed progenitors or they still retained their
bipotent nature (Figure 5a). In conditions promoting endothelial
differentiation, DLL4high HEPs grow into a monolayer of endothe-
lial cells expressing VE-cadherin at cell–cell contacts, as well as the
mature endothelial marker von Willebrand factor. However,
DLL4low/– HEPs can barely grow in these conditions, express VE-
cadherin in a disorganized manner and lack von Willebrand factor
expression (Figure 5b). On the other hand, when cultured in
conditions promoting hematopoietic differentiation, DLL4low/–

HEPs produce 3–4 times more hematopoietic cells than DLL4high

HEPs (Figure 5c).
To confirm these results, we performed single-cell cloning

assays under conditions promoting both endothelial and hema-
topoietic differentiation. DLL4high HEPs generated a much higher
proportion of wells with purely endothelial growth, whereas
DLL4low/– HEPs gave rise to a significantly higher proportion of
wells with hematopoietic cells (Figure 5d). Of note, both
populations originated similar numbers of wells with a mix of
hematopoietic and endothelial cells, indicating that both DLL4high

and DLL4low/– HEPs retain some degree of plasticity and are still
bipotent cells characteristic of HE.39,40 The hematopoietic cells
generated in this assay expressed VE-cadherin, resembling the
primitive HSC population described in mouse and human
AGM.10,41,42 Therefore, the differential expression of DLL4
discriminates between HEPs that retain endothelial characteristics
and those that are undergoing EHT to acquire an hematopoietic
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fate, likely representing two different stages in the hematopoietic
commitment of the HE.

DLL4 provides a positive signal for hematopoietic differentiation
of DLL4low/– HEPs
We have shown that stimulation with exogenous DLL4 increased
hematopoietic differentiation of HEPs (Figure 2). We hypothesized
that DLL4high HEPs within the hEB are providing a DLL4-mediated
signal to activate Notch in DLL4low/– HEPs, which will then
differentiate into CD45+ hematopoietic cells. We FACS-purified
DLL4low/– HEPs and cultured them with immobilized DLL4.
Recombinant DLL4 was able to double the amount of hemato-
poietic cells generated from DLL4low/– HEPs, more specifically
increasing the percentage of CD34+CD45+ hematopoietic pro-
genitors (Figure 5e). As DLL4high HEP population contains bipotent
cells, we next asked whether some DLL4high HEPs can themselves
transition to DLL4low/– HEPs to undergo EHT and become CD45+
hematopoietic cells. We purified DLL4high HEPs and plated them
on OP9-EV stroma. After 7 days in culture, a fraction of them
(~12%) have differentiated into CD45+ hematopoietic cells
(Figure 5f). Next, we tested if a strong DLL4 signal (DLL4 MFI
~ 7,500) coming from OP9-DLL4 cells could enhance the transition
of DLL4high HEPs (DLL4 MFI ~ 2,500) to hematopoietic cells.
Indeed, DLL4high HEPs co-cultured with OP9-DLL4 produce twice
the amount of CD45+ cells (~24%), although they do not reach the
levels of differentiation of DLL4low/– HEPs (~47%) (Figure 5f). These
results confirm that DLL4 signaling is involved in the induction of
hematopoietic differentiation of HEPs.

DLL4high HEPs are located at the base of hematopoietic clusters
arising from DLL4low/– HEPs
Finally, we performed confocal microscopy on whole-mount hEBs
and studied the three-dimensional localization of CD31+DLL4high

and CD31+DLL4low/– HEPs together with CD45+ hematopoietic
cells (see Supplementary Figure S5A for negative control
stainings). In the majority (87%) of hEBs analyzed (35/40), we
could observe CD31+ structures resembling cysts or sacs
(Figure 6a), which contained interspersed CD31+DLL4+ cells
(Figure 6b). CD45+ hematopoietic cells were located in a
disorganized manner in the periphery of the hEBs (Figures 6a
and b). However, 20% (8/40) of hEBs contained well-defined
clusters of round CD31+CD45+ hematopoietic cells inside CD31+
cysts in close contact with the CD31+ lining cells (Figure 6c,
Supplementary Videos 1 and 2), resembling the intra-aortic
hematopoietic clusters arising from the DA in the mouse
embryo.14,43,44 Importantly, we could always (8/8) detect CD31
+DLL4+CD45– cells located at the base of these clusters
(Figure 6c, Supplementary Videos 1 and 2), suggesting that this
association is specific, and making it physically possible for CD31
+DLL4+ cells to be signaling to the differentiating CD31+DLL4–
cells. We also analyzed Notch1 activation in the differentiating hEB
and in ~ 31% (4/13) of analyzed hEBs, we could detect clusters of
CD31+CD45+ cells showing nuclear staining of NICD1 (Figure 6d

and Supplementary Figure S5B), suggesting a DLL4-mediated
Notch1 activation in CD45+ hematopoietic clusters. Based on our
data, we propose a model of human embryonic hematopoiesis in
which the HE is formed by DLL4+ HEPs that retain an endothelial
phenotype, which signal to neighboring DLL4low/– HEPs to
undergo EHT and differentiate into CD45+ hematopoietic cells
that emerge in clusters that resemble intra-aortic hematopoietic
clusters formed in mouse DA (Figure 6e).
Finally, we wanted to test if the stimulation with DLL4 was

sufficient to generate fully functional HSCs/hematopoietic pro-
genitor cells capable of engraftment in immunodeficient mice. We
transplanted NSG mice with HEPs co-cultured with either OP9-EV
or OP9-DLL4, using cord blood CD34+ cells as positive control. As
can be seen on Supplementary Figure S6, we were not able to
detect any human chimerism in the mice transplanted with any of
the co-cultures, whereas we detected up to 90% of human
hematopoietic cells in mice transplanted with cord blood CD34+
cells. So, DLL4 signaling participates in the hematopoitic
specification of hESCs, but it is not sufficient to generate fully
functional hESC-derived HSCs.

DISCUSSION
We have used hESCs to ascertain the role of Notch signaling
during human embryonic hematopoiesis, as nearly all data come
from animal models.45 We found that DLL4 is consistently
upregulated during hESC hematopoietic differentiation, and that
there is a positive correlation between DLL4 expression and the
specification of CD34+CD45+ and CD45+ hematopoietic cells
from HEPs. DLL4 expression is mainly regulated by the Notch
pathway itself and it is restricted to a sub-population of CD31+
HEPs, allowing for discrimination between DLL4high and DLL4low/–

HEPs. In the whole hEB, CD31+DLL4+ cells are positioned in
contact with CD31+ cells devoid of DLL4 expression mimicking
the generation of DLL4+ aortic endothelial cells in the embryo.14,31

The ventral side of the DA contains the HE that undergoes an
EHT to generate hematopoietic cells,8,46 but the identity of the
cells within the HE that finally undergo EHT and the signaling
cascades involved are not fully described. DLL4high HEPs display
an endothelial transcriptome, expressing higher levels of endothe-
lial markers and are enriched in endothelial precursors. On the
other hand, DLL4low/– HEPs still retain some endothelial markers
but they already express key hematopoietic proteins and the early
hematopoietic precursor markers CD41 and CD43,36,37 but do not
express CD45 at the cell surface. When cultured in hematopoietic
conditions DLL4low/– HEPs give rise to VE-cadherin+CD45+ cells,
similar to pre-HSCs type I, which express the VE-cadherin and
CD41, but still lack expression of CD45.41 Nevertheless, both
DLL4high and DLL4low/– populations are still bipotent, suggesting
that they may represent two different stages in the hematopoietic
commitment of the HE.47

DLL4 expression not only marks the fate of the HEPs within the
hEB but it also has a functional role in the hematopoietic
differentiation process. DLL4 enhanced HEPs hematopoietic

Figure 4. Gene profiling of DLL4high and DLL4low/– HEPs indicates that DLL4 expression discriminates between HEPs with an endothelial fate
and HEPs that have acquired a hematopoietic fate. (a) Sorting strategy followed to purify DLL4high and DLL4low/– HEPs used for gene
expression analysis. (b) Top 10 biological functions of genes differentially expressed in DLL4low/– compared with DLL4high HEPs, ranked by
P-value. (c) Predicted activation/inhibition (± z-score, respectively) of different biofunctions included within the categories ‘cell movement’,
‘cardiovascular development and function’ and ‘hematological development and function’ in DLL4low/– compared with DLL4high HEPs.
Z-score: black bars, left Y axis; -log P-value: filled red circle with red line, right Y axis. (d) Key hematopoietic and endothelial genes
upregulated in DLL4low/– and DLL4high HEPs, respectively, suggesting that HEPs with low DLL4 expression have already acquired a
hematopoietic fate, whereas HEPs with high DLL4 expression retain an endothelial fate. (e) Correlation of gene expression values obtained
by microarray and qPCR data of a subset of 40 genes differentially regulated in DLL4low/– HEPs determined by the concordance correlation
coefficient (CCC). (f) Confirmation of differential protein expression at the cell surface by flow cytometry of the endothelial markers CD31,
CD34, KDR, and the hematopoietic markers CD41 and CD43, in DLL4low/– and DLL4high HEPs. See also Supplementary Figures S3 and S4, and
Supplementary Tables S2–S4.
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of a 1:1 mixture of EGM-2 and StemSpan media, supplemented with hematopoietic cytokines. Cells were left to grow for 10 days and their
phenotype was confirmed by phase contrast microscopy and immunostaining with VE-cadherin and CD45 antibodies. (e) Purified DLL4low/–
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representative experiment (n= 2). (f) Hematopoietic differentiation and expression of DLL4 in purified DLL4high and DLL4low/– HEPs
co-cultured with either OP9-EV or OP9-DLL4 for 7 days.
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Figure 6. hEBs contain CD31+CD45+ hematopoietic cell clusters within CD31+ cyst-like structures and close to DLL4+CD31+ cells, resembling
hematopoietic clusters found in AGM. (a) Series of two stacks at different depths within the differentiating hEB stained with CD31, CD45, DLL4
and 4,6-diamidino-2-phenylindole (DAPI) depicting a typical hEB structure with several cyst-like sacs lined by endothelial CD31+CD45– cells.
(b) Detailed view of a CD31+ sac with two DLL4+ cells, but with no hematopoietic cluster formation. (c) Representative images of cyst-like sac
structures of CD31+ cells containing clusters of CD31+CD45+ hematopoietic cells in its interior, with CD31+DLL4+ cells at or very close to the base of
the cluster. White arrowheads indicate the localization of the clusters; green arrowheads indicate the localization of DLL4-positive cells close to the
clusters. See also Supplementary Movies S1 and S2. (d) Representative image of a CD31+CD45+ cluster of cells that show nuclear staining for
activated Notch1 (NICD1). (e) Proposed model for human embryonic hematopoietic differentiation in which cells with high expression of DLL4 signal
to cells with low DLL4 expression within the HE, probably activating Notch1 in the latter. DLL4 stimulation of these DLL4low HEPs induces them to
undergo hematopoietic differentiation, probably through an EHT mediated by SCL and RUNX1, resulting in the generation of CD45+ blood cells.
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differentiation in a Notch-dependent manner, increasing the
amount of clonogenic hematopoietic progenitors, as well as
skewing their fate toward erythroid lineage. Despite the well-
known role for DLL4 in arterial development48,49 and T-cell
differentiation,50 this is the first time that DLL4 is directly involved
in the specification of hematopoietic cells from HEPs during
human embryonic development. A recent report showed that
DLL4 expressed in endothelial cells biased the differentiation of
hESC-derived CD45+ multipotent hematopoietic progenitor cells
toward a myeloid fate.51 We did not observe any significant
changes in the amount of myeloid colonies produced (data not
shown), possibly because HEPs represent an earlier developmental
stage than the hematopoietic progenitor cells.
In the developing hEB, endothelial CD31+DLL4+ cells are

intermingled with CD31+DLL4– cells within well-organized cyst-
like structures, which in some instances contained clusters of
CD31+DLL4–CD45+ cells in close proximity to CD31+DLL4+ cells,
resembling intra-aortic hematopoietic clusters found in
AGM.36,44,52 This three-dimensional localization in the hEB
indicates that CD31+DLL4+ cells can signal and activate Notch
in CD31+DLL4– cells to undergo EHT and generate CD45+
hematopoietic cells, similar to the EHT described using mouse
embryonic and ES cells.39,53 We propose a model for human
embryonic hematopoiesis (Figure 6e), in which clusters of DLL4+
cells within HE signal to DLL4– cells to undergo hematopoietic
differentiation and become CD45+ cells. This role of DLL4 in blood
specification could be conserved over evolution. During Droso-
phila development, clusters of delta-expressing cardioblasts
activate Notch in neighboring delta-negative pre-lymph gland
cells, leading to the expression of the lethal of scute (SCL) and the
formation of blood progenitors expressing serpent (GATA
homolog),54 resembling our findings in hEBs.
Many efforts are being made to produce functional HSCs from

hESCs and hiPSCsQ21 , but with little success.3 The CD31+
endothelial structures containing clusters of CD31+CD45+ cells
that we report clearly resemble AGM intra-aortic hematopoietic
clusters, and they may potentially be the niche for bona fide
HSC-like cells that we can produce in vitro. However, the
frequency of hEBs containing these well-defined structures was
relatively low (23%). This could be due to an inefficient
generation of DLL4+ aortic endothelium, together with a
deficient activation of the Notch pathway.35 In the mouse
embryo, DLL4 cells are present in most of the cells of the
endothelial layer of the DA, but they also co-expressed Jagged1
and Jagged2.44 In our system, neither Jagged1 nor Jagged2
correlate with the generation of HEPs or hematopoietic
precursors. This can be interpreted as the human HSCs
ontogeny depends on different Notch ligands, but also that
other ligands important for generating functional HSCs44 are not
expressed in these conditions. Efforts to improve hESCs/hiPSCs
hematopoietic differentiation may be directed at improving the
organization of the developing structures, which will probably
be linked to a correct activation of Notch signaling in these
in vitro systems. If we increase the capacity to produce arterial
specification within the developing endothelium inside the hEB,
we will most probably increase the amount of DLL4-expressing
HEPs able to signal to DLL4low/– HEPs and induce EHT more
efficiently, leading to an enhancement of HSC-like cells
production.
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