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Abstract

It has been proposed that during embryonic development haematopoietic cells arise from a
mesodermal progenitor with both endothelial and haematopoietic potential called the
haemangioblastl,2. A conflicting theory associates instead the first haematopoietic cells with a
phenotypically differentiated endothelial cell with haematopoietic potential, i.e. a haemogenic
endothelium3-5. Support for the haemangioblast concept was initially provided by the
identification during embryonic stem (ES) cells differentiation of a clonal precursor, the blast
colony-forming cell (BL-CFC), which gives rise to blast colonies with both endothelial and
haematopoietic components6,7. Although recent studies have now provided evidence for the
presence of this bipotential precursor /n vive8,9, the precise mechanism of generation of
haematopoietic cells from the haemangioblast still remains completely unknown. Here we
demonstrate that the haemangioblast generates haematopoietic cells through the formation of a
haemogenic endothelium intermediate, providing the first direct link between these two precursor
populations. The cell population containing the haemogenic endothelium is transiently generated
during BL-CFC development. This cell population is also present in gastrulating embryos and
generates haematopoietic cells upon further culture. At the molecular level, we demonstrate that
the transcription factor Scl/Tal110 is indispensable for the establishment of this haemogenic
endothelium population whereas the core binding factor Runx1/AML111 is critical for generation
of definitive haematopoietic cells from haemogenic endothelium. Together our results merge into
a single linear developmental process the two a priori conflicting theories on the origin of
haematopoietic development.

The haemangioblast can be isolated from differentiated ES cells based on FIk-1
expression12 and generates a blast colony containing haematopoietic and endothelial cells
after 4 days of culture6,7 (Supplementary Fig. 1). To investigate the developmental steps
leading to the generation of haematopoietic cells, we followed the development of individual
blast colonies by time-lapse photography. We found retrospectively that it was a sequential
process divided into two stages; after 36-48 hours of culture, the haemangioblast gave rise to
a tight adherent structure, then non-adherent round cells appeared and proliferated to
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generate a mature blast colony (Fig. 1a and Supplementary Videos 1 and 2). We observed by
FACS that a high proportion of cells were positive for the endothelial marker Tie2/Tek13
after the first day (Fig. 1b and 1d). A few cells positive for CD41/allb integrin, which
defines haematopoietic commitment both /n vivo and in vitrol4-16, were also detected at
this stage. The percentage of CD41* cells increased dramatically by day 2 and by day 4 most
cells were CD41*Tie2" with around 30% expressing also CD45 (Fig. 1b and 1c). FACS
sorting of the four cell populations defined by Tie2 and CD41 confirmed that both primitive
erythroid and definitive haematopoietic potentials were confined to the CD41* fractions
(Supplementary Fig. 2). These analyses demonstrate the dynamic nature of blast colony
development starting at day 1 with a subpopulation of cells expressing Tie2 to a cell
population almost fully CD41* 3 days later. Interestingly a transient Tie2c-Kit* cell
population was detected after 48 hours of blast development (Fig. 1d) concomitant with the
appearance of tight adherent structures (Fig. 1a). This Tie2Nic-Kit* population contained
both CD41- and CD41* cells (Fig. 1e). These results suggest that the Tie2c-Kit* cell
population may represent a transitional population from which the first CD41* cells may
originate. Accordingly, the Tie2Mc-Kit*CD41" fraction displayed a low but significant
haematopoietic potential (Supplementary Fig. 3) suggesting that CD41* cells may be
produced from this cell population.

The endothelial nature of the Tie2Nic-Kit*CD41" cell population was supported by
homogeneous staining for endothelial markers such as CD3117, Flk-118 and MECA3219
(Fig. 2a). Additionally these cells expressed other endothelial genes, such as CD3420,
endoglin21, Flt-122 and VE-Cadherin23 (Supplementary Fig. 4a) and generated endothelial
networks upon culture in matrigel plugs (Fig. 2b). Immunostaining for CD31, expressed
specifically by Tie2ic-Kit* cells at day 3 of blast development (Supplementary Fig. 4b),
and for CD41 demonstrated the presence of CD31*CD41" endothelial cells corresponding to
the core of tightly associated cells of blast colonies (Supplementary Fig. 4c).

Besides its clear endothelial signature, the Tie2Nc-Kit*CD41" subpopulation expressed
transcription factors associated with the onset of haematopoiesis (Supplementary Fig. 5a).
To test if this population contained endothelial cells with haematopoietic potential i.e. a
haemogenic endothelium, Tie2Nc-Kit*CD41" cells were cultured in conditions supporting
the generation of haematopoietic cells from the aorta-gonad-mesonephros (AGM) region of
mouse embryo24. After two days, non-adherent round cells were observed (Supplementary
Fig. 5b) and FACS analysis demonstrated that around 70% of the cells expressed CD41 and
that some of them had down-regulated Tie2 expression (Fig. 2¢). Isolation of these newly
generated CD41" cells further confirmed that haematopoietic potential was present and
restricted to this fraction (Supplementary Fig. 5¢). To evaluate the proportion of Tie2hic-
Kit*CD41" cells becoming CD41*, we labelled them with CFSE, a fluorescent dye equally
distributed following each cell division. After 24 hours of culture, about 40% of cells were
CDA41* cells with a CFSE mean fluorescence 1.5 times lower than in CD41" cells
(Supplementary Fig. 5d). This result suggests that CD41" cells were produced from around
25% (i.e. 40% divided by 1.5) of the Tie2hic-Kit*CD41" cells. By limiting dilution analysis,
the frequency of Tie2Nc-Kit*CD41" cells generating more differentiated haematopoietic
cells was found to be around 1.2 % (Supplementary Fig. 5¢). This number, lower than in the
CFSE analysis, reflects the fact that only a fraction of CD41™ cells are able to respond to
haematopoietic growth factors. The clonality of the haemogenic endothelium was
demonstrated by generation of haematopoietic cells from single Tie2hic-Kit*CD41" cells
(Supplementary Fig. 5f). Finally Tie2Mc-Kit*CD41" cells did not express the mesodermal
marker Brachyury25 (Supplementary Fig. 6a) and were unable to generate blast colonies
(Supplementary Fig. 6b) indicating that the precursors present in this cell population were
clearly distinct and downstream from haemangioblasts. Overall these data demonstrate the
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presence of clonal haemogenic endothelial cell precursors in the Tie2hic-Kit*CD41" cell
population.

A prediction from these results is that a Tie2*c-Kit*CD41™ haemogenic population should be
present /n vivo at the onset of blood development. We were indeed able to identify Tie2*c-
Kit*CD41 cells in embryos at the neural plate stage of gastrulation and their frequencies
increased in subsequent stages (Fig. 2d). Immunostainings demonstrated them to be
localised in developing blood islands of early headfold embryos (Fig. 2e and 2f). FACS-
isolated Tie2*c-Kit"CD41" cells plated on OP9 stromal cells generated round non-adherent
cells giving rise to CD45" cells and primitive and definitive haematopoietic colonies upon
replating (data not shown and Fig. 2g). Tie2*c-Kit*CD41 cells were also detected within
the AGM region of E10.5 embryos in the dorsal aorta (Supplementary Fig. 7a to 7c) and
these cells also had the capacity to generate haematopoietic cells (Supplementary Fig. 7d
and 7e), but the origin of these Tie2*c-Kit*CD41" cells in the AGM and their precise
developmental potential remain to be characterized. Altogether these data suggest that the
Tie2*c-Kit*CD41" progenitor population detected in gastrulating embryos may represent an
intermediate between the haemangioblast, predominantly found in the primitive streak8, and
the haematopoietic precursors found in the yolk sac26.

To further investigate the molecular mechanisms implicated in the generation of the Tie2*c-
Kit*CD41" population, we analyzed the effects on this cell population of knockout of two
critical genes for early haematopoiesis, Runx1/AML1 and Scl/Tall. The transcription factor
Runx1 is required /n vivo for the generation of definitive haematopoietic cells11 and its
absence results /n vitro in the generation of 20 times fewer blast colonies, with residual blast
colonies restricted to a primitive haematopoietic fate27. We performed a time-lapse analysis
of blast colony development from isolated Runx1’- Flk-1* cells. Clusters of tightly
associated adherent cells were observed (Fig. 3a) but only a few of these clusters later
generated blast colonies (data not shown). Cells were observed to emerge from most clusters
but died instead of proliferating (Fig. 3a and Supplementary Video 3). Immunofluorescence
analyses confirmed that cells within these clusters expressed CD31 but that no CD41* cells
were present (Supplementary Fig. 8). The defect in haematopoietic development was further
observed by FACS analysis which showed a marked reduction in the frequency of CD41*
cells (Fig. 3b) and an increased frequency in the Tie2Nic-Kit* cell population (Fig. 3c).

To further investigate the requirement for Runx1, we generated a Runx2’- ES cell line in
which Runx1 expression can be induced by addition of doxycycline (iRunx1 Runx1’).
When doxycycline was added at day 2 of blast development, at least a 10-fold increase in
CD41™ cell frequency was observed after 24 hours, associated with downregulation of Tie2
expression (Supplementary Fig. 9a) and induction of expression of genes involved in
myeloid cell development (Supplementary Fig. 9b). To establish if the developmental block
observed in the absence of Runx1 was at the level of the Tie2Mic-Kit*CD41" cell population,
we isolated these cells and cultured them in the presence of doxycycline. After 48 hours,
around 60% of the cells expressed CD41 and one third of these cells down-regulated Tie2
expression (Fig. 3d). Additionally the CD41* cells incorporated acetylated LDL, which is
taken up by endothelial cells28, further supporting their endothelial origin (Fig. 3e). Finally
definitive haematopoietic precursors were exclusively detected in colony assays in cultures
induced with doxycycline (Fig. 3f). Altogether these results demonstrate that the Tie2ic-
Kit*CD41 haemogenic endothelial cell population is generated in absence of Runx1 but that
Runx1 is indispensable for the generation of definitive haematopoietic cells from this
population.

Accordingly Runx1’- FIk-1* cells generated significantly more colonies of tightly
associated cells than wild type cells in BL-CFC clonogenic assays (Supplementary Fig. 10).
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Their number was inversely correlated with the number of blast colonies observed with wild
type cells (Supplementary Fig. 11a). The presence of haemogenic endothelium in these tight
structures was supported by detection of a large proportion of CD31" or Tie2*c-Kit* cells in
individual colonies by immunostaining (Supplementary Fig. 8 and 11b respectively) and of
Tie2hic-Kit*CD41" cells by FACS analysis on pooled colonies (Supplementary Fig. 11c).
Additionally around 75% of individual colonies (26 out of 34) were able upon Runx1 re-
expression to give rise to haematopoietic cells (Supplementary Fig. 11d). These data support
the notion that these tight colonies generated from the haemangioblast contain cells with
haemogenic endothelium potential that are unable to initiate haematopoiesis in the absence
of Runx1.

Scl/Tall is another critical regulator of haematopoiesis as Sc//~ cells are unable to generate
either primitive or definitive haematopoiesis10. Plating of Sc/'- FIk-1* cells resulted, as
previously shown29, in the absence of blast colonies but also in a complete lack of clusters
of tightly associated adherent cells (Fig. 4a). We were unable to detect any CD41* cells
(Fig. 4b). Although Tie2 was expressed at levels similar to Sc/*'* cells, only a very small
fraction of cells co-expressed Tie2 and c-Kit (Fig. 4c) and none of these cells expressed
CD31, FIk-1 or MECA32 (data not shown). These data indicate that Scl is critical for the
generation of Tie2Nic-Kit*CD41- haemogenic endothelium population and place its role in
haematopoietic specification prior to Runx1 requirement.

In summary, our data provide the first evidence for a direct link between the haemangioblast
and a downstream haemogenic endothelium. The generation of this cell population is
characterised by the up-regulation of c-Kit in a Tie2"i population and this process is Scl/Tall
dependent (Fig. 4d). The consecutive generation of definitive haematopoietic cells,
characterised by CD41 expression and Tie2 down-regulation requires the transcription factor
Runx1 whereas primitive haematopoiesis is Runx1 independent. Identification of these
discrete developmental steps will provide the opportunity to further explore the molecular
regulation of haematopoietic development.

Methods Summary

Methods

Time lapse analyses were performed in a Solent Scientific environmental chamber kept at
37°C for the duration of the analysis and observed under a Zeiss Axiovert 200M
microscope. Brachyury-GFP ES25, Sct'-10, Ainv1830, Ainv18 RunxI*, Runx1’- and
iRunx1 RunxI- ES cell lines were used. Flow cytometry and cell sorting were performed
on a FACSCalibur (Becton Dickinson) and FACSVantage or FACSAria cell sorters (Becton
Dickinson). For immunostainings, frozen sections were fixed, blocked, incubated with
primary Tie2, c-Kit and CD41 antibodies, then with secondary antibodies, mounted and
observed under a Zeiss Axiovert 200M microscope.

Full methods accompany this paper.

Embryonic stem cell growth and differentiation

Brachyury-ES25, Sct"10, Ainv1830, Ainv18 Runx1*, Runx1'- and iRunxI Runx1’- ES
cell lines (data not shown) were used. Growth and differentiation of ES cells were
performed as described previously25.

Embryo generation

Time matings of ICR mice were set up and the morning of vaginal plug detection was
considered day 0.5. Gastrulating embryos were staged by morphological landmarks. All
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animal work was performed under regulation in accordance with the United Kingdom’s
Animal Scientific Procedures Act (ASPA) 1986.

Adherent BL-CFC and haemogenic endothelium cultures

Flk-1* EB cells were plated on gelatin in the BL-CFC media described previously25. For
haemogenic endothelium culture, Tie2*c-Kit*CD41" cells were cultured either on gelatin
(cells isolated from day 2 or day 3 BL-CFC cultures) or on OP9 stromal cells (cells isolated
from embryos) in conditions described before24. Cultures were maintained in a humidified
chamber in a normal or low O, (5%) 5% CO»-air mixture at 37°C.

Matrigel plug assays

Tie2*c-Kit"CD41" cells isolated from day 2 BL-CFC liquid culture were transferred to 50
Matrigel plugs in 96-well plates. Matrigel (BD Biosciences) was diluted 1:1 with IMDM
supplemented with 10% FCS, 50 ng/ml VEGF, 5 ng/ml bFGF and allowed to solidify at
37°C before the addition of cells. Cultures were maintained at 37°C, 5% CO,, 5% O, for 5
days.

Flow cytometry and cell sorting

Staining was done as described previously25 and analyses were performed with a
FACSCalibur (Becton Dickinson). Sorts were performed with a FACSVantage or a
FACSAria (Becton Dickinson). Monoclonal antibodies and streptavidin used were FIk-1-
bio25, CD31-bio (MEC13.3, BD Bioscience), MECA32-bio (BD Bioscience), Tie2-bio
(TEKA4, eBioscience), Tie2-PE (TEK4, eBioscience), c-Kit-APC (2B8, eBioscience), CD41-
FITC (MWReg30, BD Bioscience), Strep-PECy5 (BD Bioscience) and Strep-PECy7
(eBioscience). Tie2*c-Kit*CD41" cells from iRunxl Runx1’- day 3 blast culture were
incubated with Dil-Ac-LDL (10p.g/ml; Invitrogen Molecular Probes) for 3 hours, washed
twice to remove all Dil-Ac-LDL and Runx1 expression was induced with doxycycline.
FACS analysis was performed two days later.

Carboxyfluorescein succinimidyl ester (CFSE) labelling

Tie2*c-Kit*CDA41" cells were resuspended in PBS 5% FCS at 0.5x10° cells/ml and CFSE
was added to 5 uM final concentration. Cells were incubated for 5 min at room temperature,
washed three times and put back in cultures.

Limiting dilution and single cell analyses

Defined numbers (400, 200, 100 and 50 cells) of Tie2c-Kit*CD41 cells were plated on
OP9 stromal cells using a FACSAria equipped with an automatic cell deposition unit
(Becton Dickinson). For each cell number a minimum of 24 wells were seeded. The cells
were first cultured for 2 days in conditions supporting the transition of haemogenic
endothelial cells to haematopoietic progenitors24 and subsequently in conditions supporting
the differentiation to mature haematopoietic cells. The wells were scored for the presence of
haematopoietic cells two days later. The haematopoietic nature of the cells was confirmed
by May-Grunwald Giemsa staining. The fraction of wells negative for haematopoietic cells
were plotted against each dilution and the linear regression was calculated with the Origin
software (OriginLab). To obtain the frequency of Tie2hic-Kit*CD41" cells able to generate
haematopoietic cells we used the limdil function of the statistical package R (http://
bioinf.wehi.edu.au/software/limdil/index.html). For single cell analysis, single Tie2Nic-
Kit*CD41 cells were sorted on 96 well-plates coated with gelatin. The culture conditions
were as described above and the wells were scored for the presence of haematopoietic cells
after 8 days. The haematopoietic nature of the cells was confirmed by May-Grunwald
Giemsa staining.
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Immuno-histochemistry

7-10 pm sections were cut with a Leica CM3050S cryostat from dissected frozen embryos
embedded in OCT (Tissue Tek). Sections were fixed with acetone, incubated with 3% H,0,,
blocked with 10% goat serum (DAKO) and Avidin/biotin blocking kit (Vector). Primary
antibodies, Tie2-Bio (TEK4, eBioscience), c-Kit (ACK2, eBioscience) and CD41-Bio
(MWReg30, eBioscience) were incubated overnight at 4°C. Incubations with secondary
Streptavidin-AlexaFluor555 (Invitrogen) and goat anti-rat IgG2b-HRP (ABD Serotec) were
followed by AlexaFluor488 tyramide signal amplification (Invitrogen). The sections were
mounted with ProLong Gold antifade reagent with DAPI (Invitrogen), analysed using Zeiss
Axiovert 200M microscope and processed with Metamorph software (Universal Imaging).

Time-lapse photography

An Axiovert 200M microscope equipped with a Zeiss x10 objective lens, a Roper Coolsnap
HQ Camera and Solent Scientific environmental chamber kept at 37°C for the duration of
the experiment was used for time-lapse analysis. Phase contrast images were taken every
minute (supplementary videos 1 and 3) or every 5 minutes (supplementary video 2) with the
image capture and processing software MetaMorph (Universal Imaging). Video animations
were made using the software Imaris (Bitplane). The movies were edited and compressed
using Final Cut Studio 2 (Apple).

Gene Expression Analysis

For gene specific PCR, total RNA was extracted from each sample with an RNeasy mini kit
and treated with RNAse-free DNase (Qiagen). Five hundred to 1000 ng of total RNA were
reverse-transcribed into cDNA with random hexamer using an Omniscript RT kit (Qiagen).
The PCR reactions were performed using GoTaq (Promega) and 0.2 uM of each primer.
Cycling conditions were as follows; 94°C for 5 min followed by 30-35 cycles of
amplification (94°C denaturation for 30 sec, 60°C annealing for 30 sec, 72°C elongation for
60 sec) with a final incubation at 72°C for 10 min. The list of primers is available upon
request.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Analysis of blast colony development

a) Phase contrast time-lapse pictures of blast colony development. b) FACS analysis of
CDA41 and Tie2 expression during blast colony development between day 1 and 4. c) CD45
expression of CD41* cells at day 4 of blast colony culture. Line represents isotype control.
d) FACS analysis of c-Kit and Tie2 expression during blast colony development. €) Tie2
and c-Kit expression of CD41* (left) and CD41" (right) cells on day 2 of blast culture.
Rectangles indicate Tie2Mc-Kit* population. Numbers represent percentages of respective
populations.
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Figure 2. Tie2Nic-Kit*CDA41" cells can generate haematopoietic progenitors

a) FACS analyses of CD31, Flk-1 and MECA32 expression by Tie2h'c_-Kit+CD41' cells. b)
Generation of endothelial networks in matrigel by isolated day 2 Tie2" c-Kit" CD41" cells.
c) Tie2hic-Kit*CD41" cells at day 2 of blast development were sorted and cultured. FACS
analysis of CD41 and Tie2 expression at Tg and T + 2 days. d) FACS analysis for the
presence of Tie2*c-Kit*CD41" cells in gastrulating embryos. €) Immunostaining of
gastrulating embryos for Tie2/c-Kit and (f) c-Kit/CD41. Amniotic cavity (ac), decidua (de),
amnion (am), allantois (al), exocoelomic cavity (ecc), chorion (ch), and yolk sac blood
islands (bi) are indicated. g) FACS analysis of CD45 and c-Kit expression (top) and May-
Grunwald Giemsa staining (bottom) of cells generated by isolated E7.75 mouse embryos
Tie2*c-Kit*CD41" cells co-cultured with OP9 cells. Macrophage (arrow) and mast cells (*)
are indicated. Numbers indicate percentages of respective populations.
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Figure 3. Runx1 requirement in blast colony development
a) Phase contrast time-lapse photographs of Runx1- blast colony development. b) FACS
analysis of CD41 and c-Kit expression during RunxZ" blast colony development between
day 1 and 4. c) FACS analysis of Tie2 and c-Kit expression during Runx1*'* (top) and
RunxI!- (bottom) cells blast colony development. d) FACS analysis of Tie2/CD41
expression after 2 days of culture of iRunx Runx1’- Tie2hic-Kit*CD41" cells in absence or
presence of doxycycline (dox) (0.1 pg/ml). €) Dil-Ac-LDL and CD41 expression analysis of
iRunx1 RunxI'- Tie2hic-Kit*CD41" cells were evaluated in absence (left) and presence of
doxycycline (right). Numbers indicate the percentage of the respective populations. f)
Numbers of definitive haematopoietic colonies generated in methylcellulose by iRunx1
RunxI! cells harvested after 2 days of culture with or without doxycycline. Error bars
indicate standard deviation of the mean (n=3).
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Figure4. SCL requirement during blast colony development
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a) Phase contrast pictures of day 3 blast colony culture from Sc/* and Sct- ES cells. b)
FACS analysis of CD41 and c-Kit expression during Sc/~ blast colony development.

Numbers indicate the percentage of the respective populations. ¢) FACS analysis of Tie2
and c-Kit expression during Sc/~ blast colony development. d) Model of haemangioblast

differentiation toward haematopoiesis in the yolk sac.
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