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SUMMARY

Embryonic stem cell-derived embryoid bodies contain a from the same cell, the blast colony-forming cell. Kinetic

unigue precursor population which, in response to vascular analysis showed that the blast colony-forming cell
endothelial growth factor, gives rise to blast colonies in represents a transient cell population that develops early
semi-solid medium. Upon transfer to liquid culture with  and is lost quickly during embryoid body development.

appropriate cytokines, these blast colonies generate both These findings provide strong evidence that the blast
hematopoietic and adherent, stromal-type cells. Cells colony-forming cell represents the long-hypothesized
within the adherent population display characteristics of hemangioblast, the common precursor of the hematopoietic
endothelial lineage including the expression of CD31lk-1, and endothelial lineages.

flt-1, tie-2, the capacity to take up acetylated LDL and the

presence of cytoplasmic Weibel-Palade bodies. Mixing

studies demonstrated that the hematopoietic and Key words: Embryonic stem cell, Embryoid body, VEGF, Blast cell,
endothelial precursors within the blast colonies develop Hemangioblast, Hematopoietic precursor, Endothelial precursor

INTRODUCTION Past studies aimed at identifying and characterizing the

putative hemangioblast have been hampered by difficulties in
The establishment of blood islands in the extraembyronic yolkccessing the embryo prior to the establishment of the blood
sac marks the onset of hematopoiesis and vasculogenesis in islands and by the limited number of cells present at this stage
developing mouse embryo. These blood islands derive fromf development. Differentiation of embryonic stem (ES) cells
aggregates of mesodermal cells that colonize the presumptite hematopoietic and endothelial cells in culture offers an
yolk sac at approximately 7 days postcoitum (dpc). Over thalternate approach for studying these early commitment steps
next 12 hours, the central cells within these aggregates give rias both cellular and molecular analyses have documented that
to the embryonic hematopoietic cells while the peripherathe sequence of events leading to the onset of these lineages in
population differentiates to endothelial cells which form thethis model system is similar to that found in the normal mouse
first vascular structures that surround the inner blood cellsmbryo (Risau et al., 1988; Wiles et al., 1991; Keller et al.,
(reviewed by Wagner, 1980). This close developmental993; Nakano et al., 1994; Keller, 1995; Vittet et al., 1996).
association of the hematopoietic and endothelial lineagddsing this model, we have recently shown that embryoid
within the blood islands has led to the hypothesis that they arit®dies (EBs) generated from ES cells allowed to differentiate
from a common precursor, the hemangioblast (Sabin, 192@r 3-3.5 days contain a unique precursor population with both
Murray, 1932; Wagner, 1980). The concept of theprimitive and definitive hematopoietic potential (Kennedy et
hemangioblast has gained most support from the observatiah, 1997). When cultured in the presence of vascular
that the hematopoietic and endothelial lineages sharndothelial growth factor (VEGF)¢-kit ligand (KL) and
expression of a number of different genes (Fina et al., 199@pnditioned medium from an endothelial cell line, DAT, these
Millauer et al., 1993; Yamaguchi et al., 1993; Anagnostou eprecursors form colonies consisting of immature or blast-like
al., 1994; Kallianpur et al., 1994; Young et al., 1995; Asaharaells that express a number of genes common to both the
et al.,, 1997; Kabrun et al., 1997). Recent gene targetingematopoietic and endothelial lineages, includilgl/SCL,
experiments demonstrating that a functional Flk-1 recepto€D34 and the VEGF receptdlk-1(Kennedy et al., 1997). The
tyrosine kinase is required for the development of the blooEGF responsiveness of these embryonic precursors together
islands provide further evidence that these lineages derive frowith the gene expression pattern of their blast cell progeny
a common precursor (Shalaby et al., 1995, 1997). While botsuggests that this population could have the potential to
observations are consistent with the concept of thgenerate cells of the endothelial lineage in addition to
hemangioblast, they do not prove its existence. hematopoietic precursors.
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In this study we have analyzed the endothelial potential ab minutes each) and then incubated with Streptavidin-FITC for an
the blast colonies by transferring them to liquid culturesadditional hour. Following this second staining step the cells were
containing growth factors known to support the growth of bottwashed again (5 times) and the coverslip with the cells was mounted
hematopoietic and endothelial cells. Under these conditions, 24t @ slide for analysis. The images were acquired with a digital
significant proportion of the colonies generated hematopoiet ”f(l’lf’a' microscope using the Slidebook Csoftware program
precursors as well as adherent cells with endotheli Qte igent Imaging Innovations_Inc. Denver, Co.). Images were
characterlstl_cs. These observations demonstrate th_at_the blgﬁ ographic maximum intensity projection as described by Monks et
colony-forming cell (BL-CFC) has both hematopoietic andy; (1997).
endothelial potential, and as such could represent the in vitro
equivalent of the hemangioblast. PCR analysis
RNA isolation and reverse transcription-polymerase chain reaction
(RT-PCR) were performed as described (Chomczynski and Sacchi,
1987; Chelly et al., 1988). All RNA samples were treated with DNasel
(amplification grade from Gibco/BRL) before cDNA synthesis to
eliminate any contaminating genomic DNA. The PCR analysis in the
Cell culture mixing experiment was carried out as described in our previous report
CCE ES cells were maintained on STO feeder cells or on gelatiniz§ennedy et al., 1997). Specific primers used were as follows
flasks in the presence of recombinant LIF. EBs and blast cell coloni¢Rothwell et al., 1987; Keller et al., 1993; Choi et al., 1994; Vittet et
were generated as described previously (Kennedy et al., 1997). Fair, 1996).
the experiments in this study blast colonies were grown in the hprt, sense, '®ACAGGACTAGAACAACCTGC3; antisense,
presence of either VEGF (5 ng/ml), KL (1% conditioned medium o5 GCTGGTGAAAAGGACCTCTS3.

100 ng/ml purified) and D4T CM (25%) or VEGF (5 ng/ml) and D4T flk-1, sense, '®ACCTGGCACTCTCCACCTTC3 antisense,

CM (25%). For the generation of endothelial cells, individual blass'GATTTCATCCCACTACCGAAAG3.

colonies were transferred to matrigel-coated (Collaborative Research)tie-2, sense, TTGAAGTGACGAATGAGAT3; antisense,
microtiter wells containing IMDM with 10% fetal calf serum 5ATTTAGAGCTGTCTGGCTT3.

(Hyclone), 10% horse serum (Biocell), VEGF (5 ng/ml), IGF-1 (10 flt-1, sense, "TCTGATGGTGATCGTGGS3 antisense,
ng/ml), Epo (2 U/ml), bFGF (10 ng/ml), IL-11 (50 ng/ml), KL (1% 5'CATGCGTCTGGCCACTTG3

conditioned medium), endothelial cell growth supplement (ECGS, c-fms sense, '®©ACAGATAAAATTGGAGCCTA3'; antisense,

100 pg/ml; Collaborative Research), L-glutamine (2 mM), and5TGGAAGTTCATGGTGGCCG3

4.5x10*% M MTG (Sigma). Following 3-4 days in culture, non PECAM-1, sense,'6TCATGGCCATGGTCGAGTA3 antisense,
adherent hematopoietic cells were removed by gentle pipetting arBiICTCCTCGGCATCTTGCTGAAS

used directly for gene expression studies or assayed for precursors ir3-major, sense, '6TGACAGATGCTCTCTTGGG3 antisense,
methyl cellulose containing 10% plasma-derived serum (Antechg CACAAACCCCAGAAACAGACA3Z'.

Texas), 5% protein free hybridoma medium (PFHM2; GIBCO/BRL) [B-H1, sense, 'AGTCCCCATGGAGTCAAAGA3; antisense,
together with the following cytokines; KL (100 ng/ml), IL-3 (1% 5'CTCAAGGAGACCTTTGCTCAS3.

conditioned medium), IL-11 (25 ng/ml), GM-CSF (25 U/ml), Epo (2 neq sense, "ATGATTGAACAAGATGG3: antisense,
U/ml), M-CSF (100 U/ml), G-CSF (1000 U/ml), IL-6 (5 ng/ml), LIF 5 TCAGAAGAACTCGTCAAG3S.

(1 ng/ml) and VEGF (5 ng/ml). IL-11, GM-CSF, M-CSF, IL-6, LIF  hygrg sense, 'TGCAAGACCTGCCTGAAACCS, antisense,

and VEGF were purchased from R&D Systemsit ligand was 5 CTGCTCCATACAAGCCAACCAAS.

obtained from medium conditioned by CHO cells transfected with a

KL expression vector (kindly provided by Genetics Institute) orTEM analysis

purchased from R&D Systems. IL-3 was obtained from mediunPermanox (Nunc) tissue culture dishes were treated with 1% gelatin
conditioned by X63 Ag8-653 myeloma cells transfected with a vectoin PBS for 20 minutes and then coated with matrigel for 15 minutes.
expressing IL-3 (Karasuyama and Melchers, 1988). Followinglast colonies were picked onto the matrigel-treated area and cultured
removal of the non-adherent population, the adherent cells wexgith 50 ul of medium. After 6-8 day in culture, adherent cells were
cultured for an additional 1-2 weeks in IMDM with 10% fetal calf processed as described by McDowell and Trump (1976). Briefly, the
serum (Hyclone), 10% horse serum, VEGF (5 ng/ml), IGF-1 (1Qells were fixed overnight in a phosphate buffer containing 4%
ng/ml) bFGF (10 ng/ml), endothelial cell growth supplement (ECGSformaldehyde/1% glutaraldehyde. Following the fixation step, the
100 pg/ml; Collaborative Research), L-glutamine (2 mM), andcells were postfixed in s-collidine buffer containing 1% @&® 1
4.5<10* M MTG (Sigma) and then harvested by trypsinization for hour, stained en block with uranyl acetate, dehydrated, and embedded
gene expression. in polybed 812 (Polyscience). Thin sections were cut, stained with
uranyl acetate and lead citrate and then examined using a JEOL EX

Cell staining _ _ 1200 transmission electron microscope.
Blast colonies were picked onto prewashed glass cover slips that were

coated with a thin layer of matrigel and cultured in 35 mm Petri dishes

in medium containing both hematopoietic and endothelial cytokines

described above. Four to seven days following the initiation of thRESULTS

cultures, the non adherent cells were harvested and the adherent cells

were cultured for an additional one to two weeks in medium withoupevelopmental potential of blast colonies in liquid
hematopoietic cytokines (see above). For fluorescence analysisy|tyre

adherent cells were initially cultured @&7) in the presence of 10 .
ug/ml of Dil-Ac-LDL (Biomedical Technologies, Inc.) for 2 hours. Blast cell colonies were generated from 3.0- to 3.25-day-old EBs

Following this incubation, the cells were washed 3 times and fixed fdf methyl cellulose cultures in the presence of VEGF or VEGF
10 minutes in PBS containing 3% paraformaldehyde and 3% sucrosnd KL as described previously (Kennedy et al., 1997).
The fixed cells were washed 2-3 times, incubated initially with Biotin-Following 4 days of growth, individual colonies were transferred
a-mouse CD31 (Pharmingen; #01952D) for 1 hour, washed 5 time® liquid culture in microtiter wells containing cytokines known

onvolved using a nearest neighbor algorithm and displayed with

MATERIALS AND METHODS
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A The morphology of the cells in the adherent layer was
°Soe ES somewhat heterogeneous, varying from densely packed
o cells . . . .
* medium-sized cells to relatively large, elongated flat cells with
a fibroblastic morphology (Fig. 2C). Clusters of macrophages
@ day 2.5-4.0 were present in some cultures growing on the fibroblastic type
EBs cells. They were easily distinguished from this latter
' population by their smaller size and less flat morphology. To
oo o ool generate blast determine if the elongated flat cells were of the endothelial
' cell colonies from lineage, adherent populations were analyzed by
, , EB-derived cells immunofluorescence, RT-PCR and transmission electron
(= & ) microscopy for cell surface markers, gene expression patterns
\ and subcellular cytoplasmic structures indicative of endothelial
{ * replated blast cell cells
colonies generate :
hematopoietic and . .
< < adherent cells in Blast colony-derived adherent cells display
liquid culture endothelial characteristics

Endothelial cells express the platelet endothelial cell adhesion
molecule, PECAM-1 or CD31 (Newman, 1994) and display
the capacity to take up acetylated low-density-lipoprotein (Ac-
LDL, Voyta et al, 1984). Although platelets and
megakaryocytes also express CD31 and macrophages can take
up Ac-LDL, other types of adherent cells such as fibroblasts
are negative for these markers. In the initial analysis, adherent
cells derived from blast colonies were analyzed by
immunofluorescence for the presence of CD31 and for their
ability to take up fluorescenated Ac-LDL, Dil-Ac-LDL. DA4T
endothelial cells and NIH3T3 fibroblasts were included as
positive and negative controls, respectively. Fig. 2 shows the
morphology of the cells in the three different populations
(A,C,E) and their corresponding staining patterns (B,D,F).
DAT cells express high levels of CD31 (green) and take up Dil-
Fig. 1.(A) Scheme of derivation of adherent and hematopoietic cellsAc-LDL showing a punctate pattern of fluorescence (orange)
from blast colonies. (B) Microtiter well containing adherent and characteristic of endothelial cells (Fig. 2B). Similarly, blast
round hematopoietic cells 4 days following transfer of the blast  colony-derived adherent cells express abundant levels of CD31
colony (magnification<64). and also show Dil-Ac-LDL uptake, although they appear to be
less active in this capacity than the control endothelial cells
to support the growth of both hematopoietic and endothelial cell§ig. 2D). This different Dil-Ac-LDL uptake pattern between
(Fig. 1A). Within 2-4 days of culture in these conditions, bothendothelial DAT and blast-derived adherent cells could reflect
adherent and round non-adherent cells developed froxtifferences in the state of maturation of these cell populations.
approximately 1/3 of the transferred blast cell colonies (Fig. 1BNIH3T3 cells did not express any significant CD31 and were
Most of the remaining blast colonies generated only nondnable to take up Dil-Ac-LDL (Fig. 2F). Macrophages, when
adherent cells. The non-adherent population in most wellsresent, were easily identified by the fact that they did not
showed signs of hemoglobinization, demonstrating activexpress CD31 and that their Dil-Ac-LDL staining was much
erythropoiesis. To determine the full hematopoietic potential ofmore intense and homogenous than observed in the larger
the non-adherent population, cells were harvested following 3dherent cells (not shown). Similar staining patterns were
4 days of culture and assayed in methyl cellulose in the presenmieserved in 5 independent experiments. The finding that
of a broad spectrum of hematopoietic cytokines. From thadherent cells from blast colonies express CD31 and take up
analysis of 300 cultures containing both non-adherent andil-Ac-LDL strongly suggests that they are of the endothelial
adherent cells, approximately 80% were found to contaifineage.
hematopoietic precursors. The majority of these cultures (97%) In the next study, blast-derived adherent cells were analyzed
had precursors for more than 2 lineages and of these 278% RT-PCR for the expression @k-1, flt-1, andtie-2 (also
showed both primitive and definitive hematopoietic potentialknown astek), three genes which encode receptor tyrosine
Colonies containing primitive erythroid cells were identified bykinases involved in the growth and development of endothelial
cell morphology and by the presence [@fl1 globin gene cells (Matsushime et al., 1987; Shibuya et al., 1990; Dumont
expression. In addition to the predominant multilineage patteret al., 1992 and 1993; Sato et al., 1993; Millauer et al., 1993;
of hematopoietic development, a small number of the cultureShalaby et al., 1995; Fong et al., 1995). The analysis also
(3%) generated only primitive erythroid precursors. Most ofncluded PECAM-1 (CD31) as an additional marker for
cultures that contained no precursor activity when assayed endothelial cells, éms as a marker for the presence of
methyl cellulose (approx. 20% of total) did show some visiblenacrophages andpH1 and Pmajor as markers for
erythropoiesis on the adherent cells suggesting the blast colonemntaminating erythroid cells in the adherent population. As a
seeded in these wells had limited hematopoietic potential.  comparison, the expression pattern of these genes was analyzed
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in the non-adherent hematopoietic populations. The analyspiocytotic vesicles (not shown). The findings from the TEM
of 15 adherent and 15 hematopoietic populations from twetudies together with the gene expression and
independent experiments are shown in Fig. 3. Fourteen of th@munofluorescence analysis demonstrate that endothelial
adherent cell samples contained elongated flat cells, some withlls are present within the blast colony-derived adherent cell
varying numbers of contaminating macrophages (lane 1 anmbpulation.

lanes 3-15). One population consisted predominantly of o )

macrophages (lane 2). Thirteen of the fourteen populatioridématopoietic and endothelial cells develop from a

with flat cells expressed readily detectable levels of the thrégdmmon precursor

receptor genedlk-1, tie-2 andflt-1 as well as high levels of The generation of hematopoietic and endothelial cells from the
PECAM-1. Four of these populations (lanes 1, 3, 4, and 13ame blast colony suggested that both lineages are derived from
showed no dmsexpression, indicating a la~
of contaminating macrophages while
remaining ten showed some macropt
component. In contrast to these patterns
macrophage population (lane 2) expre:
abundant levels of fis but showed little i
any expression of the other genes. None c
adherent populations expressed eifBidd or
Bmajor. All fifteen hematopoietic populatic
analyzed expressed low levels ft-1 while
only six showed any detectable levelgief2.
Significant levels oflt-1 were present in mo
of the hematopoietic populations and
expressed PECAM-1. Expression of tk
receptor genes in the hematopoi
populations could reflect the presence of
levels of contaminating adherent cells or
fact that some of these receptors are expre
by subpopulations of early hematopoietic ¢
(Fong et al., 1996; Kabrun et al., 1997).
expression of éms Pmajor andBH1 in mos
or all of the hematopoietic populations
consistent with the presence of cells of
macrophage and erythroid lineages. Toge
the findings from the gene expression ana
provide further evidence that the blast colc
derived adherent population conte
endothelial cells.

As a final study, adherent cells w
analyzed by transmission electron microsc
(TEM) for sub-cellular structure
characteristic of endothelial cells. One s
structure is the Weibel-Palade (WP) b
(Weibel and Palade, 1964) which is fot
exclusively in vascular endothelium. Adher
cells from eight different blast coloni
analyzed showed structures morphologic
similar to WP bodies (Fig. 4). These structt
consisted of single membrane bot
cylindrical, rod-like bodies which containe:
number of microtubules in an electron de
matrix. They were very often seen in cl
association to the Golgi complex,
previously reported (Ghadially, 1988). 1
average length of these organelles waguin:

and . the average diameter was fud, well Fig. 2.CD 31 staining and Dil-Ac-LDL uptake of adherent cell populations. A,C and
within _the range of reported size of WP bo E show the morphology of (A) DAT endothelial cells, (C) blast colony-derived
(Ghadially, 1988). Other ultrastructu  agherent cells (E) and NIH-3T3 cells under Nomarski optics. B,D and F show the
features that suggested the adherent cells  same (B) D4T, (D) blast colony-derived adherent cells and (F) NIH-3T3 cells stained
endothelial were the presence of br  forthe presence of CD31 (green) and analyzed for the ability to take up Dil-Ac-LDL
intercellular junctions and relatively abund (orange).
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A B

Fig. 3.RT-PCR analysis. Two 123456789 10112131415 123456789 10112131415
independent experiments (lanes 1-9 ;

and 10-15) are shown. A, adherent NPt - e b - - M M
cells; B, hematopoietic cells. '

Hematopoietic cells represent the
non-adherent cell fraction flk-1 . .“ - .*
harvested 3-4 days following

transfer of the blast colonies. fie-2 . -. - - .ot E’ wd u-,..;.;. - aé

Adherent cells were harvested

following a further 2 weeks in

260 bp;B-major, 578 bpR-H1, 265

bp. Primers fohprt, Bmajor, and | B

BH1 span the intron, such that _ e ‘ ” “’“ "- - '-
genomic DNA fragment will be w -
amplified. None of the samples

showed genomic DNA p-HI (- w “
amplification (not shown).

primitive and definitive hematopoietic precursors within theby this approach. Endothelial and hematopoietic populations
blast colonies (Kennedy et al., 1997). To determine if thérom 44 of these blast colonies were found to contain the same
endothelial and hematopoietic cells derived from the blagharker (24 pairs witmeq 20 with hygrg. In one instance, a
differentiated from 2 ES cell lines, one carrying temycin  while a second colony showed almost equal mixing in both the
(neg resistance gene and the second carryindhyiggomycin  adherent and hematopoietic populations. The fact that the vast
(hygro resistance gene were mixed for the generation of blastajority of endothelial and hematopoietic cells from individual

culture. Size of each RT-PCR flk-1 l ‘_,”_ = e p o e .
product is as followshprt, 249 bp; e
flk-1, 239 bptie-2, 197 bpfit-1, T

317 bp; ckms 274 bp; PECAM-1, PECAM-1 w. “ m m
approx. 1,100 bphprt), 1296 bp

(Bmajor), and 1,053 biH1)

a common precursor, provided that these colonies represesiltures were analyzed for the presence ofnib@and hygro
clones. Our previous study demonstrated the clonal origin afenes (Fig. 5). The progeny of 46 blast colonies were analyzed
colonies belong to the same clone, we used a cell mixing strateggnall neosignal was detected in the hematopoietic component
similar to the one used in our previous study. Cells from EBsf a colony that showed strohggrosignals in both populations
colonies. Adherent endothelial cells and hematopoietic cellslast colonies contain the same marker, strongly suggests that
generated from individual blast colonies from these mixedhey arise from a common precursor.

Fig. 4. TEM photomicrographs of adherent cells generated from blast colonies. Rod-shaped, single membrane bound structured with striate
microtubules are indicated by arrows. Double membrane bound mitochondria, indicated by asterisks, are shown for compaifisatioMag
(A) x62,500; (B)x150,000.
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The BL-CFC represents a transient cell population

of bipotential precursors restricted to the hematopoietic and

As indicated earlier, only a portion of the blast colonies fromendothelial lineages. However, it is possible that these cells
day 3 EBs contain both endothelial and hematopoietibave other potentials that do not develop in our assay or that
precursors, while others appear to be restricted to thare lost as the blast cell colonies develop. In preliminary
hematopoietic lineages. These different potentials could refleekperiments aimed at addressing this question we found that
differences in the stage of maturation of the blast colonyblast colonies are unable to generate cardiac muscle whereas
forming cells within the day-3 EBs, with those showing bothage-matched EBs from the same cultures efficiently generate

hematopoietic and endothelial potential

representing an earlier stage
development than those restricted
hematopoiesis. If this is true, younger I
might be expected to contain a hig
proportion of bi-potential precursors.
test this possibility, blast cell colon
generated from EBs differentiated
various times were analyzed for
presence of both endothelial ¢
hematopoietic precursors. As showr
Fig. 6, approximately 75% of the bl
colonies from day 2.5 EBs were able
generate both lineages. The numbe
blast colonies with both hematopoi¢
and endothelial potential dropg
significantly over the next 12-24 hours
EB development. In 2 of the
experiments, a higher proportion of bl
colonies from the later stage EBs w
restricted to hematopoiesis compare:
those generated from earlier EBs |
shown). The findings from this kine
analysis indicate that BL-CFCs with b
endothelial and hematopoietic poter
represent a transient population
develops early and persists for sl
periods of time in differentiating EE
Furthermore, they indicate that
development of the bi-potential BL-CI
precedes the onset of hematopoi
(Kennedy et al., 1997) and vasculogen
(Vittet et al., 1996) within the EBs.

DISCUSSION

We demonstrated in this study that b
cell colonies generated from ES c
derived embryoid bodies contain b
hematopoietic and endothelial ¢
precursors. Our previous studies h
shown that these blast cell color
contain both primitive and definiti
hematopoietic precursors and as ¢
provided the first link for these linea¢
through the BL-CFC. The demonstrat
of endothelial precursors in the bl
colonies adds a new and imporl
dimension to their developmen
potential and strongly suggests that
BL-CFC represents the lor
hypothesized hemangioblast.
BL-CFCs likely represent a populati

day 3.25 EBs

SN
. .
PN

non adherent o oo
hematopoietic ©°5°

precursors /

hematopoietic O !
colonies o O

| |

hematopoietic colonies and adherent cells from individual wells analyzed for
the presence of neo and hygro by PCR

l

hematopoietic and adherent cells
5H 5A 6H

blast cell
colonies

ph -

—_— adherent cells

controls
6a 1 lo1% 100% n !

1A 2H 2A 3H 3A 4H 4A
o ',.. '
oo = *.. ‘

Fig. 5. PCR analysis of hematopoietic and adherent cells from blast colonies generated
from a mixture oheoandhygrocontaining EBs. Hematopoietic colonies were generated
from the non-adherent population that developed 3 days following blast colony transfer.
Adherent cells were harvested for analysis following an additional 2 weeks in culture.
Analysis of hematopoietic (H) and adherent (A) cells from 6 individual colonies is shown.
Controls represent either theoor hygrocontaining ES cells alone (100%) or 0.01% of
each population mixed with the opposite population. N represents a sample with all the
reagents but no DNA.

T
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100 colonies differs from recent studies of Eichmann et al. (1997)
which showed that VEGFRZFIk-1*) chick embryo cells are
able to generate either endothelial cells when cultured in the
presence of VEGF or hematopoietic cells when cultured
without VEGF. Mixed hematopoietic and endothelial cultures
were not found in their analysis. The differences from our
findings could be related to the fact that the VEGF&Is
were already committed to the endothelial or hematopoietic
lineages or that conditions able to support the growth of both
populations simultaneously have not yet been defined for
b chicken cells. Given the transient nature of the BL-CFC within
the EBs in culture, it is likely that a similar narrow window
of development would exist for these precursors in either the

~
ol
1

and endothelial precursors
ol
o
1

% blast colonies with hematopoietic
N
(4]
1

o chick or mouse embryo. Consequently their isolation from
0 . . . . early embryos by cell sorting prior to commitment to the
25 3.0 35 4.0 hematopoietic and endothelial lineages might be difficult, if

not impossible. Growth of blast cell colonies from developing
embryos provides an alternate approach for their
Fig. 6.Kinetic analysis of developmental potential of the BL-CFC. jdentification. Preliminary studies indicate that BL-CFCs are
Blast colonies from EBs at different stages of developmentwere  yrasent in the developing mouse embryo for short periods of
ot oo wers o, ot ymbols IMe, Y 10 he establishment of the biood siands (1. Pl
: - ' G. Keller et al, unpublished observation). The full
represent results from three different experiments. developmental potential of these embryo-derived BL-CFC is
currently under investigation.
such cells under appropriate conditions. These findings In summary, we have identified a novel ES cell-derived
together with previous gene expression analysis demonstratiegnbryonic precursor population with both hematopoietic and
significant differences between blast cell colonies and EBsndothelial potential. These precursors develop early during
(Kennedy et al., 1997) are consistent with the interpretatioBB development and persist for a short period of time,
that the BL-CFCs do indeed have restricted developmentakeceding the onset of hematopoiesis and vasculogenesis. The
potential. Further characterization of the developmentaldentification and characterization of the BL-CFC in
potential of this putative hemangioblast will require isolationconjunction with the availability of many different knock out
of these precursors directly from the differentiating EBs. Th&S cell lines provides a unique opportunity to delineate the role
expression of the Flk-1 receptor could provide an ideal markexf specific genes in the establishment of hematopoiesis and
for their isolation (Kabrun et al., 1997). vasculogenesis.
The early development of the BL-CFCs within the EBs
along with their capacity to generate both hematopoietic and We thank P. Faloon, D.H. Fremont, D. M. Pardoll, S. Robertson,
endothelial cells suggests that this population represents theAn Smith, and C. Wall for critical comments on the manuscript; J.
vitro equivalent of the precursors that establish the yolk sa¢ardley, S. Chang, with TEM studies and T. Kolesnikova and L.

; ; P ._Landskroner for assistance with graphics and photography. The
blood islands in the embryo. The findings that blast colomeauthors would also like to thank N. Johnson and C. Monks for

develop in response to VEGF strongly suggest the VEGF/FIk&ssistance with the analysis of the immunoflourescent images. This

1 interaction is important for the proliferation and ok was supported by NIH grants RO1HL488344 (G. K.) and
differentiation of these precursors in vivo. This interpretatiorrR29HL55337 (K. C.).
is consistent with gene targeting studies which demonstrate a
severe impairment in the development of both the
hematopoietic and endothelial lineages in mice lacking FIK-REFERENCES
or VEGF (Shalaby et al., 1995, 1997; Carmeliet et al., 1996;
Ferrara et al., 1996). In addition to a role in proliferation of thexnagnostou, A., Liu, Z., Steiner, M., Chin, K., Lee, E. S., Kessimian, N.,
putative hemangioblast, the Flk-1 receptor appears to beand Noguchi, C. T.(1994). Erythropoietin receptor mRNA expression in
involved in cell migration as th#ék-17- cells are unable to Sg‘;]’g;” ?”?\;I)”r‘gll'g'r;eﬁgm"_’\‘a?'- AAC‘%‘?I- eSrCIMUS?{ 32:239975- LT
. . . , T., Mu , T., Sullivan, A., Silver, M., v ,R., Li, T.,

colonize the developlng y.0|k. S.ac region of thgse em.bryOé Witzenbichler, B., Schatteman, G., and Isner, J. M(1997). Isolation of
(Sha|ab¥ etal, ];997)- Wh"e it is clear that the Interaction of putative progenitor endothelial cells for angiogeneitence75 964-967.
VEGF with Flk-1 is essential for the development of functionalcarmeliet, P., Ferreira, V., Breier, G., Pollefeyt, S., Kieckens, L.,
blood islands, the residual hematopoietic activity observed in Gertsenstein, M., Fahrig, M., Vandenhoeck, A., Harpal, K., Eberhardt,
flk-17- embryos and the presence of both hematopoietic and$: Peclercd, C., Pawling, J., Moons, L., Collen, D, Risau, W., and Nagy,

dothelial cells in VEGE- embrvos suadests that these A. (_1996). Abnormal blood vessel development and lethality in embryos
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