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SUMMARY

In this report, we describe the identification and numbers of primitive erythroid precursors as well as a
characterization of an early embryoid body-derived subset of precursors associated with early stage definitive
colony, termed the transitional colony, which contains cell hematopoiesis. Blast cell colonies contain higher numbers
populations undergoing the commitment of mesoderm to and a broader spectrum of definitive precursors than found
the hematopoietic and endothelial lineages. Analysis of in the transitional colonies. ES cells homozygous null for
individual transitional colonies indicated that they express the SCL/tal-1 gene, a transcription factor known to be
Brachyury as well asflk-1, SCL/tal-1, GATA-1, fH1 and essential for development of the primitive and definitive
Pmajor reflecting the combination of mesodermal, hematopoietic systems, were not able to form blast colonies
hematopoietic and endothelial populations. This pattern but did form transitional colonies. Together these findings
differs from that found in the previously described suggest that the transitional colony represents a stage of
hemangioblast-derived blast cell colonies in that they development earlier than the blast cell colony and one that
typically lacked Brachyury expression, consistent with their  uniquely defines the requirement for a functionalSCL/tal-
post-mesodermal stage of development (Kennedy, M., 1 gene for the progression to hematopoietic commitment.
Firpo, M., Choi, K., Wall, C., Robertson, S., Kabrun, N.

and Keller, G. (1997) Nature 386, 488-493). Replating Key words: Embryoid body, Mesoderm, Hematopoiesis, Endothelial,
studies demonstrated that transitional colonies contain low SCL/tal-1

INTRODUCTION (P-Sp)/aorta-gonad-mesonephros (AGM) region and shortly
thereafter in the developing fetal liver (Metcalf and Moore,
The hematopoietic and vascular systems of the mouse develd®71; Godin et al., 1993; Medvinsky et al., 1993; Muller et al.,
from extraembryonic splanchnopleuric mesoderm, cells 01994). The transition from yolk sac to fetal liver defines the
epiblast origin, which migrate through the primitive streak toswitch from the single-lineage primitive erythroid program to
the presumptive yolk sac between days 6.5 and 7.0 of gestationultilineage hematopoiesis which includes definitive
Commitment to the hematopoietic and endothelial lineagesrythropoiesis, myelopoiesis and lymphopoiesis.
within the yolk sac results in the development of discrete While it has long been recognized that the yolk sac blood
structures known as blood islands (Haar and Ackerman, 197ikjands represent the first site of hematopoiesis and vascular
Russel, 1979). These blood islands are organized into an outlvelopment in the mouse embryo, the mechanisms regulating
layer of endothelial precursors, also known as angioblastspesodermal commitment to these lineages as well as the
surrounding an inner cluster of primitive erythroblasts, aelationship of these lineages to one another remain poorly
population of large nucleated red blood cells that producanderstood. In recent years, these questions have become a
embryonic globins (Barker, 1968; Brotherton et al., 1979). Thenajor focus in developmental hematopoiesis and are being
generation of a single hematopoietic lineage, primitiveaddressed using a number of different model systems. With
erythrocytes, within the yolk sac is the defining characteristicespect to mesodermal development and commitment, a
of the primitive hematopoietic system of the early embryo. Th@umber of studies have implicated visceral endoderm as
developing angioblasts of the blood islands rapidly fornplaying a key role at some stage in this process (Wilt, 1965;
the first vascular network in the yolk sac through a processliura and Wilt, 1969; Bielinska et al., 1996; Belaoussoff et
known as vasculogenesis. Yolk sac hematopoietic activitgl., 1998). Although its potential importance is recognized, the
declines dramatically between days 10 and 12 of gestatioprecise function of endoderm is not yet fully understood as
concomitant with the initiation of intraembryonic some studies indicate that it is essential for the commitment of
hematopoiesis, initially in the paraortic splanchnopleurgrimitive ectoderm to mesoderm fates (Belaoussoff et al.,
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1998) whereas others suggest that it plays a role in the developing embryo, hematopoietic precursors expressing
formation and organization of yolk sac blood islands andvhat are generally considered endothelial-specific markers
vessels (Bielinska et al., 1996). In addition to the influence diave recently been isolated from the AGM region at day 11 of
cell populations such as endoderm, findings from studies usirgestation (Nishikawa et al., 1998b). Whether or not these
Xenopusanimal cap induction assays, mouse knockouts angrecursors also display endothelial potential remains to be
embryoid body differentiation have implicated specificdetermined.
molecules including activin, fibroblast growth factors and Access to specific early developing cell populations, such as
BMP4, in mesoderm induction, ventralization and bloodthe BL-CFC in the ES/EB system, provides an experimental
formation (Smith and Howard, 1992; Hogan et al., 1994approach to identify and characterize key molecular events
Johansson and Wiles, 1995; Schulte-Merker and Smith, 199Bvolved in the commitment of mesoderm to the hematopoietic
Winnier et al., 1995; Boucher and Pedersen, 1996; Huber ahd endothelial lineages. Several observations indicate that the
al., 1998; Xu et al., 1999). SCL/tal-1gene (hereafter referred to 8€L), a member of the

Formation of blood islands in the yolk sac is noteworthy irbasic helix-loop-helix (bHLH) transcription factor family,
that commitment of mesodermal precursors results in thplays an important role in these processes including the
simultaneous development of the hematopoietic and vasculdevelopment of the putative hemangioblast. First, gene
lineages in immediate proximity to each other (Haar andargeting studies sho8CLto be essential for both primitive
Ackerman, 1971). This observation provided the basis for thand definitive hematopoiesis as well as for the proper
hypothesis, first put forward in the early 1900s, that theseemodeling of the primary capillary plexus in the yolk sac
lineages derive from a common bi-potential precursor, a ce{Robb et al., 1995; Shivdasani et al., 1995; Visvader et al.,
termed the hemangioblast (Sabin, 1920; Murray, 1932; antl998). Second, overexpression €L in zebrafish embryos
reviewed in Risau and Flamme, 1995). While the identificatioteads to expanded expression of both hematopoietic and
and isolation of precursors with characteristics of theendothelial markers (Gering et al, 1998). Third,
hemangioblast has been difficult, a number of findings daverexpression oSCL in zebrafishcloche mutant embryos
provide support for the existence of such a cell. Theescues defects in the hematopoietic and endothelial lineages
observation that the hematopoietic and endothelial lineagdkiao et al., 1998). Given its role in early yolk sac
express a number of different genes in common, includinpematopoiesis and possibly in hemangioblast development, we
CD34 (Young et al., 1995)flk-1 (Millauer et al., 1993; were interested in determining the function of SCL in the
Yamaguchi et al., 1993; Eichmann et al., 1997; Kabrun et alestablishment of the BL-CFC and commitment to the
1997),flt-1 (Fong et al., 1996)TIE2 (Takakura et al., 1998), hematopoietic and endothelial lineages within EBs. Here we
SCL/tal-1(Kallianpur et al., 1994)GATA-2(Orkin, 1992) and report that SCL/~ ES cells are unable to generate
PECAM-1(Watt et al., 1995) is one line of evidence in supporthemangioblast-derived blast colonies but do give rise to
of the hemangioblast. Additional indirect support has beenolonies that appear to represent a novel stage in the transition
provided by gene targeting studies in the mouse, whicfrom mesoderm to hematopoietic and endothelial lineage
demonstrated that the disruptionfid¢1(Shalaby et al., 1995, commitment. These colonies, referred to as transitional
1997),SCL/tal-1(Robb et al., 1995; Shivdasani et al., 1995)colonies, are also generated by wild-type ES cells and are
and TGFB1 (Dickson et al., 1995) all effect the developmenteasily distinguished by morphological criteria from blast cell
and growth of both the embryonic hematopoietic ancdolonies and secondary embryoid bodies. The gene expression
endothelial lineages. Finally, studies in zebrafish have showprofile and developmental potential of the transitional colony
that the mutationcloche disrupts the development of suggests that it represents a stage of development earlier than
hematopoietic lineages and endocardium in the embrythe blast colony and one that spans progression from SCL-
(Stainier et al., 1995). independent to SCL-dependent events.

More direct evidence supporting the existence of the bi-
potential hemangioblast has come from studies using the in
vitro differentiation of embryonic stem (ES) cells as a modejATERIALS AND METHODS
of embryonic hematopoiesis. Using this system, we identified
a precursor in ES cell-derived embryoid bodies (EBs) that, ig owth and differentiation of ES cells

response to vascular endothelial growth factor (VEGFEQCL‘/‘ and wild-type embryonic stem cells were maintained on
u

generates blast cell colonies with both hematopoietic angejatinized flasks in Dulbecco's modified Eagle medium (DMEM)

endothelial potential (Choi et al., 1998). The precursor thadypplemented with 15% fetal calf serum (FCS), penicillin,
generates this bi-lineage colony, the blast colony-forming celtreptomycin, 1% supernatant containing leukemia inhibitory factor
(BL-CFC) represents a transient population that develops prigciF) and 1.5%104M monothioglycerol (MTG; Sigma). 2 days prior to
to other hematopoietic populations within EBs and persists fdhe onset of differentiation, cells were transferred to Iscove’s modified
approximately 24 hours. These characteristics of the BL-CF@ulbecco’s medium (IMDM) containing the above components. For the
strongly suggest that it represents the in vitro equivalent of tgeneration of EBs, ES cells were trypsinized into a single-cell
hemangioblast. In another study, Nishikawa et al. (199Baagiﬁ‘z’:‘z;?oscgeg::tign?;r‘]’i":‘}'gal?\}l%&egjggzrése?‘?ég‘r’veghCfélos//"":'z:'smo
. . (] ,
demonStrated. the presence of precursors W.Ith hematopoie gran L-glutamine (Gibco/BRL), 0.5 mM ascorbic acid (Sigma), and
and endothelial potential in FIk=Jpopulations isolated from , 154"\ MTG in 60 mm . Petri grade dishes. Cultures were

differentiating ES cells. Given that the blast colony cells thanaintained in a humidified chamber in a 5%(0 mixture at 37°C.
we identified also expredik-1, these precursors are likely

similar, if not identical, to the BL-CFC. Although cells with Methyl cellulose colony assay
potential similar to the BL-CFC have not yet been identified irFor the generation of blast cell and transitional colonies, EB cells were
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plated at 0.810°-1.5x1CF cells/ml in 1% methylcellulose performed as previously described (Deterding and Shannon, 1995).
supplemented with 10% FCS (Hyclone), vascular endothelial growtBlides were dipped in NTB-2 emulsion, developed after a period of
factor (VEGF; 5 ng/ml) and 25% DA4T endothelial cell conditionedexposure appropriate for each probe and lightly counterstained with
medium (Kennedy et al., 1997). Colonies were scored following Hematoxylin.

days of culture. For the growth of hematopoietic precursors, cells were

plated in 1% methylcellulose containing 10% plasma-derived serum

(PDS; Antech), 5% protein-free hybridoma medium (PFHM-I pEgyLTS

Gibco-BRL) plus the following cytokines: c-kit ligand (KL; 1%

conditioned medium), VEGF (5 ng/ml), erythropoietin (2 U/ml), IL- . . . . _

11 (25 ng/ml), IL-3 (1% conditioned medium), GM-CSF (3 ng/ml), Gene expression analysis during EB differentiation

G-CSF (30 ng/ml), M-CSF (5 ng/ml), IL-6 (5 ng/ml), and LIF (1 We have previously reported the identification and
ng/ml). Cultures were maintained at 37°C in 5%2@®. Primitive ~ characterization of an EB-derived precursor that gives rise to
erythroid colonies were scored at day 5-6 of culture, whereaa blast cell colony with both hematopoietic and endothelial
definitive erythroid (BFU-E), macrophage, mast cell, granulocytepotential (Choi et al., 1998). This precursor, the blast colony-
macrophage and mixed colonies were counted at 7-10 days of cultufgrming cell (BL-CFC), which has characteristics of the
For the liquid expansion cultures, individual secondary EBSQemangioblast, is detected within EBs between days 2.75

transitional colonies or blast colonies were transferred to matrige . L . -
coated (Collaborative Research) microtiter wells containing IMDM nd 4.0 of differentiation. Given that the endothelial and

with 10% FCS (Hyclone), 10% Horse Serum (Biocell), VEGE hematopoietic lineages are of mesodermal origin, we reasoned
(5 ng/ml), IGF-1 (10 ng/ml), Epo (2 U/ml), bFGF (10 ng/ml), IL-11 that mesoderm formation and the events Iea.dmg. to the
(50 ng/ml), KL (1% of the sup), IL-3 (1% conditioned medium), development of the BL-CFC must be occurring in the
endothelial cell growth supplement (ECGS, 1@0ml; Collaborative  differentiating EBs prior to this time. As an initial step in
Research), L-glutamine (1%), and x1®% M MTG (Sigma). the characterization of molecular events associated with
Following 4 days of growth, the entire contents of each well waglevelopment of the BL-CFC and subsequent hematopoietic
harvested using trypsin and the cells cultured in 1 ml of methyhnd endothelial commitment within the ES differentiation
cellulose contain the above mixture of cytokines. LIF and c-kit "gamtultures, EBs were harvested at either 24, 12 or 6 hour intervals
were derived from media conditioned by CHO cells transfected W'tl?)ver a 6-day period and analyzed for gene expression patterns.

LIF and KL expression vector, respectively (kindly provided by - o i .
Genetics Institute). IL-3 was obtained from medium conditioned b);l'_he genes used for this analysis includek-1 encoding a

X63 AG8-653 myeloma cells transfected with a vector expressing “_zlnc-finger transcription factor_exp_ressed_ in_ totipotent ES cells
3 (Karasuyama and Melchers, 1988). VEGF, GM-CSF, M-CSF, IL-@nd downregulated upon their differentiation (Rogers et al.,

and IL-11 were purchased from R&D systems. 1991); Brachyury encoding a T-box transcription factor
_ _ expressed initially in the primitive streak and ingressing
Gene expression analysis mesoderm, and later in the notochord and posterior mesoderm

The gene expression analysis was carried out using the RT-PQRierrmann et al., 1990; Wilkinson et al., 1998;1 (VEGF-
method described by Brady et al. (1990). Reverse transcriptiorR2), encoding vascular endothelial growth factor receptor
pc_’t'z(ﬁ]) tailing t"’_‘”d tl;Cthhprc;f(%c:_l;re? Werelpetr_fé)rmed as dfsc”get@yrosine kinase 2 expressed in the earliest stages of endothelial
with the exception that the oligonucleotide was shortened 19nq  hematopoietic development (Millauer et al., 1993;
5-GTTAACTCGAGAATTC(T)24-3. The amplified products from Ya%'lnaguchi etpal. 1993: Kab?un et al(. 199¢L encoding a

the PCR reaction were separated on agarose gels and transferred {o . L .
Ix-loop-helix transcription factor expressed in the
e

Zeta-probe GT membrane (Biorad) or transferred to the membra . . T .
with a slot-blot apparatus (Schleicher & Schuell). The resulting blot§l€veloping endothelial and hematopoietic lineages (Kallianpur

were hybridized witt$2P randomly primed cDNA fragments (Ready- €t al., 1994); GATA-1 encoding a transcription factor
to-Go Labelling, Pharmacia) corresponding to theegion of the expressed in hematopoietic but not endothelial cells (Orkin,
genes (for all excepBH1). A BH1-specific probe was prepared by 1992); andpBmajor globin a gene expressed only in the
annealing two oligonucleotides, '{SGGAGTCAAAGAGGGCAT-  erythroid lineage. As shown in Fig. 1, the expression patterns
CATAGACACATGGG-3, 3-CAGTACACTGGCAATCCCATGTG-  for these genes changed in a dramatic fashion throughout the
3) which share an 8-base homology at theiteBmini. ThisBH1-  §.qay EB time course and correlated well with our previous
specific oligonucleotide was labeled wiP using a Klenow fillin - 5n2\usis and with the kinetics of hematopoietic commitment as
reaction. defined by colony assays (Keller et al., 1993; Kennedy et al.,

In situ hybridization 1997). )

Embryoid bodies and transitional colonies were harvested from Reéx-l1was found to be expressed in ES cells and then
methylcellulose with a micropipette, washed, and resuspended in a @@wnregulated over the course of 5 days as these cells
tail collagen solution that was subsequently gelled. The envelopedifferentiated and formed EBs, a pattern consistent with
colonies were fixed in freshly prepared 4% paraformaldehyde angrevious findings (Rogers et al., 199BJjachyuryexpression
embedded in paraffin. Antisense and sense RNA probes weigas first detected 48 hours following the onset of
transcribed from a 946 bp fragmentRrachyury a 724 bp fragment  differentiation, indicating that mesoderm was induced early
of Dr Stuart Orkin), and a 2 kb fragment@ATA-1(a gift of Dr Gerd (gansient with peak levels found at approximately day 3 of

Blobel) using a commercially available kit (Riboprobe; Promega) and.. i :
33 - . ' ; . ifferentiation followed by a gradual decline to undetectable
[3SPJUTP (2000-4000 Ci/mmol; NEN Life Science Products). TheI els by day 6.flk-1 was first detected by day 2.75,

transcribed riboprobes were reduced to an average size of 300 bp . ;
limited alkaline hydrolysis then used for in situ hybridization. To@PProximately 18 hours following the onset of Brachyury
evaluate co-localization of the different mRNAs, each of four€Xpression, suggesting commitment to the first vascular and
consecutive 4um sections was placed on an individual slide andhematopoietic lineage precursors at or around this time. The
hybridized with one of the four riboprobes. In situ hybridization wasonset offlk-1 expression at day 2.75 is consistent with our
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Fig. 1. Gene expression analysis of developing EBs. EBs at the
indicated times were pooled andc®NA prepared by RT-PCR.

Total cDNAs from the time course (approx. x@ each) were run

side by side on a 1.5% agarose gel, blotted and probed separately
with 3 probes from the indicated genes. The time of EB
development is shown at the top of the figure. Undifferentiated ES
cells are represented as time 0. Hybridization withm@e from

the L32 ribosomal protein gene was included to control for amounts
of cDNA loaded for each time point.

hemangioblast developme®CL7~ ES cells were assayed for
their potential to generate the VEGF-responsive BL-CFC. As
shown in Fig. 2ASCL7~ES cells were incapable of generating
typical blast cell colonies in response to VEGF, whereas the
wild-type SCL** cells did form such colonies. Although the
SCL”~precursors did not generate blast colonies, they did give

previous findings, which demonstrated the presence of ceilse to colonies that clearly differed in morphology from
surface FLK-1 expression and the emergence of the VEGEBecondary EBs. These colonies, which we will refer to as
responsive BL-CFC in the EBs approximately 6 hours latetransitional colonies, have a more ruffled appearance than the

(Kabrun et al., 1997; Kennedy et al., 1993LL expression
was found by day 3.5 of differentiation a@®ATA-1 was

secondary EBs, but are more compact and contain larger cells
than the blast cell colonies (Fig. 2C). Transitional colonies

present following a further 12 hours of culture (day 3.75-4.0)were most readily detected in t&€L7~ cultures. However,
suggesting restricted commitment to the hematopoietic systeapon closer inspection, they were also observed in cultures
in the EBs at this stage. The onset of expression of these tirom wild-type EBs. In addition to th8CL7~ and wild-type

transcription factors was followed by the expressiofinséjor

ES cells analyzed here, other ES cell lines that we have tested

globin at approximately day 4.5, defining the beginning ofincluding CCE and J1 are able to generate transitional colonies.

erythropoiesis. This pattern of ge
expression observed within the E A

B

is consistent with the sequence
developmental events found 1000
the mouse embryo where
extraembryonic mesoderm gives |
to cells of both the hematopoie
and endothelial lineages in 1
developing yolk sac. The spec
timing of the onset of expression
these genes highlights the pre:
temporal regulation of molecul
programs within the differentiatir
EBs.
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CFC within the EBs (Kennedy et ¢

1997; Choi et al., 1998) precec
SCL expression by approximate
18 hours. This sequence of eve
suggests that SCL might not
required for development of t #

BL-CFC, but rather may be involv
in the commitment of the:
precursors to the hematopoie
lineages, a role consistent with

Fig. 2. Replating potential 6cBCL7~andSCL** EBs. Day 3.25 EBs generated from the indicated
ES cell lines were replated into methylcellulose in the presence or absence of VEGF plus
appropriate growth factors and the number and type of colonies scored 4 days |&€L-(Aand

known requirement for embryor gci++ EBs replated in the presence of VEGF. @)L~ andSCL** EBs replated in the absence

hematopoietic development (Robt  of VEGF. Bars represent standard error of the mean of 3 cultures. Numbers above the bars show the

al., 1995; Shivdasani et al., 19¢ percentage of total within that group from a single representative experiment. (C) Morphology of a
To determine the role of SCL representative secondary EB, transitional colony and blast colony (original magnifk@a@)n
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As a first step towards defining the relationship of the 2500
transitional colonies to the blast cell colonies, we analyze 1 Transitional
their VEGF responsiveness. As shown in Fig. 2B, transitione = Blast
colonies do not require VEGF for growth, as they were readil' 2000
detected in wild-type cultures with no added cytokine. In fact
cultures without VEGF contained more transitional colonies
than those with VEGF. The decrease in the number ¢
transitional colonies with the addition of VEGF was observec
consistently and the magnitude of this effect ranged from 1.
to 4.0-fold [average of 2.2+1.1 (s.e.m.)] in 7 independen
experiments. As expected from our earlier findings (Kenned
et al., 1997), the reverse was true for the blast colonies, as th
number increased dramatically with the addition of VEGF. The
increase in blast colony numbers ranged from 7- to 30-fold i
most experiments. The impact of VEGF on the number o = |_|I

T T T
3.0 35

1500

1000

500 —

# colonies per 500,000 cells

secondary EBs was less dramatic than on transitional and bl: 0
colonies as we observed no change or a slight increase in th 20 25

number in 3 of the 7 experiments. In the remaining < TIME (days)
experiments, the number of secondary EBs did decreas'gi' . 3.Kinetics of transitional colony development. EBs

howe_v_er, the slze of this decrease was less than observed WitHerentiated for the indicated times were dissociated and replated in
transitional colonies (range 1.3-1.6 fold, average of 1.5+0.1semi-solid medium with VEGF. Cultures were scored 4 days later for
fold). In contrast to wild-type cultures, the numberSEL"~  the number of blast and transitional colonies. Where visible, bars
transitional colonies did not show a consistent change with thepresent the standard error of the mean of 3 cultures.

addition of VEGF. No change was observed in two experiments
while a decrease of 1.2-fold was observed in the third.

The proportion of the different types of colonies generategrrimary EBs), and decreased steadily over the time course of
from wild-type EBs did vary in the presence or absenc¢he experiment. Blast colonies were not detected in the replated
of VEGF, as shown in Fig. 2. In cultures without VEGF, cultures of day 2 and 2.5 EBs, but were found in cultures of
transitional colonies represented between 12% and 41%ay 3.0 EB cells. These findings demonstrate that the precursor
(average 29+3.3% from 7 experiments) of the total number dhat generates the transitional colony develops within the
colonies, blast colonies between 0 and 8% (average 3.3z1.2%iimary EBs prior to the BL-CFC and support the
and secondary EBs between 50% and 80% (averageterpretation that the transitional colony represents a
67.5+£3.5%). With VEGF, the proportion of transitional developmental stage earlier than the blast cell colony.
colonies dropped to between 2 and 16% (average 13+2%), the _ _ N
blast colonies increased to between 17 and 51% (avera&ene expression analysis of the transitional
39+6%) and the secondary EBs decreased to between 31 gfionies
69% (average 49+6%). As blast cell colonies did not developo further characterize the transitional colonies with respect to
in theSCL™" cultures, there was little change in the proportiondevelopmental status and their relationship to the secondary
of the different types of colonies that developed in the presend&Bs and blast cell colonies, individual colonies of the three
and absence of VEGF. different types were subjected to gene expression analysis with

The observation that the number of transitional coloniethe same panel of probes used for the primary differentiation
decreased and the number of blast colonies increased with tbeltures described in Fig. 1. All secondary EBs analyzed were
addition of VEGF to wild-type cultures suggests that goositive forRex-land most also expressed variable levels of
subpopulation of BL-CFC and a subpopulation of precursorBrachyury(Fig. 4A). Few secondary EBs expresdigel, one
that generate the transitional colonies represent similar, if nexpresse®CLand none express&@ATA-1nor the embryonic
identical, stages of development. These precursors appear(f8H1) or adult Bmajor) globin genes. This pattern of gene
be SCL dependent as they are absent irSBE’~ cultures.  expression suggests that many of the secondary EBs have
Transitional colonies that do develop in the presence dhitiated mesoderm induction but most have not yet progressed
VEGF likely derive from a more immature cell, possibly oneto the early stages of hematopoietic and endothelial
that is SCL independent. Together these findings areommitment. The expression pattern in these 4-day old
consistent with the interpretation that transitional coloniesecondary EBs differs from that observed in the primary EB
develop from a population of precursors that exhibits aultures at day 4 of differentiation (Fig. 1). This difference is
continuum of developmental potentials ranging from thosdikely due to the fact that the primary cultures are relatively
more immature than the BL-CFC to those similar to BL-heterogeneous by day 4 of differentiation and consist of
CFCs. colonies with transitional morphology in addition to those of

If this interpretation is correct, than precursors able tdypical EB morphology.
generate transitional colonies should be detected within the In contrast to the secondary EBs, relatively few transitional
developing EBs before BL-CFCs. To test this, a kineticcolonies expresseldex-1 almost all weréBrachyurypositive,
analysis of transitional and blast cell colony development waand all expresseflk-1 and SCL Most transitional colonies
carried out. As shown in Fig. 3, transitional colonies wereexpresse@ATA-1 and more than half also expresgktl and
detected at highest levels at the earliest time point tested (d2B3thajor globins Expression oBrachyuryalong with the later
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Fig. 4. Gene expression analysis of secondary EBs, transitional
colonies and blast colonigg\) 15 individual secondary EBs,
transitional colonies and blast colonies were analyzed for expression
of the indicated genes. Expression of the ribosomal prbgdigene

was used as an indication of the amount of material in each lane.
(B) Expression analysis of 5 individual transitional colonies derived
from wild-type ES cells§CL**, left) and 5 transitional colonies
derived fromSCL7-ES cells (right). (C) In situ hybridization
expression analysis of secondary EBs and transitional colonies from
wild-type ES cells. Representative results are showBrachyury

flk-1, SCLandGATA-1in both light-field (a,c,e,g,i,k,m,0) and dark-
field (b,d,f,h,j,l,n,p). Arrows in panels j and | indicate areas of
Brachyuryexpression in transitional colonies.
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lineage markers is consistent with the interpretation that a endoA
individual transitional colony encompasses developmente
programs ranging from mesoderm to the early stages ¢
hematopoietic and endothelial commitment and differentiatior Tr.1 Tr.2 Tr.3 - — —
These expression patterns also suggest that the extent

hematopoietic commitment in transitional colonies ranges fror Bl.1 ol.2 ESd0

early (little GATA-1and no globin expression) to relatively late ESd1  ESd2  ESd3

stages GATA-1and globin expression). Blast colonies did not ESd4  ESdS  ESd6 — -
express significant levels &ex-1or Brachyury All expressed

flk-1, SCLandGATA-1 and most expressed both globins. This L32 endoB

pattern is consistent with our previous observations (Kennec -
et al., 1997) and indicates that these colonies represent
postmesodermal stage of development and contain mixtures -
hematopoietic and endothelial precursors. The expressic |gp
profile of the three types of colonies clearly supports th
interpretation that they represent a developmental progressi -
with transitional colonies bridging the gap between the |&illp
secondary EBs and the blast cell colonies.
Analysis of theSCL~- transitional colonies demonstrated Fig. 5. Expression of extra_er_nbr_yonic endodermal cytokeratin type Il
that they all expresseitk-1, with a portion also expressing (€ndoA and endoB). Hybridization of endoA and endbBral
Brachyury In contrast to the wild-type colonie§CL7- probes against total-8nd cDNAs from a subset of secondary EBs,

.2 . . . transitional colonies and blast cell colonies presented in Fig. 4A, as
transitional colonies did not expreSEL, GATA-1or fmajor well as a subset from the primary EB time course in Fig. 1. The

globin (Fig. 4B), a finding consistent with earlier studies .,ony samples were selected to form a developmental series as
(Elefanty et al., 1997). This pattern Bfachyuryexpression  determined by marker gene analysis and had the following

in which only a portion of the transitional colonies areexpression profiles: EBRex-, Brachyury; EB2: Rex-T,

positive is observed in some experiments and is consisteBtachyury; EB3:Rex-1, Brachyury ; Tr.1: Brachyury, FIk-1*,

with the interpretation that these colonies contain celSCL; Tr.2:Brachyury, Flk-1*, SCL*, GATA-I'; Tr.3: Brachyury,
populations that are undergoing rapid differentiation fronFlk-1*, SCL*, GATA-I', globin (5-H1 andfmajor)*; Bl.1 and Bl.2:
mesoderm to cells of the hematopoietic and endothelidilk-1", SCL", GATA-T', globin®. ESdO represents undifferentiated
lineages. The expression patterns found in 8@L7- ES cells and ESd1 through I_ESd6 are embryoid bodies differentiated
transitional colonies suggest that the earliest stages 6qr1through6days respectively. Samples were transferred to a

hemanaioblast commitment are occurfin but  tha ylon membrane using a slot blot apparatus. Expression of the
g 9 ibosomal protein L32 gene was used as a control for the amount of
subsequent developmental events are blocked.

- > ... _material loaded in each lane.
The gene expression analyses indicate that the transitional

colonies consist of mixtures of mesoderm and developing
hematopoietic and endothelial precursors. To determine thE998). To determine if extraembryonic endoderm is present
spatial organization of the cells within the transitional coloniesvithin the transitional colonies, we analyzed them for
expressing these different genes, in situ hybridization wasxpression of the extraembryonic endodermal cytokeratin type
performed (Fig. 4C). Small clusters Bfachyuryexpressing Il genes.endoA(Morita et al., 1988) andndoB(Singer et al.,
mesodermal cells were found in the center of the transitiondl986). Both genes are expressed initially in the trophectoderm
colonies (Fig. 4Cj,l, arrows), surrounded fik-1* cells that and later in the epithelium formed by the yolk sac visceral
likely represent the developing endothelial and possiblendoderm (Duprey et al., 1985; Hashido et al., 1991). Our
hematopoietic precursors. It is this outer layer fiaf1* analysis also included three secondary EBs (EB1-EB3)
cells that apparently gives the transitional colonies theirepresenting slightly different stages of development as defined
distinguishing morphology. Only a subpopulation fi-1* by gene expression, two blast cell colonies and the primary EB
cells expresse8CLand even fewer express€i®TA-1 These time course presented in Fig. 1. As shown in Fig. 5, the
expression patterns support the interpretation that thexpression pattern of the two genes is almost identical, with
transitional colonies represent a spectrum of differentiatinghe highest levels in the transitional colonies and very little, if
cells from an inner mesodermal core to the more peripherany, expression in the blast colonies. In addition to the
populations that express both hematopoietic and endothelighnsitional colonies, a low level oéndoA and endoB
markers. In the secondary EByachyuryexpression tended expression was detected in the most developmentally advanced
to be more evenly spread throughout the colony, witkld  secondary EBs (EB3). Both genes showed a transient
expression, when observed, was seen at the periphery. expression pattern over the primary EB time course, with onset
The fact that transitional colonies contain mesodernbetween days 2-3, peak levels at day 4 and extinction between
together with cells expressing genes indicative of thelays 5 and 6. This pattern is slightly delayed compared to that
developing hematopoietic and endothelial lineages suggestbserved foBrachyury(Fig. 1). These analyses demonstrate
that induction events involved in these early commitment stepgbat cells that express the endoderm mar&edoAandendoB
are taking place within these colonies. In forming the firsare present in the transitional colonies and further support the
hematopoietic cells in the yolk sac blood islands there igterpretation that these colonies span developmental stages in
increasing evidence for critical interactions between viscerakhich mesoderm is induced to form the endothelial and
endoderm and extraembryonic mesoderm (Belaoussoff et ahematopoietic lineages.
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Fig. 6. Hematopoietic potential of secondary EBs, transitional colonies and blast cell colonies. The two bars to the left ohthérdividi
each panel measure the proportions of the indicated cultures with hematopoietic precursors (hatched bars) and/or tegtidugr&Bbdrs).
Cultures were scored positive for hematopoiesis if they contained one or more hematopoietic colonies. Percents may @atsespaiel 0
cultures gave rise to both tertiary EBs and hematopoietic colonies. The bars to the right of the dividing line in eagingzamtithe
distribution of precursors in the cultures that were scored positive for hematopoiesis. Gray shaded bars represenagespeadyrsors,
while the black bars represent the more advanced definitive precursors. Twenty individual colonies were analyzed for eawthtiet of
Mix, multilineage colonies consisting of cells of the definitive erythroid, macrophage, neutrophil and mast cell lineBgasmitive
erythroid colonies; Mac, macrophage colonies2Fagfinitive erythroid colonies; Mast, mast cell colonies; Ery/Mast, bi-lineage definitive
erythroid and mast cell colonies. The left panel represents the potential following direct replating of the colonies (ieieas)the right
panel is the potential following the 4-day expansion culture (Expanded).

Hematopoietic potential of transitional colonies VEGF gave rise almost exclusively to tertiary EBs. When the
To further define the developmental stage represented by the EBscondary EBs were maintained in culture for an additional 4
the transitional colonies and the blast cell colonies, individualays prior to replating, approximately 50% of them from
colonies of each type were analyzed for hematopoietic potentiauiltures with or without VEGF generated hematopoietic
based on precursor content as assayed by colony growth precursors. Three different types of precursors were
methylcellulose (Fig. 6). For this analysis, colonies were eithetonsistently detected upon replating the expanded secondary
dissociated and replated into the hematopoietic colony ass&Bs: primitive erythroid (Em), macrophage (Mac) and
(‘direct replating’) or first cultured for 4 days in liquid and thenmultipotential (Mix), which gave rise to multilineage colonies
replated in methylcellulose (‘expanded replating’). This 4-dayconsisting of cells from the definitive erythroid, macrophage,
culture period was designed to expand and/or mature theeutrophil and mast cell lineages. This combination of
hematopoietic potential of the colonies. As VEGF has beeprecursors, which is similar to that observed at the onset of
shown to impact the development of a subpopulation ofiematopoietic development in the primary EBs, is indicative
transitional colonies, those generated in the presence and abseoithe early stages of hematopoietic commitment and therefore
of this cytokine were assayed. Secondary EBs generated in batfill be referred to collectively as early stage precursors.
sets of conditions were also included in this analysis. Transitional colonies showed greater hematopoietic potential
When replated directly into methylcellulose cultures,than the EBs in the direct replating assay, as a significant
secondary EBs generated either in the presence or absencepufportion were found to contain the same early stage
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precursors as detected in the EB expansion cultures. VEGF  Table 1. Generation of secondary colonies from
appeared to influence the hematopoietic potential of the transitional and blast colonies

transitional colonies as a higher proportion (~75%) of those
grown in the presence of the cytokine gave rise to hematopoietigpe of colony  Cell no.

Secondary colonies pex1(® Cells

colonies upon replating compared to those grown in its absencglated per colony Blast Bty Mac Mix  Eryd
(~50%). Following the 4-day culture/expansion period, therransitional 750  166+15 117016 210+19 58+5 1442
transitional colonies generated a broader spectrum @fast 375 05:0.5  15+2 784+40 327 112+12

precursors, which now included definitive erythroid @Ery o _
Numbers represent mean + standard error. Transitional and blast colonies

mast cell (.MaSt). .and bipotential erythroid/mast (Ery/MaSt)for replating were generated from day 3.25 primary EBs.
precursors in addition to the early stage precursors found in the

direct replated cultures. The presence of definitive erythroid,
mast cell and definitive erythroid/mast cell precursors indicatesnder the same two sets of conditions. As shown in Table 1,
an expansion of the definitive hematopoietic program in thegeansitional colonies did generate blast colonies upon replating
cultures. Again, VEGF appeared to influence the hematopoietat a frequency of 166 pex1( cells plated or approximately
potential of the colonies; however, in this case, the effect was BL-CFC per transitional colony. This frequency is not
reversed compared to direct replating studies as a highanexpected given the heterogeneity of the transitional colonies.
fraction (~75%) of those grown in the absence of VEGFThe hematopoietic precursor content of the pooled colonies
contained hematopoietic precursors compared to those growas as expected, consisting predominantly of the early stage
with  VEGF (~50%). A portion of directly replated and precursors. To analyze the potential of the transitional derived-
expanded transitional colonies grown with or without VEGFblast cell colonies, a representative sample was picked and
generated colonies with an EB-like morphology. It is uncleareplated in liquid cultures in conditions that support the growth
however, if these are true EBs or if they represent a colonyf both the hematopoietic and endothelial lineages (Choi et al,
comparable to secondary transitional colonies, as they develd998). Approximately 50% of these replated colonies generated
in a broad mix of cytokines, conditions that differ significantlyboth hematopoietic and adherent cells (endothelial) indicating
from the primary replated cultures. that they were bi-lineage with a developmental potential similar
Almost all of the blast colonies generated secondaryo that of primary blast colonies (not shown). In contrast to the
hematopoietic colonies following direct replating. Analysis oftransitional colonies, pools of primary blast colonies did not
these colonies indicated that the blast colonies contained tigenerate significant numbers of secondary blast colonies,
early stage precursors as well as definitive erythroid precursomshereas they did give rise to the expected range of
The definitive component of the blast cell colonies, includingnematopoietic colonies. These analysis further demonstrate that
definitive erythroid, mast cell and definitive erythroid/mastthe transitional colonies do indeed represent a stage of
cell, expanded considerably over the 4-day culture period. Ttaevelopment earlier than the blast colonies. In addition they
drop in the frequency of blast cell colonies with hematopoietishow that precursors of the blast colony, the BL-CFC, are
potential following the expansion culture is likely due to thegenerated during the formation of the transitional colonies.
fact that the hematopoietic component of some of these The three colony types, secondary EBs, transitional and blast
colonies has matured beyond the precursor stage. Indeemblonies, each assumed a unique morphology within 24 hours
visual inspection of the cultures at this stage indicated thathen plated intact into the liquid expansion cultures (Fig. 7A).
most had discernable mature hematopoietic cells prior tBlast cell colonies generated both adherent and non-adherent
replating. In contrast to the secondary EBs and transitionaklls, which we have previously shown to include endothelial
colonies, replating of the blast colonies did not result in theells and hematopoietic precursors, respectively (Choi et al.,
generation of tertiary EBs. Taken together, the findings from998). Transitional colonies also gave rise to two
this analysis confirm and support the interpretation that theorphologically distinct cell types; an outer flat adhesive layer
transitional colonies represent a stage of development betwesarrounding an inner compact core. EBs generated an adherent
the secondary EBs and the blast cell colonies. This relationshgmlony of cells with no obvious distinct subpopulations, similar
is most readily demonstrated by the fact that the 4-day cultute a colony of undifferentiated ES cells. Following 4 days of
period promotes the maturation of one type of colony to aulture, both the adherent and non-adherent population of the
developmental stage comparable to the next type of colony. Fblast cell colony expanded. The expansion of the non-adherent
example, the hematopoietic precursor content of the expandedmatopoietic population is not obvious in the Fig. as these
EBs was similar to that of the direct replated transitional colongells tended to float off the adherent layer when the culture dish
and the expanded transitional colony was similar to that of thewas manipulated for photography. The adherent layer of the
direct replated blast cell colony. transitional colony also expanded over the 4-day culture
Given that the transitional colonies appear to represent @eriod, whereas the inner core generated round non-adherent
stage of development earlier than the blast colonies, and thaglls which, when assayed, were found to contain
they consist of a spectrum of cells ranging from mesoderm toematopoietic precursors (nhot shown). After 4 days of culture
endothelial and hematopoietic precursors, one would predithe EBs generated distinct subpopulations, which included an
that they would also contain BL-CFC. To test for this, pools ohdhesive layer surrounding an inner core of cells that was
transitional colonies were picked, the cells dissociated ansbmewhat more densely packed and morphologically more
replated in blast colony conditions. An aliquot of the populatiorheterogeneous than that generated by the transitional colony.
was also replated in conditions used in the above analysis Twansitional colonies generated fr@EL7~ ES cells also gave
monitor the hematopoietic precursor content of the transitionalse to the adherent and inner core populations (not shown).
colonies. Pooled blast cell colonies were picked and replatddowever, in this case, the core did not give rise to the round
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Fig. 7. Development of secondary EBs, transitional colonies and blast cell colonies in liquid culture. (A) Morphology of indivictual inta
secondary EBs, transitional colonies and blast cell colonies following 1 and 4 days of culture in liquid medium. (origifiehticegat day

1, x200; at day 4%320) (B) Segregation of a transitional colony into an inner core (black arrow) and outer adhesive population (white arrow)
following 1 day of culture. (C) Expression analysis Vi®B-PCR of the core and adhesive populations isolated from 6 transitional colonies
following 1 day of culture.

nonadherent cells over the 4-day culture, a finding consistenf an embryoid body-derived colony that consists of developing
with their inability to generate hematopoietic progeny. cell populations representing the commitment of mesoderm to
To further characterize the adherent and core populatiorike hematopoietic and endothelial lineages. Gene expression

(depicted by white and black arrows respectively, Fig. 7B) fromanalyses as well as functional studies strongly support the
cultured transitional colonies, they were physically separated bigterpretation that the transitional colonies represent a
micromanipulation and subjected to gene expression analysidevelopmental stage earlier than our previously described blast
As shown in Fig. 7C, two of the six core samples analyzedell colonies but more advanced than an age-controlled
expressedBrachyury indicating that they retained some secondary embryoid body. Analysis of tB&€L7~ ES cells
mesodermal potential following the 24-hour culture period. Allindicates that the transitional colony uniquely defines the stage
six core samples expressiid1, and five out of six expressed at which this gene plays an essential role in the development of
CD34 and GATA-1 None of the adherent cell populations the embryonic hematopoietic lineages.
expressedBrachyury or GATA-1 whereas four out of six The development of transitional colonies fr@GL7~ ES
analyzed express botllk-1 andCD34. Analysis of the adherent cells is consistent with the known role of this gene in
cells from theSCL”" transitional colonies indicated that they embryonic hematopoiesis and vasculogen&a4-/-embryos
also expresséitk-1 (not shown). The findings from this analysis do not generate any hematopoietic cells but do form early
indicate that the core portion of the cultured wild-typeendothelial cells (Robb et al, 1995; Shivdasani et al, 1995).
transitional colonies represents a mixture of mesodermadowever, thes&CL”-endothelial cells appear to have specific
cells as well as developing hematopoietic and endothelialefects, as they are unable to undergo remodeling of the
populations. The expression profile of the adherent populatioqsimary capillary plexus in the yolk sac (Visvader et al., 1998).
is consistent with them being of the endothelial lineage. Transitional colonies derived fro®CL”~ ES cells are unable

to generate hematopoietic precursors but do form cells with

endothelial characteristics. These endothelial cells could be
DISCUSSION identical to those that develop in tBEL-embryos and may

display similar defects in remodeling potential if assayed
In this report, we describe the identification and characterizatiomppropriately. At the present time, it is unclear if these early
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Fig. 8. Model depicting transitional
and blast cell colony development.
Light and dark shaded area represent
the stages of transitional and blast
colony development respectively. The
intermediate shaded area represents
the stage of development when the 20 25 3.0 3.25 35 4.0
transitional colony number is affected
by VEGF. The proposed stage at
which SCL is required is indicated.

No. of colonies

developing endothelial cells present in ®@L~" transitional  endothelial lineages during embryogenesis. While one must
colonies represent a subpopulation distinct from thosexercise caution when interpreting findings from in vitro model
generated at later stages. The developmental potential and gesystems, it is possible to draw certain parallels between the
expression profile of th&CL7~ and wild-type transitional stages of development represented by the three types of
colonies suggests that commitment to the hematopoietic ammlonies and specific stages of development in the normal
endothelial lineages through the hemangioblast takes place @mbryo. The secondary EBs contain cells ranging from pre-
several distinct stages. The initial stage, defined by the onsmiesodermal Brachyury negative) to the earliest stages of
of flk-1 expression and the establishment of the first populatiomesoderm commitmentBfachyury positive). With these
of endothelial cells, does not requiBCL The next stage expression profiles, the populations found within these
involving the development of the earliest hematopoieticcolonies would be representative of the epiblast cells
precursors and possibly other populations of endothelial cellsndergoing commitment to mesoderm early during
is clearly dependent on a functiorf®CLgene. In the context gastrulation. Virtually all transitional colonies analyzed have
of such a model, transitional colonies would be representativendergone some level of hematopoietic and endothelial
of the first stage of development whereas the blast cell coloniesmmitment as defined by gene expression patterns. The extent
would more accurately reflect the second stage. of hematopoietic differentiation ranges from early stages of
The in situ hybridization results demonstrate that transitionalevelopment to those showing clear signs of erythropoiesis.
colonies exhibit a considerable degree of three-dimension&Vhile the transitional colonies do contain developing
organization. Mesodermal cells expressing the transcriptiohematopoietic and endothelial populations, many cells are not
factor Brachyuryare located towards the center of the colonyyet fully committed to these programs as some retain
whereas cells expressifig-1 and/orSCLthat likely represent mesodermal properties as defined Brachyury expression.
the developing endothelial and hematopoietic precursors afiéhis mesodermal component appears to have potentials that
positioned towards the periphery. The segregation of distinextend beyond that of the hematopoietic and endothelial
populations within the transitional colonies, implicated by thdineages as preliminary studies indicate that some transitional
in situ analysis, was confirmed by the liquid culture expansionolonies are able to generate cardiomyocytes (unpublished
experiments. Within 24 hours of culture, the transitional colonypbservation). The potential of the transitional colonies suggests
generated two distinct populations; (1) an adhesive layer dhat they span the developmental spectrum from pre-yolk sac
cells, which expressed a number of different endotheliaio the early stages of blood island development in the mouse
markers, that formed around (2) a distinct compact cluster &fmbryo. Blast cell colonies, the most advanced of the three
cells, which expressed markers of mesoderm and developiigpes of colonies, consist of developing endothelial and
hematopoietic and vascular cells. This structural organizationematopoietic precursors and likely represent an entirely
may reflect important cell-cell interactions required within thepostmesodermal stage of development as they are unable to
developing colony for the induction of mesoderm to thegenerate cardiomyocytes (Choi et al., 1998). Given this
hematopoietic and endothelial fates. In this regard, it is notabj@otential, they are similar to the early populations that are
that cells expressing genes indicative of extraembryonitound within the yolk sac blood islands.
endoderm €ndoA and endoB were detectable within the  While many aspects of the three different colony types
transitional colonies, as endoderm-mesoderm interactions airlicate that they represent distinct stages of development, it
thought to be important for specific mesodermal commitmenis clear that there is some overlap in potential as well, in
events within the developing embryo. The combination oparticular between the transitional and blast cell colony. As the
mesoderm, endoderm and developing blood cell anttansitional colonies grow and develop, they give rise to BL-
endothelial precursors within a single colony suggests th&@FC as well as a subpopulation of precursors found in the blast
these structures could represent a rich source of moleculesll colonies. Most evidence presented in this study would
involved in the commitment of the hematopoietic and vasculasupport the interpretation that the transitional colonies develop
lineages. from precursors that represent a stage of development earlier
Most of the evidence presented in this study is consisteihan the BL-CFC as indicated in the model in Fig. 8. However,
with the interpretation that the secondary EBs, the transitionahe observed effect of VEGF on certain transitional colonies
colonies and the blast cell colonies represent a continuum &bm later stages of EB development suggests that they can
developmental stages in the generation of hematopoietic anlgrive from a broader spectrum of precursors ranging in
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developmental status from a pre-BL-CFC to a stage similar, duprey, P., Morello, D., Vasseur, M., Babinet, C., Condamine, H., Brulet,
not identical to, the BL-CFC. These precursors would develop P- and Jacob, F(1985). Expression of the cytokeratin endo A gene during

it ; ; early mouse embryogenesi&oc. Natl. Acad. Sci. US82, 8535-8539.
W.If:[fhm t.he. p“m.a;;y hEBS at approx;mzri]tely day 3.0 (r)]f Eichmann, A., Corbel, C., Nataf, V., Vaigot, P., Breant, C. and Le Douarin,
differentiation, with the appearance of the BL-CFC. In the N. M. (1997). Ligand-dependent development of the endothelial and

presence of VEGF, these precursors give rise to a blast cellhemopoietic lineages from embryonic mesodermal cells expressing vascular
colony, whereas in its absence, they retain the capacity toendothelial growth factor receptor Rroc. Natl. Acad. Sci. USB4, 5141-
generate a transitional colony. While a subpopulation of BL- 5146

. . efanty, A. G., Robb, L., Birner, R. and Begley, C. G.(1997).
CFC may be identical to precursors that can also genera‘ll:'él-lematopoietic-speciﬁc genes are not induced during in vitro differentiation

transitional colonies, the majority appear to represent a of scl-null embryonic stem cellglood 90, 1435-1447.

different stage of development as the increase in the numbesng, G. H., Klingensmith, J., Wood, C. R., Rossant, J. and Breitman, M.

of blast colonies is often 5- to 15-fold greater than the decrease-- (1996). Regulation of flt-1 expression during mouse embryogenesis
in the number of transitional colonies when VEGF is added to iuggests a role in the establishment of vascular endoth&ievnDyn 207,

the cultures. TheésCL gene appears to be essential for thegering, M., Rodaway, A. R., Gottgens, B., Patient, R. K. and Green, A.
maturation of the transitional precursor to the BL-CFC as no R. (1998). The SCL gene specifies haemangioblast development from early
blast cell colonies are generated in replated cultur&Caf/- mesodermEMBO J17, 4029-4045.

EBs and VEGF has no effect on the number of transitioné’?"di”' I. E., Garcia-Porrero, J. A., Coutinho, A., Dieterlen-Lievre, F. and
colonies in these cultures Marcos, M. A. (1993). Para-aortic splanchnopleura from early mouse

. o . . . embryos contains Bla cell progenitdxature 364, 67-70.

In summary, the identification and characterization of th@yaar, J. L. and Ackerman, G. A.(1971). Ultrastructural changes in mouse
transitional colony further demonstrates the potential of the yolk sac associated with the initiation of vitelline circulatianat. Rec170,
ES/EB system in defining unique developmental stages and in#37-456.

e ; : Hashido, K., Morita, T., A., M. and Nozaki, M. (1991). Gene expression of
providing access to rare precursor populations representlﬁ—ti::ytokeratin endo A and endo B during embryogenesis and in adult tissues

them. These transitional colonies consist of different of mouseExp. Cell Res192 203-212.
populations undergoing commitment to the hemangioblast angkrrmann, B. G., Labeit, S., Poustka, A., King, T. R. and Lehrach, H.
further to the developing hematopoietic and endothelial (1990). Cloning of the T gene required in mesoderm formation in the mouse.

; e it _ Nature343 617-622.
!meages' In addition, they represent the. tr_ansmon from SCI'Hogan, B. L., Blessing, M., Winnier, G. E., Suzuki, N. and Jones, C. M.
independent to SCL-dependent differentiation. As such, acCeSY1994). Growth factors in development: the role of BGRelated

to these colonies will allow a molecular analysis of th? polypeptide signalling molecules in embryogenegisvelopment1994
commitment of mesoderm to the hematopoietic and endothelialSupplement 53-60.

systems and the role played by SCL in these processes. Huber, T. L., Zhou, Y., Mead, P.E. anq Zon, L. 1(1998). Coope_:ra_tive effects
of growth factors involved in the induction of hematopoietic mesoderm.

. - Blood 92, 4128-4137.
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