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SUMMARY

Totipotent murine ES cells have an enormous potential for
the study of cell specification. Here we demonstrate that ES
cells can differentiate to hemopoietic cells through the
proximal lateral mesoderm, merely upon culturing in type
IV collagen-coated dishes. Separation of the FIk1
mesoderm from other cell lineages was critical for
hemopoietic cell differentiation, whereas formation of the
embryoid body was not. Since the two-dimensionally
spreading cells can be monitored easily in real time, this
culture system will greatly facilitate the study of the
mechanisms involved in the cell specification to mesoderm,
endothelial, and hemopoietic cells. In the culture of ES
cells, however, lineages and stages of differentiating cells
can only be defined by their own characteristics. We
showed that a combination of monoclonal antibodies
against E-cadherin, FIk1/KDR, PDGF receptoo, VE-
cadherin, CD45 and Ter119 was sufficient to define most
intermediate stages during differentiation of ES cells to
blood cells. Using this culture system and surface markers,

we determined the following order for blood cell
differentiation: ES cell (E-cadherin*FIk1"PDGFRa"),
proximal lateral mesoderm (E-cadherimFIK1*VE-
cadherin®), progenitor with hemoangiogenic potential
(FIk1*VE-cadherin*CD457),  hemopoietic  progenitor
(CD45*c-Kit*) and mature blood cells (c-KitCD45" or
Ter119"), though direct differentiation of blood cells from
the FIk1*VE-cadherin~ stage cannot be ruled out. Not only
the VE-cadherintCD45 population generated from ES
cells but also those directly sorted from the yolk sac of 9.5
dpc embryos have a potential to give rise to hemopoietic
cells. Progenitors with hemoangiogenic potential were
identified in both the FIk1*VE-cadherin~ and FIK1*VE-
cadherin* populations by the single cell deposition
experiment. This line of evidence implicates FIKNVE-
cadherin* cells as a diverging point of hemopoietic and
endothelial cell lineages.
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INTRODUCTION

Embryogenesis is the process by which totipotent cellsrgade

mesoderm was induced in the embryoid body with a time
schedule similar to that of actual embryo. In some studies, the
microewvironment in the embryoid body for the specification

progressre cell specification according to body plan. Duringto blood cells has been successfully substituted using feeder

this process, cell specification and body plavetbpment
proceed in an inseparably coordinated manse that it has

cell lines (Gutierrez-Ramos adlacios, 1992; Nakano et al.,
1994), but this is not the proof that the process occurs

been considered that normal cell specification cannot biedependently of the embryoid structure.

recapitulated in the absence of bodgamization. This belief

An aim of the present study was to challenge the notion that

is typified in pevious in vitro methods for the specification of the 3-dimensional (3-D) structure in the embryoid body is
embryonic stem (ES) cells into blood and endothelial cells. Imequisite for blood cell dfierentiation, byexploring culture
a culture system established by Doetschman et al. (1985), E8nditions in which ES cells fiérentiate into hemopoietic

cells are first cultured to establish the structurenknas the
embryoid bog. Although the embryoid body is far less

cells in the absence of the embryoid body formation or feeder
cells. As the spatial information of the embryo is absent in the

organized than the actual embryo, it is reasonable to think thatilture of ES cells, the lineage and stage dfedintiation

it can partially mimic the spatialrganization in the embryo.

should be defined by the celleivn characte Thus, another

Several reports demonstrated blood cell generation within thiaim of this study was to establish a panel of surface markers

structure (Doestchmann et al., 1988ijes andKeller, 1991;
Schmitt et al., 1991; Burkert et al., 1991). Mwmrer, a recent

that can define and sort the cells at intermediate stages of
differentiation to blood cellaVith such surface markersyihg

study by Kabrun et al. (1997) demonstrated that *lklcells at various intermediate stages could be sorted for
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evaluation of their differentiation potential. The final goal ofES cells were then transferred to each well of type IV collagen-coated
this study was to identify all intermediate stages during bloo@-well cluster dishes (Biocoat, Becton-Dickinson) and incubated in

cell differentiation of ES cells, and specify the diverging pointMEM supplemented with 10% FCS and1®> M 2ME. Although
of hemopoietic and endothelial lineages. no exogenous growth factors were added, a more than 100-fold

Our result show that ES cells spreading on a 2-D plane cdpcrease of cells was observed during a 4-day incubation. Cultured

differentiate to FLKt mesoderm and blood cells. suaaestin cells were harvested with cell dissociation buffer (Gibco) and
» SU99 ganalyzed for expression of surface markers. In preliminary

that neither 3.'D structL_Jres in the embry0|q bo_dy nor fGEdeéx eriments, dishes coated with gelatin, typel collagen, or fibronectin
cells are required for this process. Progressive lineage analygjsre purchased from Becton-Dickinson and compared with the
by repeated cell sorting and culture under this conditioRpelv collagen-coated dish in the ability to support the
revealed two intermediate stages, FEKE-cadherin and differentiation of ES cells into FLKIcells. For culturing FLKIVE-
FLK1*VE-cadheriri, between ES cells and CD48lood cells.  cadherirt cells, a mixture of recombinant growth factors containing
Thus, FLKTVE-cadherinCD45" cells represent a population vascular endothelial growth factor (VEGF), stem cell factor (SCF),
at the diverging point of hemopoietic and endothelial celinterleukin 3 (IL-3), erythropoietin (Epo), and granulocyte growth
lineages. factor (G-CSF) was used. Recombinant human VEGF, Epo and G-
CSF were purchased from R&D Systems (Minneapolis, USA).
Recombinant mouse IL-3 and SCF were prepared as described
MATERIALS AND METHODS (Ogawa et al., 1991).
. . . To measure the clonogenic activity of sorted cells, cells were
Preparation of single cell suspensions from embryos cultured either in the semisolid medium for colony formation (Ogawa

Pregnant ICR mice were purchased from Shimizu Co. Ltd (Japangs a1, 1991) or co-cultured with OP9 stromal cell line (Kodama et al.,
We dissected the females at 7.4-9.5 days post coitum (dpc). '@94)

dissociate 7.5-8.5 dpc embryos, the deciduas were removed andeqr time lapse recording of the cultured cellsl@ ES cells were
embryos were dissected éamodified minimum essential media-(  ¢yjtured in a 6 cm type IV collagen-coated dish (Becton-Dickinson),
MEM, Gibco, NY) supplemented with 5% calf serum. After removing 5 placed on the stage of a microscope (Axiovert, Zeiss, Germany)
Reicherts membrane, the embryos were washed in phosphalg, inned with an atmosphere controller (Zeiss). The atmosphere in
buffered saline, incubated with the cell dissociation bufferhe chamber was kept at 37°C, 5% A air and 100% humidity.

(Gibco/BRL) for 30 minutes at 37°C, and dissociated by gentlerine janse video recording was performed every 5 minutes for 4
pipetting. Yolk sacs of 9.5 dpc embryos were separated as descrlbggys_

(Ogawa et al., 1993 ) and dissociated in the same way. Cell clumps
were removed with nylon mesh and the dissociated cells wersingle cell deposition assay for hemoangiogenic potential

suspended in 1% bovine serum albumin containing Hanks’ balanceg, opg stromal cell layer was prepared in 96-well cluster dishes.
salt solution (Gibco/BRL). Single cell deposition of sorted cells onto each well was carried out
by the Clon-CytM system of FACS Vantage (Becton-Dickinson). The
culture was incubated for 5 days in the presence of SCF,
rythropoietin, IL-3 and G-CSF. Generation of clusters with round
ells was screened under microscope. Formation of sheets with VE-
cadheriri cells was determined by immunohistostaining of dishes
with anti-VE-cadherin mAb. The well containing both round
hemopoietic cells and a sheet-like cluster of VE-cadheegtls was
judged as containing the progenitor with hemoangiogenic potential.

Antibodies, staining and sorting

The cells were stained by various combinations of mAbs. Antibodie
used in this study are FITC-conjugated anti-E-cadherin mAb ECCD
(Shirayoshi et al., 1986), FITC-, phycoerythrin (PE)- or biotin-
conjugated anti-FLK1 mAb AVAS12 (Kataoka et al., 1997), biotin-
conjugated anti-PDGFRRRmMAb APA5 (Takakura et al., 1996), biotin-
conjugated anti-VE-cadherin mAb VECD1 (Matsuyoshi et al., 1997)
and PE-conjugated anti-c-Kit mAb ACK2 (Nishikawa et al., 1991).
The mAbs are prepared and labeled in our laboratory. FITC-anti-

CD45 (common leukocyte antigen), biotin-anti-Ter119 (erythroid

marker), biotin-anti-CD31 (PECAM), biotin-anti-CD34, FITC- RESULTS

labeled anti-Grl and biotin-labeled anti-Macl mAbs were purchased

from Pharmingen (Pharmingen, CA, USA). For surface staining, cell€ell surface markers for ES cell differentiation to
were incubated with mixtures of labeled mAbs, followed byblood cells

development with either PE-conjugated or apophycocyanin (APC)since E-cadherin expression was shown to be downregulated

conjugated streptavidine (Molecular probe, Oregon). The stained cel ; St i .
were analyzed with FACS Vantagé(Becton-Dickinson, MA). Dead igﬁf]%? (:llggr%ﬂﬁfgg;ptolgggocéelﬂgs(;\:Ozte Z?d -:Il-glgg)(;hlér]{ﬁ_?g'

cells stained by propidium-iodide were excluded from the analysis: X . D .
Cell sorting was performed as described (Sudo et al., 1993). cadherin monoclonal antibody (mAb) was used to distinguish

Immunostaining of cultured cells on dishes by anti-CD45 mabMesoderm from non-mesodermal epithelial cells. Monoclonal

(Pharmingen), anti-GATAL mAb (Santacruz) or anti-embryonicantibodies against platelet-derived growth factor receptor
hemoglobin (Miwa et al., 1991) was performed as described (KataoK®#DGFR) a and FLK-1/KDR were used as markers for

et al., 1997). paraxial (Mercola et al.,, 1990; Orr-Urtreger et al., 1992;
i cul Schatteman et al.,, 1992) and proximal lateral mesoderm
Cell culture (Yamaguchi et al., 1993; Millauer et al., 1993; Palis et al.,

CCE ES cells (a gift from Dr M. Evans; Robertson et al., 1986) werg gg5. Dumont et al., 1995), respectively, according to our
e i scoar) 12 csult on the_ imminolocaization of these. molecties
(DMEM; Gibco) containing 15% fetal calf serum (FCS; Whittaker, gastrulating embryos (Takakura et al., 1997; Kataoka et al.,

USA), 5,000 units/ml leukemia inhibitory factor (LIF; R&D systems) 1997)- For detecting the stage near the diverging point of
and 5105 M 2 mercaptoethanol (2ME). Two weeks before theProximal lateral mesoderm into endothelial cells and
differentiation induction, one thousand ES cells were transferred tBemopoietic cells, we employed mAbs to vascular endothelial
gelatin (Sigma, USA)-coated culture dishes to remove fibroblasts. 1§VE)-cadherin (Matsuyoshi et al., 1997), Ter119, and CD45.
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To examine whether this panel of mAbs can define cells AlE-cadherin, Terl19, or CD45 within 3 days, and the
intermediate differentiation stages, we dissociated cells of 7.4roportion of the three surface phenotypes were comparable to
7.8 dpc embryos and analyzed them by flow cytometry. Athose found in the coculture with OP9 feeder cells that were
shown in Fig. 1A, most E-cadherircells expressed either shown to support blood cell generation from ES cells (Nakano
FLK-1 or PDGFRYy, or both, confirming that the mesoderm et al., 1994). By FACS analysis, four distinct surface
differentiation is accompanied by downregulation of E-phenotypes were identified in this culture: (1) FEKEIIs of
cadherin expression. Only a few VE-cadhéricells and unknown lineage, (2) FLK*1VE-cadherir cells, (3) Terl19
CD45* cells were detected at this stage of embryogenesis (Figucleated erythrocytes (Fig. 3B) expressing embryonic
1A). Of note is that the proportion of VE-cadhériells in  hemoglobin (data not shown), and (4) CD#B&mopoietic cells
FLK1* cells increased from 0.5/9.4 (5%) to 2.2/4.7 (45%)containing both c-Kit positive immature stem cells (Fig. 3B)

within next 24 hours (Fig. 1B). and c-Kit negative monocytes and polymorph nuclear cells (Fig.
) o ) 3B). Taken together, the generation of blood cells from ES cells

Mesoderm differentiation from ES cells without requires neither the embryoid body formation nor feeder cells,

formation of the embryoid body but separation of FLK1cells from other lineages upon their

With the surface markers described above, we next investigatgeéneration is critical for efficient induction of blood cells.
how far the specification of ES cells reaches in the absence of
the embryoid body structure. In a series of preliminary
experiments, we compared dishes coated with gelatir[ A .
fibronectin, type | collagen, or type IV collagen in terms of 1= LMSGEIRIE Cells fomn 71/ 008 SRBEVES
their ability to support ES cell differentiation into E-cadherin TGi = S
FLK-1* cells, representing the proximal lateral mesoderm
Such cells were most efficiently generated in type 1V collagen
coated dishes, though other matrices showed the activity
some extent. Based upon this result, type IV collagen-coate
dishes were used throughout this study. No exogenous factc T
were included in the culture, while 10% fetal calf serum wa: {
added. Bl Sy (i
Fig. 2 presents the shift of surface marker expression durir i
4 days of ES cell culture under this condition. ES cells| “e133° : k:
maintained with LIF in gelatin-coated dishes expressed hig
levels of E-cadherin but not FLK-1 or PDG&RFig. 2A).
After transferring them to type IV collagen-coated dishes an
culturing without LIF, E-cadherincells started to appear from
day 3 (Fig. 2B), and this population increased 10-fold withir
the next 24 hours. These kinetics are very similar to the
reported in the embryoid body (Kabrun et al., 1997 ). Amon
the E-cadherin population, heterogeneity in FLK-1 and
PDGFRx expression was observed from the time of their
appearance (Fig. 2B), suggesting that mesodermal subsets h . 75 dpe 85 dpe
separated at the earliest stage of mesoderm induction. 2%0a e K o )
|

o= 1
b

VE-Cadherin
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'
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PDGFRa
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To confirm that mesoderm subsets are generated in tl
absence of the embryoid body formation, the culture proces
was time-lapse video recorded. All cultured cells in the fram:
continued to spread on the dish surface, while diversifying ii
cell morphology (data not shown), proving that the 3-D
embryoid body structure is not requisite for differentiation of
mesoderm cells.

107

VE-Cadherin
VE-Cadherin
102

10!

1% 10° 10
Fik1

Differentiation potential of FLK1 * cells on typelV
collagen

While FLK1* mesoderm with a potential to give rise to bloodFig. 1. Mesoderm subsets defined by a panel of surface markers.
cells (Kabrun et al., 1997; Eichmann et al., 1997) was induce@) Single cell suspensions were prepared from embryos at 7.4 to 7.8
from ES cells in the absence of the embryoid body formatiorfiPc and the expression of FLK1, E-cadherin, PDGRRE-cadherin

only few CD45 or Terll9 cells were generated even by and CDA45 was analyzed. Ter119 expression was analyzed at the
prolonged incubation of ES cells on type IV collagen (Fig. 3A)_3._31me time and 1.3% of the cells were positive (data not shown). It is

. . . difficult to rule out the possibility that CDa%nd Ter119cells
Since Kessel and Fabian (1987) demonstrated that the ChICkg Id be contamination from maternal blood. (B) Expression of VE-

embryonic ectoderm inhibits the differentiation of mesoderm tQ,herin and FLK1 in dissociated cells from 7.5 or 8.5 dpc embryos.

erythrocytes, we examined whether the separation of Epg.anti-FLK1 and FITC-anti-FLK1 were used to stain 7.5 and 8.5
cadherin FLK-1* cells from other cells in the culture restore gpc embryos, respectively. FITC-anti-FLK1 stained more faintly than

their potential to give rise to blood cells. Fig. 3A demonstratePE-anti-FLK1. Note that the proportion of VE-cadhéiells
that E-cadheritFLK1* cells gave rise to cells expressing eitherincreased rapidly.
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VE-cadherin expression prior to blood cell 98% in this particular experiment, the percentage of FLK1
generation cells increased during the culture, attaining almost 50% as
To further dissect the processes of blood cell generation froearly as 2 days after culture. As sorted FLI€&lls could not
FLK1* mesoderm, we investigated the time-course of VEproliferate rapidly under the same conditions (data not shown),
cadherin-, CD45- and Terl119-expression. E-cadhekiil®  the majority of FLKT cells in this culture may be derived from
cells were induced from ES cells on type IV collagen-coate®&LK1* cells. This suggests that FLKME-cadherin cells
dishes and sorted. At the time of cell sorting, Fti€glls did  diverge to FLKIVE-cadherin and FLKI'VE-cadherir

not express CD34 nor VE-cadherin (Fig. 4A), while CD31populations at the earliest step of differentiation, and CD45
expression was already detected in both FLEfAd FLKT  blood cells are generated later.

cells. The sorted E-cadheriLK1* cells were then cultured ) . ]

on type IV collagen and expression of FLK1, VE-cadherinHemogenic potential of VE-cadherin  *CD45- cells

Terl19 and CD45 was analyzed (Fig. 4B). Within 24 hour§he time course of the appearance of VE-cadhearid CD45%
after the culture, most FLK1cells started to express VE- cells strongly suggests that some Cb4dood cells are
cadherin, whereas only a few CD46r Terl19 cells were differentiated from VE-cadheri@D45 cells. To investigate
detected. This result indicates an order of differentiation fronthis possibility, we sorted VE-cadhet®D45 Terl19 cells
FLK1*VE-cadherin to FLK1*VE-cadherit cells. from the culture of FLK1 cells.

Although the purity of FLK1 cells after the cell sorting was  Unlike FLK1* VE-cadherin cells that proliferate in the
absence of growth factors, VE-cadhérigells did not
proliferate without exogenous growth factors. Colony
formation of CD45+ Terll9 mixed, VE-cadherinCD45

ES cells on gelatin coated dishes with LIF Terll9, and VE-cadheritCD45 Terll9 populations in
- - response to the growth factor mixture containing SCF, VEGF,
=To 03 =104 0 IL-3, erythropoietin, and G-CSF was 31+3.2, 010, and 48+5.6

per 15,000 input cells, respectively. On the other hand, none of
these populations could generate colonies in the absence of the
A growth factor mixture. This result indicates that VE-
cadherifCD45  as well as CD45cells contain hemopoietic
precursors, while VE-cadheri@D45 cells do not.

To further dissect the process of blood cell generation from
VE-cadherirt cells, VE-cadheritCD45Terll9 cells were

10?
:
IU1

1

102
o

FLKI1
10
PDGFRao

10

:a[

E-Cadherin
s cultured on type IV collagen in the presence of SCF, VEGF, IL-
3, Epo, and G-CSF. The cultured cells were ha_lrvested everyday
B ES cells on type IV collagen coated dishes to analyze surface phenotypes. As shown in Fig. 5, Cbdis

without LIF were generated from VE-cadheéi@D45 cells within 24

x hours. In contrast to the rapid induction of CD4élls, Ter119
erythroblasts were detected 2 days after the initiation of culture.
Terll9 cells increased extensively in the next 48 hours.
Cytological examination  demonstrated  erythroblasts,
megakaryocytes, macrophages, polymorphonuclear cells and
mast cells in the culture (data not shown).

Hemogenic potential of VE-cadherin  *CD45 cells in

the yolk sac of a 9.5 dpc embryo

The above results indicate that VE-cadh&ZiD45 cells are

the direct precursor of CD4%iemopoietic cells. To investigate
whether or not this is also true for VE-cadhériells in the
embryo, we sorted VE-cadhetidD45  Terll9 cells from a

9.5 dpc yolk sac and assessed their potential to give rise to
blood cells in response to the growth factor mixture. A more
than 100-fold increase in cell recovery was induced during a 4
day incubation of VE-cadheri@D45 Ter119 cells in typelV
collagen-coated dishes in the presence of the growth factor
mixture. The majority of the cells recovered from the cultures
were either CD45o0r Terll9 (Fig. 6). Expression of Macl
Fig. 2. Mesoderm induction from ES cells in the absence of and Grl rep_resentlng t_he' myeloid cell lineage was also
eng1bryoid body formation. CCE ES cells (a gift from M. Evans) that detected. Th's result indicates that VE-cadh‘éT[MS .
were cultured on gelatin-coated dishes with LIF were transferred to 1€r119" cells in early embryos do have hemogenic potential.
typelV collagen-coated dishes ¢1¢klls/3 cm dish) and cultured in . . . .

the absence of LIF. Before (A) and 3 and 4 days after (B) the Hemoangiogenic potential of FLK1  *VE-cadherin ~

transfer, cells were harvested and expression of E-cadherin, FLK1, and FLK1 *VE-cadherin * cells

and PDGFR was analyzed. The results described above demonstrated a hemogenic

FLKI1
10?2

1!

4 o
10 10! 10¢ 10° 10
E-Cadherin




potential for VE-cadherih cells. Giver
that blood and endothelial lineages sh
common precursor, it is important
evaluate the angiogenic potential of \
cadherirt cells. Despite our extensi
attempts, however, we could not f
feeder cell-free conditions that can sup
clonogenic proliferation of VE-cadheti
cells. In contrast, when an OP9 stro
cell line was used for feeder cells, \
cadherirt cells proliferated from a sing
cell and formed a sheet of cells expres
VE-cadherin (Fig. 7D). In additio
clusters of round cells were also dete
in culture with an OP9 feeder layer. Us
the single cell deposition experiment,
found that virtually all wells containir
such clusters of round cells contain c
stained either with anti-CD45, -GATA1
-embryonic-hemoglobin Abs (Fig. 7A-(
Considering previous studies that \
cadherin is expressed exclusively
endothelial cells (Breier et al., 19!
Matsuyoshi et al., 1997), it is plausi
that formation of the VE-cadhefirshee
on OP9 feeder cells represents an act
of endothelial cells. Indeed, thus gener.
VE-cadherii sheets incorporated LI
and were positive in FLK1 and CD
(M. Hirashima et al., unpublish
observation).

With this clonogenic culture conditic
we analyzed the frequency of cells that
give rise to blood and endothelial ¢
lineages. FLK1VE-cadherin cells were
sorted from the ES cell differentiati
culture at day 4. FLK'WE-cadheriri cells

Fig. 3.Induction of blood cells in typelV

VE-Cadherin

'

Terlly
102 10®

10’

collagen-coated dishes without embryoid body

formation. (A) ES cells cultured in gelatin-
coated dishes in the presence of LIF were

transferred to type IV collagen-coated dishes

(2x10% cells/10 cm dish). Only a few CD45
or Terl19 cells had been generated from ES

cells on type IV collagen-coated dishes after aZ's
7-day incubation (first column). Some cultures #

of ES cells in type IV collagen-coated dishes
(10# cells/3 cm dish) were interrupted on day
4 when the number of E-cadhetfii.K1* cells
reached a peak. FLKkells were sorted (96%
pure in this particular experiment) and®10
cells were recultured either in type IV

collagen-coated 3 cm dishes (second column)

or in 3 cm dishes with an OP9 monolayer
(third column). In both cultures, Ter118nd
CD45* cells representing the blood cell

10!

o
e

lineage were generated, though the proportion

of Ter119 cells was higher in the culture with

OP9. (B) CD45c-Kit~, CD45c-Kit* and
Terl19 fractions were sorted from the same
culture, cytospinned onto slide glasses, and
stained with May-Grinwald Giemsa.

10¢

A )
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Y.
)

ES cell (+LIF)

TypelV collagen{-LIF)

culture 7 days

102 |I:k3

VE-Cadherin

II:II
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were sorted from the culture of FLKtells at day 1. Single intermediate stages turned out to be useful not only for
FLK1*VE-cadherin or FLK1*VE-cadherii cells were analyzing the differentiation process of a given cell lineage but
deposited by FACS Vantage on a 96-well cluster distalso for improving culture conditions.

containing OP9 feeder cells
erythropoietin, SCF, IL-3 and ( A Before sort
CSF. After a 5 day incubatic
wells were screened for t
presence of clusters of round c
(Fig. 7E-C). Positive wells we
then immunostained with an
VE-cadherin mAb and tt
presence of VE-cadhefirsheet:
were scored. In a paral
experiment, the frequency
clonogenic cells giving rise to
VE-cadherir sheet wer
evaluated. Among 192 ce
deposited, 23 FLKWVE-
cadherin cells and 29 FLKIVE-
cadherirt cells gave rise to a VI
cadheriri sheet. In all positiv
wells, only a single she
was detected. Among 3
FLK1*VE-cadherin cells anc
1,920 FLK1VE-cadheriri cells,
respectively, 25 and 104 cells g FIk1* cell reculture in type IV collagen coated dishes
rise to the cluster of round ce
and 17 and 29 of them were &
positive for the VE-cadherh
sheet formation (Table 1). The
results clearly demonstrated
presence of hemoangioge
progenitors in both FLKWE-
cadherin and FLKT'VE-
cadherirt population.
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DISCUSSION

103

Mesoderm and blood cell
induction in the absence of
embryoid body formation

More than a decade af
Doetchman’s paper describing
embryoid body-dependent mett
of inducing blood cells from E
cells (Doetschman et al., 198
we eventually determined

condition in which a simile
process is reproduced within !
2-D spreading cell mass. The m
plausible reasons for our succ
are: (1) use of type IV collag
matrix, (2) use of a panel of ¢
surface markers that can def
intermediate stages in the coL

of blood cell dlfferent|at|on, ar Fig. 4.Rapid induction of VE-cadherin in FLKVYE-cadherin cells. FLKT' cells were sorted and
(3) the reculturing of sorted 2x106 cells were cultured in type IV collagen-coated dishes. (A) On the day of cell sorting* E&li61
cadherinFLK-1* mesoderm cel  did not express VE-cadherin nor CD34, though some expressed CD31. The purity of thedllsk1
upon their appearance. Th used in this experiment is also presented. (B) At 1, 2 and 3 days after the culture dtelk tells
purification of the cells i were harvested and analyzed for expression of FLK1, VE-cadherin, and FLK1.

VE-Cadherin
102

10!
YE-Cadherin

VE-Cadherin

32

VE-Cadherin
VE-Cadherin
1 UIZ

1!

10 102
Flk1 Fik1 Flk1
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After sort

VE-Cadherin
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o
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27 Day 1

Terll®

Day 2

Day 4

Fig. 5. Generation of blood cells from VE-cadhex@D45 cells.

Cells harvested from the culture of FLKdells were stained with
PE-anti-VE-cadherin and FITC-anti-CD45 and FITC-anti-Ter119.
VE-cadherifCD45 Ter119 cells were purified and #@ells were
cultured in the presence of VEGF, SCF, IL-3, Epo, and G-CSF. 1.2

million cells were recovered from the dish after day 4 of incubation.
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Table 1. Clonogenic assay for hemoangiogenic potential of
FLK1*VE-cadherin~ and FLK1*VE-cadherin* cells

Round cell cluster formation
(+sheet formation)

25/384 (6.5%)
(17/384) (4.7%)

104/1,920 (5.4%)
(29/1,920) (1.5%)

Sheet formation
23/192 (12.0%)

Cell source
FLK1*VE-cadherin

FLK1*VE-cadherirt 29/192 (15%)

Either FLKI*VE-cadherin or FLK1*VE-cadheriri cells were sorted and
single cells of each fraction were inoculated into 96-well cluster dishes by the
single cell deposition apparatus connected to FACS Vantage. Deposited cells
were incubated in the presence of OP9 feeder cells, erythropoietin, SCF, IL-3
and G-CSF. Five days later, two dishes for each group were fixed and
immunostained by the anti-VE-cadherin mAb to assess the frequency of cells
that can give rise to the sheet-like cluster of VE-cadhesiis (Fig. 7D).

Rest dishes, 4 and 20 dishes, respectively, for Fi/Eicadherin and
FLK1*VE-cadherir fractions, were screened for the presence of the cluster
of round cells. Positive wells were stained by anti-VE-cadherin mAb to
determine the co-generation of VE-cadh&sheets.

induced in our culture and the kinetics of their appearance is
almost identical to that with the embryoid body (Kabrun et al.,
1997). This indicates that the cell-cell interactions required for
this differentiation pathway proceed within 2-D placed cells as
efficiently as in the embryoid body. In light of the latest notion
of an organizer based process of mesoderm induction
(reviewed by Zorn, 1997), it is intriguing how cell
diversification required for mesoderm induction proceeds in
this randomly placed 2-D cell mass.

It should be noted, however, that our culture conditions are
less efficient in supporting embryonic processes than that in
the embryoid body formation. For instance, tube formation of
vascular endothelial cells which is observed in the embryoid
body (Vittet et al., 1996) could not be seen in our culture
conditions. Moreover, clonogenic proliferation of VE-
cadherint cells is supported by OP9 feeder cells but not by our
feeder-free culture condition. Further attempts are thus
required to make our culture conditions comparable to those in
the embryoid body.

Nevertheless, real-time monitoring of the cell specification
process is increasingly important to embryology, and our
culture system provides a promising method for following ES
cell specification. At present, time-lapse video recording of
cells on dish surfaces can show only morphology, motility,
mitosis, and cell death etc. The development of new
techniques, such as real-time monitoring of gene expression
and innovations in cell manipulation should enable us to
perceive the orderly interactions of differentiating cells.

Pathway of blood cell differentiation defined by

At 1, 2 and 4 days after culture, cells were harvested and analyzed surface markers

for the expression of Ter119 and CD45.

Lineage analysis of the mouse embryo has been based upon
the use of cell marking and subsequent identification of the
marked cells in the embryo (Beddington and Lawson, 1990).

In addition to their usefulness in the study of hemopoieti©n some occasions, living cells have been microdissected
cell differentiation, the present findings are significant in thafrom the embryo to analyze their differentiation potential, but
they indicate that the specification of ES cells to mesoderm arbeir lineage and staging have been determined only by their
their further specification to blood cells do not require thespatio-temporal position, if they remain alive (Strum and Tam,
embryoid body structure, feeder cells nor exogenous growth993). However, once cells are dissociated and plated in
factors other than those present in the fetal calf serum. Indeezljlture, the spatial information is lost, so that each cell has to

comparable numbers of FLKYE-cadherin mesoderm are

be defined by its own characteristics. Sorting of multicolor
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Fig. 6. Hemogenic potential of VE-cadhetidD45 Ter119 cells in
the yolk sac. Yolk sacs of 9.5 dpc embryos were microdissected anc.
dissociated to form a single cell suspension. The cells were stainedFig. 7. Cells generated in the culture of FLRAE-cadherir cells.
with PE-anti-VE-cadherin and FITC-anti-CD45 and FITC-anti- Single FLKT*'VE-cadherirt cells were inoculated into each well of
Ter119. VE-cadheritCD45 Ter119 cells were purified and 10 96-well cluster dishes with OP9 feeder cells. Five days after the
cells were cultured in the presence of VEGF, SCF, IL-3, Epo, and Geulture, wells containing clusters of round cells were stained either
CSF. Four days after the culture, the cells were harvested and with anti-CD45 (A), anti-GATA1 (B) or anti-embryonic hemoglobin
analyzed for expressions of surface markers. (C). When a mixtures of all these antibodies was used for staining
wells containing clusters of round cells (E-G), all of them were

positive. In some wells, a sheet of cells that expressed VE-cadherin
s detected by immunostaining. Results of these experiments are
ﬁ,ummarized in Table 1.

stained cells by FACS may be the most appropriate meth
for this purpose. As shown here, mAbs against E-cadheri
FLK1, VE-cadherin, c-Kit, CD45 and Ter119 are useful for

elucidation of the process of blood cell differentiation from

ES cells. With respect to this process, Kabrun et al. (1997) arddood cell lineages including Terl19erythroblasts in
Eichmann et al. (1997) succeeded in isolating an FLKlresponse to hemopoietic growth factors. While this pathway
population which is competent to give rise to hemopoietiavas derived from our results on ES cell culture, our results on
cells. In the present study, we further extended theiactual embryos also support this scheme. First, analysis of 7.5
observations and demonstrated that the FLEthge can be and 8.5 dpc embryos demonstrated that the proportion of
divided into VE-cadherin-negative and -positive stages, anBLK1*VE-cadheriff cells in the FLK1 population increases
the latter is a more differentiated precursor of hemopoietias embryogenesis proceeds. Moreover, FiME-cadherin
cells, though direct differentiation of blood cells from FI!K1 cells from the 9.5 dpc yolk sac gave rise to both myeloid and
VE-cadherin cells cannot be ruled out. According to the erythroid cells.

results described here, the simplest differentiation pathway In addition to the stages in the differentiation pathway of
from ES cells to blood cells may be as follows: ES cell (Eblood cells, intermediate stages of other lineages were
cadherifFLK1"), proximal lateral mesoderm (E-cadherin identified. In the culture of ES cells, four distinct surface
FLK1*PDGFRx* or ), progenitor with a hemoangiogenic phenotypes were identified. E-cadhé&ricells may include
potential (FLKI'VE-cadherirf) and hemopoietic precursor both immature and differentiated ectoderm and endoderm.
(CD45fc-Kit*). CD45c-Kit* cells then generate various According to our previous studies on the expression of
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PDGFRx in the gastrulating embryo (Takakura et al., 1996,demonstrated that VE-cadherin is expressed exclusively in
Kataoka et al., 1997 ), E-cadherifLK1"PDGFRx* cells  endothelial cells (Breier et al., 1996; Matsuyoshi et al., 1997).
may represent the paraxial mesoderm, though we have n®hus, although we could not induce such a morphogenic
tested their differentiation potential. While E-cadherin activity in VE-cadherih cells as tube- and/or network-
FLK1* cells are further divided into PDGERpositive and - formation, we believe that formation of the sheet of VE-
negative populations, both populations are able to give rise tadherirt cells on OP9 feeder cells represents an activity of
CD45" blood cells (S.-l. Nishikawa et al., unpublished endothelial cells.

observation). Hence, they are treated here as representing th&8oth FLK1*VE-cadherin and FLKI*VE-cadheri
same cell population, though our previousfractions gave rise to three types of colony containing: (1) a
immunohistochemical studies suggested that FLK1 an¥E-cadherirf sheet alone, (2) a cluster of round cells alone,
PDGFRx double positive cells correspond to allantoicand (3) both. That 15-20% of single cells cultured on OP9
mesoderm (Kataoka et al., 1997). In the subsequent cultufeeder cells could generate visible cell clusters of either type
of E-cadherinFLK1* cells, two populations, FLKVE-  suggests a high clonogenic efficiency for this culture
cadherin and FLKI'VE-cadheriri cells, were generated condition. In fact, the colony assay in the semisolid medium
within 24 hours. If appropriate methods are available, itvas 100-fold less efficient than the culture with OP9. In the
would be interesting to determine the actual fate of all thosseimple diagram of ES cell differentiation, FLRIE-

intermediate stages. cadherin and FLKI'VE-cadherii stages represent,
Hemangioblast or
helrlnogenic endothelial Erythroid cell
ce

CD45Ter119*™
Although the hemangioble
as a bipotent precursor - - /
blood and endothelial ct _ L ineage unknown Hematopoietic
lineages is hypothesiz Eﬁg’g;‘mo ArEg=illies | _
(reviewed by Risau ar o Flk1- FIKI-VE-cadherin- "~ | Other lineages
Flamme, 1995), it has be E-cadherin® VE cadhetilny e CDA5* Ter 119"
difficult to prove  the Flkt coas a1 S

. PDGFRa*

existence of th ? ? 5 A
hemangioblast at single c :
level. This is due t FLK 1-expression

difficulties in: (1) sorting

VE-cadherin expression
precursor cells that a .

distinct from earl H oblast
mqupotent mesoderm, ( EScell Proximal lateral em;”(%'oor
clonpgenlc assay fi mesoder m — s TEaTE T sEE
multipotent precursors, a O \

(3) proving fate restrictio Flk1+

only to blood and endothel PDGFRa OF + \ l
lineages. Though the thi VE-cadherin®

. A mixture of CD45°
problem remains unsolved [ . 4o i

this study, surface marke | gnd endoderm

Committed angioblast

K CD34"
described here and culture
single cells deposited or . .
FIk1™ VE-cadherin
OP9 feeder cel | adharin® e

demonstrated the presence | -
clonogenic cells that can gi | ppgrra-
rise to blood and endothel

cell lineages. Our criterion f Fig. 8. A model of hemopoietic and endothelial development defined by a panel of surface markers. This
endothelial cell generation diagram of ES cell differentiation to blood cells is based upon repeated cell sorting and subsequent culture
the formation of the sheet-lil  of the sorted cells. All surface phenotypes that were detected in the culture of each intermediate stage are
cluster of VE-cadherincells. listed in addition to the differentiation pathway to blood cells. Although not listed here, a stage in which
In this sheet, cells adhere FLKL1 and VE-cadherin were co-expressed with CD45 was consistently found between the VE-

each other by the adherel cadhkTrirTCIZ)b45k;|andﬂ\/E—cadher'rrCD45+ stages (sehe Eig. 3B)Hl-:ovlveverl,( this co—sxpressior dizaplpearedh
; ; _ quickly, probably reflecting a transient stage in which endothelial markers are downregulated along wit
{gnit;%ge\avaz{:dviﬁgdgﬂ the upregulation of hemopoietic cell markers. While CI24Kit* cells can give rise to both Ter119

. . . erythroid and CD45cells, the possibility that erythroid cells differentiate directly from VE-

Inco_r_porz_ited LDL and w cadherifCDA45" cells cannot be ruled out. Likewise, a direct differentiation pathway from the*™MH<1
positive in FLK1 gnd CD3  cadherin stage to the CD45or Ter119 blood cell is difficult to be ruled out. ES cells and other E-
expression (M. Hirashima  cadherir epithelial cells cannot be distinguished by the surface markers used here. Likewise,

al., unpublished observatio hemoangiogenic progenitors and committed angioblasts are difficult to discriminate with the surface
Moreover, a previous stur markers listed here.

CD45 Ter119"
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