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Summary

The receptor tyrosine kinase FLK1 and the transcription failed to expand in response to VEGF. The Smadl1/5 and
factor SCL play crucial roles in the establishment of map kinase pathways were activated by BMP4 and VEGF,
hematopoietic and endothelial cell lineages in mice. We respectively. The overexpression of SMAD6 in ES cells
have previously used an in vitro differentiation model resulted in a reduction of FLK1* cells. In addition, a MAP
of embryonic stem (ES) cells and demonstrated that kinase kinase 1 specific inhibitor blocked the expansion of
hematopoietic and endothelial cells develop via sequentially SCL* cells in response to VEGF. Finally, VEGF mediated
generated FLKI* and SCL* cells. To gain a better expansion of hematopoietic and endothelial cell progenitors
understanding of cellular and molecular events leading to was inhibited by TGFB1, but was augmented by activin A.
hematopoietic specification, we examined factors necessary Our studies suggest that hematopoietic and endothelial
for FLK1* and SCL* cell induction in serum-free  commitment from the mesoderm occurs via BMP4-
conditions. We demonstrate that bone morphogenetic mediated signals and that expansion and/or differentiation
protein (BMP) 4 was required for the generation of of such progenitors is achieved by an interplay of VEGF,
FLK1* and SCL* cells, and that vascular endothelial TGFB1 and activin A signaling.

growth factor (VEGF) was necessary for the expansion

and differentiation of SCL-expressing hematopoietic

progenitors. Consistently,Flk1-deficient ES cells responded Key words: Hematopoiesis, Vasculogenesis, FLK1, SCL, BMP4,
to BMP4 and generated TER119and CD31* cells, butthey  VEGF, TGRB1

Introduction the induction of theFlkl gene Kdr — Mouse Genome

There has been great interest in identifying factors that contrgiformatics) (Flamme et al., 1995), suggesting that bFGF is
hematopoietic commitment, as they can provide moleculgrucial _for the emergence of the hemangloblast, the common
mechanisms involved in hematopoietic establishment. Previog0genitor of hematopoietic and endothelial cells (Sabin, 1920;
studies implicate that endoderm-derived factors andurray, 1932; Wagner, 1980). Furthermore, in quail embryos,
mesoderm-inducing factors could play a role in hematopoietiFGF, vascular endothelial growth factor (VEGF) and
and endothelial cell differentiation. For exampleXienopus ~ transforming growth factor (TG can induce hematopoietic
the formation of erythroid cells from the animal cap is inducedifferentiation from the somatopleural mesoderm (Pardanaud
by BMP4 and basic fibroblast growth factor (bFGF) or byet al., 1996). Similarly, in mice, the primitive endoderm can
BMP4 and activin A, and the generation of erythroid cells bynduce hematopoietic differentiation from the anterior epiblast,
exogenously expressed GATAL can be potentiated by bFGEFtissue that cannot generate hematopoietic cells (Belaoussoff
(Huber et al., 1998). Studies of quail-chick chimeras haveét al., 1998). Specifically, both activin A and BMP4 can induce
shown that the endoderm can induce the formation dfematopoietic differentiation from the anterior headfold region
hematopoietic cells from the somatopleural mesoderm, whic(Kanatsu and Nishikawa, 1996), and Indian hedgehog can
normally does not have such potential (Pardanaud et al., 199@yomote hematopoietic differentiation from the anterior
In addition, the formation of blood islands from quail epiblastspiblast (Dyer et al., 2001).

is dependent on bFGF (Flamme and Risau, 1992). In this Although these studies support the notion that [ @ifmily
system, bFGF-mediated blood island formation correlates witmembers and bFGF can induce hematopoietic differentiation,
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they do not provide mechanisms involved in specifyingknock-in ES cells (Chung et al., 200B)k1~- (kindly provided by
hematopoietic cell lineages. In addition, these studies am Schuh, University of Toronto) anBltl1”- ES clones (kindly
limited to erythroid cell induction. Thus, it is still unclear how provided by G.-H. Fong, University of Connecticut School of
the generation of the earliest cell population, which ig\Aedlcme)_we_rg maintained on STO feeder cells in the presence of
committed to become hematopoietic and endothelial cells, , ukemia inhibitory factor (LIF). EBs were generated as described

: S hoi et al., 1998). Serum-free differentiation was achieved by
regulated. Gene targeting studies indicate that FLK1, a recept ferentiating ES cells in serum replacement (SR, Gibco/BRL)

tyrosme. kinase, 'and .SCL (TA.Ll ~ Mogse Genome|nstead of fetal calf serum (FCS) (Adelman et al., 2002). All factors
Informatics), a basic helix-loop-helix transcription factor, areyere added at the initiation of EB differentiation, unless otherwise
required at the initial stages of the establishment ofqdicated. BMP4, VEGEss VEGFi21, TGFBL, activin A, SHH and
hematopoietic and endothelial cell development. In nfitiel, WNT3A were purchased from the R&D Systems, and used at
expression can be detected in the presumptive mesoderntahcentrations as follows: BMP4 (5 ng/ml); VEGF (10 ng/ml), unless
yolk sac blood island progenitors as early as embryonic dagtherwise indicated; BMP2 (5 ng/m), TGE (1 ng/ml); activin A (2

(E) 7 (Yamaguchi et al., 1993; Dumont et al., 1995). Consisterg/ml), SHH (0.6ug/ml) and WNT3A (5 ng/ml). Basic fibroblast
with its expression patterflk1-deficient mice display defects 9growth factor (bFGF) was purchased from the Upstate Biotechnology
in blood vessels and yolk sac blood island formation and dig-2ke Placid, NY) and used at 10 ng/ml. Noggin purchased from

&D Systems was added at the initiation of EB differentiation.
between E8.5 and E9.5 (Shalaby et al., 1995). Furthermor80124 and U0126 were purchased from Calbiochem. U0124 (5,

FIk1”~ ES cells fail to participate in vessel formation or 141\ or U0126 (5, 10uM) was added at day 3 of ES cel
contribute to primitive or definitive hematopoiesis in chimerasyiterentiation.

generated with wild-type embryos, suggesting a cell Hematopoietic colonies were generated as described previously
autonomous requirement of FLK1 in hematopoietic andraloon et al., 2000). Briefly, cells obtained from day 5-6 EBs were
endothelial cell development (Shalaby et al., 1995g} replated in methyl cellulose containing 10% plasma-derived serum
deficient mice also exhibit defects in hematopoietic andPDS, Antech; Texas), 5% protein-free hybridoma medium (PFHM2,
endothelial cell lineages and die around E10.5 (Robb et aGibco/BRL), L-glutamine (2 mM), transferrin  (30Qug/ml;

1995; Shivdasani et al., 1995). The endothelial cell defects f\(ﬁghfiggfyt“gsﬂghem) I%r;?] dM(TK(i (ﬁﬁzg/g’fé?]%%thlﬁgé’yitg)thﬁs
. . - H wing Ines: Kit i , 0 I U f
itmﬁi mice are 'R/fgfage:%?ﬂ:”glggg)e primary vascular plext, " - itioned medium), ILL (5 ng/mi), IL6 (5 ng/mi), IL11 (5
| y fort | h N tODOi .t' d endothelial Irg;g/ml), Epo (2 units/ml), MCSF (5 ng/ml), GSCF (2 ng/ml) and
n an efiort 1o analyz€ hematopoletic and endotnelial Celyese (3 ng/ml). Hematopoietic colonies were counted 5-7 days

differentiation more systematically, we recently examined theyier 11, |16 IL11, GCSF and MCSF were purchased from R&D
developmental kinetics of the expression of FLK1 and SCL bgystems. KL was obtained from medium conditioned by CHO cells
using in vitro differentiated knock-in ES cells that express aransfected with a KL expression vector (kindly provided by Genetics
non-functional human CD4 at thecl locus (Chung et al., Institute). EPO was purchased from Amgen (Thousand Oaks, CA) and
2002). We demonstrated that CD4-expressing cells from i3 was obtained from medium conditioned by X63 Ag8-653
vitro differentiatedSct’/CP4 ES cells (embryoid bodies, EBs) myeloma cells transfected with a vector expressing IL3 (Karasuyama
correlated with that ocland reported that hematopoietic andnd Melchers, 1988). _
endothelial cells developed via sequentially generated FLK1 ES clones expressing SMAD6 were generated by electroporating

: Z ; . S cells with a linearized Flag-mouse SMAD6 expressing construct
and SCL-expressing cells. FLK3CL- cells first emerged in ; : ; SO
differentiating £S cels followed by FLKSCL* cells which | (kindly provided by Dr Miyazono at University of Tokyo, Japan). ES

! cells were selected with G418 (509/ml). Clones were verified by
ggxg:gggg ;rrgnr: FFle%éﬁyséeI'I:sut())l/_ ?j((i\ll_\:nr%eglﬁa'tjiggnlglt_elz a western blot analysis with an anti-Flag-tag antibody (Sigma).

Thus, the formation of FLK1- and SCL-expressing cells mark&ACS analysis

the onset of hematopoietic and endothelial cell differentiationEB cells were dissociated with 7.5 mM EDTA/PBS (pH 7.4) for 2

In this study, we used an in vitro serum-free differentiatiorminutes. Cells were centrifuged, resuspended in staining/wash buffer
model of ES cells (Adelman et al., 2002) to identify factorg4% FCS in PBS), passed through a 20-gauge needle four or five
regulating the onset of hematopoietic and endothelial celimes to generate a single cell suspension, and the cell number was
lineage differentiation. We show that BMP4 was required fo ounted. After _centrl_fu_gatlon, cells were resuspended at a density of
the generation of the FLKland SCI* cells. We also show x10P cells/ml in staining/wash buffer. Cells were placed into each

well of V-shaped 96-well plate ax®0® cells/well. For a single color

that VEGF, via FLK1-mediated signals, is required for thestaining for FLK1, biotinylated anti-FLK1 antibody, freshly diluted

expansion of hematopoietic and endothelial cell progenitorgs:1000) in staining/wash buffer, was added and incubated for 15
Finally, we demonstrate that the generation of SClls by  minutes on ice. Subsequently, cells were washed three times with
BMP4 and VEGF was inhibited by T@E, but augmented staining/wash buffer. Streptavidin-phycoerythrin (secondary reagent)
by activin A. Collectively, our studies reveal a temporal,(Pharmingen), freshly diluted in staining/wash buffer, was added and
hierarchical order of factors that function to establishincubated on ice for 15 minutes in the dark. Cells were washed three
hematopoietic and endothelial cell lineages. times, re-suspended in staining/wash buffer, and transferred to 5 ml
In this paper, CD4 refers to the non-functional human CD4#olypropylene tubes for‘anaIyS|s. A dpgble-color staining .for human
genelprotein. CD4 and FLK1 was carried out by staining the cells with biotinylated
mouse anti-human CD4 monoclonal antibody (CALTAG), followed
by streptavidin-allophycocyanin (Sav-APC; Pharmingen) and

i phycoerythrin (PE)-conjugated anti-FLK1 monoclonal antibody
Materials and methods (Pharmingen). A three-color FACS analysis of FLK1, human CD4
Cell culture and TER119 was carried out by staining the cells first with

R1 ES cells (kindly provided by Dr Andras Nagy at Mount Sinaibiotinylated mouse anti-human CD4 monoclonal antibody and
Hospital, Samuel Lunenfeld Research Institute, Torora);/cP4 anti-mouse TER119 antibody (Pharmingen), followed by FITC-
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conjugated goat anti-rat Ig&s(Pharmingen). Finally, Sav-APC and  Sct  sense, BRTTGCACACACGGGATTCTGS3; antisense,
PE-conjugated anti-FLK1 monoclonal antibody were added. A three5 GAATTCAGGGTCTTCCTTAG.

color FACS analysis of FLK1, CD4 and CD31 was carried out by Bmp4 sense, TGTGAGGAGTTTCCATCACG3 antisense,
staining the cells first with biotinylated mouse anti-CD4 monoclonab' CAGCGAAGGACTGCAGGGCT3

antibody and FITC-conjugated anti-mouse CD31 (Pharmingen), Vegf sense, T CAGAGAGCAACATCACCAT3; antisense,
followed by Sav-APC and PE-conjugated anti-FLK1 monoclonal5 ACCGCCTTGGCTTGTCACAT3

antibody. Cells were analyzed on a FACS Caliber (Becton-

Dickinson), and FACS data were analyzed with CellQuest software

(Becton-Dickinson). Results

Biochemical analysis The generation of FLK1 expressing cells by BMP4 in

For detecting SMAD1/5 phosphorylation, ES cells were differentiate§€rum-free conditions

in serum-free conditions. Basic FGF (10 ng/ml) or BMP4 (5ng/ml)in order to better understand molecular and cellular
was added at the onset of diffferentiation (day 0). EBs were harvestggechanisms involved in FLK1and SCI* cell development,

on day 1.5 or 2.75 and lysed in RIPA-B buffer (50 mM Tris-HCl, ~ \ye jnitially examined FLK1 cell generation from ES cells
pH 8.0; 150 mM NaCl; 1% NP-40; 0.5% deoxycholate) containing,sing serym or serum-free differentiation conditions. As shown
protease inhibitor cocktail (Roche), NaF, NaOVa and phosphataﬁﬁ Fig. 1A, the generation of FLKlcells was readily

inhibitor cocktail 1 (Sigma). Alternatively, EBs were generated in ! .
serum-free conditions in the absence of exogenously added facto%‘?temable in the presence of serum, but greatly reduced in

collected on day 1.5, stimulated with bFGF or BMP4 for 30 to 605€Tum-free conditions, which were achieved by differentiating
minutes at 37°C, and lysed as described above. For Erk and AKEFS Ccells in serum replacement (Adelman et al., 2002). As
phosphorylation detection, ES cells were differentiated in serum-freBematopoietic and endothelial cells develop from the
conditions with BMP4. Three days after, EBs were harvested, washeadesodermal precursor, it was possible that the failure of FLK1
off three times, and then cultured for overnight in IMDM. The cell generation in the absence of serum was due to a block in
following day, EBs were harvested and stimulated with VEGF for 3Gnesoderm formation. Therefore, we determined the status of
minutes. , , . the brachyuryT) gene expression, a marker for the mesoderm
Cleared cell lysates after centrifugation were subjected t((Herrmann 1991). When ES cells were differentiated in
SDS-polyacrylamide gel electrophoresis (PAGE), followed bythe preseﬁce of serunRexl (Zfp42 — Mouse Genome

immunoblotting. Blots were blocked in TBS containing 5% nonfat - S ) . :
milk and 0.5% Tween 20 for 1 hour at room temperature an nformatics), which is expressed in undifferentiated ES cells

incubated with indicated antibodies overnight. Antibodies used werdR0gers et al., 1991), was downregulated by day 2-3 (Fig. 2A)
as follows: rabbit anti-pSMAD1/5 (Rosendahl et al., 2002), rabbi{Faloon et al., 2000). As cells downregulatBexl they
anti-SMAD1 (Upstate Biotechnique), mouse anti-phospho Erkl/Progressed successfully to FLKtells via theT-expressing
(Santa Cruz), rabbit anti-Erk1/2 (Santa Cruz), rabbit antiimesodermal stage (Fig. 2A). InterestingBex1 was also
PAKT1/2/3 (Santa Cruz) and rabbit anti-AKT1/2/3 (Cell Signaling). rapidly downregulated and the expression Tofwas also
One percent BSA was used for blocking and antibody incubatiofnduced when ES cells were differentiated in serum-free
instead of 5% skim milk for detecting phospho-SMAD1/S conditions. HowevelT was still expressed at high levels in day
bands. Blots were then washed and incubated with horseradlsg-'5 embryoid bodies (EBs, in vitro differentiated progenies of

peroxidase conjugated anti-mouse (Sigma) or anti-rabbit (Sam@S cells). The expression &1kl gene was not detectable

Cruz) IgG antibodies for 1 hour at room temperature. .. ) . .
Immunodetection was achieved by using an ECL-plus detectioHntII day 5 when ES cells were differentiated in serum-free

system (Amersham). conditions. Collectively, these results indicate that ES cells
can initiate differentiation and reach the mesodermal stage
Gene expression analysis in a serum-independent manner. However, the successful

ES cells were differentiated in the presence of fetal calf serum (FC$jeneration of FLK1 cells required serum factors.

or serum replacement (SR) media with or without BMP4. EBs were To identify factor(s) that mediate FLKtell generation, we
collected at different time points as noted and RNA was purifie@xamined factors known to affect mesoderm differentiation. Of
following the Triazol protocol (Gibco-BRL). All RNA samples were the molecules tested [BMP4, BMP2, bFGF, activin A, BGF
treated with DNasel (amplification grade from Gibco-BRL) before\yNT3A sonic hedgehog (SHH) and VEGF], only BMP4 was
cDNA synthesis to eliminate any contaminating genomic DNA. Semi-lee to ’significantly induce the generation (’)f FEkeells in

Quantitative RT-PCR was performed as described (Choi et al., 199 o .
Faloon et al., 2000). cDNA normalization was carried out fB4#ttin serum-free conditions (Fig. 1A, data not shown). BMP2 could

gene by using Phosphorimager Storm 840 and ImageQuant softwafiS0 induce FLK1cells, but it was much less efficient. BMP4
Specific primers used are as follows (Choi et al., 1998; Faloon et agould induce FLK1 cells in the range of 5-30 ng/ml (lot

2000). dependent, data not shown). The BMP4 effect on FL¢€l!
B-actin: sense, 'BTGAAGATCCTGACCGAGCGS3; antisense generation could be blocked by noggin, an antagonist of BMPs

5TACTTGCGCTCAGGAGGAGC3 (Zimmerman et al., 1996), showing a specificity for BMP4 in
Rexl sense, ®GTGTAACATACACCATCCG3; antisense, this process. More importantly, Noggin could also inhibit

SGAAATCCTCTTCCAGAATGGS. FLK1* cells in serum, although not completely, suggesting that

T: sense, ATGTACTCTTTCTTGCTGG3 antisense,
5GGTCTCGGGAAAGCAGTGGC3
FIkl: sense, "ACCTGGCACTCTCCACCTTC3 antisense,

the BMP4 effect we observed in serum-free conditions was
relevant and that BMP4 is a serum factor involved in FLK1

5 GATTTCATCCCACTACCGAAAGS. cell generation (Fig. 1B). .
Fgfs. sense, WGCAGAAGTAGCGCGACG3 antisense, To investigate the mechanism of how BMP4 induces FLK1
5CCGTAAATTTGGCACTTGA. cells, ES cells were differentiated in serum-free conditions,

Gata4 sense, TAAGCTGTCCCCACAAGGC3 antisense, With or without BMP4, and subjected to gene expression
5'CAGAGCTCCACCTGGAAAGG3 analyses. As shown in Fig. 2B, boihand Gata4 genes,
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Fig. 1.BMP4 induces FLK1 cells. (A) ES cells were differentiated in serum (FCS) (upper panel) or in serum-free conditions (SR) with BMP4
(5 ng/ml), BMP2 (5 ng/ml), bFGF (10 ng/ml), activin A (2 ng/ml) or B&K1 ng/ml). At day 2.75-3 of differentiation, EB cells were FACS
analyzed for FLK1 expression. Numbers in insets indicate the percentage of ¢dlis12AB indicates cells stained with secondary antibody
alone. (A) Results from four independent experiments are shown as a percentage of BMP4 control. Error bars indicate s.e.m. (BrES cells
differentiated in serum (FCS) alone or with Noggin (upper panel). Alternatively, ES cells were differentiated in serundifieesc(®R) with

BMP4 alone or with BMP4 and Noggin (lower panel). At day 2.75-3 of differentiation, EB cells were FACS analyzed for FLKslogxpres
Numbers in parenthesis indicate Noggin concentratigngl). IgG1 isotype antibodies were used as control. Numbers in insets indicate the
percentage of FLK"cells. (B) Results from three (FCS) or five (serum-free conditions) independent experiments are shown as a percentage of
serum alone (FCS) or BMP4 (SR) control. Error bars indicate s.e.m. (C) ES cells were differentiated in serum-free contliiensB&P4

was added at different days (DO, D1, D2, D3 or D4). At day 6 of differentiation, EB cells were FACS analyzed for FLK1 exphasdiers

in insets indicate the percentage of FI'Kells. (C) Results from three independent experiments are shown as a percentage of BMP4 (DO0)
control. Error bars indicate s.e.m.

expressed in mesoderm and visceral endoderm (Arceci et adxpressing EB cells from days 2-3 were still able to respond
1993), respectively, were expressed at low levels in EB cell® BMP4 to generate FLKIcells. Rexlis downregulated at
differentiated in serum-free conditions. Howevéigf5, a  these time points. As shown in Fig. 1C, we found similar
marker for ectoderm (Haub and Goldfarb, 1991; Hebert et alpercentage of FLK1.cells as long as BMP4 was added up to
1991), was expressed at high levels in these cells indicatirdpy 3. The percentage of FLKtells was lower when BMP4
that ES cells readily gave rise to ectoderm in serum-freeias added on day 4 or 5 compared with earlier time points.
conditions. When ES cells were differentiated in the presencehis could be interpreted thatexpressing mesoderm lost the

of BMP4, bothT andGata4genes were upregulated. However, ability to respond to BMP4. Alternatively, this could be due to
Fgfs expression was downregulated. This suggested thatdecrease in the number of mesodermal cells, which respond
BMP4 functions to induce mesoderm at the expense db BMP4. The latter view is supported by greater level of cell
ectoderm. Moreover, the kinetics ©fandFIk1 expression in  death of EB cells at later time points in the absence of any
BMP4 were similar to that of serum, such that theadded factors (not shown). Together, this suggests that BMP4
downregulation off coincided with the up regulation &lkl  functions at two distinct steps. First, BMP4 can induce
gene expression. This suggested that BMP4 could also indungesoderm. Second, BMP4 can also induce FL&lls from
FLK1* cells from the mesoderm. Thus, we determined if mesoderm.
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Fig. 2.Gene expression analysis. (A) RNA from EBs differentiated
either in serum (FCS) or in serum-free conditions (SR), was
subjected to semi-quantitative RT-PCR. Numbers on top indicate
days of EB differentiation. un, undifferentiated ES cells. (B) EBs
were generated in serum-free conditions (SR) or SR+BMP4,
collected at different time points, and RNA was subjected to semi-
quantitative RT-PCR. Numbers on top indicate days of
differentiation. N, negative ¥D control.

VEGEF is required for expansion of hematopoietic

and endothelial progenitors

Our studies indicate that BMP4 was required for FLIE&ll
generation. To determine if BMP4 was also necessary for
SCL-expressing cell development, we examined CD4-
expressing cells frorn vitro differentiatedScl/CP4 ES cells
(Chung et al., 2002). As shown in Fig. 3A, very few FIEK1
or CD4 (i.e. SCL)-expressing cells were detectable when ES
cells were differentiated in serum-free conditions. When ES
cells were differentiated in the presence of BMP4, cells
expressing CD4 were detectable at low levels in day 5-6 Ebs
(5-6%, Fig. 3A,B) and increased at day 7 (11-12%, Fig. 3B,C).
This suggested that BMP4 could induce the generation of
SCL-expressing cells. However, the percentage of cells
expressing CD4 in the presence of BMP4 was much lower
compared with that from the serum control (~6% versus
~40%, respectively, Fig. 3A). Thus, we searched for additional
factor(s) that could cooperate with BMP4 to generate CD4-
expressing cells. As shown in Fig. 3A, the addition of BMP2,
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A BMP4+VEGFiss BMP4+VEGFies (-D3) BMP4+VEGFi6s(-D4) Fig. 4.Kinetic analyses of VEGF function.
(A) SclCP4ES cells were differentiated in

serum-free conditions in the presence of BMP4
and VEGF (upper panel) or BMP4 alone (lower
panel). When ES cells were differentiated in
BMP4 and VEGF, the factors were removed on
day 3 or 4 from the medium by washing the
EBs several times and returning them to fresh
EB differentiation medium without BMP4 and
BMP4+VEGF6s(+D3) BMP4+VEGFss(+D4) VEGF. When ES cells were differentiated with
BMP4, VEGF was added to the differentiation
medium on day 3 or 4 of differentiation at 10
ng/ml. At day 5-6, the cells were subjected to
FACS analysis for FLK1 and CD4 expression.
Numbers in a given box indicate the percentage
T8 108 pof of cells that are FLKICD4~ (lower right),
FLE# FLK1*CD4" (upper right) or FLK1CD4*
- (upper left). (B)SclCP4ES cells were
differentiated in serum-free conditions in the
Flk-1 presence of BMP4 and VEGF. The factors were
washed off on day 3 or day 4, and cells
expressing Ter119 or CD31 were measured on
B SR BMP+VEGFiss BMP+VEGFi65(-D3) BMP+VEGF65(-D4) day 6.
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TR & 8 8 window of time in which VEGF can
) function to generate SCL-expressing cells.
evé“ w0 102 10° 100 Dmo 0 102 100 10 0160 10 102 100 10 °|o° w0l 102 100 10t Our eXperimental S'[I’ategy was to
FLIH FLIH FLIH FLiH . . .
_ differentiate  ES cells in serum-free
Ter119 conditions in the presence of BMP4 and

VEGF up to day 3 or day 4. Factors were
E then washed out, and CD4-expressing cells
23.77 ; 9.79 : 19.52 were analyzed on day 5.5 (Fig. 4A, upper
- : gl panel). Alternatively, ES cells were

R ; differentiated with BMP4 alone, VEGF
od o I — % I — was added on day 3 or day 4, and CD4-
oy T Tl T expressing cells were analyzed on day 5.5
(Fig. 4A, lower panel). This scheme is
based on our previous studies that FLK1-
expressing cells emerged between days 1.5
and 2 of EB differentiation, expanded up to
bFGF, activin A or TGB1 did not affect the generation of day 4, and then decreased (Chung et al., 2002). When BMP4
CD4-expressing cells. However, the level of cells expressingnd VEGF were removed on day 3 (Fig. 4A, upper middle
CD4 dramatically increased when both BMP4 and VEGFRpanel), there was a remarkable decrease in *C&lls.
were added to serum-free differentiation conditionsHowever, the removal of BMP4 and VEGF on day 4 (Fig. 4A,
Importantly, the CD#levels approximated the level of serum upper right panel) did not affect the percentage of Cézlls
differentiation (~49%). The percentage of CD4ells generated compared with the control (Fig. 4A, upper left
increased up to 10 ng/ml of VEGF in the presence of BMP4panel). Conversely, when VEGF was added on day 3,"CD4
VEGF at higher concentrations (50 ng/ml) did not furthercells developed as expected (Fig. 4A, lower middle panel),
increase CD#cells (data not shown). while the addition of VEGF on day 4 did not augment €D4

There are two major soluble isoforms of VEGF presentell numbers significantly (Fig. 4A, lower right panel). We next
in the mouse: VEGf:1 and VEGhes As endothelial determined if VEGF induced SCL-expressing cells between
differentiation and hematopoiesis were strongly stimulated inlays 3 and 4 were sufficient to generate mature hematopoietic
the presence of both VE@h and VEGHhses in zebrafish and endothelial cells. Similar to previous experiments, BMP4
(Liang et al., 200}, we tested whether VEGEl and VEGRes and VEGF were added at the time of differentiation and
synergized. As shown in Fig. 3C, VEGkwas as effective as removed on day 3 or day 4, and EB cells were subjected to
VEGFs65 in generating CD# cells. The percentage of Cb4 FACS analyses for TER119 (erythroid) or CD31 (endothelial)
cells further increased, although slightly, in the presence axpression on day 6. As shown in Fig. 4B, both TER119 and
both VEGR21 and VEGhes These results suggest that CD31-expressing cells decreased greatly when BMP4 and
VEGF121 and VEGHhes do not synergistically increase SCL- VEGF were removed on day 3. However, the percentage of
expressing cells in the EB system. both TER119 and CD31 cells was largely unchanged when

In an effort to determine if VEGF is constitutively required BMP4 and VEGF were removed on day 4. Collectively,
for the generation of SCL-expressing cells, we determined theur findings suggested that VEGF is only required for a
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Fig. 5.BMP4 induces phosphorylation of
SMAD1/5, while VEGF induces
phosphorylation of Erk1/2 during EB I I
differentiation. (A) ES cells were differentiated 30 min 60 min
up to day 1.5 (left) or day 2.75 (right) in et it el i
serum-free conditions in the presence of either | o —| <— pSmadl/5
bFGF or BMP4. (B) EBs harvested from day
1.5 differentiated in serum-free conditions |- S S s --] 4 Smadl
were treated with either bFGF or BMP4 for 30
and 60 minutes. (C) ES cells were
differentiated in serum-free conditions with
BMP4. Three days after, BMP4 was washed C D3 EB D3 EB
off overnight and EBs were treated with VEGF TR il
for 30 minutes. EB cell lysates were subjected m’f",":' i i . ﬁii'g;f' i -_l- I (30 min)
to SDS-PAGE, followed by immunoblotting il + (30 min) =
with pSMAD1/5, SMAD1 (A,B), pERK1/2, «— pERK12 [ | € pakT123

ERK1/2, pAKT1/2/3 or AKT1/2/3 (C). One

out of three experiments is shown. 4— ERK1/2 | | AKT1/2/3

short time to induce SCL, TER119 and CD31-expressingnd analyzed for ERK1/2 phosphorylation. The AKT

hematopoietic and endothelial cells. phosphorylation was also measured to determine if the PI3-
o kinase pathway was activated. As shown in Fig. 5C, ERK1/2
SMAD1/5 and ERK1/2 activation by BMP4 and VEGF phosphorylation was induced when EBs were stimulated

BMP4 activates the SMAD pathway, and VEGF the MAPK,with VEGF, while AKT phosphorylation was not affected.
PI3K, PLGyand PKC pathways (Itoh et al., 2000; Giles, 2001) Collectively, our studies indicate that the generation of FLK1
To define the signals that control FLK&nd SCL cell and SCL cells by BMP4 and VEGF involves the activation of
generation, we further examined signaling events downstreathe SMAD1/5 and MAP kinase pathways, respectively.
of BMP4 and VEGF during ES cell differentiation. First, ES . ) .
cells were differentiated in serum-free conditions with BMP4ES cells over expressing SMAD6 display defects in
added at the onset of differentiation. Subsequently, SMAD1/6LK1™ cell generation
phosphorylation was determined on days 1.5 and 2.75 dfhe finding that the SMAD1/5 pathway was activated at the
ES cell differentiation. As shown in Fig. 5A, SMAD1/5 time of FLKI" cell formation suggested that it plays a
phosphorylation was detected in EB cells differentiatedunctional role in this process. To determine whether the
in BMP4 as well as in serum. Importantly, SMAD1/5 SMAD1/5 activation by BMP4 signaling is crucial for FLK1
phosphorylation was not detected (or was considerablgell development, we generated ES clones over expressing
reduced) in the absence of serum. Basic FGF, which activat8MADG6, which inhibits either the recruitment of SMAD1
the MAP kinase pathway, was included as a negative controfo the receptor or the heterodimer formation between
To determine the kinetics of SMAD1/5 phosphorylation, ESphosphorylated SMAD1 and SMAD4 (Imamura et al., 1997,
cells were differentiated in serum-free conditions. EBs werélata et al., 1998). If activation of the SMAD1/5 pathway is
then collected on day 1.5, treated with BMP4 or bFGF for 30erucial for BMP4-mediated FLK1 cell generation, the
60 minutes, and the phosphorylation status of SMAD1/®verexpression of SMAD6 should block the formation of
was analyzed (Fig. 5B). The phosphorylation of SMAD1/5FLK1* cells. As shown in Fig. 6, FLK1cells developed as
occurred in EBs treated with BMP4, but not with bFGF.expected from control clones (Flag 6 and Flag 8). However,
Collectively, these studies demonstrate that the SMAD1/SMAD6 overexpressing clones (Flag SMAD6-6 and Flag
pathway was activated in EB cells differentiated with BMP4SMAD7, and data not shown) were not able to respond to
SMAD1/5 phosphorylation by BMP4 occurred rapidly asBMP4 and failed to generate FLKIcells in serum-free
shown by the kinetic studies. conditions. Importantly, SMAD6 overexpressing clones
The cell analyses suggested that VEGF is required for thgenerated much lower FLKTells even in the full complement
expansion of SCL-expressing cells. As the MAPK pathway andf serum compared with controls (Fig. 6). Therefore, activation
AKT activation via PI3 kinase have been implicated in cellof the SMAD1/5 pathway is crucial for FLKZell formation.
proliferation and cell survival, we examined ERK1/2 and AKT
phosphorylation by VEGF. To achieve this, ES cells werdlAP kinase kinase 1 (MKK1) specific inhibitor can
differentiated in serum-free conditions with BMP4. Three day#$lock the generation of SCL  * cells
later, BMP4 was washed out overnight and EBs were treatéib examine further the significance of the activation of the map
with  VEGF for 30 minutes. Cells were then collectedkinase pathway in SClcell development, we tested if U0126,
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Fig. 6. Overexpression of SMADG in ES cells

inhibits the generation of FLKIcells. (A) ES

cells stably expressing SMAD6 were

Flag-Smad6-6 differentiated and subjected to FACS analysis for
FLK1 expression. Numbers in insets indicate the
percentage of FLK"cells. 2Ab indicates cells
stained with secondary antibody alone. Flag-6
and Flag-8 indicate control ES cell clones. Flag
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a specific inhibitor of map kinase kinase 1 (MKK1) (Favata eFlt17~ ES clones to determine which of these two receptors
al., 1998), could inhibit SCLcell generation. To achieve this, was responsible for the VEGF-mediated generatiorSa
we differentiated ES cells in serum-free conditions with BMPZ4expressing cells. Our experimental strategy was to differentiate
to ensure that FLK1cells were generated. After three days,FIk1~7~ and Flt-17/- ES cells in serum-free conditions in the
BMP4 was washed out. VEGF and U0126 or VEGF and U012gresence of BMP4 alone or BMP4 and VEGF, followed by an
(a control for U0126) were added, and SCetlls were analyzed examination of TER119- and CD31-expressing cells as an
on day 5. VEGF and DMSO, the solvent used to dissolve U0124direct reference for SCL induction. If FLK1 is the major
and U0126, was also included as an additional control. As showaceptor that mediates VEGF signals that lead to the generation
in Fig. 7, CD4 cells decreased in the presence of U0126 in af SCL-expressing cells, it was expected fl&il~/- ES cells
dose-dependent manner. This suggests that 8€llgeneration  would give rise to a similar percentage of TER140CD3T
by VEGF required the map kinase activation. cells in response to BMP4 versus BMP4 and VEGF. However,
_ ) FIt17-ES cells would give rise to an increase in TER14r&d
FLK1, but not FLT1, is responsible for VEGF- CD31" cells. As shown in Fig. 8A, VEGF failed to increase
mediated expansion of hematopoietic and TER119 and CD3% cells from Flkl17~ ES cells, while
endothelial cell progenitors TER119 and CD3t1 cells expanded in response to VEGF in
VEGF signals mainly through FLK1, FLT1 and neuropilin Fit17~ ES cells.Flt1-~ EB cells gave rise to higher levels of
receptors (Neufeld et al., 1999; Robinson and Stringer, 2001JER119 and CD31Z cells even with BMP4 alone, consistent
As FLK1 and FLT1 are implicated in both hematopoietic andvith studies by Fong et al. (Fong et al., 1999), which showed
endothelial cells differentiation, and VEGH; which does not  thatFlt1~-embryos contained higher levels of hemangioblasts.
bind neuropilin receptors (Soker et al., 1998), could inducélematopoietic replating data also showed similar results. As
CD4-expressing cells (Fig. 3C), we examingtkl~~ and  shown in Fig. 8B, the number of erythroid, macrophage and



Development and disease FLK1 and SCL induction 2757

A
=4 . DMSO (5ul) U0124 (1uM) u0126 (uM) U0126 (1uM)
Q| o
< | o
[ =
O =4
< :u-_
"0 10 0 T 0 4
>
FLK-1
B
o 120
E 100- Fig. 7.The map kinase pathway is involved in the generation
o of SCL-expressing cells. (A) ES cells were differentiated for
f'_’ 801 three days in serum replacement with BMP4. VE§stvas
o 60 added at day 3 with DMSO, U0124 or U0126 (MKK1-
& specific inhibitor). EBs were harvested at day 5 and subjected
8 407 to FACS analysis for FLKand SCL* cell generation.
< 501 Numbers in a given box indicate the percentage of
X FLK1*CD4 (lower right), FLK*CD4* (upper right) and
0'contrd FLK1-CD4* (upper left) cells. (B) Results from three
UO0126 U0126  jndependent experiments are shown as a percentage of U0124

(5UM)  (10pM)  control. Error bars indicate s.e.m.

erythroid/macrophage colonies was similar widkl~- ES  cells also decreased in response to FGFRalthough the
cells were differentiated in BMP4 or BMP4 and VEGF.decrease in CD3lells by TGB1 was not as evident as in the
Control cells &cl/CP4 Fig. 9C and data not shown) and TER119 cells.

Flt-17- ES cells gave rise to higher number of erythroid, To verify the FACS data, EB cells generated in the
macrophage and erythroid/macrophage colonies in responsepesence of BMP4, BMP4+VEGF, BMP4+VEGF+T@&F or
BMP4 and VEGF compared with BMP4 alone. Collectively,BMP4+VEGF+activin A were subjected to hematopoietic
our results indicate that the expansion of hematopoieticeplating (Fig. 9C). As shown, erythroid, macrophage and
progenitors requires VEGF signaling through the FLKl1erythroid/macrophage bipotential colonies all developed in

receptor. BMP4 alone. Importantly, the number of these colonies

o ] ) o increased when VEGF was added to the BMP4 culture. Again,
Hematopoietic and endothelial cell differentiation in TGFB1 inhibited the generation of hematopoietic progenitors.
response to BMP4, VEGF, and TGF f1 We again saw a slight increase of hematopoietic differentiation

We initially observed that CD4cells decreased somewhat by activin A. There did not seem to be a qualitative difference
when ES cells were differentiated with BMP4 and PGF inthe generation of primitive and definitive erythroid progenitors
compared to BMP4 alone (Fig. 3A). As it was possible thaby BMP4 or BMP4+VEGF, as both types of colonies were
TGF31 inhibited CD4 cell generation, we examin@tt/CP4  present in EBs generated in BMP4 or BMP4+VEGF (data not
ES cells differentiated in BMP4+VEGF+T@BE. We also shown). Collectively, our data demonstrate that -efficient
tested activin A in combination with BMP4 and VEGF, as wehematopoietic and endothelial cell generation requires an
previously showed that activin A could augment hematopoietiordered function of BMP4, VEGF, TGE and activin A. BMP4
differentiation (Faloon et al., 2000). As shown in Fig. 9A, theis required initially, followed by VEGF. TGH and activin A
generation of CD#%cells greatly decreased when TgFwas then modulate the function of VEGF by inhibiting or enhancing
added to the culture containing BMP4 and VEGF. Howevetthe generation of SCL-expressing cells.
the percentage of CD4ells increased, although slightly, when
activin A was added to the culture of BMP4 and VEGF. Discussion

To compare the generation of SCL-expressing cells to ) o _
hematopoietic and endothelial cell differentiation, weBMP4 in hematopoietic and vascular commitment
examined day 6.5 EB cells differentiated with BMP4+VEGFHere, we employed ES-derived FLK&And SCL cells as
for TER119 and CD31 as a measure of hematopoietimeans to further understand inductive signals leading to the
(erythroid) and endothelial cell differentiation, respectivelygeneration of hematopoietic and endothelial cells. We
(Fig. 9B). As seen before in Fig. 4, TER119-expressing celldemonstrated that ES cells developed only to the mesodermal
increased significantly in the presence of BMP4+VEGFstage in serum-free conditions and the progression from the
compared with BMP4 alone. CD3Btells also increased in the Brachyury expressing mesoderm to FLKIcells required
presence of BMP4+VEGF compared with BMP4 aloneserum factor(s). Among the factors tested in these EBs, only
Importantly, when TGB1 was added to BMP4 + VEGF, the BMP4 was able to induce the generation of FLK®IIs. In
generation of TER119cells decreased considerably. CHB31 EBs generated in serum replacement alone, low levels of
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Fig. 8. VEGF induces SCL-expressing cells mainly through the FLK1 receptor. (A) Wildfijde/- andFIt1~~ES clones were differentiated

in serum or serum-free conditions, in the presence of BMP4 and VEGF as shown. Day 5-6 EBs were analyzed for CD31 and TER119
expression. The percentage of TER119 and CD31-positive cells are shown. One representative experiment out of three)i§kiiotwn. (B
andFIt1~~EB cells generated in the presence of FCS (black bar), SR+BMP4 (white bar), or SR+BMP4+VEGF (grey bar) were re-plated in a
semi-solid medium as described in the Materials and methods. Hematopoietic colonies were counted 5-7 days after re-plating. No
hematopoietic colonies formed when EB cells from SR were re-plated, thus not shown. Error bars indicate standard dewiaiiglicafe

plating. One representative experiment out of three is shown.

FIk1l were detected at later time points. Importantly, we alsossible that FLK1 expression can specify a subset of
observed that BMP4 was expressed in serum-free conditiomsesoderm that ultimately generates the hematopoietic and
(Fig. 2B). Therefore, it is possible that the endogenous BMP4ascular systems.
expression alone is sufficient for ES cells to induce mesoderm Our studies have demonstrated that ES cells differentiated in
and limited number of FLK1-expressing cells. However, robusserum-free conditions in the presence of BMP4 alone could
FLK1 induction was achieved by the addition of BMP4.still give rise to SCL-expressing cells and hematopoietic
Importantly, it is thought that BMP4 expression is under thgrogenitors. In addition, we observed SCL gene induction in
autologous feedback (Jones et al., 1992; Adelman et al., 200Bk1--EBs differentiated in BMP4 (data not shown). Previous
However, we did not obsen®mp4 gene induction by the studies also support the idea that BMP4-mediated signals are
addition of BMP4 in ES cell differentiation (Fig. 2B). required for hematopoietic specific gene expression. For
Our kinetic studies show thaf was induced in EBs example, Johansson and Wiles (Johansson and Wiles, 1995)
differentiated in BMP4. Furthermore, we also observed thateported that BMP4 could induct and -H1globin from
FLK1* cells still developed when BMP4 was added to EB cell€ES cells differentiated in chemically defined medium.
expressingl but notRex1 This suggests that BMP4 functions Furthermore, Adelman et al. (Adelman et al., 2002) reported
at two distinct steps. First, BMP4 can induce mesodernmthat BMP4 could induce expression &klf and Gatal
Second, BMP4 can also induce FL'Kdells from mesoderm. erythroid-specific genes. Whether BMP4 can induce
It is not clear whether these FLK1-expressing cells stilhematopoietic cells directly from mesoderm is not clear. All of
represent the mesoderm. Fehling et al. (Fehling et al., 2008)ese studies, including our own, used an ES/EB system, in
recently showed that T-expressing, but FEKcells progressed which hematopoietic differentiation occurs via the mesoderm
to give rise to T- and FLK1-expressing cells. Therefore, it igollowed by generation of FLK1 expressing cells. Thus, future
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Fig. 9. TGH31 and activin A in VEGF-mediated expansion of
SCL-expressing cells, hematopoietic and endothelial cell
differentiation. Day 6clHCP4 EB cells generated in serum-free
conditions in the presence of BMP4; BMP4+VEGF,;
BMP4+VEGF+TGRB1; or BMP4+VEGF+activin A were
subjected to three-color analyses for FLK1, CD4 and
hematopoietic or endothelial markers. (A) The percentage of
FLK1*CD4 (lower right), FLKT'CD4* (upper right) or
FLK1-CD4* (upper left) cells is shown. Statistical values are
shown on the right. (B) The percentage of TER119 and
CD31-positive cells is shown. (C) EB cells generated in the
presence of FCS; SR+BMP4; SR+BMP4+VEGF,;
SR+BMP4+VEGF+TGB1; or SR+BMP4+VEGF+activin A

were subjected to hematopoietic re-plating. No hematopoietic
colonies formed when EB cells from SR were re-plated, thus not
shown. Hematopoietic colonies were counted 5-7 days after re-
plating. Error bars indicate standard deviations from triplicate
plating.

mediated signals are important for hematopoietic and
vascular development. For exam@anp4deficient mice

die between E7.5 and E9.5 with defects in mesoderm
formation and patterning. Those that survive up to E9.5
show severe defects in blood island formation (Winnier et
al., 1995). Additionally, mice lacking the type | BMP
receptor Alk3) fail to complete gastrulation and die by
E9.5 (Mishina et al., 1995). Mice deficient 3madlor
Smad5 downstream signaling molecules of Tstamily
members, display varying degrees of defects in
hematopoietic and vascular development, perhaps owing

studies are required to examine if BMP4 can directly inducéo overlapping function between SMAD1, SMAD5 and
SMADS (Tremblay et al., 2001). For exampnadideficient

Sclwithin FLK1* cells.

Gene targeting studies largely support the notion that BMP4nice display defects in chorioallantoic fusion and die between
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or CD3T cells as well as hematopoietic progenitors. Finally,
Mesoderm our studies demonstrated that VEGE which does not use

neuropilin receptors, efficiently induces CD4-expressing cells.
Collectively, our studies establish a hierarchical role of BMP4
and VEGF. BMP4 is required for the generation of FLK1- and
SCL-expressing cells. VEGF function is to enhance the
hematopoietic differentiation, as judged by the expansion of
SCL expressing and hematopoietic progenitors. Our

Sck T interpretation is consistent with studies by Nakayama et al.

I (Nakayama et al., 2000) that the sequential treatment of BMP4
followed by VEGF enhanced hematopoietic differentiation of

endothelial ES cells and studies by Cerdan et al. (Cerdan et al., 2004),

which showed that VEGF augmented erythroid development
from human ES cells.

Gene targeting studies also support the notion that VEGF
is crucial for proper hematopoietic and endothelial cell
differentiation. For example, mice heterozygous féegf
(Vegf) are embryonic lethal due to defects in vascular
Fig. 10.A schematic diagram of BMP4, VEGF, activin A and development (Ferrara et al., 1996; Carmeliet et al., 1996). The
TGFB1 action in hematopoietic and endothelial cell development. Production of hematopoietic cells is significantly reduced in

these mice. Conversely, mice with slightly higher levels of

VEGF expression (two- to threefold) result in early embryonic
E9.5 and E10.5 (Tremblay et al., 2001; Lechleider et al., 2001)ethality because of severe abnormalities in heart development
Although overall hematopoietic and vascular developmentMiquerol et al., 2000). As for its mode of action, recent studies
appears to be normal, sorBenadideficient embryos display by Damert et al. (Damert et al., 2002) demonstrated that VEGF
defects in yolk sac angiogenesis (Lechleider et al., 2001production in the yolk sac visceral endoderm was crucial for
Smad&deficient mice also show early embryonic lethality. Theproper hematopoietic and endothelial cell development. In this
primitive plexus can be found in mutant embryos, but they faistudy, the authors generated chimeras betwegfwild-type
to form organized vessels. There seems to be more primititetraploid embryos and diploidegfo/© embryos and showed
blood cells in E8.5 mutant yolk sacs, although E9.5 mutarthat defects in blood island formation and vascular
yolk sacs contained almost none (Chang et al., 1999evelopment of Vedf'® animals were rescued. Moreover, the
Furthermore, Smad&deficient yolk sacs contained higher hematopoietic cell population in the embryo proper of these
frequency of high-proliferative potential colony forming cells chimeras increased as the contribution \M&f wild-type
(HPP-CFCs) andSmad&deficient ES cells gave rise to an tetraploid cells to the yolk sac visceral endoderm augmented.
increased number of hematopoietic progenitors including blastnportantly, chimeras generated betwedsgfo/© tetraploid
colonies in vitro (Liu et al., 2003). Collectively, these studiesembryos withVegf* ES cells showed defects in yolk sac
demonstrate the importance of BMP4-mediated signals in earlascular development. These studies indicate that tight
stages of mouse development including hematopoietic anégulation of VEGF expression is crucial for correct vascular

endothelial cells. and hematopoietic differentiation of the developing embryo.
o . Our studies suggest that coordinated VEGF, fGRand

VEGF, TGFp1 and activin A collectively regulate activin A function was important for efficient generation of

hematopoietic differentiation hematopoietic progenitors. We observed that FGiRhibited

We showed herein that SCL-expressing cells developed wh&MP4+VEGF effect on hematopoietic and endothelial cell
ES cells were differentiated in BMP4 alone. However, efficientifferentiation (Fig. 9). Activin A could slightly augment
expansion and differentiation of SCL-expressing cells requireBMP4+VEGF effect. Consistently, mice with targeted
VEGF. Our studies indicate that VEGF function was requirednutations of TGB1 and TGB receptor Il display abnormal
within a narrow window of time, such that the presence ofolk sac hematopoietic and endothelial cell development
VEGF between days 3 and 4 of EB differentiation readilyDickson et al., 1995; Oshima et al., 1996). The initial
generated SCL-expressing cells. The presence of VEGFasculogenesis occurs in these mice, but subsequent
between days 3 and 4 was sufficient for subsequeringiogenesis and capillary formation are defective. As for the
hematopoietic and endothelial cell differentiation (Fig. 4). Ouhematopoiesis, Larsson et al. (Larsson et al., 2001) have shown
studies are consistent with Endoh et al. (Endoh et al., 2008)at the number of erythroid progenitors was largely increased
who demonstrated th&clgene reactivation from day 2 to day in TGH3 receptor I-deficient yolk sac compared with wild-type
4 after initiation of differentiation irsctnull ES cells could yolk sac, while CFU-GM and CFU-Mix appeared to be similar.
rescue both primitive and definitive hematopoiesis.

Our studies indicate that VEGF signaling through FLK1 wadole of the map kinase and SMAD pathways in
responsible for augmenting SCL-expressing cells. Filist,/-  hematopoietic and endothelial cell differentiation
ES cells failed to respond to VEGF and gave rise to a similae demonstrated that the SMAD1/5 and map kinase
percentage of TER119r CD3T cells in the presence of pathways were activated by BMP4 and VEGF, respectively,
BMP4 versus BMP4 and VEGF. Secorfdtl” ES cells and that the activation of these pathways was crucial for the
responded to VEGF and generated higher levels of TER119eneration of FLK1 and SCL* cells (Figs 5-7). ES cells
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overexpressing SMADG6 showed a decrease in FL¢€lls in and temporal patterns of ERK signaling during mouse embryogenesis.
response to BMP4. The MKK1-specific inhibitor U0126 was Developmeni30, 4527-4537. ,
able to block the generation of SCtells. Furthermore, we Damert A., Miquerol, L., Gertsenstein, M., Risau, W. and Nagy, A2002).

. . Insufficient VEGFA activity in yolk sac endoderm com i
- y y promises
did not observe ERK1/2 phosphorylatiorFilk17"EBs when  ,2emaiopoietic and endothelial differentiatidevelopment129, 1881-

stimulated with VEGF (not shown). Consistent with our 1892,
studies that the activation of map kinase pathways is crucidlckson, M. C., Martin, J. S., Cousins, F. M., Kulkarni, A. B., Karlsson,
for hematopoietic and endothelial cell development, the yolk S. and Akhurs, R. J.(1995). Defective haematopoiesis and vasculogenesis

sac ofMkk1-deficient mice show diminished levels of blood ms"ansgormi”g growth factor-beta 1 knock out miGevelopment21,
1845-1854.

cells and distended blood vessels (Giroux et al., 1999hmont, D. J., Fon, G. H., Puri, M. C., Gradwohl, G., Alitalo, K. and
Additionally, Mkk1-deficient embryos show defects in Breitman, M. L. (1995). Vascularization of the mouse embryo: a study of
placental angiogenesis. Moreover, recent studies (Corson eflk-1, tek, tie, and vascular endothelial growth factor expression during

al., 2003) demonstrate that there was a transient activation Oﬂﬁvi}}o&meﬁéﬁfﬁggﬁnéoﬂ 80,\;'%%]-” .. Munday, 3. R. and Baron, M
ERK in nascent blood vessels. Collectlvely, these SIUdle'g H.’(2001)’. Indian hed’gehog ’activatés h’ematopoi’esis and vasculogienesis and

indicate that the activation of both the SMAD and MAP can respecify prospective neurectodermal cell fate in the mouse embryo.

kinase pathways is crucial for blood and blood vessel Developmeni2g 1717-1730.
formation. Endoh, M., Ogawa, M., Orkin, S. and Nishikawa, S(2002). SCL/tal-1-
In conclusion, we have positioned factors implicated in dependent process determines a competence to select the definitive

L o hematopoietic lineage prior to endothelial differentiati@&BO J. 21,
hematopoietic differentiation at each developmental stage of6700_67poé_ e neage pr o o

hema}tppOietiC and_ endOt_he"a' cell formation (Fig. 10).Faloon, P., Arentson, E., Kazarov, A., Deng, C. X., Porcher, C., Orkin, S.
Specifically, BMP4 is required sequentially from ES cells to and Choi, K. (2000). Basic fibroblast growth factor positively regulates
mesoderm, from mesoderm to FLKdéells, and from FLK1 hematopoietic developmeridevelopmeni27, 1931-1941.

+ Favata, M. F., Horiuchi, K. Y., Manos, E. J., Daulerio, A. J., Stradley, D.
to SCL” cells. VEGF then acts throth FLK1 to eXpand SCL A., Feeser, W. S., van Dyk, D. E., Pitts, W., Earl, R. A., Hobbs, F. et al.

cells. The activation of the SMAD and map kjnasg pathways (1998). Identification of a novel inhibitor of mitogen-activated protein
by BMP4 and VEGF, respectively, is crucial in this process. kinase kinasel. Biol. Chem273 18623-18632.
TGH31 and activin A function to further modulate the Fehling, H. J., Lacaud, G., Kubo, A., Kennedy, M., Robertson, S., Keller,

expansion of hematopoietic and endothelial cells by BMP4 and ©: and Kouskoff, V. (2003). Tracking mesoderm induction and its

. - . . - specification to the hemangioblast during embryonic stem cell
VEGF. Future in vivo studies are required to verify the it ertiation Development30, 4217-4227.

observations made in the ES/EB system. Ferrara, N., Carver-Moore, K., Chen, H., Dowd, M., Lu, L., O'Shea, K.
S., Powell-Braxton, L., Hillan, K. J. and Moore, M. W. (1996).
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