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Summary

We have employed embryoid bodies derived from murine vascular development in the absence of FGFR-1. The
embryonal stem cells to study effects on vascular FGFR-17- embryoid bodies displayed considerably
development induced by fibroblast growth factor (FGF)-2 increased basal level of vessel formation, detected by
and FGF receptor-1, in comparison to the established immunohistochemical staining for platelet-endothelial
angiogenic factor vascular endothelial growth factor cell adhesion molecule (PECAM)/CD31. This basal
(VEGF)-A and its receptor VEGF receptor-2. Exogenous vascularization was blocked by neutralizing antibodies
FGF-2 promoted formation of morphologically distinct, against VEGFR-2 or VEGF-A and biochemical analyses
long slender vessels in the embryoid bodies, whereas indicated changes in regulation of VEGFR-2 in the absence
VEGF-A-treated bodies displayed a compact plexus of of FGFR-1 expression. We conclude that VEGF-
capillaries. FGF-2 stimulation of embryonal stem cells A/NVEGFR-2-dependent vessel formation occurs in the
under conditions where VEGF-A/VEGFR-2 function was absence of FGF-2/FGFR-1, which, however, serve to
blocked, led to formation of endothelial cell clusters, which modulate vascular development.

failed to develop into vessels. FGFR=t embryoid

bodies responded to VEGF-A by establishment of the Key words: Vasculogenesis, Angiogenesis, Embryoid body,
characteristic vascular plexus, but FGF-2 had no effect on Hemostasis, Thrombosis, Development, FGFR-1, VEGFR-2

Introduction binding to cell surface-expressed receptors, which possess
During vasculogenesis, blood vessels are formed through iAtrinsic tyrosine kinase activity. Kinase activation initiates
situ differentiation of endothelial cells from precursor cells,intracellular  signaling pathways, which lead to the
termed angioblasts (Flamme et al., 1997). Aggregates @stablishment of biological responses. VEGF-A, which is also
mesodermal angioblasts form blood islands, which ar&nown as vascular permeability factor (VPF) (Dvorak et al.,
organized as a central core of hematopoietic precursor cefl995), exerts its effect via two tyrosine kinase receptors,
with an outer lining of endothelial cell precursors. TheVEGFR-1 and VEGF receptor-2 (VEGFR-2) expressed on
existence of a common stem cell for these two lineages hagscular endothelial cells. VEGFR-2 (FIk1/KDR for murine or
been demonstrated, which is called the hemangioblast (Ris@Wman species, respectively) is the earliest specific marker for
et al., 1995; Choi et al., 1998). Maturation of the vasculaturgascular endothelial cells (Kabrun et al., 1997). Inactivation
involves pruning of vessels and eventually angiogenesi®©f the genes for VEGF-A and VEGFR-2 severely impairs
formation of capillaries from pre-existing vessels.vasculogenesis and hematopoiesis in the embryo (Carmeliet et
Morphologically, angiogenesis involves the formation ofal., 1996; Ferrara et al., 1996; Shalaby et al., 1997). In contrast,
cytoskeletal filopodia, which extend from the sprouting tip celVEGFR-1 plays a negative regulatory role during vascular
in the direction of a stimulus, i.e. a growth factor. Formatiordevelopment. Thus, mice lacking VEGFR-1 expression die at
of new vessels in the adult, either because of physiological olay 8.5-9 because of an increase in the number of endothelial
pathological demands, occurs through angiogenesis (Folkmaell progenitors, leading to obstruction of the vessel lumen
et al., 1995). Recent work has demonstrated the existence (¢fong et al., 1995).
circulating endothelial precursor cells, which contribute to The ever-expanding family of FGF peptides and their four
pathological angiogenesis by integration at sites of vasculaieceptors (FGF receptor-1, -2, -3 and -4) play important roles in
injury, and subsequent differentiation to mature endotheliainany cellular functions (for a review, see Powers et al., 2000).
cells (Isner et al., 2001). FGF-2 appears to be crucial in inducing angioblast formation
Vascular development is guided by growth factors such asom uncommitted mesoderm in the quail (Poole et al., 2001).
vascular endothelial growth factor-A (VEGF-A) and fibroblastEndothelial cells as well as endothelial progenitor cells express
growth factor-2 (FGF-2). Growth factors exert their effects byFGF receptor-1 (FGFR-1) in vitro and in vivo, at least in certain
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tissues, and respond to FGF-2 (Cross and Claesson-Welsh, 20fdnet Rossant, Samuel Lunenfeld Research Institute Mount Sinai
Burger et al., 2002). However, the role of FGF-2/FGFR-1 irHospital, Toronto, Ontario, Canada, were also employed. ES cells were
vascular development remains controversial and it has nétltured in the presence or absence of a murine embryonal fibroblast
been clarified through genetic analyses. Gene inactivation @¥/EF) feeder layer, as indicated, in ES medium composed of
FGF receptor-1 (FGFR-1) leads to embryonal death durin ulbecco’s modified Eagle’s medium/glutamax (Invitrogen, Rockuville,
gastrulation between embryonal day 7.5-95. Lack of FGFR- D) supplemented with 15% heat-inactivated fetal bovine serum

. . - - . BS), 2 M H 1.2 mM i Invi
expression is compatible with mesoderm formation, but th ormso)t’hicfglr;cerolep?ssi’gmam Stéoigmspyr&\g)te grr]\gntrciggg())uwlljlml

embryos display patterning defects (Deng et al., 1994). Gengeombinant leukemia inhibitory factor (LIF; Chemicon International,
inactivation of FGF-2 leads to a decreased vascular tone and l@yrrow, UK) (Hilton and Gough, 1991). Cells were grown at 37°C
blood pressure in otherwise phenotypically normal mice (Donjith 5% CQ. Medium was changed every day and splitting was done
et al., 1998). The role of FGF/FGF receptors in physiologicatvery second or third day. MEFs were growth arrested by treatment
and pathological vessel formation is complex and this subjeetith 10 ug/ml of mitomycin C (Sigma) dissolved in ES medium
merits further studies. without LIF (EB medium) at 37°C for 2 hours and then washed twice

We have exploited embryoid bodies derived from pluripotent? Phosphate-buffered saline (PBS). MEF cells were cultured in ES
murine embryonal stem cells established on day 3.5 po edium for 1 hour before plating of ES cells. To induce differentiation,

conception (dpc) from the inner cell mass of blastocysts (Nagy, . Vs Withdrawn from the medium. Aggregation was induced by

. lacing 20pl drops of 1200 cells/drop on the lid of a non-adherent
et al., 1993), as a model for analysis of vascular developmei sue culture dish placed over sterile PBS. The medium was

and the role of angiogenic growth factors in this processypplemented with FGF-2 (a kind gift from Andrew Baird, Ciblex
Removal of leukemia |nh|b|t0ry factor (L”:) from the culture Corporation, San Diego, CA) and VEGF-A165 (PeprotechY Rocky
medium in combination with culture conditions that favorHill, NJ) at different concentrations as indicated. The day when LIF
self-aggregation, promotes spontaneous differentiation of theas removed from the medium and droplets were formed was denoted
pluripotent embryonal stem cells. After 24-48 hours, alay 0. The drops were left hanging on the lid for 3-5 days, i€ 37
primitive endoderm layer surrounds the aggregated stem cel®)d 5% CQ, and then plated one by one in 8-well glass culture slides

the embryoid body. Thereafter visceral and parietal endoderfflcon, Frankling Lakes, NJ). All analyses were performed on four

develops around a core of primitive ectoderm cellgO" more embryoid bodies at three or more individual occasions.

Subsequently, the core will develop into the three germ layers;
endoderm, mesoderm and ectoderm (Doetschman et al., 198%joxidase staining

Keller, 1995; Rathjen and Rathjen, 2001). The earliest stagesnnryoid bodies (EBs) cultured on glass culture slides were washed
of hematopoietic development within embryoid bodies followsyith Tris-buffered saline (TBS) and fixed in zinc fix (0.1 M Tris HCI,
an ordered sequence of events mimicking those observed in thig 7.5, 3 mM calcium acetate, 23 mM zinc acetate and 37 mM zinc
developing embryo (Keller, 1995; Choi et al., 1998). At laterchloride) overnight at €. The EBs were permeabilized for 15
stages of differentiation (approximately day 8) in the EBsminutes with 0.2% Triton X-100 in TBS, followed by blocking of
sprouting angiogenesis occurs, which is further increased agfdogenous peroxidase activity by 3%GCd in methanol, for 30
modified by growth factor treatment. Embryoid bodies havéninutes. The EBs were washed in TBS and blocked in 0.Ti#4 T
also been reported to faithfully reproduce cardiomyogenes{gS/0-15 M NaClibocking (TNB) buffer (kit NEL700; PerkinElmer
(Metzger et al., 1995; Miiller et al., 2000), neurogenesi ife Sciences, Boston, MA) for 1 hour, and incubated with one of

/ ) . e following primary antibodies: rat anti-mouse CD31 (Becton
(Strubing et al., 1995; Kawasaki et al., 2000) and muscle ¢ ickinson (BD) Biosciences, Erembodegem, Belgium), rat anti-

development (Yamashita et al., 2000). ) mouse VEGFR-2 (BD), rat anti-mouse vascular endothelial (VE)-
In this study, we have employed the embryoid body modeladherin (BD) or rabbit anti-mouse VE-cadherin (kind gift from
to study the effect of FGF-2/FGFR-1 on vascular developmenRupert Timpl, Max-Planck Institute, Martinsried, Germany) diluted
We show that FGF-2 stimulates formation of endothelial cellsn TNB buffer overnight at 4C. The following day, EBs were washed
in the absence of VEGFR-2 expression, based on morpholo@y 5 minutes in TBS and stained with appropriate biotinylated
and endothelial cell marker expression, but these cells fail @gcondary antibodies: goat anti-rat IgG (Vector Laboratories Inc.,
form vessels. However, there is no strict requirement fopuringame, CA) or goat anti-rabbit IgG (Vector), diluted in TNB

FGFR-1 function during vascular development, as VEGE-puffer for 1 hour at room temperature. After a 30-minute incubation

. . _ - ith streptavidin-HRP (Vector) and washing for 30 minutes with TBS,
was found to stimulate formation of a characteristic capillar ' .
plexus in FGER-- embryoid bodies. Embryoid bodies 3?l;lle chromogen substance (AEC kit from Vector) was added for 10-15

. . . . minutes at room temperature. After counterstaining with 0.1%
lacking expression of FGFR-1 displayed a marked increasgematoxylin solution (Sigma) and mounting with Ultramount
in basal vessel formation, which was dependent on VEGFzqueous mounting medium (Dako, Glostrup, Denmark) the result was
A/VEGFR-2. Therefore, inactivation of FGFR-1 appears tostudied and photographed using an inverted Nikon Eclipse TE 300
result in deregulation of VEGFR-2 function. microscope or a transmitted light Nikon Eclipse E1000 microscope
(Nikon, Kanagawa, Japan). Quantification of the area (without holes)
. and length of CD31 staining was performed with Easy Image Analysis
Materlals and Methods software (Tekno Optik AB, Stockholm, Sweden). Compensation for
Tissue culture background was performed to avoid quantification of unspecific
R1 murine embryonal stem (ES) cells derived from mouse straigtaining. Statistical analysis was done by analysis of variance
SvJ129 (Nagy et al., 1993), were a kind gift from Andras Nagy, Samu€ANOVA) followed by multiple comparison by Fisher's method using
Lunenfeld Research Institute, Mount Sinai Hospital, Toronto, Canadahe StatView® computer program.

Murine ES cells lacking expression of FGFR-1 (FGFR}{Deng et

al., 1994) were a kind gift from Chuxia Deng, Mammalian Genetics o o

Section GDDB, NIDDK, National Institute of Health Bethesda, MD Neutralizing antibodies

20892, USA, and VEGFR-%2 (Shalaby et al., 1995), a kind gift from Rat anti-mouse VEGFR-2 antibody (DC101, ImClone Systems, Inc,
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New York, NY) or goat anti-mouse VEGF antibody (AF-493-NA, supernatant was measured using the BCA protein detection kit
R&D Systems, Minneapolis, MN) was added to FGFR-d4r FGR-  (Pierce, Rockford, IL). Total cell lysates with approximatelyt0
1*~- EBs from day 6 to 8 at a final concentration off@dml and 5  protein/lane was separated by SDS-polyacrylamide gel
pag/ml respectively, followed by fixation and peroxidase staining withelectrophoresis (SDS-PAGE) using 7% or 10% gels and transferred
CD31 as described above. As control, EBs treated with anti-rat Ig&® Hybond C-Extra nitrocellulose membrane (Amersham Biosciences,
(30 pg/ml; Jackson ImmunoResearch Laboratories, Inc., West GrovéJppsala, Sweden). The membrane was blocked in TBS-T (10 mM
PA) or anti-goat 1gG (#g/ml; Jackson) were analyzed in parallel.  Tris HCI (pH 7.5), 150 mM NaCl and 0.1% Tween 20) containing 5%
bovine serum albumin (BSA, Boehringer Mannheim, Mannheim,
o Germany) for 3 hours and then incubated with rat anti-mouse
Fluorescence staining VEGFR-2 antibody (BD), goat anti-mouse CD31 antibody (Santa
EBs were grown and fixed as described above, and then permeabiliz8cuz), or the rabbit anti-mouse VE-cadherin antibody (from Rupert
for 15 minutes with 0.2% Triton X-100 in TBS, followed by blocking Timpl) or rabbit anti-mouse3-catenin antibody (Cell Signalling
with TNB buffer at room temperature for 1 hour. The primary Technologies, Beverly, MA) overnight &t@. After vigorous washing
antibodies rat anti-mouse CD31 (BD), goat anti-mouse CD31 (Santaith TBS/0.1% Tween 20 (TBS-T), the membrane was incubated
Cruz Biotechnology, Santa Cruz, CA), rat anti-mouse VEGFR-2vith peroxidase-conjugated anti-rat antibody, anti-rabbit antibody
(BD), rabbit anti-VE-cadherin (BD), rabbit anti-human von (Amersham Biosciences) or anti-goat antibody (Santa Cruz).
Willebrand factor antigen (VWF) (DAKO), goat anti-mouse T-cell Inmunoreactive bands were then visualized using the ECL western
acute leukemia/stem cell leukemia (TAL-1/SCL, Santa Cruz) andblotting detection reagents (Amersham Biosciences). The intensity of
fluorescein isothiocyanate (FITC)-labeled mouse monoclonabanti- protein bands was quantified, after scanning of the blot, by software
smooth-muscle actin (ASMA) (Sigma) were incubated in single otmage Gauge, Fujifilm.
mixed solution overnight at 4°C as indicated. The following day, the
EBs were washed for 30 minutes with TBS and incubated for 1 hour o )
at room temperature with appropriate secondary antibodies; Alex@emi-quantitative PCR analysis
568 goat anti-rat IgG, Alexa 488 goat anti-rabbit IgG, Alexa 568Total RNA was extracted from 8-day-old basal treated R1 and FGFR-
donkey anti-goat IgG, or Alexa 488 donkey anti-rat IgG (all from1~~EBs using the RNeasy mini kit (Qiagen, Valencia, CA), according
Molecular Probes, Eugene, OR) diluted in TNB buffer. For TAL-to the manufacturer’s instructions. Contaminating genomic DNA was
1/SCL staining, biotinylated secondary rabbit anti-goat 1IgG (Vectorigested with DNase | (Amersham Pharmacia Biotech, Uppsala,
incubation for 1 hour was followed by Alexa 488 Streptavidin Sweden) and fig total RNA was used for first strand cDNA synthesis
for another hour. The EBs were then washed in TBS for 30 minutesising oligo(dT) primers and the Advantage RT-for-PCR-Kit
dried and mounted in Fluoromount-G (Southern Biotechnology(Clontech, Palo Alto, CA). Primers were made (Invitrogen) for:
Birmingham, AL). FGFR-1 sense: (8") GCTGACTCTGGCCTCTACGCT
FGFR-1 antisense: '(8") CAGGATCTGGACATACGGCAA
o o o B-actin sense: (8') CACTATTGGCAACGAGCGG
Benzidine and benzidine/CD31 staining B-actin antisense: {8') TCCATACCCAAGAAGGAAGGC
Erythroblasts in EBs were stained for hemoglobin using benzidine. B-actin was used as an internal control.
EBs plated on 8-well glass culture slides were washed with phosphate-FGFR-1 primers yielded a 650 base pair product and-{hetin
buffered saline (PBS), then incubated in a freshly made stainingrimers an 80 base pair product. PCR for FGFR-1: 10 minutes
solution containing 0.87 mg/ml benzidine (Sigma), 23 mM sodiunmactivation at 95C, followed by 30 cycles at 96 for 30 seconds, 7C
acetate buffer (pH 4.7), 0.9% 8, 61.22% ethanol at room for 30 seconds and 72 for 1 minute. PCR foB-actin: 10 minutes
temperature for 15 minutes. EBs were then fixed in g% activation at 95C, followed by 30 cycles at 96 for 15 seconds and
formaldehyde §-FA) for 10 minutes at room temperature. When the60°C for 1 minute.
rat anti-mouse CD31 antibody (BD) was combined with benzidine
staining, the protocol for peroxidase staining was followed except that ) ) ) )
after the incubation with secondary biotinylated goat anti-rat IgdReal-time polymerase chain reaction (PCR) analysis
antibody (Vector), the TSA kit (NEL700 kit, PerkinElmer Life Total RNA was extracted from ES cells and 8-day-old FGFRahd
Sciences, Inc., Boston, MA) was used to amplify the staining@fter FGFR-1--EBs using the RNeasy mini kit (Qiagen). Contaminating
FA fixation. After a 30-minute incubation with streptavidin-HRP from genomic DNA was digested with DNase | (Amersham Biosciences)
the NEL700 kit, the EBs were washed 8 minutes with 0.1 M Tris- and 1pg total RNA was used for first strand cDNA synthesis using
HCl and 0.15 M NaCl (TN) wash buffer. Thereafter, the samples wereligo(dT) primers and the Advantage RT-for-PCR-Kit (Clontech).
incubated for 8 minutes with biotinyl tyramide (amplification reagent)Primers were made (Invitrogen) for:
diluted 1:50 in ¥ Amplification Diluent from the NEL700 kit. After CD31 sense: (83') TACTGCAGGCATCGGCAAA
washes with TN wash buffer, the streptavidin-HRP incubation was CD31 antisense: (8') GCATTTCGCACACCTGGAT
repeated for 30 minutes. After further washes, the chromogen VEGF-C sense: (8') AAGACCGTGTGCGAATCGA
substance (AEC kit from Vector) was added for 10-15 minutes at room VEGF-C antisense: (8') ACACAGCGGCATACTTCTTCAC
temperature. Ephrin B2 sense: (8') AAGTACCGCAGGAGACACCG
Ephrin B2 antisense: '8'") GGCCAGTGTGCTGAGAGACA
] VEGFR-2 sense: (8') TACAGACCCGGCCAAACAA
Immunoblotting VEGFR-2 antisense: {®) TTTCCCCCCTGGAAATCCT
EBs were plated out on day 4 in 3.5 or 10.0 cm tissue culture dishesVEGFR-1 sense: (8') GGGCAGACTCTTGTCCTCAACT
to allow them to attach. After indicated times of culture in basal VEGFR-1 antisense: 8) CAGCTCATTTGCACCCTCGT
medium the EBs were lysed in 20 mM Tris-HCI, pH 7.5, 150 mM VEGF-A sense: (53') AAGGAGAGCAGAAGTCCCATGA
NaCl, 10% glycerol, 1% NP-40, 2 mM EDTA, 50 NagVOa4, 1% VEGF-A antisense: (8') CTCAATTGGACGGCAGTAGCT
aprotinin, 1Qug/ml leupeptin and 1 mM fenylmethyl sulfonylfluoride.  B-actin sense: (8') CACTATTGGCAACGAGCGG
Growth factor-treated EBs were starved for 16 hours in 0.2% BSA in B-actin antisense: (8') TCCATACCCAAGAAGGAAGGC
ES medium without LIF and then stimulated with growth factors as B-actin was used as an endogenous reference and non-reverse
indicated for 20-30 minutes prior to cell lysis. Cell lysates wereranscribed RNA was used as a negative control. The PCR samples,
centrifuged for 15 minutes at@ and the protein concentration of the containing cDNA, primers (0.2%M final concentration) andx2
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SYBR Green PCR master mix (Applied Biosystems, Foster City, CA)YEGFR-2 antibody (RS-2) on ice for 1 hour. The immunocomplex
were run in triplicate on an ABI Prism 7700 Sequence Detectiomvas collected using protein A-Sepharose, washed with lysis buffer and
System instrument (Applied Biosystems) with an initial 10-minuteresuspended in kinase buffer (20 mM Hepes, pH 7.5, 10 mM HgCl
activation at 95C, followed by 45 cycles at 96 for 15 seconds and 2 mM MnChk, 0.05% Triton X-100 and 1 mM DTT). In vitro
60°C for 1 minute. The threshold cyclet(Gralue, was calculated for phosphorylation was carried out in the presence of UCO [y-

each sample using the ABI Prism 7700 instrument. Transcript levef@P]ATP/sample for 10 minutes at room temperature. The reactions
were then normalized agairf¥actin levels and changes in transcript were stopped by addition of sample buffer (100 mM Tris-HCI, pH 6.8,
levels were expressed as relative values. 10% SDS, 10% glycerol, 0.2% Bromophenol Blue and B%
mercaptoethanol). The boiled samples were separated by SDS-
. . containing 7% polyacrylamide gels. The gels were then incubated in
In vitro klnase. assay . ) . destain for 30 minutes, 2.5% glutaraldehyde for 30 minutes, 1 M KOH
EBs cultured in basal conditions were starved in EB medium, 0.2%; 55c for 30 minutes and destain for 30 minutes. After drying, the

BSA for 16 hours and stimulated as indicated with 100 ng/ml ofe|s were analyzed using a Phospho Imager, Fujifilm BAS-1800 I.

VEGF-A for 10 minutes. After stimulation, the EBs were washed

twice with TBS containing N&/O4 and lysed in NP40 lysis buffer

(20 mM Hepes, pH 7.5, 150 mM NacCl, 10% glycerol, 1% NP40, 10(hesults
UM NagVOs, 1 mM DTT, 1% aprotinin and 1 mM PMSF). After

mechanical dissociation of the EBs with a 21G syringe, followed by-reation of embryoid bodies
centrifugation, the supernatant was immunoprecipitated with antEmbryoid bodies (EBs) are spheres of aggregated,

A TCL

I1B: YEGFR-2

differentiating embryonal stem (ES) cells. We
wished to evaluate the accuracy and versatility
of EBs as a model for signal transduction in
vasculogenesis and angiogenesis. There are
different options for the formation and culture

e S of EBs; as suspension culture (Risau et al.,

I S R ] 1988), as spinning flask culture (Sauer et al.,
18:CD31 - 2000) or by use of the hanging drop technique

—_— —— -catenin (Mummery et al., 1990). To induce embryoid

18 Featenn body formation in hanging drops, a defined

cell suspension was placed in gDdroplets

B VEGFR-2 CD31 VE-cadherin on the lid of a culture dish, left for 3-5 days,
B : and thereafter flushed down, analyzed or

Day 8

CD31

cultured further. This strategy makes it
possible to control the size of the EB and
circumvents paracrine stimulation between
EBs, and therefore allows a very high degree
of reproducibility.

Expression of endothelial cell markers

We studied vascular development in the EBs
by analyzing protein expression of known
endothelial cell markers over time.
Expression of VEGFR-2, CD31 and VE-

Fig. 1. Expression of endothelial-specific markers
during vascular development in EBs.

(A) Immunoblotting was performed on total cell
lysates of ES cells and EBs cultured for the
indicated number of days, using antibodies against
VEGFR-2, VE-cadherin and CD3f-catenin
expression was analyzed as a loading control.

(B) Immunohistochemical staining for VEGFR-2,
VE-cadherin and CD31 in EBs cultured for the
indicated number of days. One representative EB
of eight for each condition is shown. Each
condition was examined on two or more separate
occasions. Arrows indicate blood islands
visualized by VEGFR-2 and CD31 staining in day
4 EBs. Scale bars: 1Q0n day 4 and 6; 20@m

day 8. (C) VE-cadherin was expressed in a 10-day
old EB at the cell-cell contacts of the endothelial
cells and the expression overlapped with CD31
expression. Scale bars: 106.
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cadherin was followed from day O to day 20, byexpression of endothelial cell markers was faithfully
immunoblotting (Fig. 1A). VEGFR-2 expression appeared ateproduced in the EB model.
day 4, and reached maximal levels by day 8. Thereafter, the
expression level declined and was essentially gone by day 20. ) ] o
A similar pattern was seen for CD31 expression. CD3asculogenesis and angiogenesis in the EBs
expression was barely detectable in the stem cells in tHa order to show the presence of endothelial precursor stages
presence of LIF, in contrast to previous reports (Vittet et alin the EB, we examined the expression of the hematopoietic
1996). These results confirm and extend previous studidimeage marker TAL-1/SCL (Porcher et al., 1996). Fig. 2A
(Redick and Bautch, 1999) and agree with data reported fehows that 6- and 8-day-old EBs contained clusters of
vascular development in vivo (Kabrun et al., 1997). VE-endothelial cells and immature vessels that co-expressed
cadherin expression appeared at day 6 and reached a maximUAL-1/SCL and VEGFR-2, which is compatible with the
at day 16. identification of these cells as hemangioblasts (Faloon et al.,
To follow changes in morphological patterns, 2000; Drake and Fleming, 2000). At day 12 onward, the EBs
immunohistochemical staining was performed (Fig. 1B). Atdisplayed clear signs of angiogenesis as detected by anti-CD31
day 4, expression of CD31 and VEGFR-2 appeared istaining, with characteristic sprouting vessels whose tip cells
immature clusters of cells possibly representing blood islandsxtended multiple filopodia (Fig. 2B). These sprouting vessels
(Fig. 1B arrows). Expression of VE-cadherin was not detectedlere negative for TAL-1/SCL, indicating maturation of the
at this point. On day 6, all three markers were expressed lemangioblasts to endothelial cells (data not shown). In EBs
morphologically immature vessels, which developed from theultured for 16 days, clusters of erythroblasts were visualized
blood-island-like clusters. VE-cadherin staining was localizednside the vessel lumen, as shown by in situ benzidine staining
to endothelial cell-cell borders and showed an overlappinépr hemoglobin (Fig. 2C).
staining pattern with CD31 from day 6 onwards (Fig. 1C). Von Willebrand Factor (vVWF) marks endothelial cells
Around day 8, fine capillary-like structures were evidentrelatively late in development, around day 8 in EBs, and has
from staining for all three markers (Fig. 1B). Vesselbeen reported to be expressed preferentially in embryonal veins
remodeling continued further up until day 20, whereafter théThurston et al., 1998). In the EBs, expression of VWF was
vessels disintegrated and the quality of the EB culturesonfined to a relatively small population of larger, non-
declined (data not shown). Together, these results indicate thegrouting CD31-positive vessels (Fig. 2D, arrowhead). In
contrast, sprouting CD31-positive vessels
lacked VWF expression (Fig. 2D, arrow).
Thus, in a highly reproducible manner,
the EBs underwent a temporally correct
development with clear indications of
vasculogenesis in an early phase and
sprouting angiogenesis, Yyielding lumen-
containing vessels, in a later phase.

Effects of exogenous growth factors on
vascular development in the EBs

Treatment of EBs with VEGF-A and FGF-
2 promoted formation of characteristic
vascular networks unique for each growth
factor, as shown by immunohistochemical
staining for CD31. The growth factors were
added on day O to the hanging drops and
again at regular intervals until day 8, at

Fig. 2. Hallmarks of vascular development in the
Ff oo, T b EBs. (A) Co-localization of TAL-1/SCL and

- . ML TR T === \EGFR-2 at day 6 and 8. Note that more mature
CD31 CD31 + Benzidine vessels did not stain positive for TAL-1. (B) At
day 16, sprouting angiogenesis could be readily
identified morphologically in the EBs, as fine
vessels ending in a brush of lamellopodia from
the endothelial cell in the distal tip of the vessel
(arrow). (C) Benzidine-stained erythroblasts
visualized as dark clusters (arrows) inside the
CD31-positive vessels. (D) While CD31
expression was seen in sprouting vessels
(arrow), VWF staining appeared in larger vessels
(arrowhead). Scale bars: 106n.
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FGF-2

L

AREA (a.u.)

8

LENGTH (a.u.)
_BE8888

Basal FGF-2  VEGF-A

Fig. 3. Distinct effect of exogenous FGF-2 and VEGF-A on vascular development. EBs were cultured in the absence (basal) or pfesence of 2
ng/ml VEGF-A or FGF-2 from day 0 to day 8 and stained immunohistochemically or by fluorescence using antibodies againstaC®31 (A)
smooth muscle actin (ASMA) (B) as indicated. Each growth factor produced distinct morphologies of the endothelial and seleatélimu

pools. The bottom panels in A and B are higher magnification images of part of the boxed regions in the upper panels./Scz08 pars

B, upper panel 20Qm, lower panel 10Qim. (B) Co-localization (arrowheads) of CD31-positive cells (red) with ASMA cells (green) is shown

in the far right image. (C) Quantification of CD31 staining as area (i.e. area without holes) in 8-day EBs (meaf}sE<0.0001 FGF-2
compared to basal and FGF-2 compared to VEGF-A. (D) Quantification of CD31 staining as vessel length in 8-day EBs (me@n+s.d.,
*P<0.0001 FGF-2 compared to basalP=0.0002 VEGF-A compared to basal.

which point the EBs were processed for immunostaining (Figparallel bundles, and displayed increased formation of actin
3A). VEGF-A treatment promoted migration of the endothelialstress fibers (arrow in Fig. 3B). Occasionally, the endothelial
cells to the EB margin, where short discontinuous vesselsells were in close contact with the smooth muscle cells (Fig.
formed a dense plexus at day 8. In contrast, FGF-2 stimulat&B arrowheads indicate CD31 in red and ASMA in green) and
formation of long and slender vessels, which extended froro-localization was increased in EBs treated with platelet-
the center of the EB to the periphery, slightly twisted around derived growth factor (C.R., unpublished). Thus, both
central point. Quantification of vessel area (Fig. 3C) and vessehdothelial and smooth muscle cell compartments appeared to
length (Fig. 3D) shows that vessels in VEGF-treated bodielse distinctly affected, both temporally and morphologically, by
covered a larger area, whereas vessels in the FGF-2-treate@F-2 and VEGF-A.
bodies were longer. Dose response analyses of the effects of VEGF-A and FGF-
The treatment also affected the smooth muscle ce2 showed that increasing concentrations up to 80 ng/ml
compartment, detected by staining éesmooth muscle actin enhanced the tendency of VEGF-A to promote a compact
(ASMA). As shown in Fig. 3B, VEGF-A treatment led to a peripheral plexus, and of FGF-2 to induce formation of long,
peripheral displacement of smooth muscle cells, whereas FGiwisted vessels (Fig. 4A). EBs treated with a combination of
2 promoted scattering of these cells, which were arranged both growth factors (20 ng/ml FGF-2 and 30 ng/ml VEGF-A),
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Fig. 4. Combined effects of FGF-2 and
VEGF-A. (A) EBs were cultured in the
presence of individual factors VEGF-A
(80 ng/ml) or FGF-2 (80 ng/ml) or a
combination of the two (20 ng/ml FGF-2
and 30 ng/ml VEGF-A) as indicated from
day O to day 8, followed by
immunohistochemical anti-CD31 staining.
Scale bars: 100m (upper) and 20Qm
(lower). Boxed regions are shown at a
higher magnification in the lower panels.
(B) Western blotting of total lysates of 8-
day EBs showed growth factor-regulated
expression of VEGFR-2, CD31 and VE-
cadherin-catenin was used as loading
control. B, basal; F20, FGF-2 at 20 ng/ml;
; V30, VEGF-A at 30 ng/ml; F20+V30,
e : FGF-2 at 20 ng/ml and VEGF-A at 30
VEGF-A + FGF-2 ng/ml). (C) Quantification of protein bands
in western blot shown in Fig. 4B.
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displayed the characteristic signs of each factor; the peripherlese EBs in the presence of FGF-2 did not result in connection
truncated capillaries typical for VEGF-A and the rotationof the clusters and formation of vessels (data not shown).
typical for FGF-2 (Fig. 4A). The combined treatment also gave To determine whether VEGF-A-induced vascular
rise to sheets of endothelial cells, possibly implicatingdevelopment was critically dependent on FGF-2/FGFR-1, we
hyperstimulation of the endothelial cells. Growth factor-treate@xamined FGFR-1- EBs, which were treated with FGF-2 or
EBs were lysed and analyzed for expression of VEGFR-2/EGF-A for 8 days and stained for CD31 (Fig. 5A). In the
CD31 and VE-cadherin (Fig. 4B). Treatment with FGF-2 alondGFR-1'~ EBs, the basal level of vessel formation was
(20 ng/ml) did not affect expression of these endothelial celtonsiderably increased and vessel formation was not further
markers. Exposure to VEGF-A (30 ng/ml) substantiallyenhanced by treatment with FGF-2 at a wide range of
elevated VEGFR-2 and VE-cadherin levels, whereas theoncentrations. In contrast, VEGF-A at 80 ng/ml, gave rise to
expression level of CD31 remained unaffected. Combinethe peripheral capillary plexus characteristic for this growth
treatment (FGF-2, 20 ng/ml and VEGF-A, 30 ng/ml,factor. Quantification of CD31 staining showed that both the
respectively) further increased expression of all three markerarea (Fig. 5B) and length (Fig. 5C) of vessels were increased
Fig. 4C shows quantification of the intensities of VEGFR-23-fold and close to 2-fold, respectively, in the FGFR-EBs
CD31 and VE-cadherin expression relative to basal levelsompared to FGFR#tEBs. In heterozygous FGFR1EBs
Thus gene regulation in response to VEGF-A and FGF-ZFig. 5A), FGF-2- and VEGF-A-stimulated vessel formation
appeared quite distinct. was indistinguishable from that observed in the wild-type R1
EBs, demonstrating that the features of vascular development
. in the FGFR-1~EBs was not due to a random clonal variation.
Vascular development in FGFR-1-- and VEGFR-2-- ASMA-positive cells in the basal and VEGF-A treated
EBs cultures of FGFR-1- EBs were morphologically
To determine the direct contribution of FGF-2/FGFR-1 toindistinguishable from those in the wild-type EBs (Fig. 3B). In
vascular development, EBs derived from ES cells with targetegsponse to FGF-2, the FGFR-=1 ASMA-positive cells
inactivation of the VEGFR-2 gene (Shalaby et al., 1995) or tharranged in parallel streaks and individual cells showed actin
FGFR-1 gene (Deng et al., 1994) were examined. The VEGFR#ress fiber formation (arrow in Fig. 5D). This indicates that
27~ EBs lacked vessels in the basal condition. VEGF-AFGFR-1 is not essential for transduction of FGF-2 effects on
treatment failed to promote vessel formation at any of the dosesnooth muscle cells and agrees with recent data from Dell'Era
tested (from 30 to 80 ng/ml; Fig. 5A). FGF-2-treatment led tand coworkers (Dell’Era et al., 2003) who showed intact
formation of CD31-positive clusters of cells located in theexpression of FGFR-2 and -3 but decreased expression of
periphery in a slightly rotated pattern. Further culturing ofFGFR-4 in FGFR-1-bodies. Furthermore, in agreement with
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Fig. 5. Effects of angiogenic growth factors on vascular development in FGFRatl VEGFR-2- EBs. (A) EBs lacking expression of
FGFR-1 or VEGFR-2 (indicated by) and control FGFR*1- EBs were treated with VEGF-A or FGF-2 at indicated concentrations from day
0 to day 8 and stained for CD31. FGFR=showed a marked increase in basal vascularization compared to FGEBAlrol EBs. Treatment
with FGF-2 had no additional effect on vascularization in the FGEREBS, whereas VEGF-A at 80 ng/ml stimulated formation of a typical
peripheral capillary plexus. In the VEGFR-2EBs, FGF-2 at different concentrations stimulated CD31 positive cells to migrate and form
clusters in the periphery (arrows). VEGF-A was essentially without effect. Scale bapsn2(®) Quantification of area of CD31 staining

(i.e. area without holes) in 8-day FGFR=4+/-) and FGFR-¥-(-/-) EBs. Results are expressed as percentage of control FGHRS
(meanzs.d.n=5). *P=0.0438 relative to control. (C) Quantification of CD31 staining as vessel length in 8 day FGER-1and FGFR-1-
(-/-) EBs. Results are expressed as percentage of control FGHB4 (mean+s.dn=5). *P=0.0019 FGFR-4- compared with FGFR#t.

(D) Immunofluorescence staining f¥smooth muscle actin in FGFRL1EBs. Treatment with FGF-2 resulted in stress fiber formation and
lining up of cells (arrow) in agreement with the effect of FGF-2 in the R1 EBs (cf. Fig. 3B). Scale bans1. {&) Semi-quantitative PCR on
cDNA derived from 8-day-old R1 and FGFR=IEBs using FGFR-1 specific primers; as a confialctin transcript levels were analyzed.

(F) Immunoblotting for VEGFR-2 on total cell lysates from R1 or VEGFREBs cultured for 8 day§-catenin was used as a loading control.

Dell’Era’s findings, the FGFR-t EBs lacked contracting time PCR in 8-day-old FGFRt*t and FGFR-1~ EBs (Fig.

cardiomyocytes (data not shown).

To confirm that the targeted FGFR-1ES cells were of

6A). Expression of CD31, VEGF-C, EphB2, VEGF-A and
VEGFR-1 was similar in FGFR=f- and FGFR-1- EBs. In

correct identity, we performed PCR reactions using FGFR-1contrast, the level of VEGFR-2 transcripts was decreased by
specific primers anfl-actin control primers, on RNA isolated 50% in the FGFR-1- EBs. We examined the level of
from wild-type R1 or from FGFR=1EBs, cultured for 8 days VEGFR-2 protein in homozygous and heterozygous FGFR-1
(Fig. 5E). There was no detectable expression of FGFR-1 imactivated EBs. As shown in Fig. 6B, there was a reduced
the targeted EBs. VEGFR#2 EBs were shown to lack expression of VEGFR-2 protein in the FGFR=EBs (60%
expression of VEGFR-2 by immunoblotting, in comparison toof the level in FGFR-7-EBs), but still the protein was clearly

wild-type R1 EBs (Fig. 5F). Expression @fcatenin was
employed as a loading control.

Expression of endothelial cell markers in FGFR-1-- EBs

Expression levels of angiogenic factors were quantified by re@hmunoprecipitated

detectable both in western analysis and immunohistochemical
staining for VEGFR-2. The capacity of the VEGFR-2 in
the FGFR-1~ and FGFR-¥- EBs to respond to VEGF-A

by increased kinase activity was examined by an
immunocomplex kinase assay (Fig. 6C). VEGFR-2 was
from EBs, which were either
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Fig. 6. Expression of endothelial cell markers in
A 10 4 FGFR-1"-EBs. (A) Real-time PCR to
determine CD31, VEGF-C, Ephrin B2 and
08 VEGFR-2, VEGFR-1, VEGF-A transcription
levels in 8-day-old FGF®- (+/-) or FGFR-
06 (—/-) EBs cultured in basal conditions (i.e.
without addition of exogenous growth factors).
Changes are relative feactin transcript levels.
O+- a5 o +- (B; right) Ir_nmunohistochemical staining for
m-- m-- VEGFR-2 in FGFR-%¥~EBs cultured for 8 days
under basal condition. Scale bars: p00. (Left)
Expression of VEGFR-2 protein in total cell
lysates o/f basal treated FGFR=1(+/-) and
[t FGFR-1-4 FGFR-I'~ (—/-) 8-day-old EBs3-catenin was
B SRS o veaere i o C +/- -/- used as loading control. (C) Immunocomplex
o0-fawaw]lB: p-Catorin_»..( VEGF - S kinase assay of VEGFR-2 on day-8 FGFR&=1
e : 3 (+/-) or FGFR-1"~(-/-) EBs cultured under
basal conditions (without exogenous growth
factors) and unstimulated (=) or stimulated (+)
with 100 ng/ml of VEGF-A for 10 minutes.
Slower migrating, kinase active VEGFR-2
appeared in the FGFRY1EBs (arrowhead). (D)
- CD31 staining of FGFR=1
EBs in basal conditions treated
D FGFR-1 -k FGFR-1 -~ FGFR-1 -4 with either control anti-rat |gG,
; : : neutralizing anti-VEGFR-2 (30
i, _ i g pg/ml), or anti-VEGF-A (5
e plie s N e 6 Sl pg/ml) antibodies from day 6-
3 BONT el et }’@ B (9 8. Scale bars: 200m. (E)
ok N A L "!'&?”: s - Quantification of CD31
A S S ) N staining as area (i.e. area
R TR . i without holes) in 8-day FGFR-
b o g 1--EBs treated with anti-
- ' - - VEGFR-2 or anti-VEGF-A
Control Anti-VEGFR-2 Anti-VEGF-A ant|bod|es from day 6_8
Results are expressed as
percentage of FGFR=t EBs
treated with control IgG
s M (meanzs.d.n=4). *P=0.002 for
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unstimulated or stimulated for 10 minutes on day 8 withembryoid bodies, leading to increased signaling through
VEGF-A. In the FGFR-1- EBs, there was basal kinase VEGFR-2 and thus increased basal vessel formation.
activity of VEGFR-2, which increased with stimulation of the
cells with exogenous VEGF-A. In the FGFR-IEEBs, basal ) )
and VEGF-induced VEGFR-2 kinase activity was identifiedDiscussion
and, interestingly, slower migrating, kinase active VEGFR-2n this report, we show that vascular development in embryoid
species were detected in response to VEGF-A treatmebbdies resembles that in embryos, in kinetics of expression of
(arrowhead in Fig. 6C). marker proteins such as VEGFR-2, CD31 and VE-cadherin
To examine the role of VEGF-A/VEGFR-2 in the increasedand in kinetics of morphological development, including
basal vessel formation in the homozygous knockout, tha&entification of hemangioblasts/blood islands, and eventually,
FGFR-I'- EBs were treated with neutralizing antibodiessprouting angiogenesis. In agreement with earlier literature, we
against VEGFR-2 or VEGF-A between days 6-8 and stainedetected erythroblasts within the vessels; contraction of
for CD31 (Fig. 6D). In both cases, vessel formation wagardiomyocytes in the bodies causes these erythroblasts to
decreased considerably and only a few vessel fragmentsove inside the vessels, indicating a continuous lumen (Risau
remained. Quantification of the results showed a threefoldnd Flamme, 1995). Thus, despite the fact that the embryonal
reduction in vessel formation upon VEGFR-2 neutralizatiodayers may be relatively disorganized in the embryoid body,
and blocking VEGF-A decreased vessel formation by 50%vhich consequently may lack the characteristic in vivo axial
(Fig. 6E). We interpret these biochemical and functional datpatterning (Rathjen and Rathjen, 2001), our data indicate that
to indicate a changed regulation of VEGFR-2 in the FGFR-1 embryoid bodies represent a useful model for analysis of
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vascular development and for analysis of the moleculachorioallantois membrane. The responding FGFR subtype was
mechanisms of angiogenic growth factors. not identified in these studies. Clearly, the pleiotrophic effects
The advantages of using the embryoid bodies include easy the large family of FGFs and FGFRs have hampered genetic
access, no need for ethical consideration, the relatively low codissection of their roles in the vasculature. Our data support the
and the possibility to follow the effect of manipulation from view that FGFR-1 is an indirectly acting component in vascular
day 0 to day 20. Balconi et al. (Balconi et al., 2000), showedevelopment. This is based on the fact that VEGF-driven
that endothelial cells isolated from embryoid bodies displayedascular development occurred independently of FGFR-1.
morphological and functional similarities to endothelial cellsMoreover, the remarkable increase in basal vessel formation in
isolated from the yolk sac and embryo proper at day 9.3he FGFR-1~ embryoid bodies is most probably not a direct
Furthermore, it should also be possible to isolate largeffect of loss of this receptor, but can be explained on the basis
quantities of endothelial cells, e.g. for co-administration inof changes in regulation of the VEGF/VEGF receptor family.
conjunction with transplantation of insulin-producifigells,  Also, biochemical analyses showed a twofold decrease in
in order to facilitate grafting. In accordance, Marchetti et alexpression of VEGFR-2 protein, which responded to VEGF-A
(Marchetti et al., 2002) have reported that endothelial cellith increased kinase activity. The immunoprecipitated kinase
derived from embryonal stem cells formed functional vesselactive VEGFR-2 in FGFR=1 EBs, moreover, migrated more
facilitating vascularization in a mouse tumor model. slowly than in the heterozygous condition, indicating changes
The VEGF/VEGFR family is required for migration in regulation of phosphorylation of VEGFR-2 in the absence
and differentiation of stem cells to generate appropriatelpf FGFR-1. How would lack of FGFR-1 expression affect
positioned, differentiated endothelial cells (Risau and Flammeé&/EGFR-2 phosphorylation? One possibility would be that loss
1995). VEGFR-2 is one of the earliest markers of endotheliadf FGFR-1 could be accompanied by changes in expression
and hematopoietic cells (Kabrun et al.,1997). We failed tdevels of phosphatases. In accordance with this Takahashi et al.
identify VEGFR-2 expression on undifferentiated stem cells(Takahashi et al., 2003) showed that loss of function of the
and detected weak expression of VEGFR-2 at day 4 argrosine phosphatase CD148 causes defects in vascular
considerably induced expression on day 6, in agreement wittevelopment and reduced branching of vessels (Takahashi et al.,
previous reports (Vittet et al., 1996; Nishikawa et al., 1998)2003). Alternatively, loss of FGFR-1 could affect clearance of
VEGF-induced vascular development is independent of FGFRZEGFR-2 by changes in internalization or ubiquitination of the
1 as demonstrated by the induction of capillaries by VEGF-Aeceptor (Duval et al., 2003). The reduced expression levels
in the FGFR-t~ EBs. In contrast, in the VEGFR?2 of VEGFR-2 in the absence of FGFR-1 may thus be a
embryoid bodies, vascular development was completelgonsequence rather than a cause of this deregulation. In
arrested as judged from immunostaining for CD31. Howeveonclusion, our data provide novel information on the
these embryoid bodies appeared not to be impaired in theomplexity of the interplay between FGF and VEGF growth
development; they expanded to a normal size and containéattors and receptors during vascular development.
contracting cardiomyocytes. Even though the VEGFR-2
embryoid bodies failed to respond to VEGF-A treatment, FGF- We thank Chuxia Deng, Mammalian Genetics Section GDDB,
2 stimulated expansion and clustering of a CD31-positive poé\fIDDK, National Institutes of Health Bethesda, MD 20892, USA, for

of cells. Future plans include isolation and characterization Jf'€ 9enerous contribution of FGFR=Istem cells; Andras Nagy and
these cells in more detail with regard to expression o anet Rossant, both at Samuel Lunenfeld Research Institute, Mount

dothelial cell K inai Hospital, Toronto, Ontario, Canada for R1 stem cells and
endotnetial cell markers. . VEGFR-27- stem cells, respectively. We also thank Johan Dixelius

What is the role of FGF-2/FGFR-1 in vascular developmenfng anna Dimberg at the Department of Genetics and Pathology,
and angiogenesis? FGF-2 has been implicated in regqlatlon Obpsala, for assistance in quantification and statistical analysis.
very early stages in vascular stem cell development (Risau amdnding for this study was provided by the Swedish Cancer
Flamme, 1995). Furthermore, FGF-2 is regarded as aPoundation (3820-B02-07XBC), the Novo Nordisk Foundation and
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