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SCL interacts with VEGF to suppress apoptosis at the onset of
hematopoiesis
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Summary

During development, hematopoiesis initiates in the yolk sac of hematopoietic precursors. The near absence of primitive
through a process that depends on VEGF/FIK1 signaling erythroid precursors in Vegfo!o embryos correlates with
and on the function of the SCL/Tall transcription factor.  low levels ofSclin the yolk sac. Strikingly, gain-of-function
Here we show that VEGF modifies the developmental of SCL partially complements the hematopoietic defect
potential of primitive erythroid progenitors and prolongs  caused by the hypomorphVegf© allele, and re-establishes
their life span. Furthermore, the survival of yolk sac the survival of erythroid cells and the expression of
erythrocytes in vivo depends on the dose of VEGF. erythroid genes Gataland BH1). This indicates that SCL
Interestingly, in Vegfol© embryos carrying a hypomorph  functions downstream of VEGF to ensure an expansion of
allele, Flk1-positive cells reach the yolk sac at E8.5, but are the hematopoietic compartment.

severely compromised in their ability to generate primitive

erythroid precursors. These observations indicate that

during embryonic development, different thresholds of Key words: VEGF, SCL, TAL1, Primitive erythropoiesis,

VEGF are required for the migration and clonal expansion  Hematopoiesis, ES cell differentiation, Mouse

Introduction Flk1-deficient embryos die at midgestation (E8.5-9.5) because

Normal development is determined by interactions between % the absence of blood |/s|ands (Shalaby et al., 1995). When
cell and its environment, and by the expression of tissuéj_lfferenuat_ed in V|tr0FIk1"embryon|_c ;tem (ES) qells retain
specific genes, which allow the control of cell growth, survivaf® capacity to produce hematopoietic cells (Hidaka et al.,
and/or cell differentiation. Whereas definitive hematopoiesist999; Schuh et al., 1999), suggesting that Flk1 is not involved
which is fairly well understood, involves signals from thelN hematopoietic commitment per se. In chimeRéil "~ cells
environment and the expression of key transcription factors, tHéil to contribute to primitive and definitive hematopoiesis
molecular mechanisms regulating primitive erythropoiesidShalaby et al., 1997). Instead, they accumulate aberrantly on
remain to be determined. the surface of the amnion, which indicates that VEGF might
Gene-targeting experiments indicate a prerequisite role fdte involved in the migration of Flk1-positive precursors from
vascular endothelial growth factor A (VEGF) (Ferrara andhe mesoderm to sites of hematopoiesis, as reported for
Henzel, 1989; Gospodarowicz et al., 1989) signaling and fdProsophia(Cho et al., 2002). As withlk1~~embryos, the loss
the basic helix-loop-helix (bHLH) transcription factor SCL of a single Vegf allele is lethal between E8.5 and E9.5
(also known as TAL1) (Begley et al., 1989; Finger et al., 1989%Carmeliet et al., 1996; Ferrara et al., 1996) because of defects
Chen et al, 1990) during the establishment of thén blood island formation (Damert et al., 2002). This reveals a
hematopoietic system. VEGF interacts with two tyrosineunique, tight dose-dependent regulation of embryonic vessel
kinase receptors, Fltl (Shibuya et al., 1990) and Flk1 (KDR and hematopoietic development by VEGF.
Mouse Genome Informatics) (Matthews et al., 1991; Millauer SCL also plays a central role at the onset of hematopoiesis
et al., 1993; Yamaguchi et al., 1993). The role of Flt1 duringind vasculogenesis. SCL is first co-expressed with FIk1 at E7.0
hematopoietic development is unclear because mice lackirig cells of the visceral mesoderm that are destined to generate
the tyrosine-kinase domain of Flt1 have no obvioushlood islands. As blood islands develop, SCL expression is
hematopoietic defects (Hiratsuka et al., 1998). In contrastpaintained in primitive erythrocytes and at low levels in
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endothelial cells, whereas FIk1l becomes restricted to vasculaescribed (Herblot et al., 2000) using a phycoerythrin-conjugated
cells (Shalaby et al., 1995; Shalaby et al., 1997; Elefanty et allER119 antibody (Pharmingen BD Biosciences). Cells were then
1999; Drake and Fleming, 2000). Gene targeting and chimef@beled with a fluorescein isothiocyanate-conjugated Annexin V
analyses reveal that SCL is required for the generation ¢Pharmingen) as described previously (Krosl et al., 1998). Included
primitive and definitive hematopoietic lineages and for théé";‘nss 7&2?3'”\/‘\’/(3?5;““‘;'&3;235g":AA'é%C;%B;"ﬂC;‘VST;téomggffégcetig
rserzpodelmg of yolk sgc vasculature (Robb et al., 1995{8i_ckinson).

ivdasani et al., 1995; Robb et al., 1996; Porcher et al., 1996;
Visvader et al., 1998). Histology and immunohistochemistry

Evidence is accumulating to indicate that SCL mightyolk sacs were fixed in 4% paraformaldehyde in PBS. Tissues were
function downstream of VEGF/FIK1 signaling. First, SCLwashed with PBS and gelled in 2% agarose to facilitate transversal
expression is subsequent to FIk1 in vivo (Elefanty et al., 199%ectioning once embedded in paraffin. Agarose embedding did not
Drake and Fleming, 2000) and during the differentiation of ESinder the staining of sections with dyes or antibodies. Samples were
cells in vitro (Robertson et al., 2000). Importantly, SCLsectioned at im. . o . ,
expression is not detected k1~ embryos (Ema et al., For immunohistochemistry, deparaffinized slides were placed in
2003). Secondly, FIk1 and SCL are both required for blood? SDS in PBS for 5 minutes then washed with water. Endogenous

; . eroxydase activity was blocked with 1%@®3, the fixative was
island development (Robb et al., 1995; Shalaby et al., 199 uenched with 300 mM glycine and nonspecific binding was blocked

Sh'Vdanam et aI.., 1995.’ Visvader et al., .1998)' Moreover, 9ailliith 10% horse serum (Sigma) in PBT (PBS supplemented with 0.2%
of-function studies indicate that SCL might act at the level ofyeen-20). Sections were first incubated with a mouse antibody
the putative, common hematopoietic and endothelial precursqfirected against KI67 (Pharmingen), overnight %.4Slides were

the hemangioblast, to specify and promote hematopoietic anghshed with PBT then incubated with a biotin-conjugated horse anti-
endothelial fates at the expense of other mesoderm-derivetbuse antibody (Vector Laboratories) followed by streptavidin-
tissues (Gering et al., 1998; Mead et al., 1998; Mead et ahgrseradish peroxydase (NEN), both incubated for 1 hour at room
2001; Ema et al, 2003). Interestingly, ES cell-derivedemperature. Positive cells were revealed with the peroxydase
hemangioblasts (also known as blast colony-forming cells, gyubstrate 3,3diaminobenzidine (Sigma) and counterstained with
BL-CFCs) are found mostly in the FIk1/SCL double-positive™Methy! green.

population (Chung et al., 2002) and require VEGF (Kennedy;owth and differentiation of ES cells

et al., 1997; Choi et al., 1998) and SCL function (Faloon et alp_ .o ia) wild-type R1 (Nagy et al., 199%kgf- clones 36.7, 44.7

2000; Robertson et al., 2000; Ema et al., 2003). Finally, SChnq 44.8 (Carmeliet et al., 1996) and the feeder-independent CCE
can rescue the hematopoietic and vascular defect of thRobertson et al., 1986) ES cell lines have been described previously.
Zebrafish mutantcloche (Liao et al., 1998), which acts ES cells were maintained on irradiated mouse embryonic fibroblasts
upstream of FIk1 (Liao et al., 1997), and allow blast colonyn Dulbecco’s modified Eagle’s medium (Gibco) supplemented with
formation in the absence of FIk1 signaling in vitro (Ema et al.15% FCS (Gemini Bio-Products), 1000 U7hleukemia inhibitory
2003). However, it is not clear whether SCL rescues thé&ctor (LIF) and 1.810-* M monothioglycerol (MTG, Sigma). Prior
multiple defects associated with Flk1 deficiency in vivo. to differentiation studies, feeder cells were diluted out following 3-4
Hematopoietic cells have a finite life span in vitro and inseq”eg‘t'a'.c?%ss;ges on gelatinized ﬂaSkS'd ously described
vivo. When hematopoietic progenitors are plated in cuIturegKEm ryoid bodies (EBs) were generated as previously describe

ith th iat th fact th : d fi eller et al., 1993). Briefly, dissociated ES cells were plated at
Wi € appropriate growtn lactors, they Survive anad Tirsh, .,ncentration of 0:@0%-1.0x10* ml-L into Iscove’s modified

proliferate actively but eventually cease growth. It is not cleapypecco's medium (IMDM, Gibco) supplemented with 15% FCS
whether this growth arrest is determined intrinsically, orGibco), 2 mM glutamine (Gibco), 58 mi- ascorbic acid (Sigma),
whether it can be influenced by environmental factors. Despits% protein-free hybridoma medium (PFHM I, Gibco) axd @4 M

the importance of FIk1l signaling in hematopoiesis, it iSMTG. When indicated, recombinant human VEGHSigma) was

not clear how VEGF/FIkl regulates the development ofdded 3 days after the initiation of EB differentiation (day 3). Day 7
hematopoietic cells. In the present study, we used cellular afBs were dissociated into a single-cell suspension using 0.25%

genetic approaches to further define the role of VEGF and SGLYPSin, 1 mM EDTA (Gibco). The size of EBs and primitive erythroid
at the onset of hematopoiesis. colonies (Ery) was assessed using imaging software (Northern

Eclipse, Empix Imaging). Blast colonies were generated in
methylcellulose cultures containing 10% FCS, 5 nglnmterleukin

i 6 (IL-6) and 20% DA4T endothelial conditioned medium as previously
Materlals and methods described (Kennedy et al., 1997). When indicated, 5 n§ VVEIGF
Mice was added to cultures.

Vegf® hypomorph mice (Damert et al., 2002) were maintained on a o

mixed CD-1/129 background. We were unsuccessful in our attemfiiematopoietic colony assays and growth factors

to breed theVegl allele onto a C57BL/6 background. Ti®el Hematopoietic colonies were generated by plating either dissociated

transgenic line A(5)3SCL, in which tigltransgene is placed under day 7 EB cells at >10° mI~1 or half of dissociated E8.5 yolk sac in

the control of the ubiquitouSil promoter (Aplan et al., 1997), was IMDM containing 1% methylcellulose, 10% FCS (Gibco), 5% PFHM

maintained on a C57BL/6 background. Analysi¥egic hypomorph I, 200 ug mt transferrin, 100 ng mt KL, 2 U mI=1 EPO, 5 ng mi!

mice andvegi®Scl compound embryos were therefore performed onlL-6, 5 ng mi! IL-3, 5 ng mk: M-CSF, 30 ng mi! G-CSF (Amgen),

a mixed background. Animals were maintained under pathogen-freeng mt® LIF, 5 ng mrl VEGF and 1.8104M MTG. KL, EPO, IL-

conditions according to institutional animal care and use guideliness, IL-3, M-CSF, and LIF were derived from media conditioned by
COS cells transfected with corresponding expression vectors.

Flow cytometry and antibodies

Yolk sacs were dissociated in 0.25% collagenase (Sigma-Aldrich) ifPene expression

PBS supplemented with 20% FCS. Cells were first immunostained &epresentative amplification of total cDNA was carried out as
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described previously (Sauvageau et al., 1994). Amplified cDNA wamost EBs in the absence of VEGF, few if any of these EBs
resolved on 1.2% agarose gels and transferred to nylon membrargsve rise to hematopoietic colonies upon replating (Fig. 2A).

(Pall Corporation) for hybridizatiofiH1: 269-bp fragment amplified
by PCR using forward primer 3 TGTTACAGCTCCTGGGCA-3
and reverse primer' &£ CCAAAAAGTCAATGTTATT-3'. Bmajor:
135-bp fragment immediately upstream of the polyA @dtal, 443-
bp fragment was amplified by PCR using forward primeG6-
AGACAGGATCTTCTGTAG-3 and reverse primer' &ATGCTC-

In contrast, in the presence of VEGF, 15 out of 25 EBs gave
rise to primitive erythroid colonies, with a mean of 10fgr

EB. The increase in Efycannot be accounted for on the basis
of size expansion, because the average number of cells per EB
was increased only by 1.6 fold (data not shown). Thus, our

CACTTGACACTGA-3. Sct 438-bp fragment was prepared by PCR OPservations indicate that VEGF significantly enhances the

using forward primer 'SCATAACCACAGAGAGAATCCC-3 and
reverse primer 'SACACTATCATCACCACACTGG-3 (Hoang et al.,
1996).FIk1: 944 bp 3Hincll fragment. Ribosomdl32: genomic 1.6
kb Sad fragment encompassing the final exon. T2 probe
was kindly provided by Dr N. Iscove and tig¢il probe by Dr
G. Sauvageau. The hybridation signals were analyzed on
Phosphorimager apparatus (Molecular Dynamics).

Quantification ofScImRNA from Scl9 yolk sacs was accomplished
using the Quantitect SYBR Green PCR kit (Quiagen), performed
a MX4000 apparatus (Stratagene) following the manufacture
instructions. Briefly, cDNA was generated as described previot
(Herblot et al., 2000), normalized for equal6 levels and either
endogenous mouse or transgenic hurBahlevels quantified using
standard curves determined with known molar amounts of eit
mouse or humarscl templates, respectively516 forward primer,
5'-AGGAGCGATTTGCTGGTGTG-3 reverse primer,'SGCTACC-
AGGGCCTTTGAGATG-3. MouseSct forward primer, 5GGGC-
AGTTGATGTGTTTGTGTCA-3; reverse primer,'8SGCCCAGCCC-
CTTTAGAAACTTTC-3'. HumanSct forward primer, 5TCCCTAT-
GTTCACCACCAAC-3; reverse primer, 'SGATGTGTGGGGA-
TCAGCTT-3.

Results

VEGF enhances primitive erythropoiesis during in
vitro differentiation of Vegf —~ ES cells

We examined the effects of exogenous VEGF during

differentiation in vitro ofVegf’~ ES cells (Carmeliet et al.,
1996).Vegf- ES cells were allowed to differentiate into EB
following LIF withdrawal. VEGF was added on day 3 ¢
culture, at the time when its receptor, FIk1, is first detec
(Kabrun et al., 1997), while control cultures were maintain
in the absence of VEGF (Fig. 1A). On addition of VEGF, El

harvested on day 7 appeared larger and more hemoglobir..

erythroid potential of ES cells.

Hematopoietic markers are specifically induced in

EBs exposed to VEGF

Next, we extended our analysis at the molecular level to
&scertain the effects of VEGF. DayVegf’~ EBs, cultured
either with or without VEGF, were harvested individually and

EsS
-LIF, d3 + VEGF -VEGF . O 4
a n' N
EB d7 g - &
hematopoietic D -
growth factors . .
(+VEGF)
+VEGF .
1.
- =
a6y G =, Ery?
- VEGF El
E E 10e
g e + VEGF © e s 1 s
VEGF (ng/ml)
H |

 EB7 size— C R o

4 -

(Fig. 1B-E). Size quantification using imaging softwareFig. 1.VEGF stimulates primitive erythropoiesis. (A) ES cells were
confirmed that VEGE-treated EBs were shifted in sizdlifferentiated into EBs in either the presence or absence of VEGF,

compared to untreated EBR<0.001) (Fig. 1F).

To define whether the larger size of VEGF-treated EBs w.
caused by enhanced erythropoiesis, we first quantified t
number of primitive erythroid precursors emerging from
VEGF-treated and untreated EBs using a hematopoietic colo

which was added on day 3 (d3). The hematopoietic precursor content
Qf EBs was assessed by plating dissociated cells in the presence of
matopoietic growth factors (See Materials and methods). LIF,
ukemia inhibitory factor; ER; primitive erythroid colonies.
B-E) Morphology of day-7 EB3/egf’~ES cells were differentiated
r 7 days in either the absence (B,C) or presence (D,E) of VEGF (5

assay (Keller et al, 1993). When VEGF was added t@gmt2). Note the larger size and the intensity of hemoglobinization
differentiatingVegf’~ ES cells, we observed a dose dependenh VEGF-treated EBs. (F) EB size was estimated by integrating
increase in the frequency of ErfFig. 1G). Hence, the increase individual surface area using Northern Eclipse software. Histograms

in Ery? was linear in the range 0.6-15.0 ng-f&nd did not
increase further beyond 15.0 ng—#l The VEGF-induced

illustrate the distribution of individual EB area. The range covered by
columns is equivalent and determined arbitrarily. Data were analyzed

increase in the number of primitive erythroid precursors wagY Students-test: -VEGFn=102; +VEGF, n=44;P<0.001.

observed in three independe¥egf~ ES clones and the

parental ES line R1 (Nagy et al., 1993). The identity of Ery
was assessed based on morphology and cytospin analysis (
1H,1). Together, these results demonstrate that VEGF enhancgg

the hematopoietic output during primitive erythropoiesis.

(G) VEGF stimulates a dose-dependent increase in the number of
primitive erythroid progenitord/egf’-ES cells were differentiated in
I.}he presence of increasing concentrations of VEGF and assayed for
dgmitive erythroid precursors (Materials and methods). Results are
meanzs.d. of duplicates and are representative of five
independent experiments. (H) Morphology of day 4PEry

To better characterize the effect of VEGF, EBs wergl) Morphology of colony cells revealed by Wright-Giesma stain.
analyzed individually. Although hemoglobinization occured inScale bars: 100m in B-E,H; 10um in I.
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Fig. 2. Clonal analysis of the effect of VEGF during primitive

erythropoiesis. (A) VEGF increases the number oP Ber single

EB. On day 7 of culture either with or without VEGF (5 ng¥l25
EBs were picked at random and assayed individually into
hematopoiesis. Histograms represent the frequency of EBs giving
rise to the indicated number of Ery{B) Gene-expression analysis of
day-7 EBs treated with VEGF. Individual EBs (10) were dissociated
as above and analyzed for hematopoietic-marker expression. No
reverse transcriptase (RT) served as a control for genomic DNA
contamination. Membranes were hybridized sequentially with the
probes as showh32is a loading control. (C) Plots illustrate the
level of gene expression in a single EB comparddtb Horizontal
bars represent median valueB<9.05 compared to untreated cells.

Research article

examined for globin expression. When treated with VEGF,
EBs expressed on average three-fold higher levels of
embryonic BH1 globin, relative to an.32 internal control,
whereas the levels of adult globjMAJ) and that oflk1 was
unchanged (Fig. 2B). As illustrated (Fig. 2C), VEGF-treated
EBs showed on average a 4-6-fold increasgdand Gatal
expression compared to control EBs. Given that both SCL and
Gatal are essential for primitive erythropoiesis, the observed
increase irBclandGatalis consistent with an enhanced output
of primitive erythroid progenitors per EB (Fig. 2A). Together,
analysis of molecular markers demonstrates that VEGF treated
EBs have higher levels of primitive erythropoietic markers and
an increased output in the number of primitive erythroid
precursors.

VEGF influences the developmental potential of
primitive erythroid colonies

Results shown in Fig. 2 indicate that the expansion of the
primitive erythroid compartment in response to VEGF might
be attributable to an increase in the number of erythroid
progenitors within each EB. In addition, it is possible that
each erythroid progenitor exhibits an increased proliferation
potential and extended life span. Therefore, we assessed the
cellularity of primitive erythroid colonies derived frovegf’~

EBs that developed in either the presence or absence of VEGF
by integrating the area of individual colonies using imaging
software. The distribution of colony size revealed that primitive
erythroid precursors that developed in the presence of VEGF
gave rise to larger EFyIndeed, data shown in Fig. 3A indicate

A{%):o
4

-VEGF

+VEGF

20
10 I I I I I
o

EryP size —»

B

Growth of Ery® on d3 of transfer

that Eny isolated from VEGF treated EBs are larger than
colonies derived from untreated EBs, as seen by a shift to the
right of their size distributionR<0.003).

Our observations are consistent with the view that VEGF
expands the primitive erythroid compartment by increasing the
number and size of primitive erythroid colonies. Daily scoring
of hematopoietic cultures indicated that the majority ofPEry
develop on day 3 and disintegrate by day 6 of culture (data not
shown). We therefore addressed the question of whether VEGF
also modulates their developmental potential by prolonging
their longevity. Ery that developed in the presence or absence

O

(o) )
- 2500
8 o -VEGF
- -+ P
304 S ™ m +\VEGF
K
- Q0 1500
204 ]
. B 1000
159 E
10 " 500
: hf
N
o = d3 35
VEGF . + Day of EB differentiation

Fig. 3. VEGF increases the size and prolongs the life span &f By Size distribution of Ef§. EBs were dissociated on day 7 and assayed
into hematopoiesis ax20* ml~1. Colony size was determined by integrating the area of individual colonies using the Northern Eclipse
software. The range covered by columns are equivalent and are determined arbitrarily. REOGFVEGF,N=53; P<0.003. (B) VEGF

prolongs the life span of EtyDay-3 Ery, derived from either VEGF-treated (5 ng#lor untreated day-7 EBs, were transferred individually
into 96-well plates containing fresh medium. Viability was assessed by visual inspection. Cells were considered nonvigbkvanen

necrotic (=121). Histogram represents the percentage of dayf3tEaywere viable 3 days after transfer. Histogram depicts pooled data from
two independent experiments. (C) VEGF stimulates blast-colony formation (BL-CFC). Day-3 or day-3.5 EBs derived from RWE® cells
assessed for BL-CFC in the presence or absence of VEGF. Results are the dne&duplicates.
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of VEGF were transferred individually on day 3 into freshVegi®’© embryos are viable. The number of primitive
medium in microtiter wells, where the colonies wereerythropoietic precursors (Efyper individual yolk sac of the
maintained and observed for a further 3 days. As expectedifferent genotypes was defined using a colony assay. Analysis
only 5% of Ery (6/121) that developed in the absence ofof four independent litters revealed that Ergre below
VEGF were viable 3 days after transfer. By contrast, 35%letection in homozygousVegi®© yolk sacs, whereas
(42/121) of Ery that differentiated in the presence of VEGF heterozygous VegP’* embryos present an intermediate
were viable at the same time point (Fig. 3B). Together, ouphenotype compared to wild-type littermates (Fig. 4A). These
results indicate that VEGF modifies the developmentatesults demonstrated a dose-dependent relationship between
potential of erythroid precursors and extends their life span. VEGF activity and the number of primitive erythroid
Because primitive erythroid precursors do not expidies  precursors. This is most likely to be caused by a defect at the
(Drake and Fleming, 2000), their expansion on addition ohemangioblast stage because of the low number of ES cell-
VEGF could be caused by an effect on earlier developmental
stages. We therefore determined the effect of VEGF on BL
CFCs, which represent the earliest committed hematopoiet A EryP
precursors and exprebtkl1 (Kennedy et al., 1997; Chung et
al., 2002). ES cells were allowed to differentiate into either da
3 or day 3.5 EBs and replated into hematopoiesis either wi
or without VEGF. As shown in Fig. 3C, VEGF strongly
increased the number of blast colonies at both time point
These results imply that the expansion of the primitive
erythroid compartment by VEGF might be attributable to ar
earlier effect on hemangioblast-like cells.

colonies per E8.5 yolk sac

cowgae ¢ ©

{Tpihy}—
o ++  lo+ oo’

Vegflo homozygous mice die by E9.5 (n=5) (n=15) (n=9)

The role of VEGF in vivo was defined further through reducing

the VEGF dose in Vegf loMeg®) hypomorph mice. These

mice carry an internal ribosomal entry site (IRES)-lacZ insertiol ®

immediately downstream of théegfgene STOP codon, which S MEEN Babs

disrupts the post-transcriptional processiny/edfmRNA and

renders a functionally hypomorph allele (Damert et al., 2002 CATA I N HNNN

Embryos dissected at E8.0 were viable and occurred at tl

frequency expected faregf’*, Vegle’* andVegi/l°, indicating a .“l ..“ V-

that lethality occurs later (Table 1). When embryos carrying th =

Vegl® allele were analyzed between E8.5-E9.5 (8-26 somit sl 8 -." SREE -R8-
pairs), all Veg/© embryos hack20 somite pairs, whereas a R T T CRITTE T
significant proportion of wild-type and heterozygous embryos

had>20 somite pairs. This analysis revealed that the mutatio 2 BN BRED Saes
is homozygous lethal by E9.65220). Although heterozygous

Veg* embryos had no obvious abnormalities, morphologica c 2 S 03
and histological analysis dfegf/ littermates showed similar ore] o]
defects to those seen\Viegf’~ embryos (Carmeliet et al., 1996; y o]
Ferrara et al.,, 1996), that is a reduced dorsal aorta lume °
disorganized yolk sac vasculature and reduced numbers of blo 2oty 3N '§' g
cells in both the embryo proper and blood islands (Damert et a oo . = e 2
2002) (data not shown). ++ lo lolo” 4 lort lode" w4 oA lolo!

B ++ lo/+ lolo

Q10 11 V12123 S0 0111011 12413 9410 8410 10-1113-14 noRT
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Fig. 4. VEGF activity determines the hematopoietic output during
. . - A primitive erythropoiesis. (A) Frequency of Erger individual E8.5
hematopqlet!c precursor migration and for primitive (5-14 somite pairs) yolk sacs froveg* (+/+), Vegl'* (lo/+) and
erythropoiesis Vegfe'© (lo/lo) embryos. Yolk sacs were isolated, dissociated into
Using a genetic gradient approach of VEGF activity, wesingle-cell suspension and assayed for their content in hematopoietic
assessed the effect of reduced VEGF function at E8.5 whemecursors. Plots illustrate pooled data from four individual litters
andn is the number of embryos of a corresponding genotype.

Table 1. Viability of Vegfo hypomorph embryos Horizontal bars represent median vallkes).05 compared to either

heterozygous'} or wild-type embryos (*). (B) Gene-expression

Different VEGF thresholds are required for

8.0dpc 8.5-9.5 dpc analysis of E8.5/egf hypomorph yolk sacs. Globally amplified
Genotype Total Total 8-20 sp >20 sp cDNA from single yolk sacs were probed for gene expression. The
Vegf'* 31 10 6 4 stage of development of the embryos, expressed in somite pairs (sp),
Vegfol+ 93 25 8 17 is indicated at the top of each lane. No RT served as a control of
Vegfo/lo 53 16 16 0 genomic DNA contamination. (C) Plots illustrate the level of gene
expression within individual yolk sacs as ratio of the indicated genes
Embryos are staged according to somite pairs {&g)°'© embryos die overL32taken as an internal control. Horizontal bars represent

before reaching 20 sp (E9.5). median values.
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?I:eigv%dc?emangioblasts (BL-CFCs) in the absence of VEG A +4 Tor¥ Toilo
In order to confirm our observation that VEGF increases th
hematopoietic content of the yolk sac during primitive
hematopoiesis, we analyzed the expression levels of molecul
markers that are associated with the onset of hematopoies
FIk1l andSclare expressed at the earliest stages of blood-islar
formation (Shalaby et al., 1995; Shalaby et al., 1997; Elefant
et al.,, 1999), whereas erythroid ger@atal (a zinc-finger
transcription factor) andpH1 (embryonic globin) are & é H o4
upregulated at later stages. In heterozygous emb§dis, £ o W40
GatalandBH1 expression levels were lower that those of wild 3 e o
type (Fig. 4B,C), confirming the analysis of hematopoietic 7.,,.]0',;. SN I U . { a—]
colonies. Furthermor&cl GatalandpH1 were either below : Annexin V
or at the limit of detection invegi© embryos, which is
consistent with a quasi-absence of primitive erythroic
precursors when VEGF activity is reduced. L&3k1 levels s Jac ioto
were elevated in wild-type yolk sacs, and decreased accordil - B
to the number ofVegl® hypomorph alleles (Fig. 4C). 5 (W & L% i
Interestingly,FIk1 was detected reproducibly Wegi®/© yolk . | e 8 . )
sacs, albeit at low levels. Thus, analysis of molecular marke
indicates that low activity of VEGF, as found Wegfo/lo
embryos, is sufficient for the migration of Flk1-positive
hematopoietic precursors to the yolk sac. However, a highe
threshold of VEGF, as found Megi®’* embryos, is needed
for the expansion and maturation of primitive erythroid
progenitors. Previous work has shown that a considerab
proportion of mature, primitive erythrocytes express bott =
embryonic BH1) and adult fmajor) globins (Palis et al., Ki67*: 53% 43% 30%
1999). Consistent with these results, we found low levels ¢
BMAJ transcripts in the yolk sac. Together, the presence Fig. 5.VEGF is essentiz_al for the_survival of primitive erythrocytes.
hematopoietic markers at low levels indicates that low VEGKA) Single-cell suspensions of dissected E9.0-E9.5 yolk sacs were
activity is sufficient for the migration of hematopoietic stained with Annexin V-FITC (apoptosis) and TER119-PE

. L - rythroid). Dead cells that stain with 7-ADD were excluded from
?()rre?#éisroéig)c;:\g?oﬁmk sac, but higher VEGF activity is require e analysis. (B) KI67 immunostaining of E9.0-EVegf°

hypomorph yolk sacs. Homozygousg/'© yolk sacs contain few

. . . . blood islands, harboring rare primitive erythroid cells (F,G) in

VEGF is essential for the survival of primitive contrast to heterozygotegio’™* (D,E) and wild-typevegf’* (B,C)

erythrocytes littermates. KI67-positive (brown precipitate), proliferating,

The reduced number of primitive erythrocytes \fagi®/lo  primitive, erythroid cells (arrows) are found at a slightly reduced

hypomorph embryos could be caused by either decreas&@quency invegi®’* andVegfo° yolk sacsn represents the number

proliferation or increased apoptotic death as hematopoietf Primitive erythrocytes scoreiegf’*, n=137;Vegfo'*, n=237;

cells undergo apoptosis in the absence of appropriate growt§9"" » 1=80. No staining was observed when the primary antibody

factors. Therefore. we assessed the effect of reduced VE s omitted (data not shown). Nuclei were counterstained with
e P . : . - ethyl Green. Scale bar: 10n.

activity on the survival and proliferation of differentiating

primitive erythrocytes. Yolk sac erythroid cells were isolated )

between E9.0-E9.5 (12-26 somite pairs) and stained witdable 2. TheScltransgene partially rescues the frequency

18-19 sp
HES 11

18-20 sp L 18-19 sp

()

e

2]10° 9
T an A e Ao

2526 sp

TER11§ ————p
0! 10F A o

A\ J

TER119 and Annexin V, which recognize membrane of TER119-positive cells invegf® yolk sacs
phosphatidylserine residues that are exposed during the initial Genotype n TER119 (% total)
stages of apoptotic cell death. Consistent with colony assays Vegf'* 2 775+6.3
and gene expression analysis, the frequency of TER119- Vegf'*Scl9 8 79.1+11.4
positive cells correlated with the presence of either one or two Vegi";i 8 71'5i8'51*
hypomorphVegf alleles and was lowest ivegio© embryos erE,IOSC’g j g%-gi-i‘ ;
(Fig. 5A, Table 2). Furthermore, there was a direct correlation Vﬁgfo,.osdg 5 38205 18

between VEGF activity and the survival of primitive
erythrocytes. The proportion of TER119-positive cells that also Single cell suspensions of dissected E9.0-9.5 yolk sacs were stained for
stained for Annexin V was 2.3-fold and 4.8-fold h|gher in TER119 and 7-AAD as in Fig. 5. The frequency of TER119-positive cells

[+ /lo decreased according to the numbevegf alleles. P<0.02 when compared
heterozygousVegP and homozygousVegfo embryos, with wild-type embryosiP<0.001 when compared with heterozygous or wild

_respeCtiVGWv compared to wild-type littermates. I_nter_estinglytype embryos. Th&cltransgenegcl9) fully restores the frequency of
in heterozygous embryos, the level of apoptosis within th@er119-positive cells in heterozygousgie* embryos {P<0.001), albeit
TER119-positive population increased as the embryosartially in homozygousegio'®litermates §<0.02).n represents the

matured. The frequency of TER119-positive cells undergoingumber of embryos of a corresponding genotype.
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apoptosis was 19.7+7.7% for embryos between 18-21 somi A B

pairs f=3) and 48.6+7.3% between 22-25 somite pairs3). ; ++ lo/+ o oo

These observations concur with the analysis of viability Show .. ] cendegenaus 70 n 0] e

in Table 1, and indicate a requirement for high VEGF activity & *

after 20 somite pairs. Finally, there was a significant increas ¥ ,

in the level of apoptosis in TER119-negative cell&/eégfo/o

embryos that was not observed in heterozygous and wild-tyy g

embryos, which was possibly caused by an increase |

apoptosis in non-erythroid cells or by the loss of TER11¢ He  Sch

surface marker as erythroid cells die. Taken together, the:

results indicate that high VEGF activity is required for the scie - lo/+ . ) lo/lo .

survival of primitive erythrocytes. Sp 75 53 510 &7 79 59 ©8 SI0SI0IGH 56 57 79 101112 noRT
Next, we examined the effects of reduced VEGF activity ot caTa-1 I MW

0 [ ]
o a0 —
) ] - o ]
. s [.] 8 & |
. ®* T 8 T |

%o apoptotic TER11%+
&

Normalized

w
2]

- + - + -

+
(n=4) (n=8) (n=8) (n=4) (n=4) (n=2)

the proliferation of primitive erythroid cells. Sections of E9.0- .

E9.5 yolk sacs were stained with an antibody directed again rre LT T TE -

Ki67, a nuclear antigen present exclusively in proliferating

cells (Fig. 5B-G). As expected, yolk sac cells in wild-type 132 HEE BEE SEEN sl

embryos proliferate actively. The frequency of Ki67-positive

cells decreased slightly with the numbeMeg alleles (wild D lo/+ lo/1o

type, 53%,n=137; heterozygous 43%=237; homozygous 0z - 30 v . o R

30%,n=80). Although primitive erythroid cells were scarce in o=y ©° _ . * . o 4

Vegl/o yolk sacs, these cells still exhibited Ki67 staining. 3. * Fou] 27 Joo 8

These results indicate that VEGF is essential for the survivi &, o | e T E” -

of primitive erythrocytes whereas commitment to cell division © 1 o Soo L I

appears to be VEGF-independent. . o] I I S R I
Sctg -+ - % -+ —

SCL interacts with VEGF to suppress apoptosis in
primitive erythroid cells Fig. 6. Partial rescue of primitive erythropoiesis by Satransgene

The induction ofSclby VEGF inviro and n vivo could eiter (566,09 A ossoresson ienectiansaeno o0
b? a cause or a consequence of |ncr§§sed hematOpo'es's'transgenic expression 8tlusing quantitative SYBR Green PCR.
dlstlngwsh between these two pOSSIbI|ItIeS,'We asked Whe_thHistogram represents the average amouSiobinRNA=s.d.,

elevation of SCL could substitute for defective VEGF activitynormalized according to the internal contr®L§. To estimate the

in Vegfoo embryos. To this end, heterozygousglo™* mice  relative levels oSclexpression from the transgene and endogenous
were bred withScltransgenic mice that consitutively expresssource, the molar amount of endogenSakin wild-type mice was

Scl under the control of theSil (Scl interrupting locus) taken as 1Sci*, n=4; Scl9, n=6. (B) Apoptosis in TER119-

promoter (Aplan et al., 1997) to generate compoundpositive cells. TER119, Annexin V and 7-AAD staining were
heterozygoteVeglo/*Scl9 mice, that were then crossed to performed as in Fig. 5. Data shown are from three independent
produceVegfo/oSctd embryos. In wild-type embryos, tigil- litters and are expressed as % of TER119-positive cells. Note that
Scltransgenic cassette allows 14.5-fold higher leve$clfin thnedliesvzlttzfnig?géott);: td&ﬁtt?a?gz:rr‘]‘éssfotgg_zﬂ?&?ﬁggzlfsf

the onI_< sac compared to non-transgenic I|ttermate_s (Fig. 6A2‘mbryos of a corresponding genotype. (C) Analysis of erythroid
Analysis of TER119 labeling indicated a modest increase ifenes in individual yolk sacs was performed as described in Fig. 4.
TER119-positive cells when ticltransgene was introduced (p) piots illustrate the level of gene expression within individual

in a Vegl®* andVegf®© background, but not in wild-type yolk sacs as ratio of the indicated genes and.8nternal control.
embryos (Table 2). Annexin V labeling revealed that theHorizontal bars represent median values. Note thabcke

survival of TER119-positive cells was dependent on théncreases the level @atalandBH1 in homozygou¥egfo© yolk
number of functionaVegfalleles. Thus, apoptotic death was sacsP<0.01.

70%, 35% and 15% of TER119-positive cells, \iagfo/°,

Vegle* andVegf’* embryos, respectively (Fig. 6B). Strikingly,

the Scl transgene reduced cell death by halfvegf?© and  Together, our observations indicate that elevataflevels
Vego* embryos, indicating an important anti-apoptotic suppresses apoptosis and allows an expansion of Flk1-positive
function for the SCL transcription factor. To assess whether theells.

suppression of cell death by SCL and VEGF occurred through
parallel pathways or the same pathway, we examined apoptosis .
in Vegf’* embryos. As shown in Fig. 6B, the anti-apoptotic ISCussion

effect of SCL was not additive to that of VEGF. We therefordn the present study, we show that different VEGF thresholds
surmise that SCL and VEGF operate within the same genetare required for recruitment of hematopoietic precursors to the
pathway to determine the output in primitive erythroid cellsyolk sac, expansion of the primitive erythroid compartment and
Consistent with a partial restoration of primitive erythropoiesisurvival of primitive erythrocytes. Furthermore, SCL can
(Table 2),GatalandpHL1 transcripts (Fig. 6C,D) were present partially rescue the hematopoietic defects associated with loss
at low levels in the yolk sac aegio/°Scl9 embryos, whereas of VEGF activity, thus providing evidence in vivo that during
they were below the limit of detection Megl®l© embryos. the initial stages of hematopoiesis, SCL acts downstream of
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VEGF/FIk1 signaling to promote the survival of primitive conditions (reviewed by Rubin, 1998; Sherr and DePinho,

erythrocytes. 2000). Our results raise the question whether growth factors
) . ) may also be involved in the senescence process, possibly by

Different VEGF thresholds are required during shaping the developmental potential of early progenitors long

hematopoietic development before the growth arrest of their progeny is observed in culture.

Knockout and chimera studies have linked VEGF function to Our results indicate that VEGF enhances primitive
the migration of hematopoietic precursors from the mesoderrythropoiesis, but primitive erythrocytes do not expfraks
to the yolk sac and for the generation of blood islands (Shalatand Flt1 (Shalaby et al., 1995; Shalaby et al., 1997; Fong et
et al., 1995; Shalaby et al., 1997; Carmeliet et al., 1996; Ferragh, 1996; Drake and Fleming, 2000). There may be several
et al., 1996, Damert et al., 2002). We u¥edf® hypomorph  possibilities. First, it is possible that a third, as yet unidentified,
mice, developed by Damert et al. (Damert et al.,, 2002), tWEGF receptor is expressed on primitive erythrocytes. Second,
further define the effect of VEGF dose on cell-fate decisionW¥EGF might stimulate primitive erythropoiesis indirectly,
involved with the development of the hematopoietic systenthrough the secretion of a secondary hematopoietic growth
Although heterozygous Vegi®* embryos are viable, factor from FIk1-positive vascular cells. Third, it is conceivable
homozygousVegloo littermates die by E9.5 because of that VEGF affects the developmental potential of an earlier
hematopoietic and vascular defects that are similar to those Blk1-positive precursor by promoting a hematopoietic fate.
Vegf’~ embryos. From this, we infer that eavhgf® allele  Although we cannot exclude the first and second possibilities,
provides<50% activity of a wild-type allele. Thus, by varying we favor the third. Given that reduced VEGF activity also
the number ofVegl alleles, we compared hematopoietic affects endothelial development (Damert et al., 2002), we
development in embryos exposed to a range of VEGF activitygpeculate that the reduction in the number of primitive
homozygous Vegi®© embryos provided ~50% and erythroid precursors idegio’© embryos is caused, for the most
heterozygousvegio/* littermates, 75% of wild-type VEGF part, by the inability of Flk1-positive putative hemangioblasts
activity. to expand and differentiate into blood islands. Similarly, when
In Vegi®’lo embryos, in which VEGF activity is presumed to VEGF is added to differentiating EBs, enhancement of
be 50% of wild type, Flk1-positive mesodermal precursorgrimitive erythropoiesis might also occur at the hemangioblast
reach the yolk sac but are severely compromised in thestage. Indeed, ES cell-derived hemangioblasts, BL-CFCs,
capacity to expand and differentiate into primitive erythroidappear transiently after 3-4 days of differentiation (Kennedy et
cells. Indeed, FIk1 expression is detected clearlydgioo  al., 1997; Choi et al., 1998) at the time when FIK1 is first
yolk sacs, but it is diminished in comparison to heterozygoudetected (Kabrun et al., 1997) and at the time when we add
and wild-type littermates because of the substantial loss MEGF to our cultures. In agreement with this interpretation,
FIt1/FIk1-positive mature endothelial cells (Damert et al.VEGF strongly enhanced the number of BL-CFCs isolated
2002). However, iveglo/'* littermates, when VEGF activity is from day 3 and day 3.5 EBs. Thus, the increase in the number
raised to higher levels, the embryos survive, thus setting @ Ery’ in day 7 EBs might, therefore, result from an in situ
threshold for the development of blood islands and for thexpansion of BL-CFCs in day 3-4 EBs. It is noteworthy that
expansion of the primitive erythroid compartment. Moreoverthe only difference between VEGF-treated and control cultures
we observed a direct relationship between the level of VEGHE the presence of VEGF during days 3-7 of EB differentiation.
activity and the number of primitive erythroid precursors peiThe growth factor cocktail for the hematopoietic colony assay
yolk sac, indicating a tight dependence of the primitiveis identical and contains VEGF. Thus, the effect of VEGF must
erythroid lineage on the number of functional VEGF allelesoccur at the earliest stages of hematopoietic commitment.
In contrast to the dose-dependent requirement for sustained ] . ) o
VEGF activity during primitive erythropoiesis, inactivation of VEGF is essential for the survival of primitive
both Vegfalleles was needed to abrogate the survival of adufrythrocytes: partial rescue by SCL
hematopoietic stem cells (Gerber et al., 2002). Consistent WiMEGF has an established role in endothelial cell function,
studies in vivo, addition of VEGF to differentiatiMggf’~ES  favoring the proliferation and survival of endothelial cells
cells in vitro increased the frequency of primitive erythroidduring development and in adults (Ferrara et al., 2003). VEGF
precursors in a dose-dependent manner. This effect of VEGE essential for the survival of hematopoietic stem cells,
on primitive erythropoiesis was observed using thredhrough Flk1l and possibly Fit1 signaling (Gerber et al., 2002),
independentVegf’~ clones (36.7, 44.7 and 44.8) and thealthough the effect of VEGF during primitive erythropoiesis
parental R1 ES cells. However, we did not observe an increabas not yet been defined. Analysis \éégl° hypomorph
in EryP? by VEGF using the feeder-independent CCE line, agmbryos revealed a direct relationship between the number of
previously described (Kabrun et al., 1997). CCE cells ar&egf alleles and the frequency of apoptotic, TER119-positive,
efficient for hematopoietic differentiation, possibly because oprimitive erythroid cells, while reduced VEGF activity had
a higher level of endogenous VEGF secretion. Furthermordiitle effect on the proliferation of the same cells. Strikingly,
addition of VEGF to differentiating ES cells stimulated theoverexpression of SCL, usingsaltransgene under the control
clonal expansion of each precursor, giving rise to moref the ubiquitousil promoter, partially alleviated the apoptosis
primitive erythrocytes per colony and extended their life spawnf primitive erythrocytes associated with thegf allele,
in culture. Although not proven directly, extension of the lifewhich correlated with an increase in TER119 staining[3htl
span of primitive erythrocytes by VEGF may be interpreted asxpression in individual yolk sacs. We have shown previously
a delay in their senescence. Mechanisms that underlibat SCL functions downstream of the Flkl-related tyrosine
senescence are only beginning to emerge, and point to tkmase c-kit to promote the survival of definitive hematopoietic
importance of telomere erosion, cell-cycle control and growttprecursors (Krosl et al., 1998) (unpublished data). Simlarly, in
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this study, we provide evidence that VEGF/FIK1 signaling Insufficient VEGFA activity in yolk sac endoderm compromises
enhances primitive erythropoiesis by promoting the survival of haematopoietic and endothelial differentiatid@evelopmentl29, 1881-

it i ; ; 1892.
primitive erythrocytes throth the anti apoptotic function OfDavis, R. L., Weintraub, H. and Lassar, A. B(1987). Expression of a single

SCL. Lo . . transfected cDNA converts fibroblasts to myoblaSed] 51, 987-1000.

To date, few transcription factors have been identified thadrake, C. J. and Fleming, P. A(2000). Vasculogenesis in the day 6.5 to 9.5
determine cell fate. For example, the expressioWydD, a mouse embryoBlood 95, 1671-1679.
member of the bHLH family, is sufficient to induce muscleElefanty, A. G., Begley, C. G., Hartley, L., Papaevangeliou, B. and Robb,

formation (Davis et al., 1987). Several groups have shown that"' (1999). SCL expression in the_mouse_empryo detected W_|th_ a targeted
lacZ reporter gene demonstrates its localization to hematopoietic, vascular,

SCL can specify and promote hematopoietic and vascular fates,ng neural tissueglood 94, 3754-3763.

at the expense of other mesodermal tissues (Gering et al., 1988ia, M., Faloon, P., Zhang, W. J., Hirashima, M., Reid, T., Stanford, W.
Mead et al., 1998; Mead et al., 2001). However, it remains L., Orkin, S., Choi, K. and Rossant, J(2003). Combinatorial effects of
unclear how SCL potentiates hematopoietic and vascular fatesFlkl and Tall on vascular and hematopoietic development in the mouse.

Genes Devl7, 380-393.
Ema et al. (Ema etal, 2003) have shown recently that S loon, P., Arentson, E., Kazarov, A., Deng, C. X., Porcher, C., Orkin, S.

favors the endothelial lineage at the expense of smooth muscleyng choi, K. (2000). Basic fibroblast growth factor positively regulates
in a VEGF dependent process. They have also shown that SClhematopoietic developmeridevelopment27, 1931-1941.
acts downstream of FIk1, at the hemangioblast level, to resciérrara, N. and Henzel, W. J(1989). Pituitary follicular cells secrete a novel

hematopoietic and vascular defects in vitro. Our work indicates heparin-binding growth factor specific for vascular endothelial cells.
that h t of the h t ietic fat iaht It Biochem. Biophys. Res. Commif1, 851-858.
at enhancement o € hematopoletic tate might result, g rrara, N., Carver-Moore, K., Chen, H., Dowd, M., Lu, L., O’Shea, K.

least in part, from the increased survival of primitive s. Powell-Braxton, L., Hillan, K. J. and Moore, M. W. (1996).
erythrocytes as a result of VEGF/FIk1-indu&aexpression. Heterozygous embryonic lethality induced by targeted inactivation of the
Taken together, our data indicate that during the VEGF geneNature38Q 439-442.

; o : e errara, N., Gerber, H. P. and LeCouter, J.(2003). The biology of VEGF
establishment of the hematopoietic system, in addition t6 and its receptordJat. Med.9, 669-676.

guiding the migration of hematopoietic and. QndOIhel'alFinger, L. R., Kagan, J., Christopher, G., Kurtzberg, J., Hershfield, M. S.,

precursors, VEGF enhances the hematopoietic fate byNowell, P. C. and Croce, C. M(1989). Involvement of the TCL5 gene on

expanding the primitive erythroid compartment and human chromosome 1 in T-cell leukemia and melanéhax. Natl. Acad.

potentiating the survival of primitive erythroid cells through _ SCi USA86, 5039-5043. .

SCL function in hemangioblasts Fong, G. H., Kllngensmlth, J., Wood, C. R:, Rossgnt, J. and Breitman, M. _
: L. (1996). Regulation of flt-1 expression during mouse embryogenesis

. . . suggests a role in the establishment of vascular endoth&iexnDyn 207,
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