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SUMMARY

The stem cell leukaemia geneSgl) encodes a basic helix-
loop-helix transcription factor with a pivotal role in both

haematopoiesis and endothelial development. During
mouse development, Scl is first expressed in extra-
embryonic mesoderm, and is required for the generation
of all haematopoietic lineages and normal yolk sac
angiogenesis. Ectopic expression &cl during zebrafish

development specifies haemangioblast formation from

expression in haematopoietic stem cells, however, remained
undetermined. We demonstrate that this 3 enhancer
directs lacZ expression in transgenic mice to most foetal
and adult long-term repopulating haematopoietic stem
cells, and therefore functions as a stem cell enhancer.
Consistent with these results, expression iBclH—embryos
of exogenousScl driven by the stem cell enhancer rescued
the formation of early haematopoietic progenitors and also

early mesoderm. These results suggest that SCL is essentialresulted in normal yolk sac angiogenesis. By contrast,

for establishing the transcriptional programme responsible
for the formation of haematopoietic stem cells and have

erythropoiesis remained markedly deficient in rescued
embryos. This observation is consistent with the inactivity

focused attention on the transcriptional regulation ofScl  of the stem cell enhancer in erythroid cells and reveals an
itself. Previous studies have identified a panel oBcl  essential role for SCL during erythroid differentiation in
enhancers each of which directed expression to a vivo.

subdomain of the normal Scl expression pattern. Among
them, a 3 enhancer directed expression during
development to vascular endothelium and haematopoietic
progenitors but not to Terll9d erythroid cells. The

Key words:Sclgene, Stem cell enhancer, Haematopoietic Stem cells,
Mouse

INTRODUCTION reconstitute blood, but they can also give rise to neurones
(Eglitis and Mezey, 1997), endothelium (Asahara et al., 1997),
All blood cell types are derived from haematopoietic stenmuscle cells (Ferrari et al., 1998; Gussoni et al., 1999) and
cells (HSC), characterised by their capacity uporhepatocytes (Lagasse et al., 2000) when located in an
transplantation to give rise to long-term, multilineageappropriate environment. Although not yet formally
haematopoietic engraftment. Adult murine bone marrow hademonstrated in some cases, it has been suggested that HSCs
been the most frequent source from which HSCs have beemay be capable of regenerating these different tissues, thus
isolated and characterised. Several different approaches has@nsiderably broadening the potential clinical utility of
been used, including gradient centrifugation (Visser et alhaematopoietic stem cells.

1984), resistance to cytotoxic drugs such as 5-flurouracil During mouse embryogenesis, the first morphological
(Lerner and Harrison, 1990) and fluorescence-activated cedvidence of haematopoietic activity occurs at day 7.5 of
sorting (FACS), using specific dyes (Goodell et al., 1996; Kingestation (E7.5) in the yolk sac blood islands derived from the
et al.,, 1998) or antibodies to cell surface antigens (Mullerextra-embryonic mesoderm. By E8, the yolk sac contains
Sieburg et al., 1986; Spangrude et al., 1988). Although thelgemoglobin producing erythroid cells together with
are no monoclonal antibodies that exclusively recognisenultipotent erythroid/myeloid progenitors (Cumano et al.,
HSCs, several groups have shown that HSCs express a numi@g6; Palis et al., 1999). Around the same developmental time
of antigens, including c-Kit, CD34, Scal and Thy1, but lackand preceding the onset of blood circulation, the intra-
a panel of mature haematopoietic lineage markers~)Lin embryonic para-aortic splanchnopleura region contains
(Morel et al., 1996; Okada et al., 1991; Osawa et al., 199@nultipotent lymphoid/erythroid/myeloid progenitors (Cumano
Uchida and Weissman, 1992). Remarkably, HSC-enrichedt al., 1996). These results suggest that haematopoietic cells in
fractions from bone marrow not only have the capacity tdhe mouse arise independently in the yolk sac and para-aortic
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splanchnopleura, a model analogous to the situation in birdsxpense of other mesodermal derivatives (Gering et al., 1998),
(Dieterlen-Lievre, 1975). and can also partially rescue the blood and endothelial defects
It has been assumed that HSCs are also present at easfyclochemutants (Liao et al., 1998). Secor@;H-ES cells
stages of development, but no functional demonstration ifil to differentiate in vitro to form blast cell colonies that are
available before E9. Thus, HSC activity is first detected in yolkhought to arise from haemangioblasts (Faloon et al., 2000;
sac and para-aortic splanchnopleura around E9, within the Bobertson et al., 2000).
Kit*CD34" population (Weissman et al., 1978; Yoder et al., There is considerable interest in identifying a regulatory
1997). These cells are capable of long-term reconstitution &lement that targets expression to HSCs. Characterisation of
transplanted into foetal or new born recipients but do nosuch an enhancer would generate important insights into the
engraft adult recipients, suggesting that they lack a hominganscriptional programmes responsible for haematopoiesis,
activity for adult bone marrow. c-Ki€D34" HSCs capable of and would also provide a powerful tool for experimental
long-term reconstitution in adult recipient mice are detectedhanipulation of these processes in vivo. Regulatory elements
from day 10 of gestation in the aorta, gonads and mesonephrosm the Ly-6E.1 geneLy6a— Mouse Genome Informatics)
(AGM) region, a derivative of the para-aortic splanchnopleurgMiles et al., 1997) and the H2K gene (Domen et al., 2000)
region (de Bruijn et al., 2000; Medvinsky and Dzierzak, 1996have been used to target adult HSCs. However, the expression
Muller et al., 1994; Sanchez et al.,, 1996) and are foundf Ly6E.1 in HSC is mouse strain dependent (Codias et al.,
subsequently in the foetal liver and adult bone marrow (Jordat®89; Spangrude et al., 1988), and the H2K gene is widely
et al., 1990; Morrison et al., 1995; Spangrude et al., 1988). Thexpressed in most tissues. Moreover an expression cassette
lineage relationship between multipotent progenitors/HSCsapable of targeting adult, foetal and embryonic HSCs has not
arising in the murine yolk sac and AGM remains unclear in th&een described.
mouse. However lineage tracing studies Xanopushave We have therefore performed a systematic survey of the
recently shown that the yolk sac (ventral blood islands) andromoters and chromatin structure of the muBicégene and
intraembryonic (dorsolateral plate) blood components derivaentified several regulatory elements active in transient and
from distinct blastomeres in 32-cell embryos, stronglystable transfection assays (Bockamp et al., 1998; Bockamp
suggesting that the first adult HSCs arise independently of yokt al., 1997; Bockamp et al., 1995; Gottgens et al., 1997).
sac haematopoiesis (Ciau-Uitz et al., 2000) Analysis of reporter constructs in transgenic mice subsequently
Although the mechanisms that control HSC differentiatiorrevealed a panel of spatially distinct enhancers, each of which
and self-renewal are largely unknown, loss-of-function andlirects expression to a subdomain of the noBebéxpression
gain-of-function studies have demonstrated a pivotal rolpattern (Gottgens et al., 2000; Sanchez et al., 1999; Sinclair
for transcription factors. Yolk sac, foetal liver or adultet al., 1999). A 3enhancer reporter construct was active in
haematopoiesis can be differentially affected by the loss of maematopoietic progenitors and vascular endothelium during
particular transcription factor indicating intrinsic differences indevelopment (Sanchez et al., 1999) but did not direct expression
the transcriptional regulation of haematopoiesis in differento most mature haematopoietic cells, including erythroid cells.
sites (Mucenski et al., 1991; Tsai et al., 1994; Wang et al\Me demonstrate that aBcl 3' enhancer construct directs
1998; Wang et al., 1996). Among the regulatory moleculesxpression to long term repopulating HSCs in foetal liver and
crucial for the proper development of embryonic and aduladult bone marrow. Furthermore, St~ embryos expression
haematopoiesis is the bHLH transcription factor encoded bgf exogenousScl under control of the'3nhancer selectively
the stem cell leukaemia gen8¢l (Tall — Mouse Genome rescued the formation of early haematopoietic progenitors and
Informatics) (Begley and Green, 199%cl is expressed in yolk sac angiogenesis, but failed to rescue significant levels of
blood cells, endothelium and the central nervous system (Dralegythropoiesis, thus revealing a requirement for SCL during
et al., 1997; Drake and Fleming, 2000; Green et al., 199 rythroid differentiation.
Green et al., 1992; Hwang et al., 1993; Kallianpur et al., 1994;
Silver and Palis, 1997; Sinclair et al., 1999; Visvader et al,
1991). Within the haematopoietic cells, SCL is found in'VI'A‘TERI'A‘LS AND METHODS
multipotent progenitors, as well as in the erythroid,

megakaryocytic aer mast cell lineages (Cros$ et al., 199 fansgenic mice carrying the +6E®Z/3' En constructs have been
Gre‘?” et al., 1992; \ﬁsva_de_r etal, 1991), and is _expre§sed cribed previously (Sanchez et al., 1999). Lines 2262 and 2257
all sites of haematopoiesis in the mouse embryo, including thgere ysed in the long-term reconstitution experiments. Embryos were
yolk sac, paraortic splanchnopleura, AGM region and foetadptained from heterozygous transgenic males crossed with
liver (Elefanty et al., 1999; Silver and Palis, 1997). (CBAxC57BI/6) R females.

SCL is essential for normal yolk sac and adult Transgenic mice carrying the +6B8tacz/3 En construct (TY
haematopoiesis (Porcher et al., 1996; Robb et al., 1996; Robtice) were obtained as described by pronuclear injection of fertilised
et al., 1995; Shivdasani et al., 1995). It also plays an importag@gs derived from (CBAC57BI/6)FR x (CBAXC57BI/6)R crosses.
role in endothelial developmeniSctH~ embryos exhibit Five independent lines were generated and bred \Gii™
defective yolk sac angiogenesis, which appears to reflect d§t€rozygous mice kindly provided by L. Robb and c. G. Begley
intrinsic defect inSct- endothelial cells (Visvader et al obb et al, 1995) to obtain transgene positsel™ mice

o . - 9 (Tg*-Sci-). These were intercrossed for maintenance of the
1998). In _addltlon, two lines of evidence suggest a crucial rol ansgenic lines. Embryos were derived from crosses between
for SCL in the development of haemangioblasts, commORg+-Seii- or Tg+Sci- and Tg-Scl- mice.
progenitors of both blood and endothelium. First, ectopic
expression ofScl during zebrafish development specifies Transgenic constructs
haemangioblast formation from lateral mesoderm at thé uniqueNcd restriction site was engineered upstream of the murine

lice
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SCL open reading frame. The picornaviral internal ribosome-entryncubated overnight in 25% sucrose solution, immersed in OCT
site (IRES) from the encephalomyocarditis virus (EMCV) wasembedding matrix (CellPath) and frozen on dry ice. Cryostat sections
inserted downstream to the SCL stop codon (Mountford et al., 1994(8 pm) were counterstained with Neutral Red, dehydrated, immersed
An Ncd fragment containing thé&scHRES-coding sequence was in Histoclear and mounted in EUKITT compound (Agar Scientific,
subcloned upstream of thacZ gene in the +6E&cZ plasmid  UK). The embryo head was removed to obtain DNAlIdoZ andScl
(Sanchez et al., 1999). A 5.5 kb fragment containing tle®i3ancer  genotyping and the rest of the embryo was used for staining (Miles
was then inserted downstream of flaeZ gene. The final 13 kb et al., 1997; Robb et al., 1995).

+6E55cHacz/3' En insert was released b¢ha'Sal digestion and . . )

introduced into fertilised eggs by pronuclear injection. To identifyFluorescence-activated cell-sorting (FACS) analysis of

transgenic founderscZ PCR analysis was performed as previously yolk sac cells

described (Sanchez et al., 1999). Individual yolk sacs were removed from E9 embryos derived from
o ) crosses between TgScl- or Tg”*Scl- and Tg/-Scl- mice (Tg
Reconstitution analysis line 2708). Cells from individual yolk sacs were prepared by

Adult bone marrow and E11-E12 foetal liver cells were stained fomcubation at 37°C for 30 minutes in 0.1% in collagenase (Sigma) in
FDG and FACS sorted as previously published (Sanchez et al., 1999)15 medium (Gibco) supplemented with 20% foetal calf serum and
Sorted cells were counted, and appropriate cell number suspendedi@iowed by mechanical dispersion (Yoder et al., 1997). The rest of
a final volume of 0.5 ml phosphate-buffered saline (PBS) foithe body was used fétecZ andSclPCR genotyping. Individual cells
intravenous injection into the tail vein of 3- to 5-month-old irradiatedwere counted under the microscope. No cells with typical round blood
females (CBACS57BI/6)R mice. Transgenic donor cells were co- morphology were detected in the “f&ct- yolk sacs, instead the
injected with non transgenicx2(® splenic cells for radioprotection. cells were large and vacuolated. Cells were incubated with anti-Fc
On the day of the transfer, the recipients were exposed to a split doszeptor antibody (2.4G2) to reduce the nonspecific binding followed
of total 950 RADS from an X-ray source. Mice were maintained orby incubation with the indicated antibodies and Streptavidin-PE
antibiotic water containing 0.16% neomycin sulphate (Sigma) a weefPharmingen, San Diego) as the secondary reagent in PBS 5% foetal
before and 4 weeks after irradiation. Transplanted animals were ble@@lf serum. Antibody incubations were performed at 4°C for 30
from the tail vein at 1-2 months and 5-10 months post-transplantatiominutes. The monoclonal antibodies were from Pharmingen (San
to monitor reconstitution. Donor cell contribution was assesse®iego, CA) and included PE-conjugated anti-Terl19, FITC-
semiquantitatively by PCR analysis of recipient peripheral bloodtconjugated anti-c-Kit (2B8 and 3C1) and biotin-conjugated anti-
DNA using lacZ and myogenin primers as previously describedCD34 (RAM34). Rat PE-conjugated IgG2a and FITC-conjugated
(Sanchez et al., 1996). Negative results were confirmed by SouthelmG2b isotype controls were used.
hybridisation using #écZ probe.

In vitro colony assays for yolk sac progenitors
Multilineage analysis of donor cell contribution These were performed essentially as described (Sanchez et al., 1999).
To test the contribution of donor HSCs to different haematopoieti€9 embryos were derived from crosses of male”-Bgl’~ or
lineages long-term transplanted mice were sacrificed at 5-12 montAg**Scl~ with female Tg/-Scl’~ mice (Tg line 2708). To avoid
post-transplant. Genomic DNA was isolated from tissues or FACSmaternal blood contamination, anaemic embryos were separated and

sorted cells and analysed by PCR (Sanchez et al., 1996). transferred to multiple washes in PBS 5% FCS before removal of the
) ) o yolk sac. Individual yolk sacs were mechanically disaggregated by

Cytospin preparation and X-gal staining from the AGM sequential passage through a 30 gauge needle in D-MEM medium

region (GIBCO) and the rest of the body used facZ and Scl PCR

Embryos obtained from crosses from transgenic males (line 2262) ageénotyping. Cells from each yolk sac were plated in cytokine (SCF,
(CBAxXC57BI/6)R females were removed after 11-12 days ofIL3, IL6, erythropoietin)-supplemented Methocult GF-M3434
gestation and the livers and AGM regions from individual embryo{StemCell Technologies, Vancouver, Canada) for erythroid and
dissected out. To identify transgenic embryos, the livers werenyeloid colony formation. Cell suspensions from each yolk sac were
mechanically homogenised in PBS, cell suspensions stained for FDgplit into two plates (Nunc, 4 cm plates) and the total number of
and analysed in the flow cytometer. Cells from individual AGM colonies scored after 7 days. Erythroid colonies were assessed by
regions were prepared by incubation at 37°C for 1 hour in 0.04% istaining for haemoglobin with 2,7-diaminofluorene (Sigma) (Kaiho
collagenase (Sigma) in L-15 medium (Gibco) supplemented with 5%nd Mizuno, 1985). Individual colonies from two experiments were
foetal calf serum and followed by mechanical dispersion (Sanchez picked, genomic DNA obtained by protein kinase treatment and PCR
al., 1996). Cell suspensions were incubated with Fc-blockingerformed forlacZ/myogenin andScl as indicated. For cytospin
monoclonal antibody (CD16/CD32) followed by anti CD34-biotin preparations colonies were harvested from plates, spun onto slides and
(RAM34) and c-Kit-PE (2B8) antibodies and then streptavidin-FITC.stained for May-Grunwald-Giemsa. The number of colonies analysed
AGM cells from transgenic embryos were sorted, and cytospinvere as follows: a total of 28 colonies derived from thre&-$gt/~
preparations fixed for 5 minutes in 1% paraformaldehyde, 0.4%mbryos, 20 colonies from two TgSct* embryos and 16 colonies
glutaraldehyde in PBS. Preparations were washed in PBS and stairfeoin Tg'-Scl"~ embryos.

overnight for X-gal. After Neutral Red counterstaining and ethanol ) )

dehydration, preparations were mounted in DPX (Sigma). Allmmunohistochemistry

antibodies were purchased from PharMingen. Whole-mount staining of embryos and yolk sacs with anti-PCAM1
) o ) monoclonal antibody (MEC13.3, Pharmingen, San Diego, CA) was
B-galactosidase detection in whole embryos and sections performed as described previously (Schlaeger et al., 1995).

X-gal staining was performed to detd&igalactosidase activity as

previously described (Sanchez et al., 1999) with the followin

modifications. Founder embryos were stained for 24 hours at 37° ESULTS

and embryos from established lines 48 hours at room temperatu .

washed in PBS and stored in fixative (1% paraformaldehyde, 0.400he SC/.3 enhancer construct t?‘rg.ets lacz
glutaraldehyde in PBS). For wax sections, embryos were dehydrat pression .to .Iong-term reqonstltutlng

in serial dilutions of ethanol, wax embedded and sectioned. Fdtae€matopoietic stem cells in adult bone marrow

cryostat sectioning, X-gal-stained embryos were washed in PBSMe have previously identified aBcl 3' enhancer construct
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Fig. 1. The Scl3 enhancer construct targésZ A : Non T . ; T .
expression in transgenic mice to long-term on Transgenic ransgenic
reconstituting haematopoietic stem cells from adult FDG", |FDG*,

bone marrow and foetal liver. (A) FACS analysis of
cell suspensions from non transgenic and transgenic
adult bone marrow for the expressionadZ by

FDG staining on gated live cells (Pl-negative cells). e e e T L T
Histograms for FDG expression in one representative

4%

experiment are shown. Cells included in the sorted 2R o w0

windows were designated as FD&hd FDG. B FDG* FDG" ge AN

(B) Ethidium bromide-stained gels of peripheral 103 5x10% 103 10 -7

blood PCR analysis for the presence of the transgene LacZ
(lac?) together with an internal control (myogenin). .
PCR products are shown from a representative Myogenin
experiment performed 5 months post-transplantation

with bone marrow cells. Lanes correspond to c IR RN

individual animals transplanted with the indicated 8 @ ~ o

number of FD@ or FDG  cells. Peripheral blood Bl BM LN Sp Th B,Mg,B, T, +

from transgenic and non-transgenic mice was mixed = LacZ
to provide 100%, 10%, 1% and Q&ecZ controls, i
allowing semi-quantitative evaluation of Myogenin
reconstitution levels. (C) Multilineage analysis in

one recipient mouse 12 months post-transplant with & &
FDG* bone marrow cells. (D) FACS analysis of cell D Non Transgenic

suspensions from non transgenic and transgenic
foetal liver for the expression tfcZ by FDG

staining on gated live cells (Pl-negative cells).
Histograms for FDG expression in one representative
experiment from E12 liver cells are shown. [@&)Z-

PCR analysis of peripheral blood 4 months post-
transplantation with foetal liver cells.

Transgenic
[FDG,  [FDG*
10%

(F) Multilineage analysis of a recipient mouse 6 E 2 R2R
months post transplant with foetal liver FDGells. FDG* FDG TFL 8 ©+~©°
Bb, B lymphocytes B220from bone marrow; B B 103 10° 10% 10° 108 ™

lymphocytes B220from spleen; BI, blood; BM, LacZ
bone marrow; By, erythocytes TerlX9rom bone .
marrow; Gp, granulocytes Gr#1from bone marrow; Myogenin

LN, lymph nodes; Mg*, peritoneal cells; Mg
macrophages CD11lirom bone marrow; Mg
macrophages CD11lirom spleen; Sp, spleen; Th,

thymus; &, T lymphocytes CDACD8 from spleen; Bl BM LN Sp Th Mo* Gr, Er, B, Mo
TFL, total foetal liver. The 2262 transgenic line was LacZ
used in the experiments shown. Myogenin

(+6E5/lacZ/3'En) that directdacZ expression to blood and radioprotection (Sanchez et al., 1996). Donor cell engraftment
endothelium throughout mouse development (Sanchez et alvas examined initially at 1.5-2 months and subsequently at
1999). ThelacZ-positive cells expressed c-Kit and CD34, more than 5 months post-transplantation. Recipient peripheral
both associated with haematopoietic progenitors, and weldood DNA was analysed by PCR for the dolaeZ transgene.
also highly enriched for myeloid and erythroid colony Short-term engraftment was observed in animals transferred
forming cells. However the colony assays do not identifywith either FDG or FDG  cell fractions; however, long-term
haematopoietic stem cells (Trevisan and Iscove, 1995). It wangraftment was detected only in recipients transplanted with
therefore of considerable interest to determine whether'the BDG" cells (Table 1). As shown for one representative
enhancer construct targeted expression to haematopoietic steperiment in Fig. 1B, as few as®EDG* donor bone marrow
cells. cells produced engraftment in two out of three recipients 5
In order to address this issue, we performed long terrmonths post-transplant, while no engraftment was detected at
reconstitution experiments using irradiated adult mice athis time point in animals transplanted with FD&lls. The
recipients. Bone marrow cell suspensions were obtained frooumulative results from several experiments demonstrated that
individual adult +6E83AcZ/3'En transgenic mice and were lacZ transgene was readily detected by PCR more than 5
stained with the fluoresceptgalactosidase substrate, FDG. As months post-transplant in almost half of recipient mice (11 out
shown in Fig. 1A, two sorting regions were set according tof 26) transferred with £to 10* FDG' cells. By contrast, the
the relative levels ofacZ expression. Varying numbers of donorlacZ transgene was not detected in any of 28 recipients
sorted FDG and FDG cells were transferred intravenously transplanted with up to $DG- cells (Table 1). These data
into irradiated female recipient mice withx@® non-  suggest that the vast majority of HSCs were in the FDG
transgenic female splenocytes to provide short-ternfraction. To further assess the self-renewal capacity of the

10%
1%

100%
0%
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Table 1. Long-term haematopoietic reconstitution byacZ* cells from +6E5lacZ/3' En transgenic mice

1-2 months post-transplant 4-11 months post-transplant
Donor tissue Cell type Cells per recipient (reconstituted recipient/total recipients) (reconstituted recipient/total recipients)
Adult bone marrow FDG 108 10/15 4/15
0.5-1x10% 8/11 7/11
FDG~ 108 0/3 0/3
104 1/14 0/14
100 1/8 0/8
108 1/3 0/3
Total 10 3/3 2/3
108 77 717
E11-12 fetal liver FDG 108 3/18 2/18
0.5-1x10% 11/20 11/20
FDG~ 108 0/4 0/4
10t 0/17 0/8
100 4/16 4/16
Total 16 3/3 3/3

The FDG and FDG cell populations from transgenic adult bone marrow and foetal liver were sorted as indicated in Fig. 1. Different numtexieliso
were transferred into irradiated recipients. To determine donor engraftment, peripheral blood DNA from recipient micesedsbgrRGR for the donor
markerlacZ at 1-2 months and 4-11 months post-transplant. Data are from five independent experiments in which bone marrow was toams$fensgehic
line 2262 and five independent experiments in which foetal liver was transferred from transgenic lines 2257 (three exprdra268jtwo experiments).

FDG* donor cells, secondary reconstitution experiments werpurified cells from individual lineages were analysed by semi-
carried out. Total bone marrow cells from a recipient mouse uantitative PCR for the presence of theZ transgene (Fig.
months post-transplant were transferred into four irradiatedC). As shown in Table 2, in four out of seven animals that
mice (1® cells per mouse). Seven months after the seconshowed high levels of donor-derived peripheral blood, all the
transplant, all secondary recipients exhibited high levels dfiaematopoietic tissues contained 10%-100% donor-derived
reconstitution by cells carrying th&aczZ transgene, thus cells. High levels of donor signal were also observed within
demonstrating that cells in the original FD@pulation were individual lineages. In three recipients (Table 2, recipient
capable of self-renewal (data not shown). numbers 5, 6 and 7), the peripheral bldadZ signal was

To determine whether transplantation of FO#®ne marrow  consistently lower after 5-10 months than at the 1-2 month time
cells resulted in complete, multilineage haematopoietipoint, and these three mice showed some variation in the level
engraftment, we examined seven primary recipients more thari repopulation of individual tissues and cell lineages. Taken
5 months post-transplantation. Haematopoietic tissues ardgether, these data demonstrate that the ‘&8 En

Table 2. Multilineage engraftment of mice transplanted withlacZ* cells from +6E5lacZ/3' En transgenic mice

Donor
- signal after
idsr?gllir)(:laetri]én 1-2 months Donor signal after 5-12 months
Donor cells number Bl BI BM LN Sp Th B T Mg Ma Gr Ery
Adult bone 1 +++ +++ +++ +++ +++ +++ ND ND +++* ND** ND ND
marrow 2 +++ +++ ++ +++ +++ ++ +++ +++ +++ ND ND ND
3 +++ +++ +++ ++ +++ +++ +++ +++ +++ ND ND ND
4 +++ +++ ++ ++ +++ +++ ++ ++ + ND ND ND
5 +++ ++ ++ - +++ +++ +++ +++ ++ ND ND ND
6 +++ ++ - ND ++ + + ++ + ND ND ND
7 +++ ++ - - ++ - + + - ++ ND ND
Fetal liver 1 +++ +++ +++ +++ +++ +++ +++ ND +++ ND +++ +++
2 +++ +++ +++ +++ +++ +++ +++ ND +++ ND +++ +++
3 +++ +++ +++ +++ +++ +++ +++ ND +++ ND ++ +
4 +++ +++ ++ + ++ +++ ++ ND ++ ND +++ ND
5 +++ +++ ++ +++ +++ - +++ ND + ND +++ -
6 +++ +++ + + +++ ++ +++ +++ - ++ ND ND
7 ++ ++ + +++ +++ ++ +++ ND - ND ++ -
8 ++ + + ++ +++ + + + + ++ ND ND

Genomic DNA samples from each individual recipient tissues together with 100%, 10%, 1% and 0% dilutiolzAiggomic DNA control were
simultaneously subjected kacZ and myogenin PCR amplification as shown in Fig. 1. Scoring of ethidium bromide stained gels: —, no signal; +, signal lower that
the 10% but higher than 1% control; ++, signal lower than 100% but higher than 10% control; +++, signal very strong, 500#g). to several experiments
the semi-quantitative analysis of the donor signal was confirmed by blotting the PCR gels and hybridisation with myogeZiprabés. Bl, Blood; BM,
bone marrow; B, splenic B lymphocytes B22Bry, bone marrow erythocytes Tert1&r, bone marrow granulocytes GrLN, lymph nodes; Mg, bone
marrow and splenic macrophages CD%Ma, cultured splenic mast cells; Sp, spleen; T, splenic T lymphocyteSQTI34; Th, thymus.
*In recipient number 1, peritoneal cells were analyzed. **ND, not done.
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construct targets the vast majority of bone marrow HSC
capable of long-term multilineage reconstitution.

The Scl 3' enhancer construct targets  lacZ
expression to foetal haematopoietic stem cells

Adult and foetal HSCs do not have identical characteristics ar
several functional and phenotypic differences have bee -
previously described. Thus, most murine foetal liver HSCs ar
known to express c-Kit, CD34, Macl and AA4.1 (Jordan et al.
1995; Morrison et al., 1995; Sanchez et al., 1996), where:
adult bone marrow HSCs do not normally express Mac-1 ¢
AAA4.1 antigens (Rebel et al., 1996; Trevisan and Iscove, 199&
Functionally foetal liver HSCs can respond to the foetal thymi
environment by producingyd and W4 T cells, whereas adult
HSCs have only a very limited capacity to differentiate in this
way (lkuta et al.,, 1990). Furthermore, the Ly-6BdZ
transgene is expressed in adult bone marrow HSCs but not ...
foetal liver HSCs (Miles et al., 1997). Fig. 2. TheScl3 enhancer construct targeasZ expression to c-
We therefore analysed whether ®& 3 enhancer construct Kit*CD34" cells from the AGM region. Cell suspensions from the
was capable of directintacZ expression to HSCs present AGM region of +6ESacZ/3'En transgenic E11 embryos were

during foetal development, as well as to adult bone marrogt@ined with biotinyl-conjugated anti-CD34 and PE-conjugated anti-
HSCs. The embryonic AGM region is the first location duringC'K't antibodies followed by streptavidin-FITC. Cells were sorted
: ording to indicated windows. After sorting, cytospin preparations

development where HSCs are detected and these cells h%‘? e stained foB-galactosidase. In the representative experiment
been shown to be c-Ki€tD34" (Sanchez et al., 1996; Yoder et shown, approxiﬁgtely 70% of the C_,@D§4+ cells Werdacpzﬂuv
al., 1997). Previously we have shown that theeBhancer compared with fewer than 1% of the c-¥GD34- population. Dead
construct directed prominentacZ expression to the cells were excluded by PI staining.
endothelium of the dorsal aorta and to haematopoietic cells in
the lumen of the vessel (Sanchez et al., 1999). In the AGM
from E11 embryos, flow cytometric analysidadZ expression 1). By contrast, long-term reconstitution by FD&lls was
by FDG staining is not feasible. Therefore, to address whethebserved only when 20cells were used. The cumulative
the Scl 3'enhancer was expressed in cKiD34" population, results of five experiments are shown in Table 1 and
cell suspensions were obtained after collagenase treatment, c@monstrate that the majority of long-term repopulating cells
stained with anti-c-Kit and anti-CD34 antibodies, and purifiedvere present in the FDGfraction. In these experiments,
by FACS sorting. Cytospin preparations of c*KiD34- and  long-term reconstitution by FDGcells may well reflect
c-Kit*CD34" populations were prepared and stainedldoZ  contamination by FDG cells. FACS analysis of sorted
expression. The majority (70%) of c-K&D34" cells populations showed that the purity of the foetal liver cell
expressedlacZ compared with less than 1% of the c- fractions was between 80-85% compared with 95% for bone
Kit*CD34 cells (Fig. 2). These results suggest that HSCs frormarrow. This relatively low purity is due to the intrinsic
the AGM region are targeted by tBel3 enhancer construct. properties of foetal liver cells stained with FDG, which result
HSCs with the ability to reconstitute adult irradiated micein impaired discrimination between FDGand FDG
appear in the foetal liver around day 11 of gestation (Muller ghopulations. Attempts to re-sort the populations failed, as FDG
al., 1994; Sanchez et al., 1996). To investigate whether ttsaining is sensitive to duration of incubation and exposure to
foetal liver FDG fraction contained HSCs, we carried out light.
long-term reconstitution assays. Studies were performed usingMultilineage reconstitution was also addressed in recipients
transgenic lines 2262 and 2257, previously shown to contaiengrafted with FDGfoetal liver (Fig. 1F). In most recipients
17% and 5%, respectively, FDQells in E11 foetal liver the level of donor cells in the peripheral blood was similar at
(Sanchez et al., 1999). At least two factors are likely td-2 months and after 5 months post-transplant (Table 2). There
contribute to variability between lines in the proportion ofwas donor engraftment in all haematopoietic tissues analysed,
FDG*' foetal liver cells. First, both stable and variegatingexcept for one thymus. Within individual mice the proportion
position effects are recognised to influence the level obf FDG' cells varied between individual cell lineages, with an
transgene expression (Martin and Whitelaw, 1996) and in thisbsence of detectable donor-derived erythroid cells and
context it is relevant to note that tBel3' enhancer does not macrophages in two recipients. These data demonstrate that
have LCR activity (Sanchez et al., 1999). Second, there imost of the HSCs in mid-gestation foetal liver are within the
likely to be some degree of biological variation betweerFDG" fraction and that these cells can yield multilineage
individual mice in the proportion of foetal liver cells that arerepopulation.
early progenitors and in which theééhhancer is active. Cells o
were sorted according to windows shown in Fig. 1D. DonoRescue of early haematopoiesis in  Sc/~~embryos by
engraftment was observed 4-5 months post-transplantatigixpression of SCL protein under the control of the
when as few as BDG" cells were transferred and high levels Sc/ 3' enhancer
of donor cells were detected in more than 50% of recipient§he Scl 3' enhancer provides a powerful tool for exploring
(11/20) which received 0.5-xQ0* FDG* cells (Fig. 1E, Table HSC biology in vivo by permitting expression of exogenous
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Fig. 3.Expression of exogeno@clunder control of th&cl3' enhancer rescues haematopoiesBdi-embryos. (A) The +6EScHacz/3'En
transgene. (B) X-gal staining of E7 embryo carrying the +684cZ/3'En transgene showirlgcZ expression in the extra-embryonic
mesoderm. (C-F) E8 embryos of the indicated genotype analysed by whole-mount (C, E) or cryostat sectionsa(Z, Bfdioing. Note the
presence of small numbers of round haematopoietic cells in blood islands of rescued yolk sacs (F). h, heart; p-sp,gpaackortipleura;

ys, yolk sac; arrowsdacZ* blood cells; arrowheadi®czt endothelial cells. (G-O) E9 embryos of the indicated genotypes. UnfixéSeig—
embryos were anaemic (compare G with J and M). Histological sections of wax-embedded X-gal-stained embryos (H,I,K,L,N @jtdémons
the presence of haematopoietic cells in rescued embryos (K,L). Embryos are from transgenic line 2708 and were genotyped by PCR.

genes to be targeted to the HSC compartn8aimutant mice E7 and E8 embryos in only two of the five lines (lines 2708
die by day 9 of gestation and exhibit a complete absence ahd C7L). Subsequent detailed X-gal analysis was restricted to
blood cell development thought to reflect a failure of HSCthese two transgenic lines. The level of staining was weak (only
formation or differentiation. We reasoned that if precursors o€learly detectable after 48 hours) and was similar to weakly
HSCs and HSCs themselves are targeted b8t enhancer expressing +6E5/lacZBn transgenic lines (Lines 220 and
at early developmental stages, we should be able to rescR@37) (Sanchez et al., 1999), with staining in the extra-
blood development inSct~ embryos by expression of embryonic region of E7 embryos and in the endothelium and
exogenous SCL protein under control of thehancer blood cells within yolk sac blood islands of E8 embryos (Fig.
We therefore replaced thecZ cDNA in the +6E96cZ/3'En  3B-D). By E9, the X-gal staining was very weak and it was
construct with a bicistronic cassette containing the m&aese almost undetectable by E11 (data not shown).
cDNA together withlacZ to form the +6EZckaczZ/3'En Tg*-Sct-embryos were generated by crossing gt~
construct (Fig. 3A). After microinjection of the construct, or Tg+Sct~with Tg7/-Scl*~mice from line 2708. The level
transgene expression was assessed in midgestation founded pattern of X-gal staining in E8 fgSct- embryos was
embryos by whole-mount X-gal staining. Four transgenisimilar to Tg’-Sct’-embryos (Fig. 3, compare C with E).
embryos were analysed, three of which displayed a weak XSections of T¢~Sct- yolk sacs showed occasional round
gal signal in the liver and vasculature detectable only after 2dresumptive blood cells attached to the endothelial inner
hour incubation at 37°C, thus demonstrating that the 85/ surface of blood islands and X-gal staining was observed in
lacZ/3'En construct was functional in similar locations to theblood cells as well as in endothelial cells (Fig. 3F). The number
+6E5lacZ/3'En construct (data not shown). of blood cells was reduced compared with the" Bt~
Five independent +6ES¢tHacZ/3'En transgenic lines (Tg) control (Fig. 3, compare D with F).
were generated and crossed with 8o/~ mice to obtain the E9 Tg"-Sct’-embryos were markedly anaemic and died at
transgene in ascl mutant background. T&cl~ mice were  a time similar to Scl-embryos (Robb et al., 1995; Shivdasani
subsequently interbred and the resultant embryos analysed f&tr al., 1995) (Fig. 3, compare G, J and M). However,
lacZ expression by RT-PCR and X-gal staining. Midgestatiormorphological evidence of yolk sac haematopoiesis was
foetal livers from embryos derived from all five transgenic lineslearly observed in yolk sac sections of E9*FgScH-
containedacZ transcripts by RT-PCR but X-gal staining was embryos, although the number of blood cells in the blood
almost undetectable at this stage. X-gal signal was evident islands was still less than in controls (Fig. 3, compare H with
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K and | with L). As previously reported, blood cells were notyolk sacs contained approximately 30-fold more cells positive
seen in yolk sacs from TgSct-embryos (Fig. 3N,0) (Robb for each marker. These data are consistent with the
et al., 1995; Shivdasani et al., 1995). These data demonstrat@rphological evidence that rescued yolk sacs contain blood
that placing exogenous Scl under control of the SehBancer cells not seen isclnull yolk sacs.
results in partial rescue of early haematopoiesis. $bke Relative to Tg-Sct* wild-type yolk sacs, rescued yolk
3'enhancer therefore directs expression to cells in w8idh sacs contained an approximately sevenfold increase in the
exerts a non-redundant function essential for establishing eanpercentage of c-Kitcells (21% compared with 3.1%; Fig.
haematopoiesis. 4A). However calculation of absolute cell numbers showed
Flow cytometry was used to characterise the haematopoieticat rescued and wild-type yolk sacs contained similar
cells in the rescued embryos (Fig. 4A; Table 3). The meaabsolute numbers of c-Kitcells (9.%x10°% and 9.&10°
number of cells recovered per yolk sac was 16%38ifrom  respectively) and CD34 cells (7.%10% and 7.&x103
Tg7~ Scl* wild-type embryos, compared with 2.3+@19°  respectively) (Table 3). However, the absolute number of
for Tg~Sct-embryos and to 29+¥3.08 from rescued Ttf~  Ter119 erythroid cells present in rescued yolk sacs was
ScH-embryos (Table 3). Yolk sac cells were analysed for thapproximately 20-fold lower than in wild-type Tdgscl/*
expression of c-Kit, CD34 (both markers of haematopoietigolk sacs. These data demonstrate that the lower total number
progenitors) and Ter119 (an erythroid marker). As shown iof cells present in rescued yolk sacs largely reflects a loss of
Fig. 4A and Table 3, TgSct-yolk sacs contained very few committed Ter119 erythroid cells, whereas the number of
cells positive for c-Kit, CD34 or Ter119. By contrast, rescueckarly progenitors appears to be normal.

A

TgScl++ Tg+-Scl-- Tg*Scl-

A0
o
o

87% 0.1% 2.6% 0.1% 0.7% 1.5%

102

100

Fig. 4. Myeloid and erythroid
colony forming cells are obtained

from cultures of Tg-ScH-yolk _ 24%
sacs. (A) FACS analysis of yolk T T T T 1
sacs from E9 embryos. Cell >

suspensions from individual yolk
sacs were stained with the
indicated antibodies and body
remnants used fdaczZ/SclPCR
genotyping. Double staining was
performed using FITC-conjugated
c-Kit with PE-conjugated Ter119.
Quadrants were established
according to values obtained using
cells stained with isotype controls
in the same experiment. (B) Two
erythroid colonies containing
diaminofluorene positive
haemoglobinised cells (arrows)
from Tg"~Sct~-embryos are
shown. (C) PCR analysis of
individual colonies from yolk sacs
of the indicated genotypes. C D
(D) May-Grunwald-Giensa
staining of cytospin preparation of Tg*-Scl- ‘Tg”"Scl*"‘
67 8 910

yolk sac haematopoietic colonies 1‘ 234 5’
obtained from embryos of the
indicated genotype. Myeloid cells

lacZ

were seen in colonies from both
Myo

Tg*~Sct-and Tg-Sct'~
embryos. Normoblasts (arrows) S
were only seen in colonies from Sclwt
Tg*-Scl'-.



Table 3. Quantification of cell populations from rescued
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Table 4. Colony-forming cells in yolk sac from rescued

yolk sacs embryos
Cell number %103 per yolk sac Genotype of Myeloid colonies Erythroid colonies
Genotype of b K K
embryos Total c-Kit Terlly CD34" embryos per yolk sac per yolk sac
/ I+ (=
Tg-Sct* 161:81  9.85 110265 7:3 TgSc’" (n=10) rax27 32+22
(n=15) (=6) (n=2) (n=5) Tg-Sct- (n=15) 9137 3015
Tg/-SchH-(n=6) 0 0
Tg7/~Sci- 2.3+0.9 0.3+0.1 0.02#0  0.22+0.12 Tg*-ScH-(n=7) 122+48 616
(n=3) (n=3) (n=3) (n=3) Tg*-Sct- (n=10) 70+32 21+15
Tg*-Sct- 29+15 9.2+4 5+2 7.947.6 Tg*Sct* (n=12) 66+41 20£17
n=5 n=5 n=3 n=3
et (n=5) (=5) ("=3) ("=3) Yolk sacs from E9-E9.5 embryos were cultured in Methocult plates. The
Tg"Sct* 15060 10+4.6 86 11.8+9.6 colonies were counted after 7 days. Detection of erythroid cells was
(n=4) (n=4) (n=1) (n=4) performed by staining of the plates with diaminofluorene. Data from five
Tg+-Scl+ 88+44 6.6+4 58 8+8.8 independent experiments. number of embryos analysed.
(n=11) h=4) (n=1) (n=5)

Numbers represent the mean absolute number of cells per yolk sac in eac
population. Cell suspensions were stained for the indicated antigens and Vitelline vessels were not evident macroscopically in the
o oo i o e v o s s oo g O s2cs of T Sctl- E9 embryos. However the embryos
cell count obtained for that yolk sa)::. Data are from six independent /ere _markedly anaemic, maklng yolk sac vessels dIffI_Cult to
experimentsn, number of embryos analysed. ND, not determined. visualise. We therefore stained whole embryos with an

antibody to PECAM, a marker of endothelial cells. The
vasculature of TH~Scl~ embryos appeared normal and a

Colony assays were then used to assess functionptominent network of vitelline vessels was evident (Fig.
haematopoietic progenitor activity in yolk sacs from rescue@A,D). As previously reported (Visvader et al., 1998) large
and wild-type embryos. Haematopoietic colonies werayitelline vessels were absent in-f§ct-yolk sacs (Fig. 5B),
obtained from rescued TgSct~ embryos but not from and intraembryonic vessels appeared poorly developed (Fig.
Tg~Sct-embryos (Fig. 4B; Table 4). PCR analysis confirmedsE). By contrast, large vitelline vessels were readily apparent
thelacZ andSclgenotype of individual colonies and excludedin Tg"-SclH- yolk sacs and intra-embryonic vessels also
the possibility of contamination §cl/- or Sci”* progenitors  appeared normal (Fig. 5C,F). These data demonstrate that
(Fig. 4C). The number of myeloid colonies obtained fromdefective yolk sac and embryonic angiogenesis se&tlifr
Tg*-Sct-yolk sacs was not significantly different from the embryos can be rescued by expressioBafinder control of
number of myeloid colonies obtained from *f&ci’~ or  the Scl3 enhancer. The fact that rescued embryos still die by
Tg*-Sct'* yolk sacs. By contrast, the number of erythroidE9-E10 presumably reflects their inability to sustain normal
colonies from T¢-Sct- yolk sacs was much lower than for erythropoiesis.
the other genotypes (Table 4). Cytospin preparations confirmed
the presence of myeloid cells together with cells at late stages
of erythroid differentiation in colonies derived from*f&cl-
yolk sacs, whereas terminally differentiated erythroblasts w
not seen in colonies from rescued*T§ct’- yolk sacs (Fig.
4D). We therefore conclude that expressionSai under
control of the 3 enhancer construct rescued early HS A
development and permitted myeloid differentiation, but did n
support full erythroid maturation. These results are consist
with our previous observation that th'eeBhancer construct is
not active in Terl19-positive erythroid cells (Sanchez et ¢
1999) and reveal an essential requirement for SCL dur
erythroid differentiation in vivo.

Tg+l—Sc|+!—

Yolk sac angiogenesis is rescued in Tg  *~Scl-~

embryos

In addition to its central role in haematopoiesis SCL is al
essential for normal endothelial development. In particul
Sch-embryos exhibit defective yolk sac angiogenesis, whi
appears to reflect an intrinsic defectSoi~endothelial cells _ i .
(Visvader et al., 1998). Thé énhancer directacZ expression ~ F19- 5. Anti-PECAML antibody staining of E9.5 embryos. Large
to a population of celis in the E7.5 extra-embryonic mesode branching vitelline vessels in the yolk sac (white arrows) are

; © prominent in wild type Tg~Sct’~embryos (A) as well as in rescued
and subsequently to both endothelial cells and haematopoi Tg+-ScH-embryos (C) but were not observed in mutant-BgH-

progenitors during embryonic development (Sanchez et 5 sacs (B). Inter-somitic vessels (arrowhead) are also well formed
1999). We therefore examined whether the yolk sac blc iy both wild-type (D) and rescued embryos (F) but not in the mutant
vessel defect in theSct~ embryos could be rescued by embryo (E). The head of the embryos were used to determine the
expression of SCL protein under thleeBhancer. embryo genotype.
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DISCUSSION haemangioblasts from murine ES cells (Robertson et al., 2000).

o Furthermore ectopic expression of SCL specifies the formation
The Scl 3' enhancer targets haematopoietic stem of haemangioblasts from lateral mesoderm in zebrafish
cells embryos (Gering et al., 1998), and also partially rescues the

Haematopoietic stem cells are crucial for the maintenance diaematopoietic and endothelial defects of zebrafiskche
haematopoiesis  throughout development but theimutants. Taken together with these observations, the pattern of
transcriptional programmes remain poorly understood. W&cl 3' enhancer activity therefore suggests a model in which
demonstrate that an enhancer downstream ofSthgene is  the 3 enhancer functions as a nodal point for the integration
able to target reporter gene expression to adult and embryorat signals responsible for establishing the transcriptional
long term repopulating HSClacZ-expressing cells from E11- programme for blood and blood vessel development.
12 foetal liver or from adult bone marrow were both able tdnterestingly both endothelial and haematopoietic activity are
give rise to long term multi-lineage haematopoieticretained in a 600 bp minimal enhancer fragment (B. Géttgens,
reconstitution of adult recipient micacZ was also expressed unpublished). Identification of the factors that regulate this
in c-Kit*CD34* cells from E11 AGM, suggesting that HSCs in element should illuminate the molecular mechanisms
this region were also targeted. controlling the origin of blood and endothelium.

There has been considerable interest in identifying stem )
cell enhancers, both to express exogenous genes in HSCs dndression of - Scl under control of the 3 " enhancer
thereby to manipulate HSC behaviour in vivo, and also téescues early haematopoietic progenitors and yolk
provide molecular insights into the transcriptional S&c angiogenesisin Sc ~~embryos
programme of HSCs. However, very few candidate HSGn Sct~ mice, embryonic lethality results from a failure of
enhancers have been identified. The CD34 gene is flanked BASC formation and functions together with a defect in yolk sac
two enhancers that are active in haematopoietic cell linemngiogenesis (Porcher et al., 1996; Robb et al., 1996; Visvader
(May and Enver, 1995) but it is not known whether theset al., 1998). We have demonstrated thatSti&' enhancer is
elements target HSCs in vivo. A 14 kb genomic cassettactive in adult and embryonic HSCs and is also expressed in
containing the Ly-6E.1 gene diredtxZ expression to HSCs yolk sac and embryonic endothelial cells (Sanchez et al.,
from adult bone marrow (Miles et al., 1997); however, the Ly-1999). We therefore elected to study whether an SCL cDNA
6E.1 cassette is not expressed in foetal liver or yolk sadriven by the 3 enhancer would be able to rescue
progenitors and no individual enhancer has been shown to baematopoiesis and yolk sac angiogenes&cirt-embryos.
sufficient to target HSCs. The H2K promotor/enhancer in Our results show that expressiiglunder the control of the
combination with the Moloney MuLV enhancer will direct 3' enhancer rescues the formation of early haematopoietic
expression to HSCs. However, this construct is widelyprogenitors. Normal numbers of c-Kitprogenitors and
expressed in many cell types and the relative contribution afiyeloid colony-forming cells were found in the yolk sacs of
the H2K and retroviral enhancers to HSC expression is noescued embryos. Interestingly, erythropoiesis remained
clear (Domen et al., 2000). defective with rescued yolk sacs containing markedly reduced

The Scl 3 enhancer therefore provides a unique tool fomumbers of both TerlI®rythroid cells and erythroid colony-
manipulation of HSCs in vivoMoreover, recent reports forming cells compared with wild-type yolk sacs. The majority
suggest that progenitors present in bone marrow may haveoé erythroid cells in E9 yolk sacs result from a wave of
wider biological potential than previously realised, and berimitive erythropoiesis, whereas most yolk sac erythroid
capable of generating hepatocytes (Lagasse et al., 200fplony-forming cells at E9 represent definitive erythroid
Petersen et al., 1999), neurones (Eglitis and Mezey, 1997) apdbgenitors (Palis et al., 1999). Our data therefore suggest that
muscle (Ferrari et al.,, 1998; Gussoni et al., 1999). It mapoth primitive and definitive erythropoiesis are deficient in
therefore be possible to use theeBhancer to examine the rescued yolk sacs. The resultant severe anaemia is likely to be

molecular basis for stem cell plasticity. the main reason that rescued embryos still die at the same time
Our results, together with previous data, also allow asSctH-embryos.
description of the pattern of activity displayed by &d 3 It is informative to compare our results with a previous study

enhancer. It is active in the region of the extra-embryoniin which haematopoiesis iScH~ embryos was partially
mesoderm of E7.5 embryos that gives rise to the yolk sac, amescued byScl under the control of heterologous regulatory
it subsequently directacZ expression to endothelial and blood elements from th&atalgene (Visvader et al., 1998). Yolk sac
cells within yolk sac blood islands of E8 embryos (Sanchez etngiogenesis remained abnormal, consistent with the fact that
al., 1999). Within the embryo proper, the enhancer is active iGatalis not expressed in the endothelial lineage, and a three-
endothelial cells and also in haematopoietic progenitorto fivefold reduction was observed in both erythroid and
at diverse sites and times, including E8 para-aortienyeloid colony numbers, suggesting only partial rescue of the
splanchnopleura, E11 AGM region and E11 foetal liverHSC compartment. By contrast, our results suggestSbiat
(Sanchez et al., 1999). In adult mice, therthancer is active driven by the 3enhancer is capable of fully rescuing the stem
in the vast majority of HSCs and progenitors present in boneell compartment but is unable to support erythroid
marrow (Sanchez et al.,, 1999) and preliminary evidencdifferentiation.
suggests widespread expression in adult endothelial cells (L. At least two distinct mechanisms can be envisaged. Failure
G., unpublished). to rescue normal levels of erythropoiesis could reflect an effect
The SCL protein is essential for the development obf abnormal levels of SCL protein in HSCs, resulting in
embryonic and adult blood in mice (Porcher et al., 1996; Robteduced erythroid but not myeloid commitment. Indeed,
et al., 1996), and is essential for the development aofelatively small alterations in the level of an individual
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transcription factor can have dramatic effects on lineage A. G. and Green, A. R.(1997). Distinct mechanisms direct SCL/tal-1
commitment (Heyworth et al., 1999; Kulessa et al., 1995). expression in erythroid cells and CD34 positive primitive myeloid c&lls.
Alternatively the 3 enhancer construct may lack a distinct Biol- Chem272 8781-8790.

. . . . Bockamp, E. O., Fordham, J. L., Gottgens, B., Murrell, A. M., Sanchez,
SCL erythroid enhancer which normally maintains SCL M. J. and Green, A. R.(1998). Transcriptional regulation of the stem cell

transcription during erythroid differentiation. These two leukemia gene by PU.1 and Elf-1.Biol. Chem273 29032-29042.
mechanisms are not mutually exclusive, and rigorou€iau-Uitz, A, Walmsley, M. and Patient, R(2000). Distinct origins of adult

discrimination between them would require fate mapping the %?gsegbﬁ’ogfa?/'ogd g‘aﬁ?”gpfe'l'_;\?j ;878‘7;’?& Malek, T. R1989)
progeny of single HSCs. However, the concept of a Sep"’“"”‘?é)Expr('assion’ of L’y-GAIE ailoantidens i’n thymocyte ana T-lymphocyte

erythroid enhancer is supported by our _preViOUS ObserVationsubsets: variability related to the Ly-6a and Ly-6b haplotypes.
that the 3enhancer construct does not dirlscZ expression Immunogeneticg9, 98-107.
to cells expressing the erythroid marker Ter119 (Kina et al§ross, M. A, Heyworth, C. M., Murrell, A. M., Bockamp, E. O., Dexter,

2000; Sanchez et al., 1999), whertaZ ‘knocked into’ the |- M. and Green, A. R. (1994). Expression of lineage restricted
. S . . transcription factors precedes lineage specific differentiation in a
Scllocus is expressed in differentiated erythroid cells (Elefanty multipotent haemopoietic progenitor cell li@ncogened, 3013-3016.

et al.,, 1999). Whatever the precise mechanism, the failure ttumano, A., Dieterlen-Lievre, F. and Godin, 1(1996). Lymphoid potential,
rescue erythropoiesis demonstrates a requirement for SCLprobed before circulation in mouse, is restricted to caudal intraembryonic
during commitment to or differentiation along the erythroid _splanchnopleureCell 86, 907-916.

. . . - . ., de Bruijn, M. F, Speck, N. A., Peeters, M. C. and Dzierzak, §2000).
Imeage in vivo. A distinct role for SCL du”ng erythr0|d Definitive hematopoietic stem cells first develop within the major arterial

differentiation, in addition to its role in H_ regions of the mouse embry®MBO J.19, 2465-2474.
formation/function, would accord well with the previous Dieterlen-Lievre, F. (1975). On the origin of haemopoietic stem cells in the
suggestion that SCL acts as a positive regulator of erythroid2\(/)';’:“23 fgmbwo: an experimental approathEmbryol. Exp. Morphol33,
dlffe_re_ntlatlon In vitro (Ap'af‘ etal., 1992; EI.WOOd etal, 1998;Domen, .].,.Cheshier, S. H. and Weissman, |. (2000). The role of apoptosis
Valtieri et al., 1998) and with the observation that full rescue iy the regulation of hematopoietic stem cells: Overexpression of Bcl-2
of erythropoiesis fronBct~ ES cells requires DNA binding increases both their number and repopulation potedtidixp. Med191,

by SCL (Porcher et al., 1999). 253-264.

In addition to rescuing the generation of ear|yDrake, C. J. and Fleming, P. A(2000). Vasculogenesis in the day 6.5 to 9.5
L ; mouse embryoBlood 95, 1671-1679.
haematopoietic progenitors, SCL under control of the 3n...°c 3 'Brandt, S. J., Trusk, T. C. and Litle, C. D(1997). TALL/SCL

enhancer construct a_-lso rescued norm_al _de\_/e|0pment of yolkis expressed in endothelial progenitor cells/angioblasts and defines a dorsal-
sac vitelline vessels iS¢t~ embryos. This is likely to reflect to-ventral gradient of vasculogenedi®v. Biol.192, 17-30. o
correction of a block in the ability of endothelial cells to Eglitis, M. A. and Mezey, E.(1997). Hematopoietic cells differentiate into

; ; ; [ both microglia and macroglia in the brains of adult mRvec. Natl. Acad.
undergo angiogenic differentiation. However, thehancer Sci. USAG4 4080-4085.

construct is prOb_ably expressed in haemangioblasts as well Agtanty, A. G., Begley, C. G., Hartley, L., Papaevangeliou, B. and Robb,

in their endothelial progeny (Sanchez et al., 1999). Our dataL. (1999). SCL expression in the mouse embryo detected with a targeted
can not therefore exclude the possibility that it is endothelial lacZreporter gene demonstrates its localization to hematopoietic, vascular,
commitment from haemangioblasts that is being rescued, an nd neural tissueBlood 94, 3754-3763.

. I . wood, N. J., Zogos, H., Pereira, D. S., Dick, J. E. and Begley, C. G.
that the endothelial cells seen St yOIk sacs arise by a (1998). Enhanced megakaryocyte and erythroid development from normal

distinct developmental route (Pardanaud et al., 1996). human CD34(+) cells: consequence of enforced expression of EB@id
91, 3756-3765.
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