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Analysis of cis-regulatory elements is central to understanding the genomic program for development. The
scl/tal-1 transcription factor is essential for lineage commitment to blood cell formation and previous studies
identified an scl enhancer (the �18/19 element) which was sufficient to target the vast majority of hematopoietic
stem cells, together with hematopoietic progenitors and endothelium. Moreover, expression of scl under control
of the �18/19 enhancer rescued blood progenitor formation in scl�/� embryos. However, here we demonstrate
by using a knockout approach that, within the endogenous scl locus, the �18/19 enhancer is not necessary for
the initiation of scl transcription or for the formation of hematopoietic cells. These results led to the identi-
fication of a bifunctional 5� enhancer (�3.8 element), which targets expression to hematopoietic progenitors
and endothelium, contains conserved critical Ets sites, and is bound by Ets family transcription factors,
including Fli-1 and Elf-1. These data demonstrate that two geographically distinct but functionally related
enhancers regulate scl transcription in hematopoietic progenitors and endothelial cells and suggest that
enhancers with dual hematopoietic-endothelial activity may represent a general strategy for regulating blood
and endothelial development.

The development of blood and endothelium is intimately
linked throughout vertebrate development. The close associa-
tion between the development of blood and endothelial cells in
the avian and murine yolk sac gave rise to the concept of the
hemangioblast, a bipotent precursor of both cell types (58, 68).
This idea has been reinforced by the observation that murine
embryonic stem (ES) cells can give rise to Flk-1� cells capable
of generating both blood and endothelial progeny (13, 49).
Moreover, single Flk-1-positive cells from avian embryos can
develop into either hematopoietic or endothelial colonies (18),
Flk-1�/� mouse embryos fail to form yolk sac blood islands
and vasculature (61), and the numbers of both endothelial and
hematopoietic cells are severely reduced in the zebra fish mu-
tant cloche (41, 65).

In the body of the amphibian, avian, or murine embryo,
blood cells arise as clusters of cells attached to the endothelium
of arteries (14–16, 26), and it has been suggested that differ-
entiated endothelial cells may directly generate blood progen-
itors (39, 40, 50). Moreover, at least a proportion of the emerg-

ing hematopoietic cells in human embryos are thought to
originate in vascular walls in the aorta-gonad-mesonephros
(AGM) region, the fetal liver, and fetal bone marrow (52).
Cells capable of giving rise to hematopoietic and endothelial
progeny may also exist in the adult. Clonogenic in vitro assays
have identified a population of hemangioblasts in adult human
bone marrow (53) and, in the mouse, single bone marrow
hematopoietic stem cells (HSCs) have been shown to generate
multiple hematopoietic lineages, together with retinal endo-
thelium (34).

The scl gene (also known as TAL-1) encodes a basic helix-
loop-helix protein and is normally expressed in hematopoietic
cells, in endothelium, and within specific regions of the central
nervous system, a pattern of expression that is highly conserved
across vertebrate species from mammals to teleost fish (re-
viewed in reference 7). Within the blood and endothelial sys-
tem, scl is expressed in hemangioblasts, HSCs, a subset of
hematopoietic lineages, and at lower levels in angioblasts and
mature endothelial cells (1, 19, 57; see also reference 7 and
references therein). Targeted mutation of the scl gene has
shown that it is essential for the formation of HSCs during
development (55, 56) and for the remodeling of primary yolk
sac vascular networks (66), although scl�/� mouse embryos
and ES cells both generate endothelial cells (57, 66). Con-
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versely, dysregulated expression of scl during zebra fish devel-
opment or ES cell differentiation resulted in excessive forma-
tion of hemangioblasts and endothelial and blood cells at the
expense of other mesodermal lineages (22, 29). Taken to-
gether, these data indicate that scl is required for lineage com-
mitment to blood cell formation and suggest the existence of
an scl-independent route for endothelial development. Inter-
estingly, expression of scl in adult HSCs may not be necessary
for long-term repopulating activity but remains essential for
normal megakaryocytic and erythroid differentiation (36, 46).

Current evidence therefore demonstrates that scl plays a
pivotal role in the normal development of both blood and
endothelium. This focuses attention on the mechanisms
whereby transcription of scl itself is initiated and maintained,
and we have therefore undertaken a systematic analysis of the
transcriptional regulation of the murine scl locus. Studies of
chromatin structure, long-range comparative sequence analy-
sis, and transgenic reporter assays have identified five indepen-
dent enhancers, each of which targets expression to a specific
subdomain of the normal scl expression pattern (31, 32, 59, 62).
Of particular note, a 3� element (�18/19 enhancer) was shown
to be active in endothelial cells and hematopoietic progenitors
at multiple sites and times during ontogeny (59). This enhancer
directed expression to the vast majority of long-term reopulat-
ing HSCs from adult bone marrow and fetal liver and also to
hemangioblasts in frog embryos (33, 60). Biochemical and
transgenic analyses defined a 640-bp core enhancer fragment
and demonstrated that a novel multiprotein complex contain-
ing Ets and GATA transcription factors was essential for ac-
tivity of this enhancer in blood and endothelial cells (33).

Here we demonstrate that, although sufficient to target ex-
pression to hemangioblasts and hematopoietic progenitors, the
�18/19 enhancer is not necessary within the endogenous scl
locus for blood cell formation or scl transcription. An scl 5�
enhancer is identified, which targets expression to hematopoi-
etic progenitors and endothelial cells in vitro and in vivo and
which is regulated by Fli-1 and Elf-1.

MATERIALS AND METHODS

Homologous recombination in ES cells. ES cells ESF48/1 (a gift from R.
Gardner, Oxford, United Kingdom) were grown on mouse embryonic fibroblast
feeder cells according to standard procedures. The construct for homologous
recombination was generated by inserting 5� and 3� homology arms (1.6-kb
KpnI/HindIII fragment and 5.5-kb PCR fragment with engineered NotI and XbaI
sites) on either side of a loxed pgk-promoter-hygromycin selection cassette.
Homologous recombination events (1% on average) were identified by Southern
blot analysis. Removal of the hygromycin selection cassette was achieved by
transient transfection with a Cre recombinase expression plasmid, followed by
selection for hygromycin sensitivity (on average 5% of the clones picked). Cre-
mediated excision was subsequently verified by both PCR and Southern blot
analysis.

In vitro differentiation and hematopoietic colony assays of ES cells. Formation
of embryoid bodies was induced after leukemia inhibitory factor withdrawal
according to standard procedures. After 10 days, embryoid bodies were scored
for hematopoietic activity based on the presence of hemoglobinized cells. After
dissociation, cells from embryoid bodies were subjected to hematopoietic colony
assays by using Methocult medium from Stem Cell Technologies according to the
manufacturer’s instructions. After 7 to 10 days, colonies were counted and scored
based on morphology and the presence of hemoglobinized cells into erythroid,
myeloid, and mixed colony types. Individual colonies were picked and cells
analyzed by cytospin/May-Grunwald-Giemsa staining to further characterize he-
matopoietic cells.

Generation and analysis of ES cell chimeras. ES cells were injected into
C57BL/6 blastocysts and transferred into C57BL/6 recipients according to stan-

dard procedures. Chimeric mice were identified based on brown coat color. The
contribution of ES cell-derived cells to hematopoietic tissues was examined by
fluorescence-activated cell sorting (FACS) analysis of bone marrow, spleen, and
thymus with the fluorescein isothiocyanate-conjugated Ly9.1 antibody (Pharm-
ingen), which does not recognize C57BL/6-derived cells. The contribution to
hematopoietic cells was confirmed by costaining with antibodies against phyco-
erythrin-conjugated B220, Mac1, CD4, and CD8 (all antibodies were from
Pharmingen).

Transgenic analysis, restriction endonuclease accessibility, reporter assays,
and EMSA analysis. LacZ reporter plasmids were generated according to stan-
dard procedures (details available on request). F0 transgenic mouse embryos
were prepared and analyzed as described previously (59). FACS analysis and
hematopoietic colony assays were performed on embryonic day 11.5 (E11.5) fetal
liver cells as described previously (59). The restriction endonuclease assay was
performed as described previously (32) by using ApaI digestion and a 300-bp
HindIII/ApaI fragment immediately upstream of exon 1a as the hybridization
probe. Luciferase reporter constructs were generated according to standard
procedures (details available on request). Mutant constructs were made as de-
scribed previously (33) and verified by sequencing. 416B and MEL cells were
grown as described previously (9). Transfections and luciferase assays were
performed as described previously (32). Nuclear extracts for EMSA analysis were
prepared as described earlier (33). Oligonucleotides used in EMSAs are shown
in Fig. 6. Chromatin immunoprecipitation was also performed as described
previously (33). Immunoprecipitates were analyzed by semiquantitative PCR
with oligonucleotide primers flanking the �3.8 core enhancer region (FW [TG
TCCCCTGCTCTTGCCTAC] and REV [ATGTCTGGGGGCAGGTTAGTTA
]). PCRs were analyzed by Southern blotting with a Hewlett-Packard phospho-
rimager for quantification of hybridization signals.

RESULTS

The scl 3� stem cell enhancer is dispensable for blood cell
formation. We have previously identified an scl 3� stem cell
enhancer with striking properties. A 5.5-kb fragment, contain-
ing two conserved regions of open chromatin (�18 and �19
elements), was sufficient to direct reporter gene expression to
hemangioblasts, hematopoietic stem and progenitor cells, and
endothelium (33, 59, 60). When used to drive expression of an
scl cDNA, the same fragment was also sufficient to rescue
hematopoietic progenitor formation in scl�/� mice (60). In
order to assess the function of the stem cell enhancer within
the context of the endogenous scl locus, homologous recom-
bination was used to delete the enhancer in ES cells (Fig. 1A
and B). A 2.5-kb region containing both the �18 and the �19
elements was replaced by a loxed hygromycin cassette to gen-
erate scl�/H�19 ES cells. Removal of the hygromycin cassette
by using Cre recombinase produced scl�/�19 ES cells. ES cells
lacking the enhancer in both alleles were generated by a sec-
ond round of homologous recombination and removal of the
hygromycin cassette.

Previous studies have demonstrated that scl�/� ES cells are
unable to produce hematopoietic cells after in vitro differen-
tiation (21, 55, 57). In contrast, scl�/�19 and scl�19/�19 ES cells
both generated hemoglobinized embryoid bodies, which ex-
pressed scl mRNA (data not shown). In order to confirm the
above results in a second independent ES cell line, we took
advantage of scl�/lac ES cells in which one scl allele has been
disrupted by insertion of lacZ (20). Using the strategy de-
scribed above, the �18/19 enhancer was deleted from both
alleles to generate scl�/lacH�19 and sclH�19/lac ES cells. We then
performed semiquantitative reverse transcription-PCR (RT-
PCR) on RNA isolated from day 7 embryoid bodies, which
demonstrated that scl expression levels were not significantly
different for those two genotypes (Fig. 1C). In addition to the
positive hprt control, we included flk-1 and gata-1 in this anal-
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ysis. During ES cell differentiation, flk-1 expression was previ-
ously shown not to be affected by deleting scl, whereas gata-1
levels were drastically reduced (21). Deletion of the scl �19
enhancer did not change expression of either flk-1 or gata-1, a
finding consistent with our observation that there was no sig-
nificant change in scl expression levels.

Hematopoietic progenitor assays demonstrated that scl�/�19

and scl�19/�19 embryoid bodies contained erythroid, myeloid,
and multipotent progenitors, as assessed by colony assays (Fig.
1D) and morphology of cells from individual colonies (Fig.
1E). The numbers of colonies generated from scl�19/�19 em-
bryoid bodies were slightly reduced compared to scl�/�19 em-
bryoid bodies, even though we failed to notice qualitative dif-
ferences in colonies generated from these two genotypes or
indeed scl�/� ES cells. Since the scl�19/�19 ES cells had un-
dergone additional rounds of targeting and selection, which
may have resulted in a reduced capacity to differentiate, we
analyzed colony-forming ability in independently targeted
scl�/lacH�19 and sclH�19/lac ES cells. The latter did not produce
fewer BFU-E, CFU-GM, or CFU-Mix (Fig. 1D), suggesting
that, at least under the assay conditions (i.e., saturating levels
of cytokines), there appears to be no quantitative difference in
colony-forming activity. These results demonstrate that the scl
stem cell enhancer is not required for blood cell formation in
vitro.

The hematopoietic potential of ES cells lacking the 3� stem
cell enhancer was then assessed in vivo. Wild-type and mutant
(sclH�19/lac or sclH�19/�19) ES cells were injected into C57BL/6
blastocysts. Given that ES cell derived cells express the marker
Ly9.1 which is not expressed by C57BL/6 cells, the resultant
chimeras were analyzed for the presence of ES cell derived
Ly9.1� hematopoietic cells (Fig. 1F). Four chimeras were gen-
erated (three sclH�19/lac and one sclH�19/�19), with degrees of
chimerism ranging from 50 to 100%, as estimated by coat
color. As exemplified in Fig. 1F, spleen and bone marrow from
all four chimeras contained readily identifiable Ly9.1� hema-
topoietic cells, which included B cells (B220�), myeloid cells
(Mac1�), and T cells (CD4� or CD8�).

Taken together, these results demonstrate that the scl
�18/19 enhancer is not required for blood cell formation in
vitro or in vivo and suggested that the scl locus contained an
additional regulatory element capable of driving scl expression
during hematopoietic development.

The mouse scl 5� flanking region directs expression to he-
matopoietic progenitor cells. Previous analysis of transgenic
mouse embryos had not identified any enhancers with signifi-
cant hematopoietic activity apart from the 3� stem cell en-
hancer. However, a 6.3-kb fragment from the 5� region of the
mouse scl gene directed expression to the vast majority of
embryonic endothelial cells, together with rare round cells in
the fetal liver (62). Moreover, the same fragment had also been
shown to contain three regions of open chromatin in murine
myeloid cell lines (24, 32), suggesting that the rare round fetal
liver cells may be of hematopoietic origin. We therefore inves-
tigated whether the scl 5� region contained an enhancer that
might ensure scl expression during hematopoietic differentia-
tion of scl�19/�19 ES cells.

To this end, we utilized transgenic mice containing the
�7E3/lacZ transgene (62), which consists of lacZ driven by a
genomic fragment stretching from 7 kb upstream of exon 1a to
exon 3 and includes the three regions of open chromatin iden-
tified in myeloid cell lines (Fig. 2A). In the two mouse lines
analyzed, a small minority (1 to 4%) of E11.5 fetal liver cells
expressed the lacZ transgene. These cells did not express the
erythroid marker Ter119 but were positive for the hematopoi-
etic progenitor markers c-kit and CD34 (Fig. 2B). A propor-
tion of the enhancer positive cells was also positive for Mac1,
which in fetal liver marks hematopoietic progenitors, as well as
more mature myeloid cells. Colony assays confirmed that the
lacZ-expressing fraction was indeed highly enriched for hema-
topoietic progenitors (Fig. 2C). These results demonstrate that
the �7E3/lacZ construct was capable of directing expression to
hematopoietic progenitors, as well as to endothelial cells. The
endothelial enhancer activity was previously shown to be
present within a 6.3-kb fragment extending from �1 to �7 kb
upstream of exon 1a (62). Since the scl promoter region (from
1 kb upstream of exon 1a to exon 3) has been shown to have
neither hematopoietic nor endothelial activity in transgenic
mice (59, 62), our data suggested that both hematopoietic and
endothelial activity were located between 1 and 7 kb upstream
of exon 1a.

A core enhancer located at �3.8 kb is necessary and suffi-
cient for hematopoietic and endothelial expression. In order to
identify the likely location of scl 5� endothelial and/or hema-
topoietic core enhancers, the chromatin structure of the scl 5�
flanking region was investigated. Previous analysis of hemato-

FIG. 1. The scl 3� enhancer is not required for blood formation from ES cells. (A) Strategy for deleting the mouse scl 3� stem cell enhancer
by homologous recombination in ES cells. Shown are the structure of the mouse scl locus, together with the enhancer knockout construct and the
two knockout alleles (sclH�19 and scl�19) generated in the present study. Arrows indicate previously mapped DNase I-hypersensitive sites �18 and
�19. (A) ApaI restriction site; hyg, hygromycin selection cassette; red arrowheads, loxP sites; probe, position of probe used for Southern analysis
shown in panel B. (B) Southern blot analysis of targeted ES cell lines. DNA was digested with ApaI and analyzed by using the probe shown in panel
A. Bands distinguishing the three alleles are indicated as wt (5.2 kb), H�19 (9.2 kb), or �19 (6.9 kb). (C) Levels of expression of scl, FLK1, and
GATA-1 are not significantly different between embryoid bodies derived from scl�/lacH�19 and sclH�19/lac ES cells. Total RNA extracted from day
7 embryoid bodies with the indicated genotypes was reverse transcribed, and the resultant cDNA was analyzed by semiquantitative PCR. Shown
are three fivefold serial dilutions and a negative control for each primer pair. (D) ES cells lacking the 18/19 enhancer can give rise to hematopoietic
colonies in vitro. Cells derived from day 10 embryoid bodies of the indicated genotypes were used to perform hematopoietic colony assays. Red
bars, BFU-E; turquoise bars, CFU-GM; yellow bars, CFU-Mix. The data shown are from a representative experiment. Similar results were
obtained in three independent experiments. (E) Morphology of hematopoietic cells in colonies derived from scl�19/�19 ES cells (May-Grunwald-
Giemsa stain). (F) sclH�19/lac ES cells can give rise to blood cells in vivo. FACS analysis of spleen and bone marrow cells from chimeras generated
by using sclH�19/lac ES cells, together with control C57BL/6 and 129 mice (negative and positive controls, respectively). Ly9.1 is expressed by ES
cell-derived progeny but not by host C57BL/6 cells.
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poietic cell lines had revealed three regions of open chromatin
at kb �2.5, �3.8, and �6.5 upstream of exon 1a (24, 32), but
endothelial cells had not been studied. A survey of seven en-
dothelial cell lines identified three (MS1, bEND, and sEND),
which expressed readily detectable levels of scl mRNA by re-
verse transcription-PCR (RT-PCR) (Fig. 3A). Regions of open
chromatin were mapped in the MS1 and sEND endothelial cell
lines by using a restriction endonuclease accessibility assay.
Three regions of accessible chromatin were identified (Fig. 3B;
data not shown), all of which coincided with the regions pre-
viously mapped in murine hematopoietic cell lines (24). The
positions of the accessible restriction endonuclease sites were
identified in the mouse sequence and compared to a human/
mouse homology profile. As shown in Fig. 3C, the region at
�3.8 displayed the highest level of sequence conservation and

thus stood out as a prime candidate for the location of an
endothelial and/or hematopoietic enhancer.

Analysis of the scl 5� flanking region by using bioinformatic
tools, including cpgplot (http://www.emboss.org/) and pro-
moter prediction software such as TSSG (63) showed that the
�3.8 region was G/C-rich and raised the possibility that it
represented an additional scl promoter. To address this issue,
the 6.3-kb fragment was inverted to generate the �1-7/SV/lac
construct. All three transgenic F0 embryos generated with this
construct showed strong endothelial lacZ expression (Fig. 4A
and B and Table 1). These results demonstrate that the activity
of the 6.3-kb fragment was orientation independent and that
endothelial expression did not reflect the presence of a previ-
ously unrecognized scl promoter.

We next deleted a 797-bp fragment encompassing the �3.8

FIG. 2. The mouse scl 5� flanking region directs expression to hematopoietic progenitor cells. (A) Diagram of mouse scl locus indicating the
position of the 5� fragment present in the �7E3/lacZ transgene. Black arrowheads indicate the positions of DNase I-hypersensitive sites previously
mapped in myeloid cell lines. (B) Characterization of hematopoietic cells targeted by the 5� enhancer. FACS analysis of E11.5 fetal liver
demonstrates enhancer activity in a subset of c-kit� cells, CD34� cells, and Mac1� cells, markers previously shown to be expressed by fetal liver
hematopoietic stem/progenitor cells. (C) E11.5 fetal liver cells expressing the �7E3/lacZ transgene are enriched for hematopoietic progenitors.
lacZ-positive and lacZ-negative cells from mice carrying the �7E3/lacZ transgene were sorted by FACS and assessed for hematopoietic
colony-forming activity. FDG, fluorescein di-�-D-galactopyranoside fluorescent �-galactosidase/lacZ substrate; FSC, forward scatter; E, burst-
forming units; GM, granulocyte/macrophage colonies; Mix, multipotent colonies.
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region from the original 6.3-kb fragment and assessed the
activity of the resultant construct (�-3.8/SV/lac) in F0 trans-
genic embryos (Fig. 4A and B). Of seven transgenic embryos,
none showed endothelial expression by whole-mount analysis
(Fig. iii) or by histological analysis of multiple tissues (Table 1).
Reporter constructs containing 797- and 394-bp core enhancer
fragments (�3.8E1/SV/luc and �3.8E2/SV/luc) were then used
to generate additional transgenic mice. Four of seven and
three of three F0 embryos showed endothelial expression with
the 797- and 394-bp constructs, respectively (Fig. 4A and B;
Table 1).

Analysis of histological sections from E11.5 F0 transgenic
embryos carrying the 394-bp core enhancer construct con-
firmed that the extensive staining seen in whole-mount analy-
ses reflected widespread endothelial expression in multiple
tissues, including skin, brain, somites, heart, fetal liver, dorsal
aorta, and yolk sac (Fig. 4C; data not shown). Two populations
of nonendothelial cells were also found to express lacZ repro-
ducibly in multiple embryos: first, rare round cells (presumably
hematopoietic) in the fetal liver and, second, clusters of round
cells attached to the ventral floor of the dorsal aorta (Fig. 4C).

Similar clusters of cells in the dorsal aorta are thought to
represent emerging HSCs (15, 52, 70). Taken together, our
data therefore demonstrate that a 394-bp region is both nec-
essary and sufficient for enhancer activity within the 6.3-kb
fragment. Moreover, our results suggest that the 394-bp region
contains an enhancer capable of targeting expression to both
endothelium and hematopoietic progenitors during embryonic
development.

Conserved Ets sites are critical for the activity of the �3.8
core enhancer in endothelial and hematopoietic cells. In order
to perform biochemical analysis of the 5� core enhancer, it was
important to develop cellular assays for enhancer function.
Luciferase reporter constructs were therefore introduced into
the MS1 (endothelial), 416B (hematopoietic progenitor), and
MEL (erythroid) cell lines. All three cell lines express scl, but
the chromatin structure of the �3.8 region is nuclease sensitive
only in MS1 and 416B cells (Fig. 3; data not shown) and not in
MEL cells (32). The simian virus 40 minimal promoter itself
was highly active in MS1 cells, possibly due to the fact that MS1
cells were generated by transformation of mouse pancreatic
islet endothelial cells using simian virus 40 large T antigen (3).

FIG. 3. Chromatin accessibility and sequence homology identify a candidate scl 5� enhancer in endothelial cell lines. (A) RT-PCR analysis
demonstrates that three of seven mouse endothelial cell lines (MS1, bEND, and sEND) express readily detectable levels of scl. FL, E14 fetal
liver-positive control; (�), water-negative control. (B) Restriction endonuclease accessibility assay identifies three regions of accessible chromatin
at kb �2.5, �3.8, and �6.5 upstream of mouse scl exon 1a. (C) Diagram of murine scl locus indicating 5� regions of open chromatin (arrows) and
the 6.3-kb fragment with endothelial activity in transgenic mice (shaded area). The homology profile of a mouse/human sequence alignment
demonstrates that the kb �3.8 region exhibits the highest level of sequence conservation within the 6.3-kb fragment. Pr1a, promoter 1a.
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We therefore generated alternative luciferase reporter con-
structs with the thymidine kinase minimal promoter, which had
low baseline activity in MS1, and used these in transient re-
porter assays. The 394-bp core enhancer was strongly active in
MS1 and 416B but not in MEL cells (Fig. 5A). These results
show that the 394-bp core enhancer exhibited lineage-re-
stricted activity, which correlated with the chromatin structure
of the endogenous enhancer. The data are also consistent with

the in vivo activity of the core enhancer in endothelial and
hematopoietic progenitor cells but not in fetal liver erythroid
cells.

Human/mouse sequence comparisons revealed several
blocks of homology within the 400-bp core enhancer, which
contained five conserved Ets family binding sites (EBS1 to -5,
Fig. 5B). All five Ets sites (TTCC or GGAA, respectively)
conformed precisely to the consensus binding site recognized

FIG. 4. The �3.8 region is both necessary and sufficient for endothelial and hematopoietic activity in transgenic mouse embryos. (A) Transgenic
reporter constructs in relation to the mouse scl locus. (B) Panels i to v show representative E11.5 embryos transgenic for the constructs indicated
in panel A. (C) Sections of embryo shown in panel Bv demonstrating specific expression in endothelial cells, endocardium, round cells in the fetal
liver, and presumed hematopoietic clusters on the ventral wall of the dorsal aorta.
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by most members of the Ets family. Mutations were generated
in each region, and their effect on enhancer activity was quan-
tified by using transfection assays in MS1 and 416B cells (Fig.
5C). In both cell types, mutation of EBS1 alone (m1) or EBS3
and EBS4 together (m34) had no effect on activity of the core
enhancer, and mutation of EBS2 and EBS5 alone (m2, m5)
produced a 30 to 50% reduction of activity (Fig. 5C). In con-
trast, mutation of the first four Ets sites (m1234) or all five Ets
sites (m12345) resulted in marked impairment of enhancer
function in both MS1 and 416B cells. Given that transient
assays do not always give a true representation of enhancer
activity after chromosomal integration, we also performed sta-
ble transfection assays. These assays confirmed that the wild-
type enhancer was highly active and that this activity was
greatly diminished when all Ets sites were mutated (data not
shown). Our data demonstrate a degree of redundancy be-
tween the five Ets motifs and identify a critical role for Ets
factors in regulating the activity of the �3.8 core enhancer in
both endothelial and hematopoietic cells.

Fli-1 and Elf-1 bind to Ets sites in the �3.8 core enhancer.
An RT-PCR expression survey of 20 Ets family members was
performed to assess which were expressed in MS1 and 416B
cells. MS1 and 416B expressed 15 and 10 Ets family members,
respectively (data not shown). Interestingly, both cell lines
coexpressed Fli-1 and Elf-1, the two Ets family members pre-
viously shown to be part of a protein complex regulating the scl
�19 enhancer in hematopoietic progenitors cells (33). More-
over, the pattern of expression of Fli-1 and Elf-1 during em-
bryogenesis is consistent with a role for both in the regulation
of scl transcription within endothelial, as well as hematopoietic
progenitor cells (5, 10, 17, 37).

To investigate whether Fli-1 and Elf-1 were capable of bind-
ing to the core enhancer, gel shift assays were performed with
nuclear extracts from both MS1 and 416B cells. Four oligonu-
cleotides containing the conserved sequence blocks surrounding
the EBS1, EBS2, EBS3/4, and EBS5 motifs were synthesized,
together with corresponding competitor oligonucleotides contain-
ing the same mutations that were used for the functional assays
described in the previous section. The same pattern of band shifts
was obtained with nuclear extracts prepared from MS1 and 416B
cells (Fig. 6A to D; data not shown). The EBS1 oligonucleotide
was bound by one complex (complex I, Fig. 6A; data not shown),
which could be competed by a wild type and to a lesser extent also

by a mutant oligonucleotide (Fig. 6A, compare lanes 2, 3, and 4).
Using specific antibodies against Ets-1, Fli-1, and Elf-1, we as-
sessed whether complex I contained any of these factors. How-
ever, these three antibodies neither competed for binding of com-
plex I to the EBS1 oligonucleotide, nor did they generate a
supershift (Fig. 6A, lanes 5 and 6; data not shown). These results
suggest that complex I does not contain either Fli-1 or Elf-1 and,
in view of the competition data, may not bind with high specificity
to the EBS1 motif.

The EBS2 oligonucleotide was bound by two specific com-
plexes (complexes II and III, Fig. 6B), which could be com-
peted for by wild-type but not by mutant oligonucleotide (Fig.
6B, compare lanes 2, 3, and 4). Complex III was supershifted
by using anti-Fli-1 antibody (Fig. 6B, lane 5), whereas neither
anti-Ets-1 nor anti-Elf-1 antibodies affected binding of com-
plex II (Fig. 6B, lane 6, and data not shown). These results
demonstrate that Fli-1 and an as-yet-unidentified Ets factor
can bind to the EBS2 site.

The EBS3/4 oligonucleotide was bound by one major spe-
cific complex (complex IV, Fig. 6C), which could be competed
by wild-type but not mutant oligonucleotide (Fig. 6C, compare
lanes 2, 3, and 4). Complex IV was supershifted by using
anti-Elf-1 antibody giving rise to two complexes with slower
mobility, possibly due to the fact that the presence of two Ets
motifs allows for different stoichiometries of Elf-1/antibody
complexes (Fig. 6C, lane 6). Prolonged exposure revealed an
additional weaker band of faster mobility (complex V), which
was supershifted by using anti-Fli-1 antibody (Fig. 6C, compare
lanes 4, 5, and 6). These results demonstrate that Elf-1 and, to
a lesser degree, Fli-1 are capable of binding to the EBS3/4 site
in vitro.

The EBS5 oligonucleotide was bound by one major specific
complex (complex VI, Fig. 6D), which could be competed for
by wild-type but not by mutant oligonucleotide (Fig. 6D, com-
pare lanes 2, 3, and 4). Using specific antibodies against Fli-1
and Elf-1, we assessed whether complex I contained any of
these factors. However, these antibodies neither competed for
binding of complex VI to the EBS5 oligonucleotide, nor did
they generate a supershift (Fig. 6D, lanes 5 and 6). These
results demonstrate that an as yet unidentified Ets factor can
bind to the EBS5 site in vitro.

The scl �3.8 core enhancer is activated and bound in vivo by
Fli-1 and Elf-1. Two further experimental approaches were
then adopted to confirm the importance of Fli-1 and Elf-1 for
the activity of the �3.8 core enhancer. In order to assess the
ability of Fli-1 and Elf-1 to activate the �3.8 enhancer, trans-
activation experiments were performed in MEL cells in which
the core enhancer is inactive (Fig. 5C). Both Elf-1 and Fli-1
were able to increase the transcriptional activity of the �3.8
core enhancer by 4- and 6.5-fold, respectively, relative to the
expression vector control (Fig. 6E). Importantly, neither Elf-1
nor Fli-1 were able to transactivate the enhancerless TK/luc
control plasmid and only showed marginal transactivation of a
�3.8 enhancer construct in which all five Ets sites had been
mutated (Fig. 6E). Marginal levels of transactivation with the
mutant enhancer may be mediated by binding of excess Elf-1/
Fli-1 to nonconserved Ets motifs still present after mutation of
the five conserved Ets sites. These data are consistent with
direct transactivation of the �3.8 enhancer by Fli-1 and Elf-1

TABLE 1. Activity of scl 5� enhancer constructs in transgenic
mouse embryosa

Construct

No. of F0 transgenic embryos

Total Staining in
endothelium

Ectopic
staining only Not staining

�7-1/SV/lac 6 5 1 0
�1-7/SV/lac 3 3 0 0
�-3.8/SV/lac 7 0 6b 1
�3.8E1/SV/lac 7 4 1 2
�3.8E2/SV/lac 3 3 0 0

a The lacZ reporter constructs described in Fig. 2 were used to generate
transgenic embryos. F0 embryos were collected at E10.5 to E11.5 and stained
overnight with X-Gal to determine lacZ activity.

b Staining was weak, punctate, and mostly confined to the head. Analysis of
multiple histological sections identified no �-galactosidase-positive endothelial
cells.
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FIG. 5. Activity of the �3.8 core enhancer requires conserved Ets transcription factor-binding sites. (A) Lineage-specific activity of the �3.8
core enhancer in endothelial and hematopoietic cell lines. Transient-transfection assays with luciferase reporter constructs show that the �3.8 core
region has strong enhancer activity in MS1 (endothelial) and 416B (hematopoietic progenitor) but not MEL cells (erythroid). (B) Mouse/human
sequence alignment of the �3.8 core enhancer. EBS1 to -5 indicate the positions of the four conserved TTCC/GGAA Ets binding sites.
(C) Reporter assays of wild-type and mutant core enhancer constructs in MS1 and 416B cells. m1 to m5 indicate mutations in sites EBS1 to -5.
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but do not demonstrate that these factors act directly on the
core enhancer in cells where the enhancer is active.

To address this issue, chromatin immunoprecipitation stud-
ies were performed to investigate whether Fli-1 and Elf-1 are
bound to the �3.8 core enhancer in 416B cells. Briefly, pro-
teins bound to DNA were cross-linked by using formaldehyde
and, after shearing by sonication, protein-DNA complexes
were immunoprecipitated by using control antibodies and an-
tibodies specific to Elf-1, Fli-1, and PU.1. The DNA content of
immunoprecipitates was then analyzed by PCR. The region of
the mouse scl 5� core enhancer was clearly enriched in immu-
noprecipitates obtained with antibodies to Fli-1 and Elf-1 rel-
ative to immunoprecipitates obtained by using rabbit immuno-
globulin G (IgG) or the no antibody controls (Fig. 6E). In
contrast, no significant enrichment was observed after chroma-
tin immunoprecipitation with PU.1 antibody, which thus
served as an additional negative control. Moreover, scl exon 6,
a region not involved in transcriptional regulation, was not
enriched in immunoprecipitates obtained by using antibodies
to Fli-1 or Elf-1 (33). These data therefore demonstrate that
the �3.8 enhancer is bound by Fli-1 and Elf-1 in vivo.

DISCUSSION

The scl gene is essential for formation of all hematopoietic
lineages (55, 56), and several lines of evidence suggest that its
transcriptional activation is required for commitment of me-
sodermal progenitors to hematopoietic fates, including the
generation of HSCs (23, 29, 57). Systematic analysis of the scl
locus has identified a panel of cis-acting regulatory elements,
including enhancers that target expression to endothelium,
mid-brain, hind-brain, and spinal cord, all subdomains of the
normal scl expression pattern (31, 32, 62). However, only a
single element targeting hematopoietic cells had been identi-
fied. This element contains two prominent regions of open
chromatin (�18 and �19 regions) and directs reporter gene
expression in transgenic mice to endothelium, as well as to the
vast majority of hematopoietic progenitors and long-term re-
populating HSCs (59, 60). A 640-bp fragment containing the
�19 region is necessary and sufficient for this pattern of ex-
pression (33). The �18 element is not necessary for the pattern
of expression in vivo but functions to enhance activity of the
�19 element in transfection experiments (B. Göttgens, unpub-
lished observations). Here we demonstrate that within the en-
dogenous stem cell leukemia (SCL) locus the �18 and �19
regions are not required for the formation of hematopoietic
cells either in vitro or in vivo. A search for additional hema-
topoietic elements resulted in the identification and molecular
characterization of a second bifunctional regulatory element
(�3.8 enhancer) capable of targeting expression to hemato-
poietic progenitors and endothelium.

A second scl enhancer targets hematopoietic progenitors.
The �3.8 and �19 scl enhancers share several attributes. Both
direct reporter gene expression to embryonic endothelium and
to hematopoietic progenitors in transgenic mice (59, 60; the
present study). Our results also demonstrate that the func-
tional similarities exhibited by the two enhancers are reflected
in their molecular control. Both enhancers contain functionally
important Ets binding sites, which are bound by Fli-1 and Elf-1
in myeloid progenitor cell lines. The expression patterns and

functions of Fli-1 and Elf-1, where known, are consistent with
a role for these proteins in the regulation of scl expression
during blood and endothelial development (17, 67). Chicken
Fli-1 is expressed in endothelial cells and splanchnopleural
mesoderm, including hematopoietic clusters attached to the
wall of the dorsal aorta (43), and a lacZ knockin into the
murine Fli-1 gene resulted in widespread endothelial lacZ ex-
pression, although expression in dorsal aorta clusters was not
examined (37). Elf-1 was found to be expressed in developing
chicken blood vessels (17) and was present in a subtracted
cDNA library from highly purified murine fetal liver HSCs
(54). Interestingly, the complete absence of primitive and de-
finitive hematopoiesis that typifies the scl�/� phenotype is not
reproduced by targeted mutation of either Fli-1 or Elf-1 (27,
37, 64). This is likely to reflect redundancy within the Ets
family of transcription factors; in particular, Erg and Mef/Elf-4
are closely related in both sequence and expression pattern to
Fli-1 and Elf-1, respectively (4, 47).

However, the �3.8 and �19 elements do display biological
and biochemical differences. In transgenic mice, a 5.5-kb frag-
ment containing the �18/19 enhancer targeted expression to 5
to 17% of E11.5 fetal liver cells (59) and was active in adult
endothelium (L. Gambardella, unpublished observation). In
contrast, a 6.3-kb fragment containing the �3.8 element di-
rected expression to fewer (1 to 4%) E11.5 fetal liver cells (the
present study) and a 10-kb fragment of the SCL locus (�7E3/
lacZ construct) also containing the �3.8 element was inactive
in adult endothelium (62). At a molecular level, the �19 en-
hancer contains a functionally important GATA-binding site
(33), whereas no GATA sites are present in the �3.8 enhancer.
Our data do not exclude the possibility that other transcription
factors may serve to recruit GATA proteins to the 5� enhancer
without the need for a GATA binding site. A protein complex
between the Ets factor PU.1 and GATA-1 was postulated to
bind DNA via a single Ets binding site (72). Although this
complex was inhibitory, recent data suggest that interactions
between Fli-1 and GATA-1 are activating, although these lat-
ter studies did not investigate whether interaction could occur
in the absence of a GATA-1 binding site (38, 69).

Mechanistically the scl �3.8 and �19 enhancers also exhibit
some differences. The �3.8 enhancer functions in transient
and stable transfections (the present study and data not
shown), whereas the �19 enhancer only functions in stable
transfections and thus displays a requirement for integration
into chromatin (33). Moreover, several lines of evidence sug-
gest that the �19 enhancer is activated by a multiprotein com-
plex, which contains Ets and GATA proteins (33). Consistent
with this model, mutation or altered spacing of individual Ets
and GATA binding sites abolished enhancer activity. In con-
trast, mutations of individual Ets binding sites did not signifi-
cantly affect activity of the �3.8 enhancer, thus demonstrating
that individual Ets sites were dispensable for enhancer activity.
Nonetheless, existing data are consistent with the concept that
activity of both the �3.8 and �19 enhancers requires occu-
pancy of a minimum of two Ets sites.

Notably, a construct carrying both the 5� and 3� scl enhanc-
ers showed similar activity to the 3� enhancer alone when
assayed in transgenic mice (30). Together with our current
data, which demonstrate that the 5� and 3� enhancers have
overlapping activities and that the 3� enhancer is not required
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FIG. 6. Fli-1 and Elf-1 can activate the �3.8 core enhancer and bind to it in vitro and in vivo. (A to D) Electrophoretic mobility shift assays
for oligonucleotides EBS1 (A), EBS2 (B), EBS3/4 (C), and EBS5 (D) containing the Ets consensus-binding sites indicated in Fig. 5. Ex, nuclear
extract; Co, competitor oligo; Ab, supershift antibody; W, wild type; M, mutant; F, Fli-1; E, Elf-1. The sequences of the wild-type oligonucleotides
and the respective mutant oligonucleotides are shown underneath each panel. wt, wild-type oligonucleotide; mut, mutant oligonucleotide. (A) One
major complex (complex I) was bound by the EBS1 oligonucleotide (compare lanes 1 and 2). Complex I binding was competed for by excess
wild-type oligonucleotide and, to a lesser extent, by mutant oligonucleotide (compare lanes 3 and 4). Complex I was not supershifted with
antibodies against Fli-1 or Elf-1 (see lanes 5 and 6). (B) Two major complexes (complexes II and III) were bound by the EBS2 oligonucleotide
(compare lanes 1 and 2). Both complexes were competed by excess wild-type, but not mutant oligonucleotide (compare lanes 3 and 4). Complex
II was not supershifted with antibodies against Fli-1 or Elf-1, whereas complex III was supershifted with antibody to Fli-1 but not Elf-1 (see lanes
5 and 6 and arrowhead). (C) One major complex (complex IV) was bound by the EBS3/4 oligonucleotide (compare lanes 1 and 2). Complex IV
binding was competed by excess wild-type but not mutant oligonucleotide (compare lanes 3 and 4). Complex IV was supershifted with Elf-1
antibody (see lanes 5 and 6 and arrowheads). An additional complex (V) of higher mobility could be seen after prolonged exposure (see lanes 4
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for SCL expression in blood progenitors, these results are
consistent with partial redundancy between the 5� and 3� scl
enhancers. Partial redundancy of regulatory elements is an
emerging theme in the context of mammalian gene regulation.
It has been noted less frequently in lower organisms such as
Drosophila melanogaster, an observation that may reflect the
fact that Drosophila mutagenesis relies largely on screening for
abnormal phenotypes. There are a number of potential advan-
tages to having partially redundant regulatory elements. The
existence of redundant enhancers controlling a key physiolog-
ical process means that loss or inactivation of a single element
will not necessarily be detrimental. Furthermore, although
such elements may be redundant in some aspects of their
function, they may also exhibit unique attributes. Duplication
of regulatory elements, and their subsequent partial special-
ization, are likely to represent important mechanisms by which
organisms evolve additional levels of transcriptional control.

The �-globin locus contains several enhancer elements (col-
lectively referred to as the �-globin LCR), which are distrib-
uted over a 20-kb region. The individual elements (HS 1 to 5)
display functional differences in transfection and transgenic
assays and together form a powerful composite erythroid en-
hancer. However, individual elements are dispensable for
nearly normal expression and contribute additively to overall
expression levels (reference 8 and references therein). In the
mouse �-globin locus, deletion of the dominant erythroid en-
hancer (�26 element) also gives rise to a surprisingly mild
phenotype, raising the possibility that additional �-globin en-
hancers remain to be characterized (2). Other examples of
regulatory elements with partially redundant functions have
been described at the TCR� (71), MyoD (12), GATA-1 (45),
and HoxD loci (6). Interestingly, whereas the individual �-glo-
bin enhancers contain overlapping sets of transcription factor
binding sites, this is not the case for the MyoD and TCR�
genes. In both of these loci, two enhancers have been identified
that lack overt sequence similarities and that display both re-
dundant and unique functions during development. Of further
note is the observation that some enhancers such as the �-glo-
bin HS2 and HS3 function in transgenic mice when assayed in
conjunction with heterologous promoters (44), while others
such as the GATA-1 erythroid enhancer require interaction
with the endogenous GATA-1 promoter (51).

Our data show that the scl �3.8 and �19 enhancers share a
subset of transcription factor binding sites, and both function
in transgenic assays in conjunction with a heterologous pro-
moter. Transfection and transgenic assays demonstrate func-
tional differences between the two scl enhancers, but it is not
yet clear whether the two elements perform unique functions
within the endogenous scl locus.

Transcriptional regulation of blood and endothelial devel-
opment. Blood and endothelium have long been postulated to
share a common origin and the concept of a common progen-
itor, the hemangioblast (48), has received support from exper-
iments with avian embryos (18) and murine ES cells (13). In
addition, there is mounting evidence for the existence of he-
matopoietic endothelium, differentiated endothelial cells
which can give rise to hematopoietic cells, in the AGM region
of avian (40), murine (50), and human (52) embryos. The close
relationship between blood and endothelium may also con-
tinue in later stages of development and in the adult. The
BCR-ABL fusion gene associated with chronic myeloid leuke-
mia is reported to be present in endothelial cells, as well as
hematopoietic cells (35), suggesting that this leukemia results
from transformation of an adult cell capable of giving rise to
both lineages. Moreover, endothelial cells from human fetal
liver and bone marrow can generate hematopoietic progeny
(52), and single cells from adult bone marrow can generate
both hematopoietic and endothelial progeny in vivo (34) and in
vitro (53).

We have now identified two scl enhancers (the �3.8 and
�18/19 elements) that each target expression to endothelium
and hematopoietic progenitors. In both cases endothelial and
hematopoietic activities are inseparable and are contained
within small core enhancer fragments. These data demonstrate
that the close developmental and phenotypic relationship be-
tween blood progenitors and endothelium is reflected at a
molecular level within the scl locus by the existence of individ-
ual bifunctional regulatory elements. Our data do not exclude
the possibility that the enhancers are activated independently
in endothelial and hematopoietic progenitors. However, sev-
eral arguments suggest that that this is unlikely and that both
enhancers are probably activated at the stage of a common
precursor. First, both �3.8 and �18/19 enhancers are active in
the extraembryonic mesoderm of E7.5 mouse embryos (59,
62). Second, in transgenic frog embryos, the �18/19 enhancer
is active within dorsolateral plate mesoderm in progenitors,
which are thought to give rise to both blood and endothelium
(33). Third, targeted mutation of the scl gene results in en-
hanced formation of smooth muscle cells (22), an observation
which would be consistent with scl function in a mesodermal
progenitor, although a non-cell-intrinsic effect of SCL on
smooth muscle differentiation has not been excluded. Addi-
tional circumstantial evidence that scl functions relatively early
during mesoderm differentiation comes from studies which
show that the rescue of hematopoiesis in scl�/� ES cells re-
quires scl expression before the development of differentiated
endothelial cells (23).

Endothelial cells and hematopoietic progenitors coexpress a

and 6) and was supershifted with antibodies against Fli-1 but not Elf-1 (compare lanes 5 and 6). (D) One major complex (complex VI) was bound
by the EBS5 oligonucleotide (compare lanes 1 and 2). Complex VI was competed for by excess wild-type but not mutant oligonucleotide (compare
lanes 3 and 4) and was not supershifted with antibodies against Fli-1 or Elf-1. (E) Transactivation of the �3.8 core enhancer in MEL cells. Black
bars represent the fold activation of the core enhancer when coelectroporated with expression plasmids for Elf-1 and Fli-1 relative to the empty
expression vector (pcDNA3). No transactivation was seen with the enhancerless TK minimal promoter luciferase control plasmid (white bars), and
only marginal transactivation was seen with a �3.8 enhancer construct with the five Ets sites EBS1 to -5 mutated (gray bars). (F) Chromatin
immunoprecipitation of the �3.8 enhancer in 416B cells. Semiquantitative PCR of immunoprecipitates, followed by Southern blotting, showed
enrichment for Elf-1 and Fli-1 but not for PU.1. The positive control consists of cross-linked and sheared genomic DNA removed before
immunoprecipitation. Immunoprecipitates obtained by using rabbit IgG or no antibody served as negative controls. The enrichment was calculated
as the ratio of band intensities to the IgG control band.
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large number of genes, and several genes originally thought to
be endothelium specific (for example, see reference 25) have
been found to be expressed in blood progenitors, with some
emerging as useful markers for HSC purification protocols
(11). Our results lead us to speculate that enhancers with dual
hematopoietic-endothelial activity may represent a general
strategy for regulating blood and endothelial development.
Consistent with this concept, colocalization of hematopoietic
and endothelial activity to the same enhancer region is a re-
current theme, as illustrated by the recent transgenic analysis
of enhancers from the c-mpl, vav, and Ly-6 genes (15, 28, 42,
73). However, core enhancer regions have not been defined
thus far for these genes (functional cassettes range from 2 to 14
kb). Consequently, bifunctional activity has not yet been nar-
rowed down to a single small fragment, and molecular analysis
has not been performed in both hematopoietic and endothelial
lineages. Nonetheless, existing data lead us to hypothesize that
dual hematopoietic-endothelial enhancers may be widespread
and mark genes expressed in hemangioblasts and hematogenic
endothelium, as well as in their respective progeny. This ar-
rangement may represent an economical strategy for regulat-
ing the transcriptional programming necessary for transitions
between hemangioblasts, endothelium, and hematopoietic
progenitors.
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