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Hematopoietic stem cell (HSC) development is regulated by several
signaling pathways and a number of key transcription factors,
which include Scl/Tal1, Runx1, and members of the Smad family.
However, it remains unclear how these various determinants
interact. Using a genome-wide computational screen based on the
well characterized Scl �19 HSC enhancer, we have identified a
related Smad6 enhancer that also targets expression to blood and
endothelial cells in transgenic mice. Smad6, Bmp4, and Runx1
transcripts are concentrated along the ventral aspect of the E10.5
dorsal aorta in the aorta–gonad–mesonephros region from which
HSCs originate. Moreover, Smad6, an inhibitor of Bmp4 signaling,
binds and inhibits Runx1 activity, whereas Smad1, a positive
mediator of Bmp4 signaling, transactivates the Runx1 promoter.
Taken together, our results integrate three key determinants of
HSC development; the Scl transcriptional network, Runx1 activity,
and the Bmp4/Smad signaling pathway.

hematopoiesis � SMAD6 � hematopoietic stem cell �
aorta–gonad–mesonephros � bioinformatics

The coordinated expression of genes lies at the heart of metazoan
development, with complex gene-regulatory networks govern-

ing the spatial variation and temporal sequence with which genes
are expressed (reviewed in ref. 1). Transcription factors and the
cis-regulatory sequences to which they bind form the building
blocks of gene-regulatory networks (2). Recognizing the compo-
nents and hierarchy of gene-regulatory networks and their inter-
actions with cell-signaling pathways not only provides insights into
biology but also is fundamental to understanding how deregulation
of networks contributes to pathology.

In the postgenomics era, classical methods to screen for potential
gene-regulatory regions, such as DNase I hypersensitivity mapping
by Southern blotting of selected loci, are being superseded by new
genome-wide techniques such as ChIP coupled to genomic tiling
arrays (ChIP/chip) (3)or high-throughput sequencing of sequence
tags indicating DNase I hypersensitivity (4). Although these large-
scale screening techniques may rapidly identify the positions of
large numbers of candidate regulatory elements, they do not
accurately predict their function, i.e., whether a given element is an
enhancer or silencer, nor the pattern of activity in cell types other
than those analyzed. Moreover, the large amounts of biological
material required prevent use of these techniques in the study of
early developmental programs and adult stem cell systems. Con-
sequently, in silico approaches are increasingly used to perform
genome-wide identification of candidate regulatory elements.
Transcription factors often act as components of multiprotein
complexes binding to clusters of binding sites. Well characterized
regulatory modules with known combinations of transcription
factor-binding sites can greatly facilitate the in silico prediction of
other cis-regulatory modules that may be important in regulating
the same biological process. This method is proving to be a powerful
tool in assembling gene-regulatory codes and has been applied in
yeast, flies, and, more recently, in mammals to identify genes and
their regulatory modules, which are involved in specific develop-
mental processes (5–7).

Hematopoeitic stem cell (HSC) specification and subsequent
differentiation into its many lineages is one of the best understood
vertebrate developmental systems (8), yet little is known about the
transcriptional control of HSCs per se. The SCL transcription factor
is a key regulator of embryonic HSC development. We have shown
that the Scl �19 element (elements numbered by their distance in
kb from the transcriptional start site) directs reporter gene expres-
sion in transgenic mice to HSCs and endothelium (9, 10). We have
also shown that the activity of this element depends on two
conserved Ets-binding sites and one conserved GATA-binding site
(Fig. 1A). To identify functionally related regulatory elements, we
have catalogued conserved ETS and GATA-binding sites in the
human genome and identified 67 clusters with two conserved ETS-
and one conserved GATA-binding site, which also conformed to
the orientation and spacing constraints of the Scl �19 element. One
cluster each was situated in the Fli1 and PRH gene loci, respectively.
Based on their known link with blood development, the clusters
were selected for functional validation and shown to have similar in
vivo activity to the Scl �19 enhancer (6).

However, the role of the remaining elements, as regulators of
blood development, were unknown. Therefore, we performed a
computational analysis incorporating features of the previously
identified Fli1 �12 and PRH �1 enhancers into a set of new search
parameters and validated all predicted enhancers by using a series
of biological filters. This process led to the identification of Smad6
as a potential regulator of early blood and endothelial development,
and subsequent experiments allowed us to integrate three key
determinants of HSC development; the Scl network, Runx1 activ-
ity, and the Bmp4/Smad signaling pathway.

Results
Identification of cis-Regulatory Elements Active During Blood and
Endothelial Development. The spacing and orientation constraints
of the Scl �19 enhancer (Fig. 1A) were used as a template for the
initial screen for conserved ETS- and GATA-binding sites (6). To
limit the number of elements for transgenic in vivo analysis, we used
the prior validation of FLI1 �12 and PRH �1 elements as bona fide
hematopoietic cis-regulatory modules and introduced a more strin-
gent set of filtration parameters (Fig. 1B). As each of the core ETS-
and GATA-binding motifs of these elements was located within a
larger block of sequence identity, we extended the 4-bp conserved
motifs into 5-bp conserved motifs. The base pairs flanking the core

Author contributions: J.E.P. and B.G. designed research; J.E.P., I.J.D., S.K., K.K., L.H., S.P.,
J.-R.L., and D.T. performed research; J.E.P. and M.F.T.R.d.B. contributed new reagents/
analytic tools; J.E.P., M.F.T.R.d.B., D.T., and B.G. analyzed data; and J.E.P., A.R.G., and B.G.
wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS direct submission.

Abbreviations: AGM, aorta–gonad–mesonephros; E, embryonic day; HSC, hematopoietic
stem cell.

¶To whom correspondence should be addressed. E-mail: bg200@cam.ac.uk.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0607196104/DC1.

© 2007 by The National Academy of Sciences of the USA

840–845 � PNAS � January 16, 2007 � vol. 104 � no. 3 www.pnas.org�cgi�doi�10.1073�pnas.0607196104

http://www.pnas.org/cgi/content/full/0607196104/DC1
http://www.pnas.org/cgi/content/full/0607196104/DC1


motifs were therefore incorporated into the original Scl �19
orientation and constraints filter, i.e., aggaw*5–30bp*rggaw*5–
30bp*wgata (compare Fig. 1B with 1A). Using this refined filter, we
identified 40 elements, which were localized to 39 human genes with
38 known mouse homologues [Fig. 1C; and see supporting infor-
mation (SI)].

Transcriptional activity of the Scl �19, FLI1 �12, and PRH �1
elements in stable transfection assays in 416B murine hematopoi-
etic progenitor cells predicted subsequent in vivo hematopoietic
activity in transgenic mice (6). Therefore, to prioritize candidate
elements for transgenic analysis, we used the transcriptional activity
of the in silico-predicted elements in stable transfection analysis in
416B cells as a predictor of in vivo hematopoietic activity. We first
determined the expression profile of the 38 mouse genes corre-
sponding to the 40 elements. Of these 38 genes, 25 were expressed
in 416B cells (Fig. 1C; and see SI). We successfully subcloned 21
elements corresponding to these 25 genes into luciferase reporter
constructs and analyzed their enhancer activity in stable transfec-
tion assays in 416B cells (see SI). Four elements could not be
subcloned despite repeated attempts (CMC2, KDGG, S15B, and
Y140). However, none of these genes are thought to function as
transcription factors, and their regulatory elements are therefore
unlikely to be components of transcriptional networks. Of the 21
tested elements, 7 had �10-fold or greater activity than the control
SV/luciferase vector (Fig. 1C; and see SI). Of the seven active
elements, four were transcription factors, i.e., FLI1, PRH, SMAD6,
and MEIS1 (Fig. 1C). SMAD6 �57 and MEIS1 �140, the two newly
identified elements, were tested in F0 transgenic analyses. The
MEIS1 �140 element targeted reporter gene activity to the neu-
roepithelium but not blood or endothelium (see SI). The SMAD6
�57 element, however, was active in blood and endothelium and
was studied further.

Characterization of the SMAD6 �57 Enhancer. Long-range compar-
ative genomic sequence analysis demonstrated that the SMAD6
locus contains multiple peaks of noncoding sequence homology
(Fig. 2A). A single peak located 57 kb upstream of exon 1 of human
SMAD6 contained the Ets/Ets/GATA (E/E/G) motif (marked with
an asterisk in Fig. 2A). This element was �96 kb downstream of the
next most proximal human gene. The E/E/G motif was located in
a block of sequence highly conserved in human/mouse/rat/opossum
genomes (Fig. 2B).

To further assess enhancer activity of the SMAD6 �57 element,
the 488-bp fragment was analyzed in stable transfection assays and
compared with the Scl �19 enhancer. A 604-bp fragment of the Scl
�19 enhancer (SV/luc/Scl �19) increased mean luciferase activity
by �24-fold in 416B progenitors but was inactive in T cell line
BW5147 (Fig. 2C). Similarly, the SMAD6 �57/SV/luc construct
increased luciferase activity by �12-fold in 416B cells yet displayed
only weak activity in BW5147 cells. Importantly, deletion of the
E/E/G core binding motif (m SMAD6 �57/SV/luc), abolished
activity of the enhancer in 416B cells (Fig. 2C).

The Scl �19, FLI1 �12 and PRH �1 enhancers target reporter

Fig. 1. In silico identification of candidate cis-regulatory modules control-
ling blood and endothelial development. (A) Schematic diagram of a five-way
sequence alignment of the SCL � 19 E/E/G (E/E/G) binding site cluster bound by
a trimeric protein complex. The binding site consensus sequence, ggaw*6–
26bp*ggaw*6–26bp*gata was used as a template for the initial genome-wide
computational screen for conserved E/E/G motifs. Hs, human; Cf, dog; Mm,
mouse; Rn, rat; Md, opossum. (B) The hematopoietic enhancer elements, FLI1
�12 and PRH �1 were identified by using the SCL � 19 enhancer template in
A. These elements share the extended binding-site consensus sequence, ag-
gaw*5–30bp*rggaw*5–30bp*wgata. (C) Stepwise filtering of candidate cis-
regulatory modules. Fig. 2. The SMAD6 E/E/G cluster is located within a highly conserved region

57 kb upstream of exon 1 and is required for its activity in cell lines. (A)
Mammalian SMAD6 loci aligned by using multilagan with sequences from Hs,
human; Mm, mouse; Rn, rat; and Md, opossum. Shown are coding exons (red
rectangles), untranslated regions (beige), and repetitive elements (blue). The
base pair numbering includes gaps introduced by the alignment program. The
asterisk marks the E/E/G homology peak, located �57 kb upstream of exon 1
of human SMAD6. (B) Nucleotide sequence alignment of the �57 homology
peak, with the conserved E/E/G binding sites shaded in yellow. Base pair
numbering is from exon 1 of hSMAD6. (C) A 488-bp fragment of human DNA
incorporating the SMAD6 �57 homology peak was subcloned into a SV/
luciferase reporter vector (SMAD6 �57/SV/luc) and tested for enhancer activ-
ity along with a deletion (�57516 to �57433) mutant lacking the E/E/G cluster
(mSMAD6 �57/SV/luc) and the Scl �19 stem cell enhancer (SV/luc/Scl �19).
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gene expression to blood progenitors, endothelium, and endocar-
dium (6, 9, 10). To compare the biological activity of the SMAD6
�57 element with the above, we generated transgenic mice carrying
a lacZ reporter driven by the SV40 minimal promoter and the
SMAD6 �57 element (SMAD6 �57/SV/LacZ in Fig. 3A). One of
three SMAD6 �57/SV/LacZ E11.5 F0 transgenic embryos and both
SMAD6 �57/SV/LacZ transgenic lines (L7814 and L7876) showed
strong �-galactosidase expression in the heart and vasculature (Fig.
3 A and B; and see SI). In addition, both SMAD6 �57/SV/LacZ
lines showed expression in the fetal liver, the major hematopoietic
organ at embryonic day (E) 11.5 and the brain (Fig. 3B).

A detailed developmental analysis of SMAD6 �57/SV/LacZ
(Line 7814) was performed (Fig. 3A). Whole-mount analysis of
gastrulating E7.5 embryos showed expression of the transgene in
the posterior primitive streak (Fig. 3A compare region marked by
arrow in Aii with Aiii). This finding is consistent with the pattern of
expression of the transgene in the heart, vasculature, and hemato-
poietic organs during later stages of development (Fig. 3 Aii–Avi).
To evaluate the role of the E/E/G motif in directing expression of
the transgene to these tissues, we analyzed E11.5 F0 embryos
generated with a mutant SMAD6 �57 construct lacking the E/E/
G-binding sites, i.e., m SMAD6 �57/SV/LacZ (mut) (Fig. 3Ai).
Three of eight transgenic embryos showed no staining, whereas five
showed scant nonspecific staining in adventitia but no staining in
endothelium, heart, fetal liver, or brain (Fig. 3Avii).

The pattern of expression generated by the �57 enhancer was
compared with the expression of Smad6 as assessed by in situ
hybridization (Fig. 3C). As with the transgene, prominent Smad6
expression was observed in the heart valves, endocardium, blood
vessels, fetal liver, and brain (compare corresponding panels in Fig.
3C with 3B). This finding is consistent with reports that targeted
insertion of a LacZ reporter into the Smad6 locus resulted in
expression in the heart and blood vessels and that abnormalities of
the cardiac valves and outflow tract septation defects were observed
in Smad6-null mice. The Scl �19 enhancer in Scl 6E5/lacZ/3�enh
transgenic mice (Line 2269) targets hematopoietic stem and pro-
genitor cells in the bone marrow (11). The SMAD6 �57 enhancer
targets a similar proportion of cells (�8%) in the bone marrow of
adult mice (Line 7814) (Fig. 3D). Furthermore, cells targeted by the
SMAD6 �57/SV/LacZ transgene express �4-fold more endoge-
nous Smad6 by quantitative RT-PCR than transgene-negative cells.
This difference is �30-fold in favor of LacZ� cells in the c-Kit�
fraction (data not shown). HSCs are highly purified as CD150�/
CD48�/CD41� cells (12), and cells targeted by both the Scl �19 and
SMAD6 �57 enhancers are enriched in cells with this phenotype.
Moreover, cells targeted by both transgenes show a relative paucity
of lineage committed CD150�/CD48�/CD41� cells. These data
suggest that both transgenes preferentially target blood stem and
progenitor cells in the bone marrow.

The Smad6 �57 Enhancer Is Bound by Fli-1, Elf, Erg, and GATA2. To
integrate the new SMAD6 enhancer into the SCL regulatory
network, it was important to identify transcription factors that bind
the enhancer in vivo. Studies have shown that the Scl �19 enhancer
is bound by GATA2 and the Ets factors Fli1, Elf, and Erg (10), and
our transgenic analysis had shown that these sites within the
SMAD6 enhancer were important (see above). We therefore
performed quantitative ChIP assays in 416B cells with antibodies to
a panel of five Ets factors and GATA2, all of which are expressed
in this cell line (Fig. 4A). With the exception of Erg, these Ets and
GATA factors were also expressed in NIH 3T3 fibroblasts, and
ChIP assays were therefore performed in NIH 3T3 cells to compare
transcription factor binding at the SMAD6 enhancer in a nonhe-
matopoietic cell line. ChIP assays were also performed by using an
antibody that binds to acetylated histone H3 to assess chromatin
accessibility to transcription factor binding.

Immunoprecipitated chromatin samples were analyzed by quan-
titative real-time PCR with the levels of enrichment normalized to

Fig. 3. The E/E/G cluster in the SMAD6 �57 enhancer directs reporter
activity to blood, blood vessels, heart, and brain. (Ai) Schematic diagram of
the human SMAD6 locus. A fragment of DNA corresponding to the SMAD6
�57 region and a deletion mutant lacking the E/E/G motif were subcloned
into the SV/LacZ reporter vector and used to generate transgenic mice.
(Aii–Avii) E7.5-E11.5 X-Gal-stained whole-mount embryos from a SMAD6
�57/SV/LacZ transgenic line (7814) (Aii) E7.5 transgenic embryo showing
staining within the primitive streak (arrow). (Aiii) E7.5 WT embryo with no
staining. (Aiv) E8.5 transgenic embryo showing staining of the primitive
heart (boxed). (Av) E9.5 transgenic embryo showing staining of the cardiac
chambers (boxed) and blood vessels (arrows). (Avi) E11.5 transgenic em-
bryo showing widespread endothelial/hematopoietic staining resulting in
a generalized blue color. (Avii) E11.5 mutant transgenic embryo appears
pale by contrast, owing to a lack of endothelial/hematopoietic staining.
(Bi–Biv) Histological sections of a E11.5 X-Gal-stained transgenic embryo.
(Bi) Heart, showing staining of the endocardium and endocardial cushions
(arrow). (Bii) Dorsal aorta, showing staining of the endothelium (arrow).
(Biii) Fetal liver, showing staining of blood (round) and endothelial (flat)
cells. (Biv) Brain, showing staining of blood vessels (arrow) and brain
(arrowhead). (Ci–Civ) ISH for Smad6 RNA expression in E12.5 embryos. (Ci)
Heart, showing Smad6 expression in the cardiac cushions (arrow) and the
endocardium (arrowhead). (Cii) Dorsal aorta, showing Smad6 expression in
the aortic wall (arrow). (Ciii) Fetal liver, showing Smad6-positive cells
scattered through the parenchyma. (Civ) Smad6 expression in the brain
(arrowhead) and surrounding blood vessels (arrow). (D) Flow cytometry of
bone marrow from Scl 6E5/lacZ/3�enh (L2269) and SMAD6 �57/SV/LacZ
(L7814) transgenic mice. The Scl �19 and SMAD6 �57 transgenes target
LacZ expression to a similar proportion of bone marrow cells. The LacZ-
positive cells in L7814 (box B) express �4-fold more Smad6 by quantitative
RT-PCR than LacZ-negative cells (box A). Cells targeted by the Scl �19 and
SMAD6 �57 transgenes (box B) are enriched in CD150�/48�/41� (1:2.2 �
HSC) cells and are relatively deficient in CD150�/48�/41� (lineage commit-
ted nonproliferating) cells. a, atrium; da, dorsal aorta; fl, fetal liver; h,
heart; isv, intersomitic vessel; n, neural; s, somite; v, ventricle.
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that obtained with a control rabbit antibody and plotted as fold
increase over that measured at a control region (the �-fetoprotein
promoter) (Fig. 4B). The Smad6 �57 enhancer has an active
chromatin mark (H3K9A) in 416B cells but not NIH 3T3 cells. In
416B cells, there was specific enrichment of Fli1, Elf, GATA-2, and
Erg at the Smad6 �57 enhancer (Fig. 4B, filled bars with asterisk)
but not at �58 or �56 regions flanking the enhancer (Fig. 4B, filled
bars without asterisk) or in NIH 3T3 cells (Fig. 4B, open bars).
These data demonstrate that Fli1, Elf, Erg, and GATA2 are
recruited to the Smad6 �57 enhancer as they are to the Scl �19,
Fli1 �12, and Prh �1 enhancers. Taken together, our results link
the Scl �19, Fli1 �12, Prh �1, and Smad6 �57 enhancers in a
transcriptional network that regulates early embryonic blood and
endothelial development.

Smad6 and Smad1 Regulate Runx1 Activity. The SMADs are the
intracellular mediators of the TGF-� superfamily of ligands, which
include the TGF-� isoforms, BMPs, and other related factors.
SMAD6 is an inhibitory SMAD that modulates BMP signaling at
multiple levels, and SMAD1 is a receptor SMAD that transduces
BMP signals to the nucleus. BMP4 signals are also modulated by the
transcriptional up-regulation of SMAD6 by SMAD1 (13). Consis-
tent with the polarized expression of BMP4 in the human aorta–
gonads–mesonephros (AGM) (14), we show that Bmp4 transcripts
were concentrated along the ventral surface of the hemogenic
dorsal aorta in E10.5 mouse embryos (Fig. 5Ai). Definitive hema-
topoiesis is established in the embryo at E10.5 and is marked by the
emergence of HSCs in the AGM. Given that Smad6 is expressed in
the dorsal aorta in the AGM at E12.5 (Fig. 3Cii), we determined its
expression profile at E10.5. Smad6, like Bmp4, is concentrated
along the hemogenic ventral aspect of the AGM (Fig. 5Aii),
reminiscent of the expression pattern of Runx1 (compare Fig. 5 Ai
and Aii with Aiii), a transcription factor required for the develop-
ment of definitive HSCs in the AGM (15, 16).

Members of the RUNX family of transcription factors have been
identified as key targets of TGF-� superfamily signaling and have
been shown to bind the receptor SMADs, SMAD1/5 and
SMAD2/3, which modulate BMP and TGF-� signaling, respectively
(17). Furthermore, Smad6 had been shown to bind Runx2 (a
bone-specific transcription factor) and, by acting as an adaptor,
mediate Smurf1 (a E3 ubiquitin ligase) -induced proteosomal
degradation of Runx2 (18). Given the temporal and spatial overlap
of Smad6 with Runx1 expression in the AGM region, we investi-

gated a possible role for Smad6 in modulating Runx1 activity. Cos-7
cells were therefore transfected with Myc-Runx1 and Flag-Smad6
expression plasmids. After immunoprecipitation using a mouse
anti-Flag antibody, complex formation of Smad6 with Runx1 was
demonstrated by Western blot analysis using a rabbit anti-Myc
antibody (Fig. 5Bi). This interaction was confirmed by GST pull-
down assays using in vitro-translated Smad6 that was shown to bind
to the GST-Runx1 fusion protein, but not GST alone (Fig. 5Bii,
compare lanes 2 and 3).

To test the effect of Smad6 expression on Runx1, we constructed
a reporter plasmid responsive to Runx1 activity (Fig. 5Ci). The
Runx1 P1 promoter contains three consensus binding sites for
RUNX (ACCACA), and its activity was increased �2.5-fold by
cotransfecting a Runx1 expression plasmid (Fig. 5Cii), consistent
with a predicted autoregulatory loop (19). Cotransfection with
either Smad6 or Smurf1 alone did not result in a significant
reduction of Runx1-mediated luciferase activity, but cotransfection
with Smad6 and Smurf1 reduced Runx1 mediated luciferase activ-
ity to baseline (Fig. 5Cii). Similar results were obtained by using an
alternate Runx1 reporter, pBXH2-LTR-luc, which uses the U3
region of the long terminal repeat of the BXH2 retrovirus (see SI).
To correlate this reduction in luciferase activity with loss of Runx1
protein, Cos-7 cells were also transfected with Myc-Runx1 alone or
in combination with Smad6 and/or Smurf1 and immunoblotted for
Myc-Runx1. GFP expression was used to control for transfection
efficiency and protein loading. Runx1 levels were reduced by �1/3
when cotransfected with both Smad6 and Smurf1 (Fig. 5Ciii).
Therefore, Smad6 interacts with Runx1 and, in conjunction with
Smurf1, is able to inhibit Runx1 activity.

The 416B cell line, which expresses Smad6, also expresses Runx1
and Smad1 RNA (data not shown). The Runx1 P1 promoter has,
in addition to Runx-binding sites, several conserved Smad-binding
sites [including an overlapping Runx/Smad-binding site shown in
Fig. 5C (1)]. We performed ChIP assays in 416B cells and dem-
onstrated that histone acetylation (H3K9A) at the Runx1 P1
promoter was �50-fold higher than the control region (promoter of
�-fetoprotein, a nonexpressed gene) (Fig. 5D). Runx1 and Smad1
were also enriched relative to the control region by �9- and
�5-fold, respectively. The functional significance of this binding was
investigated by transfecting Cos-7 cells with a Smad1 expression
plasmid, with and without a Runx1 expression plasmid (Fig. 5E).
Smad1 was able to transactivate the Runx1 P1 reporter and, when
coexpressed with Runx1, was able to enhance Runx1-mediated
luciferase activity (Fig. 5E). These data provide a direct link
between Smad1, a transducer of Bmp4 signaling, and Runx1
activity.

Taken together, our results suggest a model in which ETS and
GATA factors directly regulate the expression of key hemato-
poietic transcription factors, such as Scl, and indirectly regulate
others, such as Runx1, by a common association with the Smad
signaling pathway (Fig. 6).

Discussion
Prediction of Mammalian Hematopoietic Enhancer Elements. We
show in this article that an understanding of combinatorial binding
mechanisms can be used to successfully identify novel regulatory
elements with similar function. The predictive power of our ap-
proach relies on the prior identification of tissue-specific combina-
tions of transcription factor-binding sites. Our analysis was limited
to the well characterized regulatory code of the SCL �19 enhancer
but would be applicable to combinatorial regulatory codes of other
key hematopoietic genes and, indeed, genes expressed in other
tissues.

Bmp4 Signaling and Runx1 Activity in the AGM Region. Runx1 is
required for definitive hematopoiesis (20, 21), where it is thought
to regulate the emergence of HSCs in the AGM region (15, 16). The
level of Runx1 expression is important; germ-line deletion of both

Fig. 4. The Smad6 �57 enhancer in 416B cells is bound in vivo by Fli-1, Elf,
Erg, and GATA2. (A) RT-PCR expression profile of selected ETS and GATA
transcription factors in 416B hematopoietic cells and NIH 3T3 fibroblasts. Erg
is not expressed in NIH 3T3 fibroblasts. (B) ChIP assays were performed on 416B
hematopoietic progenitors (filled bars) and NIH 3T3 fibroblasts (open bars)
and analyzed by real-time PCR. The levels of enrichment at Smad6 �57 (filled
bars with asterisk) and flanking regions Smad6 �58 and �56 (filled bars
without asterisk) were normalized to control IgG and plotted as fold increase
over enrichments at a control region.
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Runx1 alleles results in the absence of HSCs, whereas haploinsuf-
ficiency results in early emergence of HSCs in the AGM (15, 16, 22).

Bmp4 induces the formation of mesoderm and hematopoietic
precursors, and inhibition of Bmp4 signaling impairs ventral me-
soderm formation and commitment of blood and endothelial
precursors (23). In addition, BMP4 has also been shown to enhance
stem cell activity during in vitro culture of human cord blood cells
(24) and hematopoietic differentiation of human ES cells (25).
Early hematopoietic expression of Scl and Runx1 in embryos
requires Bmp4 signaling (26), yet the mechanisms by which these

genes respond to Bmp4 are obscure. Our data show that Bmp4 and
Runx1 are coexpressed in the AGM at E10.5 during mouse
embryonic development and that P-Smad1 (the transducer of
Bmp4 activity) is bound in vivo to the Runx1 promoter in a
hematopoietic progenitor cell line and transactivates the Runx1
promoter.

The control of Bmp dose is vital for normal development of the
various mesodermal compartments and also for normal hemato-
poiesis (27). However, although Smads in general play an essential
role in hematopoiesis (reviewed in ref. 28), the specific role of
SMAD6 in hematopoiesis is unknown. Smad6 mutant mice are
viable, with cardiovascular defects (29), but because only the
C-terminal MH2 domain was disrupted, and the N-terminal region
is required for full Smad6 activity, these mice may not represent the
phenotype of a true null allele (30). Although the level of Runx1
activity in the AGM is important in setting the tempo of HSC
emergence (15), little is known about mechanisms by which Runx1
activity is regulated other than that Runx1 probably promotes its
own expression (15). Runx1 expression in the AGM region is
rapidly down-regulated after E12, whereas Smad6 and other com-
ponents of the SCL network continue to be expressed, raising the
possibility that Smad6 is involved in down-regulating Runx1. Our
data show that Smad6 forms a complex with Runx1 and modulates
its activity, at least in part, by promoting Smurf1-mediated protein
degradation. Another effect of SMAD6 modulation of Runx1

Fig. 5. Integration of Bmp4, Smad6, and Runx1 activity. (A)
Bmp4 and Smad6 expression in the dorsal aorta at E10.5
matches the expression of Runx1. (Ai) ISH for Bmp4 RNA.
Dorsal aorta of a E10.5 embryo, showing subendothelial ex-
pression of Bmp4 concentrated along the ventral aspect (ar-
row) in the AGM. (Aii) ISH for Smad6 RNA, showing endothe-
lial and subendothelial expression of Smad6 concentrated
along the ventral floor of the dorsal aorta. (Aiii) A whole-
mount X-Gal-stained and cleared, E10.5 Runx1LZ/� embryo,
showing prominent LacZ expression in the fetal liver (fl) and
dorsal aorta (da) in the AGM. Higher magnification of Inset,
showing prominent LacZ expression along the ventral surface
of the dorsal aorta (arrow). (B) Smad6 forms a stable protein
complex with Runx1. (Bi) Cos-7 cells were transfected with
Flag-Smad6 and Myc-Runx1 expression plasmids. Cell lysates
were immunoprecipitated (IP) with a mouse anti-Flag anti-
body and resolved by Western blot by using a rabbit anti-Myc
antibody. Runx1 coprecipitated with Smad6 (see IP: �-Flag,
lane 3). (Bii) In vitro-translated Smad6 (lane 1, input) was
bound specifically by GST–Runx1 (lane 3) but not GST alone
(lane 2) in pull-down experiments. (C) Smad6 mediates a
reduction in Runx1 levels. (Ci) Runx1 transcripts originate from
alternate promoters (P1 and P2). The P1 promoter has several
conserved Runx- and Smad-binding sites. Three Runx-binding
sites (yellow) and a Smad box are present within an �120-bp
region. Hs, human; Cf, dog; Mm, mouse; Md, opossum; Xt,
frog (Cii) A fragment of the P1 promoter was subcloned into
a promoterless luciferase reporter vector (P1Luc) and used to
monitor Runx1 promoter activity. Transfection with Runx1
resulted in �2.5-fold increase in luciferase activity. Cotrans-
fection with Smad6 and Smurf1, however, reduced Runx1-
mediated luciferase activity to baseline. (Ciii) The reduction in
Runx1 activity in Cii correlates with a reduction in Runx1
protein expression. Myc-Runx1 band ODs are normalized to
their respective GFP ODs and are reported as a percentage of
the Myc-Runx1/GFP OD in lane 1. (D) The Runx1 P1 promoter
is in an open chromatin configuration (enrichment of K9A at
histone H3) in 416B cells and is bound by Runx1 and P-Smad1
in vivo. (E) Smad1 transactivates the Runx1 P1 promoter.

Fig. 6. Integration of Runx1 and the BMP signaling pathway into the SCL
transcriptional network. A schematic diagram of an emerging hematopoietic
transcriptional network operating within the embryo during the establish-
ment of definitive hematopoiesis in the AGM.
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activity could be the inhibition of Runx1: R-SMAD-mediated
transcriptional regulatory activity (17). Furthermore, Bmp4 up-
regulates Runx1 expression by an input (P-Smad1 activity), which,
itself, is modulated by Smad6 (31). Together, our data suggest that
Smad6 establishes a rheostat that fine-tunes BMP signaling and, by
inhibiting Runx1 activity, is likely to control the emergence of HSCs
in the AGM.

Interestingly, the other inhibitory SMAD, SMAD7, which can
inhibit both TGF� and BMP signaling, when overexpressed in
human umbilical cord blood severe combined immunodeficient
repopulating cells, resulted in the in vivo expansion of hematopoi-
etic progenitors and increased myeloid differentiation at the ex-
pense of lymphoid commitment (32). This phenotype could at least
partly be the result of SMAD7 inhibiting Runx1 activity, because
conditional deletion of Runx1 in the adult hematopoietic compart-
ment was associated with a myeloproliferative phenotype also
characterized by an expansion of early progenitors as well as a
defect in the lymphoid compartment (33). This study establishes the
first direct link between the SCL transcriptional network, Runx1
activity, and the Bmp signaling pathway.

Materials and Methods
In Silico Identification of Clusters of Conserved Binding Sites. Con-
served transcription factor-binding sites in these genomes were
identified by using TFBSsearch (34). Binding site clusters were
identified as described (35). Only clusters situated in introns and the
flanking 100 kb of sequence 5� and 3� of Ensembl gene annotation
were considered.

Cell Transfection and Analysis. Candidate enhancer sequences were
PCR amplified from human genomic DNA and subcloned into the
reporter plasmid pGL2-promoter (Promega, Madison, WI), elec-
troporated into 416B cells with pGKneo, and tested in stable
transfection assays as described (10). Cos-7 cell transfections were
performed by using a Calcium Phosphate-mediated Profection
system (Promega). The DNA content transfected in each well was
kept constant by transfecting empty vector, pCDNA3. Either
pEFBOS-LacZ or piGFP was used to control for transfection
efficiency. Western blot and immunoprecipitation were performed
48 h after transfection. Cell lysis, immunoprecipitation, and West-

ern blotting analysis were performed as described (18). Band
density was quantified by using a Bio-Rad GS-710 densitometer and
QuantityOne software.

GST Pull-Down Assay. GST and GST-Runx1 were expressed, by
using pGEX and pGEX-MmRunx1 plasmids, respectively, in Ro-
setta, competent cells (Novagen) cultured overnight at 30°C, and
GST pull-down assays performed by using standard protocols.
MmSmad6 protein was prepared by in vitro transcription/
translation using the TNT system (Promega).

Transgenic Analysis of Candidate Enhancers. Transgenic embryos
were generated and stained with X-Gal as detailed in ref. 9). The
Runx1LZ/� embryos were from a line generated by North et al. (15)
and were cleared with Glycerol/1% KOH (36). For in situ RNA
hybridization, digoxigenin-labeled RNA probes were hybridized by
using the Ventana Discovery platform (Tucson, AZ). Smad6 in
sorted cell populations was measured by quantitative SYBR green
real-time PCR (MX 3000; Stratagene, La Jolla, CA) and normal-
ized to �-actin expression. See SI for details on flow cytometry.

ChIP Assay. ChIP assays were performed in 416B and NIH 3T3 cells
as described (37). Enrichment was measured by real-time PCR
using SYBR green (Stratagene). The levels of enrichment with
specific antibodies (see SI) were normalized to that obtained with
a control rabbit antibody and were calculated as a fold increase over
that measured at a control region (�-fetoprotein promoter).
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