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Blood and vascular cells are generated during early embryogenesis from a common precursor, the heman-
gioblast. The stem cell leukemia gene (SCL/tal 1) encodes a basic helix-loop-helix transcription factor that is
essential for the normal development of blood progenitors and blood vessels. We have previously characterized
a panel of SCL enhancers including the +19 element, which directs expression to hematopoietic stem cells and
endothelium. Here we demonstrate that SCL is expressed in bone primordia during embryonic development
and in adult osteoblasts. Despite consistent expression in cells of the osteogenic lineage, SCL protein is not
required for bone specification of embryonic stem cells. In transgenic mice, the SCL +19 core enhancer
directed reporter gene expression to vascular smooth muscle and bone in addition to blood and endothelium.
A 644-bp fragment containing the SCL +19 core enhancer was active in both blood and bone cell lines and was
bound in vivo by a common array of Ets and GATA transcription factors. Taken together with the recent
observation that a common progenitor can give rise to blood and bone cells, our results suggest that the SCL
+19 enhancer targets a mesodermal progenitor capable of generating hematopoietic, vascular, and osteoblastic

progeny.

Hematopoietic and vascular cells are generated during
embryogenesis from a common progenitor, the hemangio-
blast (5, 23). These cells constitute a subpopulation of the
primitive streak mesoderm and migrate into the yolk sac to
establish the primitive hematopoietic program (48). Defin-
itive hematopoiesis is established subsequently in the para-
aortic splanchnopleure region by regional hemangioblasts
or hemogenic endothelium, which supports the development
of hematopoietic stem cells (HSCs) (7, 28, 34). The basic
helix-loop-helix transcription factor encoded by the stem
cell leukemia gene (SCL/tal 1) is expressed in blood pro-
genitors and endothelium and is pivotal to the normal de-
velopment of these tissues (reviewed in reference 30). Spec-
ification of hematopoietic stem cells from mesoderm during
embryonic development requires SCL and mice lacking this
gene product die at embryonic day 9.5 (E9.5) owing to a
failure of hematopoiesis (42, 49).

Embryonic stem (ES) cell differentiation studies have iden-
tified the blast colony-forming cell (BL-CFC), a progenitor
with hematopoietic, endothelial, and vascular smooth muscle
potential (5, 28). Hemangioblast colonies isolated from the
posterior primitive streak of E7.5 mouse embryos express SCL
and have a similar cell lineage potential (23). Increased SCL
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expression in BL-CFCs has been shown to increase hemato-
poietic potential at the expense of smooth muscle differentia-
tion (13). Conversely, loss of SCL expression favors smooth
muscle differentiation (13). During embryonic development
SCL is expressed in the early mesoderm and forced expression
of SCL in zebra fish induces overproduction of hematopoietic
and endothelial precursors from the lateral mesoderm at the
expense of paraxial (somitic) mesoderm (15). Therefore SCL
expression in mesodermal progenitors appears to favor hema-
topoiesis over other potential cell fates.

During embryogenesis, most of the head skeleton develops
from mesenchymal cells derived from the cranial neural crest
and the limb and axial skeleton from trunk mesoderm. There
is considerable overlap in the origin of bones in the neck and
shoulder region (33). The paraxial (somitic) mesoderm con-
tributes to the axial skeleton, whereas the limb skeleton devel-
ops from the parietal (somitic) lateral plate mesoderm. Mes-
enchymal cells initially undergo condensation followed by
differentiation within these condensations into osteoblasts
(dermal or intramembranous bones) or chondrocytes (endo-
chondral bones) (reviewed in reference 37). In endochondral
bones, chondrocytes then proliferate and produce an extracel-
lular matrix to form primordial cartilage. Proliferating chon-
drocytes in the central region of the cartilage undergo terminal
differentiation to hypertrophic chondrocytes, which then exit
the cell cycle. The hypertrophic cartilage is invaded by blood
vessels along with osteoblasts, osteoclasts, and hematopoietic
cells to form primary ossification centers.

Bone formation and maintenance through life are per-
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FIG. 1. (A) SCL is expressed in bone. (i) Section through ribs of an E14.5 embryo hybridized with an SCL antisense probe. SCL RNA is
expressed in the perichondrium (arrow) of ribs (R). (ii) Magnified view of boxed area in panel i showing RNA expression in the perichondrium (arrow)
and endothelium (block arrow) of blood vessels. (iii) Tissue section corresponding to panel i, probed with a sense SCL probe as a negative control. (iv)
Section through fetal liver (FL) showing SCL expression in blood progenitors. (v and vi) Immunohistochemical studies of SCL expression in E14.5
mouse embryos with SCL-positive cells stained blue-black. (v) Ribs in cross section showing expression of SCL in cells in the perichondrium
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formed by a balance between matrix formation by osteoblasts
and resorption by osteoclasts. Osteoblasts are also a compo-
nent of the HSC niche (3, 59) and along with marrow stromal
and endothelial cells (29) help maintain quiescence of HSCs,
which is integral to their long-term repopulating capacity (re-
viewed in reference 53). Interestingly, adult hematopoietic
cells and osteoblasts have also been reported to share a com-
mon marrow precursor (9, 36).

We have previously characterized a panel of SCL cis-regu-
latory elements (17, 18, 45, 52) and have demonstrated that the
SCL +19 core enhancer directs reporter gene expression to
adult and fetal HSCs, mast cells, megakaryocytes, and endo-
thelium (20, 46, 51). Here we report that SCL is expressed in
adult osteoblasts but not mature osteocytes and that the SCL
+19 core enhancer was active not only in lineages derived from
the hemangioblast but also in adult and developing skeleton
and vascular smooth muscle. These data suggest that the SCL
+19 stem cell enhancer targets a mesodermal progenitor ca-
pable of generating blood, endothelial, smooth muscle, and
bone progeny. We also show that, consistent with its primary
role in establishing the hematopoietic program, SCL is not
required to establish the bone program in ES cell differentia-
tion assays.

MATERIALS AND METHODS

Transgenic mice. The generation and maintenance of SV/PLAP/+19 transgenic
mice have been detailed elsewhere (20, 51). The transgenic reporter consisted of the
following fragments: the simian virus 40 minimal promoter, the second rabbit B-glo-
bin intron, the human placental alkaline phosphatase (hPLAP) gene and simian
virus 40 polyadenylation sequence and the SCL +19 core enhancer (a 644-bp
fragment of mouse genomic DNA located 19 kb downstream of SCL promoter 1a).
Nontransgenic littermates were analyzed as controls.

Histology. Histochemical detection of PLAP in tissue sections was performed
as previously described (51). For adult skeletal sections, bones were fixed in
neutral buffered formalin for 24 h and decalcified for 48 h at 4°C in 0.5 M EDTA,
pH 7.0, supplemented with 10% glycerol, 5 mM beta-mercaptoethanol, and 1
tablet of protease inhibitor cocktail (Roche). The decalcified bones were pro-
cessed into paraffin wax and tissue sections were incubated in preheated phos-
phate-buffered saline at 75°C for 35 min to inactivate endogenous phosphatases,
then stained with 5-bromo-4-chloro-3-indolylphosphate (BCIP)-nitroblue tetra-
zolium (NBT) (Roche, Basel) and counterstained with brazilin (Anachem, Bed-
fordshire) as previously described (51). For frozen sections, E16.5 embryos were
bisected and fixed first in 2% paraformaldehyde for 4 h on ice and then in 30%
sucrose—4% paraformaldehyde overnight at 4°C and embedded in Tissue-Tek
OCT (Sakura, Torrance, CA). The tissue sections were heat treated, stained with
BCIP-NBT, and counterstained with brazilin as described above.

For in situ RNA hybridization, SCL sense and antisense digoxigenin-labeled
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RNA probes were hybridized using the Ventana Discovery platform according to
the manufacturer (Tucson, Arizona). A 6-hour, 60°C hybridization was per-
formed, followed by three washes in 0.1X SSC (1x SSC is 0.15 M NaCl plus
0.015 M sodium citrate) at 75°C. Immunohistochemical staining for SCL was
performed on mouse sections with a rabbit polyclonal anti-mouse SCL antibody
(24) and on human bone marrow trephine sections with the anti-human SCL
antibody 2TL242 (39) following protocols detailed elsewhere (8, 24). Immuno-
histochemical staining of hPLAP was performed with a rabbit anti-human PLAP
primary antibody (Serotec, AHP 537) followed by a biotinylated sheep anti-rabbit
secondary antibody (Serotec, 2AB02B), detected with horseradish peroxidase-
extravidin (Sigma) and visualized with 3-amino-9-ethylcarbazole according to the
manufacturer (Serotec, BUF019A).

For endothelial and vascular smooth muscle detection, anti-CD31 (BD Bio-
sciences) and anti-smooth muscle a-actin (Sigma) primary antibodies were used
with appropriate biotinylated secondary antibodies followed by extravidin-horse-
radish peroxidase (Sigma) conjugation and visualized with diaminobenzidine.
Immunohistochemical staining of collagen types I and II to detect osteoblasts
and chondrocytes, respectively, was performed with rabbit anticollagen primary
antibodies (Chemicon) and visualized using a biotinylated goat anti-rabbit sec-
ondary antibody followed by peroxidase-conjugated avidin with NovaRED as a
substrate (9). The sections were counterstained with Harris hematoxylin (Sigma).
As controls, specimens were also incubated with isotype rabbit immunoglobulin
G (Vector Laboratories) as the primary antibody and visualized as described
above.

Cell culture and in vitro osteogenic differentiation. The human bone cell lines
MG63 and SAOS2 were maintained in Dulbecco’s modified Eagle’s medium
(GIBCO), the murine osteocytic cell line MLO-Y4 in alpha minimal essential
medium («MEM; GIBCO), and the murine early myeloid progenitor line 416B
in RPMI medium, each supplemented with 10% fetal bovine serum and 1:100
penicillin-streptomycin. The murine preosteoblastic cell line MC3T3-E1 (sub-
clone 4) was maintained in « MEM without ascorbic acid, with ribonucleosides,
deoxyribonucleosides, 2 mM L-glutamine, 1 mM sodium pyruvate supplemented
with 10% fetal bovine serum, and 1:100 penicillin-streptomycin. SCL™/~ and
wild-type J1 murine ES cells were maintained in Dulbecco’s modified Eagle’s
medium (GIBCO) with standard supplements (ES medium) including 100 U/ml
leukemia inhibitory factor to inhibit differentiation. For osteogenic differentia-
tion of ES cells, embryoid bodies (EBs) were generated using the hanging-drop
technique, treated with 100 nM all-frans retinoic acid for 3 days, and cultured in
ES medium (without leukemia inhibitory factor) supplemented with 50 pg/ml
ascorbic acid, 10 mM B-glycerophosphate, and 10 ng/ml BMP-2 (38). MC3T3-E1
cells were differentiated with ascorbic acid and B-glycerophosphate at the same
concentrations. Alizarin red staining and assessment of cellular alkaline phos-
phatase were performed as described elsewhere (2).

Stable transfection and luciferase reporter assay. We electroporated 10 X 10°
MC3T3 and 416B cells growing in log phase with 1 pg of linearized pGK Neo and
10 pg of either linearized SV/luc or SV/luc/+19. Resistant clones were selected
at 24 h with neomycin (500 pg/ml for MC3T3 and 750 pg/ml for 416B) and
luciferase activity was assayed at about day 10 as previously described (19).

Reverse transcription-PCR (RT-PCR). RNA was extracted using the RNeasy
kit (QTAGEN) and reverse transcribed following a standard protocol, using 2 p.g
of RNA per sample, random hexamer primers (Amersham), and Moloney mu-
rine leukemia virus reverse transcriptase (Invitrogen). The SCL (5'-TATGAG

(arrow) and endothelial cells (block arrow). (vi) Magnified view of boxed area in panel v. (vii and viii) Inmunohistochemical staining of osteoblasts
and chondrocytes in rib sections of E14.5 mouse embryos. (vii) Osteoblasts (detected using a collagen 1 antibody and stained brown) are seen
predominantly in the perichondrium (arrow). (viii) Chondrocytes (detected using a collagen 2 antibody and stained brown) fill the cartilaginous
template. (ix) Section through the centrum of the C4 vertebra in an E11.5 mouse embryo hybridized with an SCL antisense probe. SCL RNA is
expressed in endothelium (block arrow) but not in the vertebral template. (x) An E11.5 section corresponding to panel ix, stained for osteoblasts
using a collagen 1 antibody. Collagen 1-expressing osteoblasts are also not present at this stage. (xi and xii) Immunohistochemical studies of SCL
expression in adult human bone marrow with SCL-positive cells stained brown. (xii) SCL was expressed by osteoblasts (arrowhead) lining the
endosteal surface of bone (B) and a subset of hematopoietic cells (arrow). (xiii) Magnified view of the boxed area in panel xi showing SCL
expression in osteoblasts (arrowhead) but not in osteocytes (arrow). (B) SCL expression falls with bone differentiation. (i) Osteogenic differen-
tiation of the preosteoblast cell line MC3T3-E1. Cells cultured in bone differentiation medium were stained at days 0, 7, and 28 for alkaline
phosphatase activity (ALP, upper panel) and alizarin red staining (lower panel). Alkaline phosphatase activity (intense blue) was prominent at day
7 and decreased with the acquisition of a mature osteocytic phenotype at day 28. There was a corresponding increase in the degree of matrix
mineralization as assessed by alizarin red staining (intense red) from days 0 to 28. (ii) SCL expression in MC3T3 cells was assessed by RT-PCR
at various time points and decreased with bone differentiation. (iii) SCL expression in the osteoblastic cell lines MG63 and SAOS2 and the
osteocytic cell line MLO-Y4 was assessed by RT-PCR. SCL was expressed in the osteoblastic cell lines but was absent in MLO-Y4 cells, which have
the phenotype of terminally differentiated osteocytes.
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ATGGAGATTTCTGATG-3'; 5'-GCTCCTCTGTGTAACTGTCC-3'), hypo-
xanthine-guanine phosphoribosyltransferase (HPRT). (5'-CCAGCAAGCTTGC
AACCTTAACCA-3'; 5'-GTAATGATCAGTCAACGGGGGAC-3'), Etsl (5'-
CTACGGTATCGAGCATGCTCAGTG-3'; 5'-AAGGTGTCTGTCTGGAGA
GGGTCC-3"), Ets2 (5'-ACTCTCACCTCAACGCGGTTCCTC-3"; 5'-GGAAG
TCCTGGCTGATGGAACAGT-3'), Fli-1 (5'-CCAGAACATGGATGGCAAG
GA-3'; 5'-CCCGGAATCTGATAAGGATCTGGC-3"), Elf-1 (5'-ACAGTGCC
ACTCACAACGGT-3'; 5'-CGCTCCATTGCAAATGGACTG-3'), Erg (5'-CA
GTATATCCCGAAGCTACGC-3'; 5'-TTTGGACTGAGGGGTGAGGTGGC
T-3"), and GATA2 (5'-CGGAATTCGACACACCACCCGATACCCACCTAT-
3'; 5-CGGAATTCGCCTACGCCATGGCAGTCACCATGCT-3') transcripts
were amplified by PCR as previously described.

SCL, Lyl1, CBFAL1, and osteocalcin expression relative to B-actin was quan-
tified using SYBR green real-time PCR (Applied Biosystems 7700) with the
following primer sets: SCL (5'-CATGTTCACCAACAACAACCG-3'; 5'GGT
GTGAGGACCATCAGAAATCTC-3'), Lyll (5'-AGATGAGGAAACGCCCT
GTA-3'; 5’AGCCACTGCAAGTAGCCTGT-3'), CBFAI1 (5'-GGACGAGGC
AAGAGTTTCAC-3'; 5'-GGACCGTCCACTGTCACTTT-3"), osteocalcin (5'-
CCATCTTTCTGCTCACTCTGC-3"; 5'-TGGACATGAAGGCTTTGTCA-3"),
and B-actin (5'-TCCTGGCCTCACTGTCCAC-3'; 5'-GTCCGCCTAGAAGCA
CTTGC-3"). Details of transcript amplification and quantification are listed at
http://hscl.cimr.cam.ac.uk/supplementary pimanda05.html.

Quantitative analysis. Chromatin immunoprecipitation assays were per-
formed as detailed elsewhere (57). Briefly, 416B and MC3T3-E1 cells were
treated with 0.4% formaldehyde and the cross-linked chromatin was retrieved by
nuclear isolation and lysis. The chromatin was sonicated to yield an average
fragment size of ~500 bp, precleared with rabbit serum, and immunoprecipitated
with antibodies to Ets1 (sc-350x), Ets2 (sc-351x), Fli-1 (sc-356x), Elf-1 (sc-631x),
Erg (sc-354x) and GATA2 (sc-9008x) from Santa Cruz Biotechnology to recover
the DNA-bound transcription factors and an anti-acetylated histone 3 antibody
(06-599) from Upstate (Lake Placid, N.Y.) to recover acetylated histones.

Enrichment was measured by real-time PCR using SYBR green (Stratagene)
as previously described (57). The levels of enrichment were normalized to that
obtained with a control rabbit antibody and were calculated as the fold increase
over that measured at the promoter region of a-fetoprotein, a gene not ex-
pressed in blood or bone, which was used as a control. The following target
regions were amplified (forward and reverse primer sets, designed using Beacon
Designer 4.0 software [Premier Biosoft International]): a-fetoprotein promoter
region (5'-TGTTTGCTCACTGAAGGTTACTAG-3'; 5'-AGTGCTGGAAGT
GGGATGTTTC-3") and SCL +19 region (5'-CCATACTCTTGCCAAGGCT
ACC-3"; 5'-AGCAGTCCTACATGGGCCTAAA-3").

RESULTS

SCL is expressed in the developing and adult skeleton. To
examine SCL expression in the developing skeleton, we per-
formed in situ RNA hybridization and immunohistochemistry
on E14.5 mouse embryos (Fig. 1A). At E14.5, SCL RNA was
expressed in cells within the perichondrium (Fig. 1A, compare
panels i and ii with panel iii) and, as previously described, in the
fetal liver (Fig. 1A, iv) and brain (data not shown). SCL protein
was also detected in cells within the perichondrium (Fig. 1A, v
and vi, arrow). SCL RNA and protein were also detected in
endothelial cells (block arrows in Fig. 1A, ii, v, and vi). The
expression of SCL protein corresponds with the specification of
osteoblasts in the perichondrium (Fig. 1A, compare arrows in
panels vi and vii) and not chondrocytes in the centrum (Fig. 1A,
compare panels vi and viii). At E11.5, SCL RNA is expressed
in endothelium (block arrow in Fig. 1A, ix) but not in bone
primordia (C4) and corresponds with the absence of collagen
1-positive osteoblasts (no brown-stained cells in Fig. 1A, x).

To examine SCL expression in adult bone, we performed
immunohistochemistry on human bone marrow trephines (Fig.
1A, xi to xii). SCL protein was expressed in osteoblasts lining
the endosteal surface of bone (Fig. 1A, xi and xii, arrowhead)
but not in mature osteocytes (Fig. 1A, xii, arrow), suggesting
that SCL protein levels fall during osteocyte differentiation.
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SCL expression falls with osteogenic differentiation of MC3T3-
E1 cells. The murine preosteoblast cell line MC3T3-E1 differ-
entiates along the osteoblast lineage, expressing markers in a
manner that mimics primary cultures of osteoblasts (55). As
shown in Fig. 1B, i, differentiation of MC3T3-E1 cells results in
staining for alkaline phosphatase (a marker of osteoblasts) by
day 7, followed by staining with alizarin red, a marker of matrix
mineralization, by day 28. MC3T3-E1 cells express SCL RNA
in the undifferentiated state and the levels fall with bone dif-
ferentiation (Fig. 1B, ii). Consistent with these results SCL
transcripts were also detected in the immature osteoblastic cell
lines MG63 and SAOS2 but were absent in MLO-Y4 cells,
which have a mature phenotype (26) (Fig. 1B, iii).

SCL is not required for the osteogenic differentiation of
embryonic stem cells in vitro. SCL ™/~ mice die in utero at E9.5
(42, 49) around the time when precartilaginous mesenchymal
condensations first appear (58). To examine the role of SCL in
bone differentiation, embryoid bodies formed from SCL*/*
and SCL™/~ ES cells were pretreated with all-trans-retinoic
acid and cultured in bone differentiation medium for 3 weeks.
There was no difference in the mineralization of SCL™/~ and
SCL*'* EBs assessed by alizarin red staining (Fig. 2A, com-
pare panel on left with panel on right). There was also no
difference in the gene expression profiles of osteocalcin, a
matrix-associated protein produced by osteoblasts (10), or the
transcription factor CBFA1, an early determinant of bone
specification (Fig. 2B, compare panels i and ii).

We considered the possibility that Lyll, an SCL paralogue,
might compensate for the absence of SCL; however, the levels
of Lyll expression were similar in SCL™~ and SCL™* EBs
(Fig. 2B). These data suggest that SCL is not required to
establish the bone program under the osteoinductive condi-
tions used in this in vitro differentiation assay (38). There is a
small relative increase in SCL expression in SCL*/* EBs (Fig.
2B, ii) following the addition of bone differentiation medium at
day 0 and a progressive reduction thereafter. The fall in SCL
expression during bone differentiation of ES cells is consistent
with our observation in MC3T3-E1 cells (Fig. 1B, ii) and the
absence of SCL in mature osteocytes (Fig. 1A, xii).

SCL +19 stem cell enhancer directs reporter gene expres-
sion to the adult and developing skeleton. A 5.5-kb fragment
containing the SCL +19 enhancer directs expression to heman-
gioblasts and to their hematopoietic and endothelial progeny
during development (45, 46). We have also shown that a
644-bp SCL +19 core enhancer directs expression to adult and
fetal HSCs, mast cells, megakaryocytes, and endothelium (51).
Given recent reports that blood and bone can be regenerated
from a common precursor in adult bone marrow (9, 36), we
investigated whether the SCL +19 core enhancer also directs
the reporter gene for human placental alkaline phosphatase
(see Fig. 3A) expression to bone by surveying the skeletons of
developing and adult mice.

In adult mice the +19 core enhancer directed PLAP expres-
sion to osteocytes and to osteoblasts lining the bony trabeculae
of long bones (Fig. 3B, compare panels i and ii with panel iii).
PLAP expression was also observed in the cranial vault, facial
bones, and axial skeleton (data not shown) and in a fraction of
chondrocytes within the articular cartilage (Fig. 3B, compare
panels iv and v with panel vi). During development, PLAP was
expressed in cells within the cartilaginous template of future
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FIG. 2. (A) SCL™/~ embryonic stem cells cultured in bone differentiation medium produce a mineralized matrix. EBs generated from SCL™/~ ES
cells were stained with alizarin red before and after culture in bone differentiation medium. The degree of matrix mineralization (black stain in insets)
at day 21 was similar in EBs generated from either SCL™/~ ES cells or SCL*/" ES cells. (B) Osteogenic markers are up-regulated during differentiation
of SCL™/~ and SCL*/* embryonic stem cells in RT-PCR analysis of ES cells undergoing bone differentiation. (i) SCL ™/~ EBs. (ii) SCL*/" EBs.

bone and in the perichondrium (Fig. 3C, compare panels i and chymal condensations begin to differentiate into chondrocytes
ii). This pattern of staining was seen in two independent trans- around E11 and the first osteoblasts appear in the perichon-
genic lines, 1772 (data shown) and 1791 (data not shown). drium around E13 (25, 58). In limb bud mesenchyme, Sox 9, a

During mouse embryonic development, cells within mesen- transcription factor that activates Col2al, a chondrocyte-spe-
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cific marker gene, can be detected at E10 (1), whereas Runx2
and Osterix, transcription factors that activate Collal, an
osteoblast-specific marker gene, appear later, at E11 and E13,
respectively (1). During development, PLAP-positive cells ap-
pear in the perichondrium of cervical vertebrae at ~E12.5
(Fig. 3D, compare panels i and iv). At later time points PLAP-
positive cells appear deeper within the perichondrium and
within the cartilaginous core (Fig. 3D, compare panels v and
viii and compare panels ix and xii). The appearance of PLAP-
positive cells in the perichondrium precedes by approximately
a day the appearance of collagen 1-positive osteoblasts in the
perichondrium (Fig. 3D, compare panels i and ii). The distri-
bution of PLAP-positive cells (arrows in Fig. 3D, v and ix)
matches the distribution of collagen 1-positive osteoblasts
(stained brown in Fig. 3D, vi and x), which appear to migrate
from the perichondrium into the cartilaginous core (stained
brown in Fig. 3D, vii and xi) during endochondral ossification.

SCL +19 stem cell enhancer also directs reporter gene
expression to vascular smooth muscle. Together with recent
reports that a common progenitor in adult bone marrow can
give rise to both blood and bone (9, 36), our results suggest
that the SCL +19 stem cell enhancer is activated in a meso-
dermal progenitor capable of giving rise to blood, endothelium
and bone. Flk1, one of the receptors for vascular endothelial
growth factor, is a marker for lateral plate mesoderm and the
earliest differentiation marker for endothelial and blood cells.
FIk1™" cells have been shown by single-cell in vitro culture and
chicken/mouse in vivo chimeric assays to contain common pro-
genitors for endothelial and mural cells. Furthermore, in ES
cell differentiation assays, BL-CFCs are single cells with trilin-
eage (blood, endothelium, and smooth muscle) potential (5,
28). We hypothesized therefore that an element which targets
a mesodermal progenitor with potential to give rise to blood,
endothelium, and bone might also target vascular smooth mus-
cle cells.
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As shown in a series of kidney sections in Fig. 3E, the +19
enhancer directs PLAP expression (red precipitate in panels i
and ii) to both the endothelium (arrow in panel ii) and smooth
muscle of a branch of the renal artery (arrowhead in panel ii).
Adjacent sections were stained with anti-CD31 (platelet endothe-
lial cell adhesion molecule) as a positive control for the endothe-
lium (brown precipitate in Fig. 3E, iii, and arrow in panel iv) and
anti-smooth muscle a-actin for mural cells (brown precipitate in
Fig. 3E, v and vi). The isotype controls in Fig. 3E, vii and viii, were
negative.

SCL +19 stem cell enhancer is active in MC3T3-E1 cells. To
assess the in vitro transcriptional activity of the SCL +19 core
enhancer, we subcloned the 644-bp fragment into a luciferase
reporter plasmid (SV/luc/+19) and tested the construct in sta-
ble transfection assays using the MC3T3-E1 preosteoblastic
cell line (Fig. 4A, ii). The construct with the +19 enhancer had
approximately fivefold higher activity than a control vector
containing the simian virus minimal promoter (SV/luc). The
416B early myeloid progenitor cell line expresses approxi-
mately 100-fold more SCL by quantitative RT-PCR than
MC3T3-E1 cells (results not shown). The SV/luc/+19 con-
struct had approximately 15-fold higher activity than SV/luc in
416B cells (Fig. 4A, i) which corresponds to ~3-fold higher
activity than in MC3T3-E1 cells (Fig. 4A, compare panels i and
ii).

Flil, Elfl, and GATA2 occupy the SCL +19 enhancer in
MC3T3-E1 cells in vivo. We have previously shown that the
SCL +19 enhancer in 416B cells is bound in vivo by Flil,
Elfl, Ets2, Erg, and GATA2 (20, 40). Interestingly, 416B
hematopoietic cells and MC3T3-E1 osteogenic cells share a
common expression profile of selected Ets and GATA tran-
scription factors (Fig. 4B, i and ii). To determine whether
the expression of SCL and the in vitro activity of the +19
enhancer in MC3T3-E1 osteogenic cells reflect a transcrip-
tional process that is common with 416B hematopoietic cells,

FIG. 3. (A) Schematic diagram of the mouse SCL locus and the SV/PLAP/+19 transgenic reporter. SV, simian virus 40 minimal promoter;
hPLAP, human placental alkaline phosphatase; 19, a 644-bp fragment of the mouse SCL locus, +19 kb from promoter 1a. (B) The SCL +19 core
enhancer directs expression to the adult skeleton. Histological analysis of PLAP expression in mice carrying the SV/PLAP/+19 transgene (line
1772). (i) Longitudinal section of a femur from an adult transgenic mouse showing expression of PLAP in osteocytes (arrow), osteoblasts (solid
arrow), and endothelium (arrowhead). (ii) Magnified view of the boxed area in panel i. (iii) There was no PLAP staining in the femur of wild-type
littermate controls. (iv) Longitudinal section of the distal femur showing PLAP expression in chondrocytes (arrow) in the articular cartilage of adult
transgenic mice. (v) Magnified view of articular chondrocytes from panel iv. (vi) There was no staining in articular chondrocytes (arrow) of
littermate controls. B, bone; BM, bone marrow; C, cartilage. (C) The SCL +19 core enhancer directs expression to the developing skeleton. (i and
ii) Cryosections of E16.5 embryos. (i) A longitudinal section of vertebrae from a transgenic embryo showing PLAP-positive cells (blue-purple) in
the perichondrium and within ossifying cartilage. (ii) Vertebrae of E16.5 wild-type embryos do not stain for PLAP. (D) The SCL +19 core
enhancer targets osteoblasts but not chondrocytes in the developing skeleton. (i to iv) Immunohistochemistry on serial sections of E12.5 embryos.
(i) Section of a cervical vertebral body showing expression of the PLAP transgene (detected by immunohistochemistry and stained red) in cells
within the perichondrium (arrow). (ii) Osteoblasts (detected using a collagen 1 antibody and stained brown) are not seen in the perichondrium
(arrow) at this stage. (iii) Chondrocytes (detected using a collagen 2 antibody and stained brown) fill the vertebral anlage. (iv) The isotype control
shows no staining. (v to viii) Immunohistochemistry on serial sections of E13.5 embryos. (v) Section through a cervical vertebral body showing
PLAP-positive cells (red) in the perichondrium (arrow) and within the bone anlage (solid arrow). (vi) Osteoblasts (stained brown) are present in
the perichondrium and correspond to the distribution of PLAP-positive cells (arrow and solid arrow) in panel v. (vii) Chondrocytes (stained brown)
fill the cartilaginous core of the vertebral body. (viii) The isotype control shows no staining. (ix to xii) Immunohistochemistry on serial sections of
E14.5 embryos, with sections corresponding to those of E13.5 embryos in panels v to viii. (E) The SCL +19 core enhancer also directs expression
to the endothelium and vascular smooth muscle. (i) Section of a kidney from an adult transgenic mouse showing expression of the PLAP transgene
(detected by immunohistochemistry and stained red) in the endothelium and smooth muscle wall of a branch of the renal artery (a). (ii) Magnified
view of the boxed area in panel i showing PLAP expression in endothelial cells (arrow) and smooth muscle cells (arrowhead). W, wall. (iii) An
adjacent section stained with an anti-CD31 (PECAM) antibody showing staining (brown) of the endothelium but not smooth muscle. (iv)
Magnified view of the boxed area in panel iii showing endothelial staining (arrow). (v) An adjacent section stained with an anti-smooth muscle actin
antibody showing staining (brown) of the smooth muscle wall. (vi) Magnified view of the boxed area in panel v showing staining of the wall but
no staining in the endothelium (arrow). (vii) An adjacent section used as a negative (isotype) control. (viii) Magnified view of the boxed area in
panel vii showing no staining in either the vessel wall or the endothelial lining.
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FIG. 4. (A) SCL +19 core enhancer is active in both blood and
bone cell lines. (i) Stable transfection assay in 416B cells, an SCL-
expressing cell line derived from a multipotent hematopoietic progen-
itor. (ii) Stable transfection assay in MC3T3-E1 cells, a preosteoblastic
cell line. The luciferase activities are given as increase over the activity
of the basic (SV/luc) vector. Each bar is the mean of the relative
luciferase activity from at least two experiments performed in triplicate
+ standard deviation. (B) Flil, EIfl, and GATA2 bind the SCL +19
core enhancer in both blood and bone cell lines. The expression pro-
files of selected Ets and GATA factors were assessed by RT-PCR in (i)
416B and (ii) MC3T3-E1 cell lines. Chromatin immunoprecipitation
assays were performed with anti-Etsl, -Ets2, -Flil, -Elfl, -GATA2,
-acetylated histone H3 (K9A), and control immunoglobulin G anti-
bodies in the (iii) 416B and (iv) MC3T3-E1 cell lines. The level of
enrichment with each antibody was normalized to the levels obtained
with control immunoglobulin G and plotted as the increase over the
level of enrichment at a control region (the promoter region of the
a-fetoprotein gene). Histone acetylation status (K9A) was used as a
surrogate marker of chromatin accessibility. The SCL +19 region is
accessible in both cell lines and is bound by Flil, Elfl, Erg, and
GATA?2 in 416B cells and Flil, Elf1, and GATA2 in MC3T3-E1 cells.
Histone acetylation and transcription factor binding at the SCL +19
region are lower in MC3T3-E1 cells than in 416B cells, in line with the
lower expression of endogenous SCL in the former.
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we studied the endogenous SCL +19 region in MC3T3-E1
cells.

Histone acetylation can increase transcription factor access
to chromatin (32). To determine whether the in vitro activity of
the +19 enhancer in MC3T3-E1 cells correlates with histone
modifications thought to signify active chromatin at the endog-
enous +19 region, we quantified the degree of histone acety-
lation at this region by a quantitative chromatin immunopre-
cipitation assay (see result for K9A in Fig. 4B, iv). The results
demonstrated that histones in the +19 region were acetylated
~5-fold higher than the promoter region of a-fetoprotein, a
gene that is not expressed in blood or bone. In line with our
previous observations with 416B cells, the histones in the +19
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region were also highly acetylated (see result for K9A in Fig.
4B, iii).

To determine whether the transcription factors recruited to
the +19 core enhancer in MC3T3-El cells were similar to
those recruited to this region in 416B cells, we performed
quantitative chromatin immunoprecipitation assays with anti-
bodies to Etsl, Ets2, Flil, Elfl, Erg, and GATA2 (Fig. 4B,
compare panels iii and iv). Immunoprecipitated chromatin sam-
ples were analyzed by real-time PCR. The levels of enrichment
were normalized to that obtained with a control antibody and are
represented as the fold increase over that measured at a control
region (the promoter region of the a-fetoprotein gene). As shown
in Fig. 4B, iii and iv, there was specific 3- to 20-fold enrichment of
Ets2, Flil, Elfl, Erg, and GATA2 at the +19 enhancer in 416B
cells and ~3-fold enrichment of Flil, Elfl, and GATA2 in
MC3T3-E1 cells. Therefore, these cells utilize common transcrip-
tion factors and cis regulatory elements to drive SCL transcrip-
tion. The lower enrichments in MC3T3-E1 cells appear to corre-
late with lower expression of transcription factors in this cell line
(Fig. 4B).

DISCUSSION

SCL is expressed in blood progenitors and endothelium and
is essential for the normal development of these tissues. We
report that SCL is also expressed in bone primordia during
embryonic development and in adult osteoblasts. However, in
contrast to its role in hematopoiesis, SCL is not required for
bone specification of ES cells. We also show that the SCL +19
core enhancer, which directs expression to blood and vascular
cells, is also active in osteoblasts, osteocytes, and articular
chondrocytes and is bound in vivo by the Fli-1, EIfl, and
GATAZ2 transcription factors in both osteoblastic and hema-
topoietic cell lines.

Our results demonstrate that SCL RNA and protein are
expressed in developing and adult bone but that SCL is not
required for bone differentiation of ES cells in vitro. However,
during embryogenesis, bone develops from both mesoderm-
and neural crest-derived mesenchyme and retinoic acid treat-
ment of ES cells to induce bone differentiation in vitro is
reported to promote mesenchyme development via the neural
crest route while suppressing mesodermal differentiation (27).
It is important to emphasize therefore that our data do not
exclude a role for SCL in bone development in vivo. In this
regard it is salient to note that, although SCL™/~ ES cells can
generate endothelial cells in vitro (43), vascular remodeling in
SCL™'~ embryos is abnormal (56).

Assessing the role of SCL in bone development in vivo is not
straightforward because SCL null mice die at E9.5 (42, 49),
before bone development is established. Conditional SCL
knockout mice survive in excess of 6 months after loss of SCL
expression with only mild anemia and thrombocytopenia (21).
To our knowledge, bone development in these mice has not
been assessed, and any potential abnormality would likely be
missed unless the SCL alleles were deleted during prenatal or
early postnatal growth, when bone turnover is high. Nonethe-
less, our results raise the possibility that low-level SCL expres-
sion in bone progenitors may reflect a requirement for SCL in
precursors of bone progenitors.

HSCs have been reported to function as osteoblast precursors
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(36) and are known to express SCL. Similarly, HSCs and osteo-
blasts, both of which express SCL, are reported to originate from
a common marrow precursor after bone marrow transplantation
(9). High-level SCL expression in BL-CFCs favors hematopoietic
and endothelial differentiation over smooth muscle differentia-
tion, whereas low-level SCL promoted smooth muscle differenti-
ation (13). It is possible that a fall in SCL expression is needed for
osteoblastic differentiation in a manner analogous to vascular
smooth muscle differentiation.

Bone development during embryogenesis is complex. Lin-
eage labeling studies in chick (31) and more recently in mice
(33) show that the cranial vault (except the occiput) and parts
of the neck and shoulder are formed by mesenchymal stem
cells (MSCs) of neural crest origin, whereas the limb and axial
skeleton are formed by MSCs of mesodermal origin (33, 50).
Our data demonstrate that the SCL +19 core enhancer targets
osteoprogenitors in bones, which arise from both mesoderm-
and neural crest-derived MSCs.

The activity of the enhancer in bone could be due to activity
in MSCs, which subsequently contribute to bone formation.
This however is unlikely for the following reasons. First, activ-
ity in MSCs would have resulted in most if not all cells in bone
primordia and other tissues derived from MSCs, i.e., fat, car-
tilage, and skeletal muscle, expressing the transgene. This
clearly is not the case, with only a subpopulation of cells in
bone primordia expressing the transgene and the absence of
activity in the cartilage anlagen prior to the onset of ossifica-
tion at E13.5. Second, MSCs cultured from bone marrow,
which have bone differentiating potential, do not express SCL
(unpublished observations). It is however possible that the
transgene targets subpopulations of MSCs and that SCL is
expressed during osteoblastic differentiation of a common
osteochondroprogenitor precursor from which most osteo-
blasts arise during embryogenesis (1). In our survey of E11.5 to
E14.5 mouse embryos, PLAP-positive cells were first observed
in the perichondrium at ~E12, which precedes the appearance
of osteoblasts at ~E13. The movement of PLAP-positive cells
from the perichondrium into the centrum at later time points
mirrors the invasion of osteoblasts from the perichondrium
during endochondral ossification.

Alternatively, osteoprogenitors with SCL +19 enhancer ac-
tivity could be derived from circulating HSCs or a common
progenitor. In this scenario we envisage HSCs or a common
progenitor invading bone primordia during cartilage vascular-
ization and differentiating into osteoblasts (with concomitant
loss of hematopoietic potential) in response to local cues. In
favor of this model, HSCs which are established in the aorta-
gonad-mesonephros at ~E10.5 (reviewed in reference 44) and
amplified in the fetal liver are present in the circulation around
the time bone is ossified at ~E13 (25); HSCs or a common
marrow precursor in adult bone marrow have been shown to
contribute to blood and bone formation in vivo (9, 36). The
SCL +19 enhancer targets HSCs (46), which as a circulating
cell population would not be restricted by embryonic bound-
aries, explaining the presence of PLAP-positive cells in bones
derived from the neural crest as well as mesoderm.

The other cell population in intimate contact with the endos-
teal bone surface is osteoclasts, which, although now widely
regarded to be derived from hematopoietic stem cells (14),
were long considered to be skeletal in origin (reviewed in
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reference 22). It is important to emphasize however that a
contribution to osteoblasts in the perichondrium from a circu-
lating pool of HSCs or a common progenitor during embryonic
bone development is likely to be only an adjunct to bone
development from MSCs in the perichondrium (6, 11).

The expression of the SV/PLAP/+19 transgene in mature os-
teocytes contrasts with a fall in endogenous SCL in MC3T3-E1
cells during bone differentiation and its absence in the pheno-
typically mature MLO-Y4 cells in vitro and in osteocytes in
vivo. There are several potential explanations for this apparent
discrepancy. PLAP expression in histological sections is not
quantitative, PLAP and SCL may differ in the stability of their
transcripts or proteins, or the transgene may lack cis elements
required for inhibition of endogenous SCL expression in ma-
ture osteocytes. The expression of the SV/PLAP/+19 trans-
gene in a subpopulation of chondrocytes in the articular car-
tilage of adult mice is interesting in view of the lack of
expression in cartilage anlagen during development. It is sa-
lient to note that articular chondrocytes, which arise during
joint development, are a biologically distinct population of
chondrocytes (reviewed in reference 25).

The Ets transcription factors Fli-1 and Elf-1, which are en-
riched on the SCL +19 enhancer in blood and bone cell lines,
are also expressed in bone primordia (reviewed in reference
41). Although specific roles for Fli-1 and Elf-1 in osteogenesis
have not been described, Ets1 binds the osteopontin promoter
and acts synergistically with the critical osteogenic transcrip-
tion factor Cbfal in regulating the expression of osteopontin,
an extracellular matrix protein secreted by osteoblasts (47).
Furthermore, the promoter regions of osteocalcin, bone sialo-
protein, osteonectin, and a number of other genes expressed in
osteoblasts have Ets transcription factor binding sites (41),
although their functional significance is unknown. GATA2,
which was also enriched on the +19 enhancer in MC3T3-E1
cells, does not as yet have a known role in osteogenesis, al-
though it is an important regulator of SCL in hematopoiesis
(20) and down-regulation of its expression is required for pre-
adipocyte-adipocyte transition (54).

The SCL +19 enhancer is proving to be a powerful tool for
manipulating hematopoietic progenitors and stem cells (4, 12,
16, 35, 46), but the design and interpretation of such transgenic
studies require a detailed understanding of enhancer activity in
vivo. Our data suggest that the SCL +19 core enhancer targets
a mesodermal precursor with the potential to differentiate into
blood, endothelium, vascular smooth muscle, articular carti-
lage, and bone.
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