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Sustained BMP Signaling in Osteoblasts Stimulates Bone Formation
by Promoting Angiogenesis and Osteoblast Differentiation
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ABSTRACT: Angiogenesis and bone formation are tightly coupled during the formation of the skeleton.
Bone morphogenetic protein (BMP) signaling is required for both bone development and angiogenesis. We
recently identified endosome-associated FYVE-domain protein (endofin) as a Smad anchor for BMP re-
ceptor activation. Endofin contains a protein-phosphatase pp1c binding domain, which negatively modulates
BMP signals through dephosphorylation of the BMP type I receptor. A single point mutation of endofin
(F872A) disrupts interaction between the catalytic subunit pp1c and sensitizes BMP signaling in vitro. To
study the functional impact of this mutation in vivo, we targeted expression of an endofin (F872A) transgene
to osteoblasts. Mice expressing this mutant transgene had increased levels of phosphorylated Smad1 in
osteoblasts and showed increased bone formation. Trabecular bone volume was significantly increased in the
transgenic mice compared with the wildtype littermates with corresponding increases in trabecular bone
thickness and number. Interestingly, the transgenic mice also had a pronounced increase in the density of the
bone vasculature measured using contrast-enhanced mCT imaging of Microfil-perfused bones. The vessel
surface and volume were both increased in association with elevated levels of vascular endothelial growth
factor (VEGF) in osteoblasts. Endothelial sprouting from the endofin (F872A) mutant embryonic meta-
tarsals cultured ex vivo was increased compared with controls and was abolished by an addition of a VEGF
neutralizing antibody. In conclusion, osteoblast targeted expression of a mutant endofin protein lacking the
pp1c binding activity results in sustained signaling of the BMP type I receptor, which increases bone for-
mation and skeletal angiogenesis.
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INTRODUCTION

IN ENDOCHONDRAL BONE formation, bones are formed
through the coupling of chondrogenesis with osteogen-

esis. During this process, blood vessel invasion from me-
taphysis coincides with mineralization of the extracellular
matrix (ECM), apoptosis of hypertrophic chondrocytes,
ECM degradation, and bone formation, suggesting cross-
talk between angiogenesis and osteogenesis.(1–3) Angio-
genesis is a multistep process that involves proliferation
and migration of endothelial cells and generation of ECM.(4)

It has been shown that many molecules are involved in the
process including bone morphogenetic proteins (BMPs), vas-
cular endothelial growth factor (VEGF), fibroblast growth
factor (FGF), and TGFb.(2,3)

BMPs, first identified as bone inductive growth factors in
the TGFb superfamily, are essential for skeletal develop-
ment and known to induce both osteoblast and chondrocyte

differentiation from mesenchymal cells.(5,6) Accumulated
evidence has implicated BMPs in regulating the growth
and development of many different tissues, in addition to
cardiac and blood vessel.(7–9) BMPs stimulate vasculogenesis
in the embryo and in adults, regulate endothelial–mesenchyme
interactions during angiogenesis through Smad5, and
activate endothelial growth through activation of VEGF/
VEGFR2 and angiopoietin/Tie2 signaling.(10–12) Moreover,
during bone development and fracture healing, BMPs not
only increase bone formation, but also enhance angiogen-
esis through regulating expression of VEGF.(13) VEGF,
a prototypical angiogenic growth factor, plays important
roles in regulation of proliferation, survival, and migra-
tion of endothelial cells.(14,15) Recent studies indicate that
VEGF enhances BMP2-induced bone formation through
modulation of angiogenesis.(16) Inhibition of VEGF blocks
BMP2-induced angiogenesis and BMP4-induced bone for-
mation.(3,17) These studies suggest that there is a close rela-
tionship and synergistic effect between BMPs and VEGF.
However, it is currently unclear how BMPs might couple
angiogenesis to bone formation.
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BMPs initiate their cellular action by binding to two
receptors that have intrinsic serine/threonine kinase
activity. Binding of ligand leads to the assembly of a het-
ero-oligomeric receptor complex, in which type II receptor
phosphorylates and activates type I receptor. The activated
type I receptor transiently associates with and phosphory-
lates Smad1. Once phosphorylated, Smad1 rapidly dis-
sociates from the receptor and forms a complex with
common-partner Smad, Smad4, and migrates into the nu-
cleus, where the complex regulates the transcription of
target genes.(18) Thus, the activity of this pathway is tightly
controlled by serine/threonine phosphorylation, which
transduces the cellular response from the plasma mem-
brane into the nucleus.(19,20) Many studies show that pro-
tein phosphatase is directly involved in terminating the
signal through dephosphorylation of these serine/threonine
kinase or Smad1 in different signaling.(21–23) Previously,
we showed that the endosome-associated FYVE-domain
protein termed endofin acted as a Smad anchor for re-
ceptor activation in BMP signaling, which was similar to
the function of SARA in TGFb signaling. Endofin bound
to Smad1 preferentially by the Smad-binding domain and
enhanced Smad1 phosphorylation on BMP stimulation and
also contained a protein–phosphatase binding domain,
which recruited the catalytic subunit of protein phospha-
tase 1 (pp1c) and negatively modulated BMP signals
through type I receptor dephosphorylation. Mutation of
endofin pp1c binding domain enhanced BMP signaling and
osteoblast differentiation in vitro.(24)

In this study, we created a mouse model with constitutive
activation of BMP signaling specifically in osteoblasts using
a mutant form of endofin with a defective pp1c binding
domain. Expression of the endofin (F872A) mutant led to
elevated levels of phosphorylated Smad1 in osteoblasts and
augmented bone formation. Importantly, these mice also
showed increased angiogenesis in vitro and in vivo. Our
results indicate that recruitment of pp1c to endofin func-
tions to negatively regulate the BMP signaling, and dis-
ruption of their interaction stimulates both angiogenesis
and osteoblastic bone formation.

MATERIALS AND METHODS

Antibodies

The rabbit anti-endofin polyclonal antibody was raised
against a peptide (amino acids 41–59, CSVSSELASSQR
TSLLPKD) in the N terminus of human endofin with the
assistance of Cytomol (Mountain View, CA, USA). Other
antibodies were obtained from commercial sources: anti-
actin mouse monoclonal antibody (Sigma-Aldrich), anti-
phospho-Smad1 (Ser463/465) rabbit polyclonal antibody
(Cell Signaling), anti-VEGF mouse monoclonal antibody
(C-1; Santa Cruz), anti-osteocalcin rabbit polyclonal anti-
body (FL-95; Santa Cruz), and rat anti-mouse CD31
(PECAM-1) antibody (BD Biosciences Pharmingen).

Mice

The 2.3-kb mouse type I collagen (Col1a1-2.3) promoter
was used to drive endofin (F872A) expression in generating

the transgenic mice.(25) To generate the Col1a1-2.3
promoter-endofin (F872A) transgene, the lacZ reporter
gene was removed by BamH1 digestion from the pJ251
vector, which contains the Col1a1-2.3 promoter. Endofin
(F872A) cDNA was cloned into the BamH1 site of the
pJ251 vector. The constructs were purified and micro-
injected into mouse (C57BL/6XSJL) eggs and surgically
transferred to recipients by standard techniques. Tail
tips were cut from pups at 2 wk of age and digested in
homogenizing solution (10 mM Tris, pH 8.0, 100 mM NaCl,
20 mM EDTA, 1% SDS, and 0.5 mg/ml proteinase K)
at 568C for 12 h. Genomic DNA was extracted with phenol/
chloroform. Genotyping was carried out by PCR. Specific
primers designed for amplification of endofin (F872A)
were 59-CCAGGATGCCTGAAAG-39 and 59-GAAGTT
CGCTGTGAGG-39.

Skeletal phenotyping, histological analysis,
and immunohistochemistry

X-ray analysis was performed in the intact right femurs
obtained from both the mutant and wildtype (WT) mice at
16 wk of age using a Faxitron X-Ray machine (Faxitron,
Wheeling, IL, USA). The bones were dissected free of soft
tissues, fixed in 10% neutral buffered formalin for 48 h,
and analyzed by a high-resolution mCT imaging system
(MicroCT40; Scanco Medical). The scanner was set at a
voltage of 55 kV and a current of 109 mA. Direct calcula-
tions of histomorphometric parameters were performed,
including bone volume /total volume (BV/TV), trabecular
thickness (Tb.Th), trabecular separation (Tb.Sp), and tra-
becular number (Tb.N).

Bone formation rates (BFRs) were measured by injec-
tion of two sequential doses of calcein (8 mg/10 ml sterile
saline) delivered in a total of 0.25 ml 3 and 10 days before
death. Bone histomorphometry analysis in undecalcified
femoral sections was performed using the OsteoMeasure
system (OsteoMetrics).

Immunohistochemistry was performed using standard
protocols as recommended by the manufacturer (EnVision
System; Dako). Briefly, mice femurs and tibias were
dissected, fixed in 10% buffered formalin, decalcified in
10% EDTA, and embedded in paraffin. The bone sec-
tions were processed for antigen retrieval by digestion in
0.05% trypsin (pH 7.8) for 15 min at 378C and incubated
with antibodies against endofin (diluted 1:50), phospho-
Smad1 (Ser463/465; diluted 1:50), VEGF (C-1; diluted
1:100), and osteocalcin (FL-95; diluted 1:100) overnight
at 48C. A horseradish peroxidase (HRP) streptavidin
detection system (Dako) was subsequently used to detect
the immunoactivity followed by counterstaining with he-
matoxylin (Sigma). Sections incubated with 1% nonim-
mune serum PBS solution served as negative controls.
Quantitative immunostaining assay was performed by
determining the percentage of positively stained cells in
four random high-power fields (3400) that showed nuclear
staining for P-Smad1 and cytoplasmic staining for osteo-
calcin. For osteocalcin staining assay, staining density
was defined as weakly positive staining (� +2 in intensity)
and strong positive staining (� +3 in intensity) on a scale
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of 0 (no staining) to +4 (strongest intensity) in four adja-
cent sections.(26,27)

Imaging of blood vessels in bone

Blood vessels in bone were imaged by angiography of
Microphil-perfused long bones.(28) The thoracic cavity was
opened, and the inferior vena cava was severed after ani-
mals were killed. The vasculature was flushed with 0.9%
normal saline containing heparin sodium (100 U/ml) at a
pressure of ;100 mmHg through a needle inserted into the
left ventricle. The specimens were pressure fixed with 10%
neutral buffered formalin. Formalin was flushed from the
vessels using heparinized saline, and the vasculature was
injected with a radiopaque silicone rubber compound
containing lead chromate (Microfil MV-122; Flow Tech).
Samples were stored at 48C overnight for contrast agent
polymerization. Mouse femurs were dissected from the
specimens and soaked for 4 days in 10% neutral buffered
formalin to ensure complete tissue fixation. Specimens
were subsequently treated for 48 h in a formic acid–based
solution (Cal-Ex II) to decalcify the bone and facilitate
image thresholding of the femoral vasculature from the
surrounding tissues. Images were obtained using a high-
resolution (16-mm isotropic voxel size) mCT imaging sys-
tem. A threshold of 306 was initially chosen based on visual
interpretation of thresholded 2D tomograms. Histo-
morphometric parameters including vessel volume, vessel
surface, and vessel volume per tissue volume (VV/TV)
were evaluated.

Fetal mouse metatarsal angiogenesis assay

Metatarsal explant cultures were performed as described
previously.(29) Briefly, E17.5 embryos were removed from
timed-pregnant mice, and metatarsals were dissected. The
isolated metatarsals were cultured in 24-well tissue culture
plates in 150 ml of aMEM supplemented with 10% heat-
inactivated FBS and 1% of penicillin/ streptomycin for
72 h. Two hundred fifty microliters of fresh medium was
replaced, and metatarsals were cultured for 14 days, with
replacement of medium every 3 days. Explants were fixed
in zinc formalin for 15 min at room temperature and sub-
sequently stained for CD31 using a rat polyclonal antise-
rum against mouse CD31 (diluted 1:50). Cultures were
performed in sextuplicate, and each complete experiment
was repeated at least twice.

Primary osteoblast culture and bone marrow
stromal cell culture

Primary osteoblasts were isolated from calvariae of
newborn mice by serial digestion in 1.8 mg/ml of colla-
genase type I (Worthington Biochemical) solution. Cal-
variae were digested in 10 ml of digestion solution for 15
min at 378C under constant agitation. The digestion solu-
tion was collected repeatedly for total of five times. Di-
gestion solutions 3–5, which contained the osteoblasts,
were pooled together. After centrifugation, osteoblasts
were obtained and cultured in aMEM containing 10% FBS
and 1% penicillin/streptomycin at 378C in a humidified
incubator supplied with 5% CO2.

For bone marrow stromal cell culture, mice were killed
at 10–14 days of age, and the femurs and tibias were dis-
sected free of soft tissues under sterile conditions. The
bone marrow cells were collected after rinsing with syringe
and plated onto a 100-mm petri dish. On the second day,
medium was removed, and the cultures were gently rinsed
with PBS twice and cultured in aMEM medium containing
10% FBS, 1% penicillin/streptomycin, and 1% glutamine.
Medium was changed every 3 days until the cells became
confluent.

Alkaline phosphatase and von Kossa staining

Primary cells were plated on 6-well plates with a density
of 2 3 105 cells/well and cultured in aMEM until they were
confluent. Medium was changed to osteogenic medium
with the addition of b-glycerophosphate (10 mM) and as-
corbic acid (50 mg/ml) to aMEM. Cells were cultured for 14
days, with the medium changed every 3 days. Histochem-
ical staining for alkaline phosphatase (ALP) activity in the
cells was determined using Sigma Fast BCIP/NBT Tablets
(B5655) according to the manuals. von Kossa staining was
carried out by adding 3% silver nitrate solution to forma-
lin-fixed cells and exposing cells to UV light. The deposits
of calcium were shown by the formation of opaque min-
eralized nodules. Densitometric analysis of ALP was per-
formed using NIH ImageJ 1.38b.

Western blot analysis

Total protein extracted from freshly dissected whole
bone of the mutant mice for endofin (F872A) protein ex-
pression or whole cell lysate was obtained by cell lysis
buffer in the presence of a protease inhibitor cocktail.
Forty micrograms of protein extracts was loaded onto an
SDS mini-PAGE system after concentrations were deter-
mined by the Bradford method. After electrophoresis,
proteins were transferred to a PVDF membrane using a
Bio-Rad semi-dry transfer system. Protein transfer effi-
ciency and size determination were verified using pre-
stained protein markers. Membranes were blocked with
5% dry milk in Tris-buffered saline Tween-20 for 1 h at
room temperature and subsequently incubated overnight
with primary antibodies at 48C. Signals were detected using
an HRP-conjugated secondary antibody and the Super-
Signal West Femto Maximum Sensitivity Substrate
(Thermo Scientific). Antibodies were used as described
above.

RT-PCR

Total RNA was extracted from primary osteoblasts us-
ing the RNA STAT-60 method as recommended by the
manufacturer (Tel-Test). The yield and purity of RNA was
estimated spectrophotometrically using the A260/A280
ratio. Five micrograms of RNA was reverse transcribed
into cDNA using the SuperScript first-strand synthesis
system (Invitrogen). One microliter of cDNA was
subjected to PCR amplification using SYBR GREEN
PCR Master Mix (Promega) and sequence-specific prim-
ers for VEGF: 59-CCACGTCAGAGAGCAACATCA-39
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and 59-TCATTCTCTCTATGTGCTGGCTTT-39. PCR re-
actions were performed in triplicate, and endogenous
mouse GAPDH was used as internal control.

Statistical analysis

All data are presented as mean ± SD. Student’s t-test was
used for comparison of histomorphometric parameters.
For quantitative analysis of immunostaining data, Stu-
dent’s t-test was performed followed by a x2 test. A sig-
nificance level was defined as p < 0.05.

RESULTS

Characterization of mice with overexpression
of an endofin mutant (F872A) protein

We showed that introduction of a point mutation of
endofin at the pp1c-binding domain (F872A) results in
enhanced BMP signaling and accelerates osteoblast dif-
ferentiation in vitro.(24) To examine the role of endofin
in osteoblasts in vivo, we generated transgenic mice
expressing an endofin cDNA encoding the point muta-
tion (F872A) driven by a 2.3-kb type I collagen pro-
moter (Fig. 1A). Three transgenic lines were established
(Fig. 1B), two of which were evaluated in more details
for their bone phenotype. Expression of the endofin
(F872A) transgene was confirmed by immunoblotting of
extracts of whole bone from 1-mo-old transgenic mice, and
the expression level of endofin (F872A) in the transgene
mice was nearly 2.5-fold that of the endogenous endofin
level in WT mice (Fig. 1C). Immunostaining of femoral
sections from the transgenic mice clearly showed en-
hanced expression of endofin in osteoblasts lining the
trabecular bone of the proximal metaphyseal region
(Fig. 1D).

Bone formation and osteoblast surface are increased
in endofin (F872A) transgenic mice

We next examined the effect of endofin (F872A) on
bone acquisition in mice. X-ray analysis of long bones
showed an increase in bone mass of the transgenic mice
compared with WT littermates at 16 wk of age (Fig. 2A).
mCT measurement on femurs from 16-wk-old transgenic
mice showed an increase in bone volume particularly in
trabecular bone (Fig. 2B). Transgenic mice had signifi-
cantly increased trabecular bone volume, number, and
thickness and decreased trabecular bone separation com-
pared with their WT littermates (Figs. 2C–2F). To further
examine the impact of the mutant endofin on the increased
bone formation, both the static and dynamic bone histo-
morphometric analyses were quantified. Transgenic mice
showed increased bone formation rate (Figs. 2G and H)
and mineralizing surface (Fig. 2I) accompanied by in-
creased osteoblast surface (Fig. 2J), whereas osteoclast
surface was slightly increased compared with WT litter-
mates (Fig. 2K). Collectively, these data suggest that
sustained BMP signaling in the osteoblast from mice
expressing the mutant endofin (F872A) for pp1c bind-
ing activity contributes to the increased bone accumula-
tion by increasing both surface and activity of resident
osteoblasts.

Osteoblast differentiation is enhanced in endofin
(F872A) mutant mice

To determine the mechanism responsible for the in-
creased bone formation, we cultured primary cells from
endofin transgenic mice and their WT littermates. Western
blot analysis showed that the level of endogenous phos-
phorylated Smad1 (P-Smad1) was elevated in endofin
transgenic mice in comparison with that in WT littermates
(Fig. 3A), indicating that mutation of pp1c binding

FIG. 1. Generation of transgenic mice with point mutation in endofin (F872A). (A) Diagram of expression construct of endofin
(F872A) driven by 2.3-kb mouse type I collagen promoter (Col1a1) for generation of transgenic mice. (B) Representative genotyping of
endofin (F872A) transgenic mice by PCR analysis of expression of endofin (F872A). Lanes 3, 5, and 8 represent the mutant transgene,
whereas lanes 1, 2, 4, 6, and 7 represent WT littermates. CO, positive control. (C) Western blot analysis of protein extracted from bone
tissue of WT littermates and the mutant for endofin (F872A) expression. The ratio of mutant endofin to endogenous endofin was 2.45. (D)
Representative histological sections of distal femurs from WT and endofin (F872A) transgenic mice with immunostaining with an
antibody against endofin.
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domain of endofin enhanced BMP signaling. Moreover, the
degree of differentiation as determined in cells exposed
to ascorbate and b-glycerol phosphate–containing medi-
um was enhanced as assessed by staining for ALP and
mineral deposition (von Kossa). ALP activity and bone
mineralization were enhanced in the endofin mutant tran-
sgenic mice (Figs. 3B–3E). In addition, osteocalcin ex-
pression by determined by Western blot analysis was
also increased in the osteoblasts from the transgenic mice
(Fig. 3F).

To determine whether BMP signaling was enhanced in
mice expressing the endofin mutation in vivo, we compared
the levels of P-Smad1 in sections of bone from mutant
and WT mice. Immunostaining of the femoral sections with
an antibody specific for P-Smad1 confirmed that the mice
expressing the mutant endofin had increased levels of
P-Smad1 (Figs. 3G and 3H) in osteoblasts. Immunostaining
showed increased levels of osteocalcin indicating that

osteoblast differentiation was stimulated in the mutant
mice (Figs. 3I–3J). These results suggest that enhanced
BMP signaling derived from endofin mutation promotes
osteogenesis.

Angiogenesis is enhanced in skeleton of endofin
(F872A) mutant mice

At necropsy, we noted that the long bones from the
endofin mutants were more richly perfused with blood
compared with control bones (Fig. 4A), suggesting that
angiogenesis during bone development was enhanced in
the mutants. To examine the impact of the endofin muta-
tion on bone vasculature, we performed contrast-enhanced
mCT imaging in Microfil-perfused bones. These studies
showed a significant increase in the density of the vascu-
lature in the endofin (F872A) mutant mice at 2 mo of
age (Fig. 4B). Morphometric analysis showed that vessel

FIG. 2. Increased bone for-
mation in endofin (F872A)
mutant mice. (A and B) In-
creased BMD is shown (A) in
radiography and (B) mCT im-
ages of femur of endofin
(F872A) mutant mice and their
WT littermates at 16 wk of age.
Two lines were shown. Quan-
titation of bone structure by
mCT shows comparison of en-
dofin mutant mice (gray bars)
with their WT littermates
(white bars), increased (C)
bone volume per tissue volume
(BV/TV), (D) trabecular num-
ber (Tb.N), (E) trabecular
thickness (Tb.Th.), and de-
creased (F) trabecular separa-
tion (Tb.Sp). (G) Dynamic
parameter bone formation rate
(BFR) was assessed by two se-
quential doses of calcein injec-
tion in mice at 6 wk of age
before death. Representative
calcein-labeled sections of
proximal tibias are visualized
by fluorescence micrography.
Bone histomorphometric anal-
ysis of trabecular bone of the
femur, (H) bone surface refer-
ent bone formation rate (BFR/
BS), (I) mineralizing surface
per bone surface (MS/BS), and
(J) osteoblast surface per bone
surface (Ob.S/BS) were in-
creased in endofin (F872A)
mutant mice, but there is no
significant difference in osteo-
clast surface per bone surface
(Oc.S/BS) between endofin
(F872A) mutant mice and their
WT littermates (K). Quantita-
tive data are expressed as
means ± SD. *p < 0.05, n = 4.
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surface and volume were both increased in endofin mu-
tant mice relative to controls (Figs. 4C and 4D). The ratio
of vessel volume and total volume was also increased (Fig.
4E). Angiogenesis assays using explants of E17.5 mouse

metatarsals showed greater endothelial sprouting in rudi-
ments from the mutant mice compared with controls
(Fig. 4F). These results indicate that sustained BMP re-
ceptor signaling in osteoblasts of the mice expressing

FIG. 3. Enhanced osteoblastic differentiation in endofin (F872A) mutant mice. Primary pre-osteoblasts isolated from either endofin
(F872A) mutant mice or their WT littermates were cultured in osteogenic medium. (A) Western blot analysis shows that endogenous
phosphorylated Smad1 (P-Smad1) levels of the primary calvaria osteoblast were increased in endofin (F872A) mutant mice relative to the
WT mice. Endogenous b-actin was used as internal control. (B) Representative micrographs of histochemical staining of ALP in calvarial
pre-osteoblasts isolated from endofin (F872A) mutant mice or their WT littermates. Before staining, the primary pre-osteoblasts were
cultured in osteogenic medium for 14 days. (C) Quantitative densitometric analysis of ALP activity in B using NIH Image J 1.38. (D)
Representative micrographs of von Kossa staining for mineralized nodule formation in pre-osteoblasts cultured in osteogenic medium for
21 days. (E) Quantification of von Kossa–stained mineralized nodules is expressed as percent of WT pre-osteoblast staining. Ten
randomly selected microscopic fields were examined in each of three independent experiments. Quantitative data represent mean ± SD.
*p < 0.05. (F) Western blot analysis shows that endogenous osteocalcin expression of the primary pre-osteoblasts was increased in endofin
(F872A) mutant mice relative to the WT mice. The ratio of osteocalcin expressed in the mutant mice to the control mice was 1.47.
Endogenous b-actin was used as internal control. (G) Immunostaining of femoral sections for P-Smad1 and (H) quantitative analysis of
the nuclear expression of P-Smad1 shows that the level of P-Smad1 was increased in endofin (F872A) mutant mice relative to that of WT
mice. Sections were counterstained with hematoxylin. Gray arrows indicate positive staining. Total cells represent the cells covering the
bone surface. Quantitative data represent mean ± SD. **p < 0.01. (I) Immunostaining of femoral sections for osteocalcin and (J)
quantitative analysis of the expression of osteocalcin in density shows that the level of osteocalcin was higher in endofin (F872A) mutant
mice than WT mice. Black arrows indicate weakly positive staining (WP staining). Gray arrows indicate strong positive staining (SP
staining). Total cells represent the cells covering the bone surface. Quantitative data represent mean ± SD. *p < 0.05.
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the endofin mutation increase both angiogenesis and
osteogenesis.

Angiogenesis is induced through osteoblast-derived
VEGF

VEGF is a recognized angiogenic factor in bone and
cartilage,(3,30) and BMPs are known to stimulate expression
of VEGF in bone marrow stromal cells and osteo-
blasts.(13,31) Therefore, the expression of VEGF in primary
osteoblastic cells was examined with both RT-PCR and
Western blot. The levels of both VEGF mRNA and pro-
tein were significantly increased in the cells from endofin
mutant mice compared with those of their WT littermates
(Figs. 5A and 5B). Immunostaining of the femoral sections
with antibody specific against VEGF showed that the
VEGF protein level was also increased relative to control
mice (Fig. 5C).

To determine the requirement for VEGF for the in-
creased angiogenesis seen in the endofin mutant mice, an
angiogenesis assay was performed using explants of E17.5
mouse metatarsals. Basal endothelial sprouting was en-
hanced in metatarsals of endofin mutant mice relative to
that of their WT littermates (Fig. 5D). Importantly, addi-
tion of a VEGF neutralizing antibody almost entirely
blocked the endothelial sprouting. Taken together, these
results indicate that elevated VEGF expression from sus-
tained BMP signaling in osteoblasts stimulates angiogen-
esis during bone formation.

DISCUSSION

In this study, we provide in vivo evidence that sustained
BMP signaling in osteoblasts increases bone formation by
driving osteoblast differentiation and stimulating angio-
genesis in developing bone. By targeting a mutant form
of endofin with defective binding to pp1c, a negative reg-
ulator of BMP signaling, we created a mouse model for
osteoblast-specific, constitutive activation of BMP signal-
ing in osteoblasts. These mice developed greater bone mass
accompanied with increased vascularity, suggesting that
BMP controls osteoblast performance through both cell
autonomous and cell nonautonomous mechanisms. Most
importantly, the mouse model provides novel insights on
the interaction between BMP signaling and blood vessel
development in bone.

Because BMPs and their receptors are widely expressed
and exert many functions, it has been difficult to assign
specific actions of these growth factors.(32–34) This is par-
ticularly a problem in skeletal tissue, which is composed of
a number of cell types with each one playing a role in
balancing bone formation with bone resorption. The
identification of the inhibitory domain in endofin provided
the means to activate BMP signaling specifically and con-
stitutively in specific cells types. Signaling through recep-
tors of the TGFb superfamily is mediated by cytoplasmic
Smad proteins.(18) SARA for Smad anchor for receptor
activation facilitates TGFb and activin/nodal signaling by

FIG. 4. Stimulated angiogenesis in long bones of endofin (F872A) mutant mice. (A) Photograph of hind limbs from endofin (F872A)
mutant mice and their WT littermates. (B) Representative mCT images of vasculature in Microfil-perfused femurs from 2-mo-old endofin
(F872A) mutant mice and their WT littermates. Quantitative mCT angiography analysis shows increased vessel surface (C), vessel
volume (D), and ratio of vessel volume/total volume (VV/TV) (E) within femoral bone of endofin (F872A) mutant mice (gray bars)
relative to control mice (white bars). Data represent mean ± SD. *p < 0.05. n = 5. (F) Representative images show increased endothelial
sprouting in metatarsals from endofin (F872A) mutant mice in an in vitro angiogenesis assay at 9 and 18 days, respectively. The
metatarsals were dissected from E17.5 fetuses of endofin (F872A) mutant mice and their WT littermates. Endothelial sprouting is
visualized by immunostaining for CD31. Magnification, 325.
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recruiting and presenting Smad2/3 to the receptor com-
plex.(35) Like SARA, endofin contains a protein-phosphatase–
binding motif, which negatively modulate BMP signals
through dephosphorylation of BMPRI, whereas overex-
pression of WT endofin does not enhance BMP signaling
in vitro and in vivo.(24) Thus, targeted overexpression of
this mutant protein in osteoblasts leads to sustained
BMP signaling only in osteoblasts. Under these conditions,
constitutive activation of BMP signaling produced ex-
pected increases in bone formation likely by enhancing
the ability of bone marrow stromal cell (MSC) precursors
to differentiate into mature osteoblasts.

These studies suggest that VEGF production is stimu-
lated in the osteoblast on BMP activation and is required
for angiogenesis during bone development. VEGF has
emerged as a pleiotropic mediator of angiogenesis and
hematopoiesis, and its importance during bone formation
has been shown by a number of previous studies.(28,29,36)

Major sites of VEGF production are the osteoblast and the
growth plate, where it is regulated by the hypoxia inducible
factors (HIFs).(29,37) Mice overexpressing HIFs in osteo-
blasts had increased VEGF with greatly increased angio-
genesis and bone formation and bone regeneration.(38)

Thus, it seems that VEGF might serve to link angiogenesis
to osteogenesis during development. The studies presented
in this paper show that BMP signaling in osteoblasts also
increases VEGF, suggesting that BMP signaling may be

part of an autocrine loop necessary for the linkage of bone
formation and angiogenesis. In agreement with this idea,
treatment of MSCs with GDF-5 promoted osteogenic dif-
ferentiation of rat fat–derived stromal cells in association
with increased angiogenic and VEGF gene expression in
vitro.(31)

These results also indicate that sustained BMP signaling
in the osteoblast of the endofin mutant expressing mice
occurred as the result of both direct effects on the osteo-
blast (cell autonomous) and indirect (cell non autonomous)
effects. Thus, enhanced BMP signaling in the endofin
mutant mice increased MSC differentiation when assessed
in vitro. Elevated VEGF expression derived from sus-
tained BMP signaling promotes angiogenesis and the fol-
lowing osteogenesis. In contrast, neutralizing antibodies
against VEGF entirely blocked endothelial sprouting from
the endofin (F872A) expressing metatarsals (Fig. 5D).
These effects are unlikely caused by VEGF itself, because
this angiogenic molecule has little effect on osteoblast
performance at least measure by proliferation and differ-
entiation in vitro, despite the presence of both VEGF re-
ceptors.(30) These results suggest an in vivo model in which
VEGF and other angiogenic mediators are produced in
close proximity in the stroma. We predict that VEGF acts
on the endothelium to elicit an as yet unidentified molecule
that acts in a paracrine model to directly stimulate bone
progenitor cell differentiation. Further testing of this idea

FIG. 5. Increased expression of VEGF necessary for the enhanced angiogenesis in endofin (F872A) mutant mice. (A) Levels of VEGF
mRNA in primary osteoblasts measured by RT-PCR. The primary cells were isolated from endofin (F872A) mutant mice or their WT
littermates and cultured under osteogenic medium for 18 days before harvesting of total RNA. (B) Western blot analysis shows increased
expression of VEGF protein in osteoblasts as prepared in A. (C) Immunostaining of femoral sections with the anti-VEGF antibody shows
increased VEGF expression (gray arrows) in endofin (F872A) mutant mice relative to control mice. Nonimmune serum was used as
negative control. Black arrows indicate negative staining in osteoblast. Magnification, 3400. (D) Representative images show endothelial
sprouting in metatarsals from endofin (F872A) mutant mice and WT littermates, which were treated with the different serums described
below. (I) Metatarsal from WT littermates. (II) Metatarsal from WT littermates treated with recombinant VEGF (10 ng/ml). (III)
Metatarsal from endofin (F872A) mutant mice treated with mouse IgG (100 ng/ml). (IV) Metatarsal from endofin (F872A) mutant mice
treated with a VEGF-neutralizing antibody (100 ng/ml). Data are representative of three independent experiments.
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will require new experimental models with which to ma-
nipulate both VEGF and BMP signaling in the bone mi-
croenvironment. Such studies should more precisely define
the mechanism for coupling angiogenesis and osteogenesis
during bone development and could also lead to more ef-
fective therapeutic approaches to augment bone mass and
speed bone repair after injury.
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