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The hypoxia-inducible factor-1� (HIF-1�) pathway is the central
regulator of adaptive responses to low oxygen availability and is
required for normal skeletal development. Here, we demonstrate
that the HIF-1� pathway is activated during bone repair and can be
manipulated genetically and pharmacologically to improve skele-
tal healing. Mice lacking pVHL in osteoblasts with constitutive
HIF-1� activation in osteoblasts had markedly increased vascularity
and produced more bone in response to distraction osteogenesis,
whereas mice lacking HIF-1� in osteoblasts had impaired angio-
genesis and bone healing. The increased vascularity and bone
regeneration in the pVHL mutants were VEGF dependent and
eliminated by concomitant administration of VEGF receptor anti-
bodies. Small-molecule inhibitors of HIF prolyl hydroxylation sta-
bilized HIF/VEGF production and increased angiogenesis in vitro.
One of these molecules (DFO) administered in vivo into the dis-
traction gap increased angiogenesis and markedly improved bone
regeneration. These results identify the HIF-1� pathway as a critical
mediator of neoangiogenesis required for skeletal regeneration
and suggest the application of HIF activators as therapies to
improve bone healing.

von Hippel–Lindau protein � VEGF � angiogenesis �
distraction osteogenesis

Bone has a unique ability to regenerate and repair itself post-
natally. However, of the 6 million fractures reported annually

in the United States, as many as 10% have impaired healing. This
results in enormous direct and indirect cost to the individual and to
society (1). A hallmark of impaired healing in humans and animals
is a reduction in vascular supply and nutrient availability at the site
of injury, suggesting that impaired angiogenic response is a major
contributor to the pathology.

Bone regeneration recapitulates processes that operate during
skeletal development and require close temporal and spatial coor-
dination of events involving resident bone cells, marrow stromal
elements, and associated vascular structures (2, 3). Angiogenesis is
critical for bone regeneration and depends on hypoxic stimuli and
VEGF production. The hypoxia-inducible factor (HIF) pathway is
the central pathway for sensing and responding to changes in local
oxygen availability in a wide variety of organisms. HIF impinges on
gene programs that influence angiogenesis (e.g., VEGF, angiopoi-
etins) and cellular metabolism (glucose transporter). In addition, HIF
can recruit inflammatory and mesenchymal cells and influence cell
differentiation (4–7). Consequently, the HIF pathway is ideally
suited to coordinate tissue response to injury.

HIF-1� levels are controlled by regulated proteolysis through an
oxygen-sensitive mechanism. Under normoxic conditions, HIF-1�
undergoes prolyl hydroxylation and is ligated by von Hippel–Lindau
protein (pVHL), an E3 ubiquitin ligase (8–10), and then degraded
by the proteosome. The prolyl hydroxylases require iron, 2-oxoglu-
tarate, and oxygen as cofactors (11). Under hypoxia, HIF-1� prolyl
hydroxylation is inhibited, and HIF-1� accumulates in the nucleus
where it forms a dimer with the HIF-1� subunit (also known as aryl
hydrocabon receptor nuclear translocator). The dimer then com-

plexes with coactivator p300 and transactivates HIF responsive
genes (12).

We have recently identified the importance of the HIF pathway
in skeletal development (13). Mice lacking HIF-1� in osteoblasts
were found to have decreased bone volume, whereas targeted
deletion of pVHL resulting in increased HIF activation in osteo-
blasts significantly increased bone volume with a striking increase
in bone vascularity. We therefore hypothesized that activation of
HIF would increase vascularity and, subsequently, improve bone
healing. In this study, we used both genetic and pharmacologic
approaches to activate HIF in the mouse distraction osteogenesis
(DO) model of skeletal repair that depends highly on neoangio-
genesis. Our results demonstrate the requirement of the HIF-1
pathway for mediating the angiogenic and osteogenic phases of
bone repair and suggest the feasibility of molecular targeting of the
HIF pathway to enhance bone regeneration.

Results
Development of Hypoxia and Expression of HIF-1� Pathway Compo-
nents During DO. Histological analysis was performed in tissues
harvested from 8-week-old male C57BL/6 mice subjected to DO
(14). After osteotomy, no manipulation was performed for 7 days
of latency. After subsequent distraction over 10 days, new bone
formation was apparent in the distraction gap at day 17 and healing
was complete by day 38 [supporting information (SI) Fig. 6A].
Pimonidazole adducts immunostaining was used to assess tissue
hypoxia in the distraction gap after 1 day of distraction. Cells that
exhibited morphological features consistent with osteoblasts in the
central region of the distraction gap were intensely stained with the
antibody to the protein-pimonidazole adducts (SI Fig. 6B). HIF-1�
and VEGF were also localized to these cells by in situ hybridization
and immunohistochemistry (SI Fig. 6C). Within this region, new
blood vessels developed during the distraction phase as assessed by
immunohistochemistry for the endothelial marker CD31 (SI Fig.
6C) at day 17. These results demonstrate the development of
hypoxia in bone lining cells during distraction in association with
neoangiogenesis and the appearance of HIF-1� and VEGF.

Genetic Activation of the HIF-1� Pathway Promotes Angiogenesis and
Enhances Bone Regeneration. We developed two mutant mouse
models to investigate the function of HIFs in bone regeneration
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during DO. In the first model, we overexpressed HIFs in osteoblasts
by disrupting the HIF E-3 ligase, pVHL. As expected, loss of pVHL
(Fig. 1A) was accompanied by increased HIF-1� protein, increased
VEGF mRNA, and protein and increased CD31 immunostaining.
To quantify the subsequent angiogenic response, we performed
micro computed tomography (�CT) angiography using Microfil at
day 17. This time point corresponds to the end of active distraction,
when much of the observed angiogenesis and increased blood flow
has taken place in DO (15, 16). Increased vascularity was noted in
the mutant (�VHL) mice (Fig. 1B). Significant increases in both
vessel volume per total volume (VV/TV) and vessel number were
observed in the mutants compared with controls (Fig. 1B). The
�VHL mice subsequently generated more dense woven bone in the
distraction gap compared with controls (Fig. 1C and SI Fig. 7). �CT
measurements showed significantly increased bone volume (BV)
and bone volume per total volume (BV/TV) at days 31 and 38 in the
�VHL mice compared with controls (Fig. 1C and SI Fig. 8). Thus,
the increased vascularity observed in the �VHL mice at the
conclusion of DO was followed by increased bone formation.
Biomechanical testing of the bones by three-point bending showed
that peak load and stiffness were significantly increased in �VHL
mice compared with controls (Fig. 1D). Nanoindentation showed
no significant difference in elastic modulus and hardness between
the mutants and controls (Fig. 1D). Thus, the increased bone
formation in the �VHL mice led to an increase in structural
integrity by increased bone volume with no difference in the
material properties of the newly formed bone. Collectively, these
results show that genetic activation of the HIF pathway in the �VHL
mice increases angiogenesis and bone regeneration.

VEGF Receptor Antibodies Inhibit Angiogenesis During DO. To deter-
mine the importance of VEGF signaling in the enhanced angio-
genic response during bone regeneration in the �VHL mice, we

administered VEGFR1 and VEGFR2 antibodies or nonimmune
IgG i.p. every 3 days after surgery until day 17. �CT angiography
showed that mice given VEGF receptor antibodies had significantly
decreased VV/TV, vessel number, and vessel surface with signifi-
cantly increased vessel separation (Fig. 2 A and B). These results
suggest that the enhanced response to DO seen in the �VHL mice
requires VEGF.

Inactivation of HIF-1� Impairs Angiogenesis and Bone Regeneration.
We next examined whether inhibiting HIF-1� would impair angio-
genesis and bone healing. We developed a second mouse strain with
a targeted deletion of HIF-1� in osteoblasts and subjected them to
DO. �CT angiography at day 17 showed decreased vascularity in
the �HIF-1� mice with significant decreases in VV/TV and vessel
number compared with controls (Fig. 3A). �CT analysis at day 31
demonstrated that subsequent bone regeneration was decreased in
�HIF-1� mice compared with controls, as evidenced by a smaller
volume of regenerate in the distraction gap (Fig. 3B). These results
indicate that HIF-1� is required for normal angiogenesis and bone
healing.

Pharmacological Activation of the HIF-1� Pathway Stimulates Angio-
genesis and Accelerates Bone Regeneration. A family of oxygen-
sensitive prolyl hydroxylases (PHD1,2,3) hydroxylate HIFs under
normoxia, which promotes their subsequent E-3 ligation and pro-
teosomal destruction. To identify HIF activators, we tested several
agents known to inhibit prolyl hydroxylases for their ability to
activate a HIF-responsive reporter gene stably expressed in an
osteoblast-like osteosarcoma cell line. Desferrioxamine (DFO) and
L-mimosine (L-mim) strongly activated the reporter gene expres-
sion (Fig. 4A). To evaluate the effects of these agents on bone
progenitors, we examined HIF-1� and VEGF expression in primary
mouse bone marrow mesenchymal stromal cells (MSCs). Treat-
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Fig. 1. Genetic activation of the HIF-1� pathway increases
neoangiogenesis and promotes bone regeneration. (A)
Eight-week-old �VHL mice and control littermates were sub-
jected to DO. Tissues were harvested at day 31 after surgery,
and histological sections of the distraction gap were pre-
pared. Representative sections from the �VHL mice and con-
trols are shown after staining with antibodies against pVHL
and HIF-1�. VEGF mRNA expression in bone-lining cells is
shown by in situ hybridization and immunostaining; CD31
immunostaining is also shown. Arrows show positive cells. (B)
Representative �CT images of vasculature in Microfil-
perfused distraction area from control and the �VHL mice at
day 17 after surgery. Quantitative measurements of vessel
volume per total volume (VV/TV) and vessel number are
shown. Data represent mean � SD. *, P � 0.05. (C) Represen-
tative �CT images of distraction area from control and the
�VHL mice at day 38 after surgery. Quantitative measure-
ments of BV and BV/TV are shown. Data represent mean �
SD. *, P � 0.05. (D) Three-point bending tests (peak load and
stiffness) and nanoindentation (elastic modulus and hard-
ness) were performed on tibiae from the �VHL mice and
controls at day 38 after surgery. Data shown represent
mean � SD. *, P � 0.05.
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ment with DFO, and to a lesser extent, L-mim, increased HIF-1�
nuclear accumulation and VEGF mRNA expression in MSCs
maintained under normoxic conditions (Fig. 4 B and C). We next
tested DFO and L-mim for angiogenic activity using a standard
Matrigel tube formation assay with human umbilical vein endothe-
lial cells (HUVEC). Exposure to DFO and L-mim increased
formation of tube-like structures (Fig. 4 D and E). To further
evaluate the angiogenic activity of the PHD inhibitors, we per-
formed an angiogenesis assay using explants of E17.5 mouse
metatarsals. Control metatarsals exhibited a small degree of en-
dothelial sprouting, which was greatly enhanced by treatment with
rhVEGF in a time-dependent manner (Fig. 4F and SI Fig. 9).
Continuous (14 days) exposure to DFO or L-mim was associated
with detachment of the bone rudiments from the tissue culture
plate, possibly because of the known effect of PHD inhibitors on
collagen processing (17). However, exposure to DFO and, to a
lesser degree, L-mim for a shorter period increased endothelial
sprouting without obvious toxicity (Fig. 4F). Furthermore, treat-
ment of mouse MSCs with these agents had no detectable effect on
the ability of these cells to differentiate into osteoblasts in vitro as
measured by alkaline phosphatase (ALP) staining (SI Fig. 10 and
SI Text).

Because of the greater angiogenic activity of DFO in vitro, we
selected it for evaluation in vivo in the DO model. DFO was
administered directly into the distraction gap every other day over
the period of active distraction from days 7 to 17. Separate
experiments using methylene blue injections documented local
delivery of the vehicle into the gap (Fig. 5A). DFO strongly
increased vascularity in the distraction gap, as demonstrated by
significantly increased vessel number and vessel connectivity at day
17 (Fig. 5 B and D). X-ray and �CT analysis at day 31 showed that
bone regeneration was increased after DFO treatment. BV and

BV/TV were significantly increased compared with controls. (Fig.
5 A, C, and E).

Discussion
In this article, we demonstrate that tissue hypoxia, which develops
after a standard surgical distraction procedure in normal mice, is
accompanied by up-regulation of the HIF/VEGF pathway and
results in neoangiogenesis. We provide genetic evidence that the
HIF-1 transcription factor is required to stimulate VEGF produc-
tion and to mount a normal angiogenic and osteogenic response in
a mouse model of bone repair. In addition, we provide proof of
concept that this pathway can be targeted pharmacologically to
augment bone regeneration.

Recent work from our laboratory and others have shown that
HIF-1 and its downstream target, VEGF are up-regulated in
chondrocytes and osteoblasts within fracture callus (2, 18). VEGF
has also been found in human fracture hematoma and serum after
fracture (19, 20). Moreover, local application of VEGF has been
used to enhance healing and angiogenesis in mouse, rat, and rabbit
fracture and bone defect models (21–24). The present studies
provide insights into the cellular and molecular mechanisms re-
sponsible for bone formation and repair. Neoangiogenesis is known
to be required for bone to regenerate (25, 26), such that animal
models with defective or delayed angiogenesis have impaired
healing of DO (27). The current results show that activation of
HIF-1�, either by genetic or pharmacologic means, leads to in-
creased bone deposition proportional to the prior increase in
vascularity. Therefore, the osteogenic process appears to be driven
by angiogenesis, which is stimulated through HIF activation and
VEGF production. Previous work has shown that VEGF is ex-
pressed by osteoblasts and undifferentiated cells within the distrac-
tion gap (28) and that HIF-1�, VEGF-A, angiopoietin 1, and
neuropilin are induced with each episode of distraction during the
DO process, suggesting the involvement of these pathways in the
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angiogenic response (14). Furthermore, mechanical intervention
induced by axial shortening after distraction resulted in improved
healing in a rabbit DO model in association with HIF-1� up-
regulation, suggesting that the HIF pathway might also link me-
chanical stimuli to the regenerative response (29). However, al-
though the VEGF pathway is important in mediating angiogenesis,
VEGF alone was apparently insufficient to improve healing in a
rabbit DO model (30). Thus, additional factors such as angiopoi-
etins and Tie1 and 2 are likely required to restabilize endothelial
cells after recruitment (31). Therefore, VEGF appears to be
necessary, but not sufficient, to improve bone healing through
angiogenesis in DO models. Because HIFs are upstream of the
entire angiogenic cascade, they would be expected to induce
additional factors required for reestablishing an intact vascular
network in injured bone tissue. Although not specifically addressed
in this study, it is likely that activation of the HIF pathway is also
critical in other bone repair settings including those that require
endochondral bone formation. Consequently, the HIF pathway is
ideally suited for induction of angiogenesis in tissue repair and
regeneration.

The precise mechanisms that couple angiogenesis to bone for-
mation are still not known but appear to require cross-talk between
osteoprogenitor cells and vascular endothelial cells. For example,
the �VHL mice that overexpress HIFs and VEGF develop heavily
vascularized long bones, yet when these VEGF overexpressing
osteoblasts are cultured independently from blood vessels in vitro,

they proliferate and differentiate similar to wild-type osteoblasts
(13). This suggests that VEGF produced by the osteoblast stimu-
lates neoangiogenesis in a cell nonautonomous fashion. Indeed
capillaries are uniformly observed in bone modeling and remod-
eling compartments (32–34), and there is evidence that pericytes
associated with the blood vessels may differentiate into osteoblasts
(35). We propose that the angiogenesis observed in both developing
(13) and regenerating bone (this study) would serve to increase the
number of active bone (re)modeling units and provide a conduit for
supply of circulating bone precursor cells and/or delivery of vessel-
derived factors and cells required for bone formation.

The apparent requirement for angiogenesis in bone formation
suggested the possibility that agents that stimulate angiogenesis
might promote bone regeneration. In this study, we provide proof
of principal that small molecules with HIF activating activity can be
delivered into regenerating bone to augment healing. Previous
work has identified a number of inhibitors of the prolyl hydroxylases
that are required for ligation and proteosomal degradation of HIF
(17, 36–40). The two agents used in this study, DFO and Lmim,
inhibit PHDs through different mechanisms. DFO chelates iron, a
cofactor required for enzyme activity, whereas L-mim is a compet-
itive inhibitor of another cofactor 2-oxoglutarate. Both agents
increased angiogenesis in standard HUVEC tube formation and
fetal metatarsal endothelial sprouting assays in vitro. DFO signif-
icantly increased angiogenesis and bone formation in the DO model
in vivo. Thus, in agreement with the genetic models of HIF

Fig. 4. Pharmacological activation of the HIF-1�

pathway increases angiogenesis in vitro. (A) U2OS
cells expressing an HRE reporter gene were exposed to
hypoxia (Hyp) or treated with colbalt chloride (CoCl2,
125 �M), DFO (200 �M), ethyl 3,4-dihydroxybenzoate
(DHB, 700 �M), or L-mim (700 �M) under normoxia.
Cells were harvested 24 h after treatment and ana-
lyzed for luciferase activity. (B) MSCs were collected
from bone marrow of WT mice by using standard
methods and cultured until confluent. Cells were un-
treated (control), or treated with DFO (10 and 50 �M)
or L-mim (300 and 500 �M) under normoxia for 24 h.
Nuclear protein was extracted from the cells and
HIF-1� protein level was examined by immunoblot-
ting analysis by using an anti-HIF-1� monoclonal an-
tibody. Immunoblot for TBP (TATA box-binding pro-
tein) was used as loading control. (C) Total RNA was
also extracted from cells, and VEGF mRNA expression
was determined by using quantitative real-time PCR.
Data represent mean � SD. *, P � 0.05. (D) Matrigel
tube-formation assay. HUVEC were cultured on Ma-
trigel chambers with the addition of DFO (50 and 200
�M) or L-mim (300 and 500 �M) with VEGF (10 ng/ml)
as positive control. Tube formation was photo-
graphed 12 h after treatment. (Magnification, �100.)
(E) Quantification of tube-formation assay by count-
ing tube-like structure numbers. Data represent
mean � SD. *, P � 0.05. (F) In vitro metatarsal endo-
thelial sprouting assay. Metatarsals were dissected
from C57BL/6 E17.5 fetuses and cultured for 3 days for
attachment. The explants were then cultured for an-
other 6 days and then treated with DFO (50 �M) or
L-mim (300 �M) for 24 h with rhVEGF (10 ng/ml) as
positive control, followed by the detection of endo-
thelial sprouting by immunostaining with anti-CD31
monoclonal antibody. Representative images are
shown. (Magnification, �25.)
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activation, pharmacologic stimulation of HIF activity also induced
a robust angiogenic response that was coupled to a subsequent
osteogenic response. However, in contrast to the genetic models in
which HIF-1� was deleted in the osteoblast, direct delivery of DFO
into the distraction gap would be expected to increase HIF activity
in all cells including bone progenitors and endothelial cells. In this
regard, the resultant new bone formation caused by DFO appeared
to be even more robust than that seen in the genetic model, with
evidence of new bone extending to all regions reached by the DFO
solution. The overall efficacy and lack of overt toxicity of DFO is
encouraging, given its potential to inhibit prolyl hydroxylation of
collagen 1, and suggests some selectivity of this compound to target
the HIF PHDs. Nonetheless, additional PHD inhibitors, custom
peptides containing the HIF oxygen-degradation domain (ODD)
(41) or transgenic constructs (42) are currently available and might
represent useful alternatives to increase bone regeneration. The low
cost and relative stability of PHD inhibitors are clearly advanta-
geous and suggest promise as agents to improve blood supply to
skeletal and other tissues that require angiogenesis to regenerate.

Materials and Methods
Generation of Conditional Knockout Mice. All procedures involving animals
were in compliance with the guiding principles of the ‘‘Care and Use of
Animals,’’ and approved by the University of Alabama at Birmingham Insti-
tutional Animal Care and Use Committee. Osteocalcin Cre (OC-Cre)-expressing
mice (43) were crossed with mice homozygous for a floxed VHL allele (44) to
obtain mice lacking pVHL, and therefore overexpressing HIFs in osteoblasts
(OC-Cre;VHLf/f). HIF-1� conditional knockout mice (OC-Cre; HIF-1�f/f) were
created by crossing OC-Cre mice with mice homozygous for a floxed HIF-1�

allele (45). After appropriate breeding, OC-Cre;VHLf/f and OC-Cre; HIF-1�f/f

mutant mice were generated. These mice have been described (13). PCR of
DNA from tail biopsies was used to confirm the genotype.

Distraction Osteogenesis Model. DO was performed in the left tibiae of
8-week-old mice as described (14). Briefly, a modified 6-mm track distractor
(KLS Martin) was attached to the tibia with 0.010-in ligature wire (3 M Unitek),
and an osteotomy was performed with a saw. After 7 days of latency (no
mechanical perturbation), distraction was performed at 0.15 mm/day for 10
days, for a total lengthening of 1.5 mm (days 7–17). Up to 21 days were then

allowed for consolidation (days 18–38). Three pairs of mice were examined at
the indicated time points for all DO experiments.

Radiographic Evaluation. Radiographs were performed by using a Faxitron x-ray
machine. If thedevicechangedpositionfromitsoriginalplacementor lostproper
alignment during the experimental period, the animal was not used for any
analysis. Computed tomography was used to quantify bone healing by using the
�CT-40 system (Scanco Medical) and related analysis software. A volume of
interest (VOI) was selected that contained the distraction osteogenesis area.
Direct calculation of histomorphometric parameters was performed including
BV, TV, BV/TV, bone surface (BS), trabecular thickness (Tb.Th), trabecular sepa-
ration (Tb.Sp), and trabecular number (Tb.N). To evaluate the vascularity, �CT
angiography was performed as described by Duvall et al. (46). At the end of the
active distraction phase (day 17), the animals were euthanized and perfused with
a radiopaque silicone rubber compound containing lead chromate (Microfil
MV-122; Flow Tech). The distracted bones were removed, decalcified, and im-
aged by �CT. The VOI was defined as the distraction zone. Histomorphometric
values including vessel volume, connectivity, number, thickness, and separation
as well as degree of anisotropy were calculated.

Histology, Immunohistochemistry, and in Situ Hybridization Analysis. Tibae
were also harvested, fixed, and decalcified with specimens embedded in
paraffin for H&E staining, immunohistochemistry, and in situ hybridization.
Immunostaining was performed per standard protocols after deparaffiniza-
tion and rehydration. Sections were incubated with primary antibodies for
pimonidazole (Hypoxyprobe-1) adducts (Millipore), HIF-1� (C-19; Santa Cruz
Biotechnology), VEGF, CD31, and pVHL (BD Biosciences–Pharmingen). An
HRP-Streptavidin detection system was used (Vector Laboratories). In situ
hybridization was performed as described (45) by using complementary 35S-
labeled riboprobes for mouse VEGF mRNA.

Biomechanical Testing. Mice were euthanized at day 38, and tibiae were col-
lected and fresh frozen. Specimens were tested to failure by three-point bending
on 858 MiniBionix Materials Testing System (MTS Systems). Stiffness, peak load,
and toughness were calculated from the force displacement data. Depth-control
nanoindentation tests were performed on the same specimens by using a
Nanoindenter XP (MTS Systems) with a Berkovich diamond indenter. Elastic
modulus and hardness were calculated by established methods (47).

In Vitro Evaluation of Prolyl Hydroxylase Inhibitors. A U2OS human osteosar-
coma cell line stably expressing a luciferase reporter construct under the control
of a hypoxia response element (U2OS-HRE-luc) (48) was used to quantify HIF
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Fig. 5. Pharmacological activation of the HIF-1� pathway by DFO increases angiogenesis and promotes bone regeneration. Eight-week-old wild-type (C57BL/6)
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activation in response to commercially available agents described in published
literature. U2OS-HRE-luc cells were treated for 24 h, and luciferase activity was
detected by using the Bright-Glo luciferase reagent (Promega) and a luminom-
eter. Cells cultured in hypoxia (1% O2) served as positive controls.

Immunoblotting Analysis. Further in vitro evaluation of PHD inhibitors was
performed by using MSCs isolated from marrow flushes of the femora and tibiae
of WT mice. Ficoll column purification was performed, and the adherent cells
were subcultured. Cells were exposed to DFO or L-mim for 24 h. Nuclear protein
was extracted by using a NE-PER kit (Pierce). The extracts were separated on 10%
SDS polyacrylamide gels and transferred to nitrocellulose membranes. After
probing with primary antibodies, the membranes were incubated with HRP-
linked secondary anti-rabbit antibodies (Cell Signaling Technology), and bound
antibodies were visualized by using the Supersignal West Femto Maximum
Sensitivity Substrate (Pierce). Antibodies used were anti-HIF-1� (R & D Systems)
and anti-TATA box-binding protein (anti-TBP) (Abcam).

Quantitative Real-Time PCR. Total RNA was extracted by the TRIZOL protocol
(Invitrogen). Real-time PCR was performed at 57°C for 30 cycles in the Opticon
Continuous Fluorescent Detector by using IQTM SYBR green supermix (Bio-
Rad). Triplicates were performed, and results were normalized to �-actin. We
used the following primers: VEGF-A: F5�-CCACGTCAGAGAGCAACATCA-3�
and R5�-TCATTCTCTCTATGTGCTGGCTTT-3�.

In Vitro Angiogenesis Assays. Effects on endothelial cells were evaluated by using
aMatrigel tubeformationassay (49).HUVECwereculturedonMatrigelchambers
with the addition of DFO or L-mim with VEGF or VEGF antibody as positive and
negative controls. Numbers of tube-like structures were counted after 12-h
incubation. Metatarsal explant cultures were performed as described (50). Meta-
tarsals from 17.5-day embryos were dissected and cultured in �-MEM with 10%

FBS.ExperimentalboneswereexposedtoDFOor L-mimfor24h,andmediumwas
changed every 3 days. After 7 days, cultures were fixed and immunostained for
CD31.

Administration of VEGFR Antibodies in DO Model. To evaluate whether effects
seen in the �VHL mice were mediated by VEGF, mice were treated with
monoclonal antibodies against mouse VEGF receptors [VEGFR-1 (clone mF-1)
and VEGFR-2 (clone DC101) (ImClone Systems)]. I.p. injections were performed
every 3 days after surgery for a total of five injections. Nonimmune IgG
injection served as a negative control.

Administration of PHD Inhibitors in DO Model. For pharmacologic activation,
C57BL/6 mice were injected with 20 �l of saline (control) or 200 �M DFO in the
distraction gap every other day from days 7 to 17, for a total of five doses. To
confirm correct placement of injection, methylene blue injections were also
performed.

Statistical Analysis. Comparisons were made by using student’s t test or
Mann–Whitney test. Results were expressed as mean � SD. Significance level
used was P � 0.05.
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