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Background: Runt-related transcription factor 2
(Runx2) is a key factor in bone development.
Hypoxia-inducible factor-lo (HIF-1a) is the
primary regulator of blood vessel formation.
Results: Runx2 bound and activated HIF-1o by
competing with Von Hippel-Lindau protein
(pVHL), protecting HIF-1a from degradation.
Conclusion: Runx2 stabilizes HIF-1a during
endochondral bone formation.

Significance:  Runx2/HIF-1la. stimulate  the
invasion of blood vessels in hypertrophic zones.

SUMMARY

The regulation of hypoxia-inducible factor-
la (HIF-1a) during endochondral bone
formation is not fully understood. Here, we
investigated the cross-talk between HIF-la
and runt-related transcription factor 2
(Runx2) in the growth plate. Runx2 caused the
accumulation of HIF-1la protein in ATDC5
chondrocytes and HEK293 cells under
normoxic conditions. Runx2 also increased the
nuclear translocation of HIF-la when
coexpressed in HEK293 cells and interacted
with HIF-1la at the oxygen-dependent
degradation domain (ODDD). In addition,
Runx2 competed with Von Hippel-Lindau
tumor suppressor protein (pVHL) by directly
binding to ODDD-HIF-1a and significantly
1

inhibited the ubiquitination of HIF-1la, even
though Runx2 did not change the
hydroxylation status of HIF-1a. Furthermore,
overexpression of Runx2 resulted in the
significant ~ enhancement  of  vascular
endothelial growth factor (VEGF) promoter
reporter activity and protein secretion. Runx2
significantly increased angiogenic activity in
human umbilical vein endothelial cells in vitro.
In wild-type mice, HIF-1la and Runx2 were
colocalized in hypertrophic chondrocytes in
which the cluster of differentiation 31 (CD31)
protein was expressed at embryonic day 15.5
(E15.5). In contrast, the expression of HIF-1a
was markedly reduced in areas of CD31
expression in Runx2-/- mice. These results
suggest that Runx2 stabilizes HIF-la by
binding to ODDD to block the interaction
between pVHL and HIF-1la. In conclusion,
Runx2, HIF-la and VEGF may regulate
vascular angiogenesis spatially and temporally
in the hypertrophic zone of the growth plate
during endochondral bone formation.

The development of new capillaries in
developing organs is essential for the supply of
oxygen and nutrients (1, 2). An interesting feature
of developing embryos is the high level of
vascularization achieved through the upregulation
of vascular endothelial growth factor (VEGF) as
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a result of the transactivation of hypoxia-
inducible factor-1 (HIF-1) (2). Endochondral
bone formation takes place in the growth plate, a
highly specialized organ that generates the
majority of longitudinal growth until adulthood
(3, 4). Bone formation here begins with the
aggregation of mesenchymal cells and their
differentiation into chondrocytes. Chondrocyte
hypertrophy, which initiates in the center of
cartilaginous skeletal elements, drives
longitudinal bone growth. Hypertrophy is
characterized by an increase in cellular volume
and the expression of specific extracellular matrix
components, including collagen type X, a
commonly used marker for this state (4, 5).
Chondrocyte  hypertrophy is followed by
apoptosis, invasion of blood vessels, osteoclasts
and other mesenchymal cells from the
perichondrium, and the production of the mature
bone matrix. The ultimate size and structure of
each endochondral bone depends on the
coordinated regulation of  chondrocyte
proliferation, maturation and hypertrophy in
response to multiple extracellular signals (6, 7).
Interestingly, the blood vessel disruption of the
growth plate reduces bone mineralization and the
replacement of hypertrophic chondrocytes (8, 9),
suggesting that bone formation is largely
dependent on vascularization.

VEGF expressed in hypertrophic
chondrocytes is required for chondrocyte survival
and cartilage angiogenesis (10, 11, 12). Cartilage
is an avascular organ, with the exception of
hypertrophic chondrocytes, which become a
target for capillary invasion and angiogenesis
during developmental endochondral ossification
(4, 13). Hypertrophic chondrocytes may produce
angiogenic activators, whereas other types of
cartilage produce angiogenic inhibitors (14). A
delicate balance between the formation and
vascularization rates of calcified cartilage must
be maintained in order for bone development to
proceed normally.

The HIF-1 transcriptional complex plays an
essential role in cellular and systemic oxygen
homeostasis (15, 16). Under hypoxic conditions,
the various target genes involved in angiogenesis,
cell survival, the glycolytic pathway and
apoptosis are upregulated by HIF-1 (16). An a-
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subunit of HIF-1 (HIF-1a)) heterodimerizes with
its constitutively expressed binding partner, aryl
hydrocarbon  receptor nuclear translocator
(ARNT, or HIF-1B), a common binding partner
of several basic helix-loop-helix (bHLH)-Per-
ARNT-Sim (PAS) domain proteins (17). Under
normoxic conditions, HIF-1a is rapidly degraded
by the ubiquitin-proteasome pathway (18).
Ubiquitination of HIF-1a is mediated by
interaction with the Von Hippel-Lindau protein
(pVHL), a tumor suppressor (19). The association
of HIF-1a with pVHL is in turn triggered by the
post-translational  hydroxylation of proline
residues, mediated by prolyl hydroxylase (PHD)
or HIF prolylhydroxylase (HPH). Proline
hydroxylation of Pro 402 and Pro 564 in the
oxygen-dependent degradation domain (ODDD)
(20) recruits the pVHL E3 ubiquitin-protein
ligase complex to HIF-1o and targets HIF-1a for
degradation (21).

HIF-1o is expressed in the entire region of
developing chondrocytes, and ablation of HIF-1a.
results in embryonic lethality, with massive
chondrocyte apoptosis (11, 22). Hypoxia is a
major stimulator of angiogenesis during
endochondral bone formation. The mesenchymal
cells of presumptive endochondral bones and the
fetal growth plate are hypoxic and express HIF-
la (22-24). It has also been found that HIF-1a. is
required for the survival of hypoxic
chondrocytes. Furthermore, it has been proposed
that HIF-1ow is a major regulator of the gene
programs that orchestrate angiogenesis and
osteogenesis coupling (25).

Mammalian runt-related genes include
RUNX1, RUNX2 and RUNX3. Runt-related
transcription factor 2 (Runx2) activity promotes
the expression of a number of osteogenic markers
by binding to responsive elements within the
promoters of type | collagen, osteopontin and
osteocalcin (26). The zinc finger transcription
factor osterix acts downstream of Runx2 and is
required for osteoblast differentiation and bone
formation (27). Furthermore, heterozygous
mutations in Runx2 cause the human autosomal
dominant bone disease, cleidocranial dysplasia
(CCD) (28). Runx2-deficient mice have been
shown to undergo defective hypertrophic
chondrocyte differentiation in some skeletal
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elements, suggesting that Runx2 may regulate
chondrocyte hypertrophy (29). In addition, it has
been reported that Runx2 increases VEGF
transcription in hypertrophic chondrocytes during
bone development (30). However, whether
Runx2 regulates HIF-1a in hypertrophic
chondrocytes during bone formation in normoxic
regions is largely unknown.

Here, we show for the first time that Runx2
enhances the stability and transcriptional activity
of HIF-1a by interacting with the ODDD and
competing with pVHL to inhibit ubiquitination.
Ectopic expression of Runx2 also increases both
the transcription and secretion of VEGF.
Moreover, Runx2 overexpression enhanced in
vitro and in vivo angiogenesis through enhanced
secretion of VEGF. In addition, hypertrophic
chondrocytes associated with the developing
bone of Runx2 knockout mice demonstrated
decreased expression of both HIF-1a and cluster
of differentiation 31 (CD31) protein. Taken
together, these results support a mechanism by
which Runx2-mediated HIF-1o. accumulation in
hypertrophic  chondrocytes  stimulates  the
expression of VEGF, even in the normoxic
region, and encourages the invasion of
microvessels  during  endochondral  bone
formation.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies - Cyclohexamide
(CHX) and MG132 were purchased from Sigma
(St. Louis, MO, USA). Mouse monoclonal
antibodies against HIF-1o. and a-tubulin were
purchased from BD Biosciences (San Diego, CA)
and Zymed (South San Francisco, CA),
respectively. Mouse monoclonal antibodies
against c-Myc (Myc), hemagglutinin (HA) and
green fluorescent protein (GFP) were purchased
from Santa Cruz Biotechnology (Santa Cruz,
CA). Runx2 antibody was purchased from Novus
Biologicals (Littleton, CO).

Animals and genotyping - Animal care and
experiments were performed in accordance with
the Institutional Guidelines of the Animal Care
and Use Committees of Kyungpook National
University. Animals were maintained on a 12 h-
light-12 h darkness cycle at 22 °C to 25 °C under
specific-pathogen-free (SPF) conditions and fed
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with standard chow and water ad libitum.
Genotyping of Runx2 null and heterozygote mice
was performed as previously described (31).
Plasmids - The pcDNA3-HA-pVHL plasmid
contains the pVHL coding sequence inserted into
pcDNA3. The pCS4-3HA-Runx2 and pCS4-
3Myc-Runx2 plasmids were generated by Dr.
Suk-Chul Bae (Chungbuk National University,
Korea). The pEBG-HIF-1a (glutathione-S-
transferase (GST)-HIF-1a) and truncated pEBG-
HIF-1a plasmids were obtained from Dr. Kyu
Won Kim (Seoul National University, Seoul,
Korea).

Cell culture and hypoxic conditions - Human
embryonic kidney cells (HEK293 cell line) were
maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM) (Hyclone, Logan, UT)
supplemented with 10% fetal bovine serum
(FBS) (Hyclone) and 1% antibiotics (100
units/ml  penicillin, 100 pg/ml streptomycin,
Invitrogen). Human umbilical vein endothelial
cells (HUVECs, passage 2 to 5) were grown on
1% gelatin-coated culture plates in M199
medium (Hyclone) supplemented with 20% FBS
and 1% antibiotics (complete medium). Runx2-
overexpressing ATDC5 chondrocytes were
provided by Dr. Dae-Won Kim (Yonsei
University, Seoul, Korea). ATDC5 cells were
cultured in DMEM/F12 (1:1) hybrid medium
(Hyclone) supplemented with 5% FBS, 10 ug/ml
human transferrin (Sigma) and 3 x 10 M sodium
selenite (Sigma). For the hypoxic condition, the
cells were incubated in 5% CO, with 1% O,
balanced with N, in a hypoxic chamber (Astec,
Fukuoka, Japan) at 37 °C.

Transient transfection - For the overexpression of
Runx2, HIF-1a. and pVHL expression plasmids,
subconfluent HEK 293 cells were transiently
transfected with mock, Runx2, HIF-1o or pVHL
plasmids using the WelFect-EX™ transfection
reagent (WelGene, Daegu, Korea) according to
the manufacturer’s protocol.

Luciferase assay - For luciferase assays, HEK
293 cells were transfected with appropriate
combinations of effector plasmids (reporter
plasmid HRE-Luc, control plasmid pCMV-3-gal
and experimental plasmid pCS4-3HA-Runx2)
using the WelFect-EX™ transfection reagent
(WelGene) according to the manufacturer’s
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protocol. After transfection, the cells were
harvested, and extracts were prepared using
reporter lysis buffer (Promega, Madison, WI).
Cell lysates were analyzed for luciferase activity
using the luciferase assay kit (Promega) and a
luminometer (Turner Designs, Sunnyvale, CA).
The cell extracts were assayed using the pB-
galactosidase enzyme assay kit (Promega). Each
extract was assayed three times. The relative
luciferase activity was calculated as relative
luciferase units (RLU)/B-galactosidase activity.

Reverse transcription-polymerase chain reaction
(RT-PCR) - Total RNA was isolated from the
cells by a single-step procedure with TRIzol
Reagent (Invitrogen, Carlsbad, CA). cDNA was
synthesized with MMLV-reverse transcriptase
(RT) (Promega) and oligo-dT primers. PCR
reactions were performed with the first strand
cDNAs using a PCR reaction kit (Takara, Ostu,
Japan) and the primer sets described below.
Amplification by PCR was performed using an
automated thermal cycler (BioRad, Hercules,
CA). Oligonucleotide primers for PCR were
designed as follows: p-actin, 5’-
GACTACCTCATGAAGATC-3’ and 5’-
GATCCACATCTGCTGGAA-3’; HIF-1a, 5°-
CAGAAGATACAAGTAGCCTC-3> and 5’-
CTGCTGGAATACTGTAACTG-3’; VEGF, 5’-
GAGAATTCGGCCTCCGAAACCATGAACTT
TCTGT-3’ and 5’-
GAGCATGCCCTCCTGCCCGGCTCACCGC-
3’, arrest-defective-1 protein (ARD1), 5’-
AGGTTGTTCGATATGGTGAG-3> and 5’-
TCTGCTACAGGGAAAACAGT-3’; prolyl
hydroxylase domain-containing protein (PHD) 1,
5’-ATGGACAGCCCGTGCCAGCCGCA-3’ and
5’-CGCAGCTCACCACCATCCTGCCC-37;
PHD2, 5’-ATGGCCAGTGACAGCGGC-3’ and
4

5’-CAACGGCTTGGTCTGCCC-3’; PHD3, 5’-
ATGCCTCTGGGACACATC-3’ and 5-
TCAGTCTTTAGCAAGAGCA-3’; glucose
transporter 1 (Glutl), 5’-
TACCCTGGATGTCCTATCTG-3> and  5’-
CACACAGTTGCTCCACATAC-3’; enolase, 5’-
GGTGGATCTCTATACTGCCA-3> and 5’-
CTTTGCCTAAGTAACGCTGT-3’; and aldolase
C, 5-TGAGCAGAAGAAGGAGTTGT-3" and
5’-GGTCTCATGGAAGAAAATGA -3,

Co-immunoprecipitation and Western  blot
analysis - At 24 h post-transfection, the cells
were exposed to normoxic or hypoxic conditions.
The cell pellets were lysed with cell lysis buffer
(20 mM Tris (pH 7.5), 150 mM NaCl, 1 mM
EDTA, 1% Triton X-100, and 1X protease
inhibitor cocktail) supplemented with 1 mM
PMSF and incubated for 10 min. The mixtures
were centrifuged at 15,000 rpm for 20 min. Total
cell lysates were incubated with the appropriate
antibody overnight. A 50% slurry of protein A/G
agarose beads (Pierce, Woburn, MA) was added
to each reaction mixture and incubated for 3 h
with gentle rocking. Co-immunoprecipitated
proteins were separated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to a nitrocellulose
membrane (Whatman, Maidstone, England). The
membrane was blocked with 5% non-fat skim
milk in Tris-buffered saline containing 0.1%
Tween-20 (TBST). Subsequently, the membrane
was incubated with the appropriate primary
antibody overnight, followed by incubation with
horseradish  peroxidase-conjugated mouse or
rabbit antibodies for 1 h; the blots were then
developed with the West Pico Chemiluminescent
Substrate (Pierce).

Conditioned media (CM) preparation - To
perform angiogenesis assays in vitro, CM was
collected from transfected cells expressing either
Runx2 plasmid or the control plasmid.
Subconfluent cells were transiently transfected
with HA- or Myc-tagged Runx2 plasmids in the
pCS4 vector (pCS4-3HA-Runx2, pCS4-3Myc-
Runx2) for 4 h and then stabilized in fresh
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complete medium for 24 h. The medium was
replaced with M199 containing 1% FBS without
growth factors to collect CM.

Fractionation of cytosolic and nuclear proteins -
The cells were washed with ice-cold phosphate
buffered saline (PBS) and harvested in 500 ul
lysis buffer A (10 mM HEPES (pH 7.9), 10 mM
KCI, 0.1 mM EDTA, 1 mM DTT, 0.5 mM PMSF,
1% NP-40). After incubation for 15 min at 4 °C,
the cytosolic protein fraction was separated by
centrifugation at 13,000 rpm for 5 min. After the
cytosolic fraction was obtained, lysis buffer B (20
mM HEPES (pH 7.9), 0.4 M NaCl, 1 mM EDTA,
1 mM DTT, and 1 mM PMSF) was added to the
cell pellet, and the mixture was vortexed for 30
min. Nuclear fractions were separated by
centrifugation at 15,000 rpm for 10 min, and the
two fractions were subjected to SDS-PAGE and
western blot analysis.

In vitro protein binding assay - For the in vitro
protein binding assay, pEGFP-HIF-1a, pCS4-
3HA-Runx2, or pcDNA3-HA-pVHL were
individually overexpressed in HEK293 cells. The
PEGFP-HIF-1a. cell lysate was incubated with
pCS4-3HA-Runx2 cell lysate for 3 h and then
incubated with pcDNA3-HA-pVHL cell lysate at
4 °C for 3 h. After immunoprecipitating with
anti-GFP-conjugated magnetic beads, HIF-1a
binding proteins were analyzed by the
immunoblot assay using an anti-HA antibody.
Immunofluorescence assay - The cells that were
seeded onto coverslips were fixed with 10%
paraformaldehyde solution and prepared for the
immunofluorescence assay, as previously
described (32). Briefly, following incubation with
primary antibody, the cells were incubated with
FITC-conjugated and Texas Red-conjugated
secondary antibodies and mounted onto
microscope slides with a DAPI mounting
solution. Fluorescent images of the cells
were obtained and analyzed with a Zeiss
fluorescence microscope (Zeiss, Oberkochen,
Germany).

Cell proliferation assay - Proliferation of
HUVECs was assayed as previously described
(33). CM was used after starvation with low
serum medium (1% FBS in M199). The cell-
associated radioactivity was then determined
using a liquid scintillation counter (PerkinElmer,

5)

USA).

Cell migration assay - Migration was measured
using 24-well transwell units with polycarbonate
filters with a 8 pm pore size (Costar, Lowel,
MA), as previously described (33). The lower
compartment contained 600 ul CM, and 5 x 10
cells were resuspended in 100 ul DMEM and
placed in the upper part of a transwell plate. The
cells were incubated in a humidified atmosphere
of 5% CO,at 37 °C for 16 h. The cells were fixed
with methanol and stained with hematoxylin
(Sigma) and eosin (Sigma). Cells on the upper
surface of the filter were removed and counted
under a light microscope at 400X magnification.
Each sample was assayed in triplicate, and each
assay was repeated twice.

Tube formation assay - HUVECs were seeded
onto 24-well culture plates pre-coated with
Matrigel (10 mg/ml, BD Biosciences) for 30 min
at 37 °C. CM from HEK293 cells transiently
transfected with mock control and Runx2
plasmids was added, and the cells were incubated
for 24 h. Morphologic changes of the cells were
observed under a microscope and photographed
at 40X magnification.

Immunohistochemistry -  Hypoxic  probe-1
(pimonidazol HCI, Chemicon International,
Temecula, CA) was injected 4 h before tissue
dissection. The lower limbs of embryonic day
155 (E15.5) embryos were fixed with 4%
paraformaldenyde in PBS and dehydrated,
embedded in paraffin, cut into 5 um sections and
processed for either histology or
immunohistochemistry. After quenching with
H,O, and blocking with serum, primary
antibodies against CD31, HIF-1a, Runx2 and
hypoxia marker were added to the sections.
Antibody labeling was visualized by appropriate
biotin-conjugated secondary antibodies followed
by immunoperoxidase detection with the
Vectastain ABC kit (Vector Laboratories, Linaris,
Germany) and diaminobinzidine (DAB) substrate
(Mector Laboratories). Counterstaining was
performed with hematoxylin.

Statistical analysis - ANOVA tests were
performed to assess the significance of
differences among the experimental groups. The
level of significance was set at p < 0.01 or p <
0.05. The results are represented as the mean +
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the standard deviation (SD).

RESULTS

Runx2 enhances the stability of HIF-1« protein
under normoxic conditions - VEGF is primarily
regulated by HIF-1 in response to hypoxia.
Hypertrophic chondrocytes in growth plates
express VEGF even where no evidence of
hypoxia is detectable via immunohistochemistry
with a hypoxic probe (4). VEGF mRNA is
expressed by a Runx2 transcription factor-
independent mechanism by HIF-1a under
normoxic conditions (30). Furthermore, HIF-1a
is stabilized and activated under both hypoxic
and normoxic conditions (34). Thus, we
hypothesized that Runx2 expressed in
hypertrophic chondrocytes plays a role in the
hypoxia-independent increase in HIF-1a, and we
investigated whether Runx2 regulates the
expression and function of HIF-1la in
hypertrophic chondrocytes.

Initially, we prepared Runx2-overexpressing
chondrocytes via stable transfection with a full-
length Runx2 plasmid in ATDC5 murine
chondrocytes. Interestingly, when overexpressing
Runx2, ATDCS cells experiencing normal oxygen
levels displayed enhanced HIF-1ao stability
relative to control cells (Fig. 1A). We next
introduced the RUNX2 gene into normoxic
HEK?293 cells and measured the expression of the
HIF-1a protein. The expression of HIF-1a. was
increased by the overexpression of Runx2 under
normoxic conditions (Fig. 1B, second lane), but
to a lesser extent than in untransfected cells under
hypoxic conditions (Fig. 1B, third lane). To
determine whether Runx2 increased HIF-1a
expression at the transcriptional level, we
analyzed HIF-1loo. mRNA expression. Runx2
overexpression did not alter the expression of
HIF-1oo mRNA, indicating that Runx2 did not
increase HIF-1a expression at the transcriptional
level (Fig. 1B). To determine the level of HIF-1a
in response to Runx2 overexpression, we next
measured HIF-la at 12 to 60 h after Runx2
transfection. HIF-1a levels paralleled the Runx2
levels under normoxic conditions at the indicated
times (Fig. 1C). Increasing levels of Runx2
significantly increased HIF-1la protein levels
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(Fig. 1D). These results suggest that Runx2
regulates the stability of HIF-1o at the protein
rather than the mRNA level.

To determine whether new protein synthesis

is necessary for the regulation of HIF-la
stability, we treated cells with cyclohexamide
(CHX), a blocker of de novo protein synthesis. As
shown in Fig. 1E, the HIF-1a protein level was
increased in the presence of Runx2 even under
CHX treatment. This suggests that new protein
synthesis was not responsible for Runx2-induced
stabilization of HIF-1a. From these results, we
can infer that Runx2 enhances HIF-1a stability at
the post-translational level without new protein
synthesis.
Runx2 enhances the nuclear translocation of
HIF-1« - For transactivation of HIF-1a, HIF-1a
must translocate into the nucleus. Therefore, we
analyzed whether Runx2 influenced the
subcellular localization of HIF-la using an
immunofluorescence assay. Using a GFP-fused
HIF-1a  plasmid (pEGFP-HIF-1a), nuclear
accumulation of HIF-1o was observed in the
presence of Runx2 (Fig. 2A). HIF-1a was barely
detectable in the cytosol in the absence of
desferrioxamine (DFX), a hypoxia-mimetic
agent, whereas it accumulated only in the nucleus
in the presence of DFX (Fig. 2A). Similarly, the
level of HIF-la. was both enhanced and
redistributed into the nucleus when Runx2 was
overexpressed. Cells showing higher expression
of Runx2 (arrow) demonstrated stronger HIF-1a.
nuclear translocation than cells expressing little
(arrowheads) or no Runx2 (dashed arrows) (Fig.
2A, bottom images). The nuclear localization of
Runx2 and HIF-1a was further confirmed in the
cytoplasmic and nuclear fractions by western blot
analysis, as shown in Fig. 2B. The relative
expression of nuclear HIF-1a in control and
Runx2-transfected cells is also shown in Fig. 2B,
with higher expression levels detected in the
Runx2-transfected cells. These results
demonstrate  that Runx2 increases the
translocation of HIF-la into the nucleus and
further suggest that Runx2 and HIF-la may
interact there.

Runx2 interacts with HIF-1« in vivo — Next, we
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examined whether HIF-1ow and Runx2 physically
associate with each other, which would facilitate
the cross-talk between these two proteins. The
interaction between HIF-1oo and Runx2 was
determined after immunoprecipitating Runx2-
overexpressing ATDC5 cells with a HIF-1a
antibody and subjecting the cell lysate to western
blot analysis with Runx2 antibody (Fig. 3A). The
interaction was also evaluated after transfection
of the 3Myc-Runx2 expression plasmid into
HEK?293 cells (Fig. 3B). When cell extracts were
immunoprecipitated with an  anti-HIF-1a
antibody, Runx2 was successfully co-
immunoprecipitated in the Runx2-overexpressing
cells. Conversely, HIF-laa  was  co-
immunoprecipitated when  Runx2-transfected
cells were immunoprecipitated with an anti-Myc
antibody (Fig. 3B). These results confirmed that
HIF-1o and Runx2 physically interact in vivo. To
analyze the structural domain involved in this
interaction, the cells were transfected with a
GST-fused HIF-1a. deletion chimera plasmid.
Immunoprecipitation experiments showed that
Runx2 interacted with the ODDD and the full-
length HIF-1a protein, which is known to bind to
ARNT or p300. However, Runx2 did not interact
with the N-terminal activation domain (N-TAD)-
or C-terminal activation domain (C-TAD)-
containing HIF-1a (Fig. 3C).

Runx2 competes with pVHL for binding to
ODDD to block HIF-1« degradation - The
association of pVHL and HIF-1a under normoxic
conditions is triggered by the hydroxylation of
prolines and the acetylation of lysine residues
within the ODDD (34). When we transfected
HEK293 cells with GST-fused HIF-1o deletion
chimeras and the pVHL full-length plasmid, the
GST-HIF-10-ODDD (402 to 603 aa) was
strongly bound to pVHL in a manner similar to
full-length HIF-1a; in contrast, other segments
showed no binding to pVHL (data not shown).
Because Runx2 and pVHL interacted with the
same domain (ODDD) of HIF-1a, we
investigated competitive binding to HIF-1a of
Runx2 vs. pVHL. GST-HIF-1a-ODDD (402-603
aa) bound to pVHL, whereas the overexpression
of Runx2 decreased pVHL binding to the ODDD
(Fig. 4A). Conversely, the addition of the pVHL
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expression plasmid decreased Runx2 binding to
GST-ODDD-HIF-1a in a dose-dependent manner
(Fig. 4B). These data indicate that Runx2 and
pVHL compete for binding to residues 402-603
of ODDD-HIF-1a, which encompass the ODDD.
To examine the regulatory role of Runx2 in its
interaction with HIF-1a-pVHL, we performed an
in vitro binding assay. Runx2 interacted with
HIF-1a (Fig. 4C, second lane) and thereby
inhibited the HIF-la-pVHL complex formation
(Fig. 4C, last lane). This result indicates that
Runx2 competes with pVHL for HIF-1a binding.

Next, we attempted to determine whether
Runx2 regulates the interaction of HIF-1o with
pVHL. As shown in Fig. 4D, when cells were
treated with the proteasome inhibitor MG132,
binding between HIF-1a and pVHL was strongly
detected, but it was largely diminished in the
presence of either Runx2 or hypoxia. However,
Runx2 inhibited the interaction between HIF-1a
and pVHL in the presence of MG132, suggesting
that Runx2 suppresses the recruitment of pVHL
to the HIF-1a protein.

To further examine whether Runx2 induces
HIF-1a expression through the inhibition of
proteasomal degradation, HEK293 cells were
transfected with a Runx2 expression plasmid in
either the presence or absence of MG132. After
whole-cell extracts were immunoprecipitated
with an anti-HIF-1a antibody, ubiquitinated HIF-
1o was detected with an anti-ubiquitin antibody.
As expected, the overexpression of Runx2, as
well as hypoxia, dramatically suppressed HIF-1a
ubiquitination compared with ubiquitination in
MG132-treated  control cells (Fig. 4E).
Collectively, these results demonstrate that
Runx2 promotes HIF-1o accumulation by
inhibiting the interaction of pVHL and ODDD-
HIF-1a, suppressing HIF-1ow ubiquitination and
degradation.

Runx2 regulates HIF-1« independently from
PHD - The result that pVHL binding to HIF-1a
was diminished by Runx2 prompted us to
investigate whether Runx2 decreases the prolyl
hydroxylation and lysine acetylation of ODDD-
HIF-1a. An examination of PHDI1, 2, 3, and
ARD1 mRNA levels in Runx2 overexpressing
cells revealed that no substantial change in

2102 ‘0z 1aquianoN uo ‘1sanb Aq Bio ogl-mmm woly papeojumod


http://www.jbc.org/

MRNA expression was observed for any of these
transcripts relative to control cells (Fig. 5A).
Furthermore, the expression of hydroxylated
HIF-1o was not altered by Runx2 overexpression
(Fig. 5B). These results suggest that Runx2
regulates HIF-1a expression in a manner that is
independent of hydroxylation by PHDs.

Runx2 potentiates the transcriptional activity of
HIF-1 and angiogenesis - To confirm the role of
the cross-talk between Runx2 and HIF-1la, we
measured the transcriptional activity of HIF-1la
by using a hypoxia response element (HRE)-
luciferase reporter construct under the control of
the VEGF or erythropoietin (EPO) promoter.
Cotransfection of a VEGF-luciferase (luc) or an
EPO-luc reporter gene with the Runx2 expression
plasmid in HEK293 cells led to a 1.8- to 2.2-fold
increase in reporter activity relative to those
observed under hypoxic conditions (Fig. 6A).
Expression of Glut-1, enolase, aldolase C and
VEGF mRNA and secreted VEGF protein were
significantly increased by Runx2 overexpression
in a manner comparable to the increases induced
by hypoxia (Fig. 6B and C). These results
indicate that Runx2 enhances the transcriptional
activity of HIF-1, even in the absence of hypoxic
stress.

Based on the results that Runx2 stabilizes
HIF-1oc and increases its transactivation, we
investigated whether Runx2 showed angiogenic
activities by performing in vitro angiogenesis
assays using CM derived from Runx2-
overexpressing cells (CM-Runx2). CM-Runx2
markedly increased the proliferation (Fig. 6D)
and migration (Fig. 6E) of HUVECs relative to
control CM. Furthermore, the CM from mock-
transfected cells cultured under hypoxic
conditions and CM-Runx2 both enhanced the
formation of complex, elongated networks of
HUVECs (Fig. 6F). When a VEGF-neutralizing
antibody was added to the CM-Runx2, tube-like
structures became disrupted and incomplete in a
manner reminiscent of the normoxic control (Fig.
6F). These results support the idea that Runx2 is
a potent inducer of angiogenesis, which acts
through HIF-1a-dependent transactivation of
VEGF, even under normoxic conditions.

HIF-1a¢ is  expressed in  hypertrophic

8

chondrocytes, whereas Runx2 is expressed in the
murine fetal growth plate - To investigate
whether HIF-1o is expressed where Runx2 is
expressed in the growth plate, tibia long bone of
wild-type, Runx2-heterozygote and Runx2-
knockout mice (E15.5) were sectioned and
processed for immunohistochemical detection of
Runx2 and HIF-1la. A marker of hypoxia,
pimonidazole, was injected intravenously into the
mice 3 h before sacrifice and was subsequently
detected in the growth plate with a hypoxic probe
(4). Runx2 was detected in E15.5 mice embryos
in hypertrophic chondrocytes, whereas HIF-1a
was expressed in wild-type mice (Fig. 7B).
However, in Runx2-/- mice, expression of HIF-
la was absent, corroborating the results that
Runx2 stabilized HIF-1a. Interestingly, hypoxic
regions were not found in the hypertrophic
chondrocytes but were present in proliferating
chondrocytes (Supplementary Fig. S1). This
indicates that HIF-1o expression is independent
of hypoxia. This result strongly supports our
initial hypothesis and subsequent finding that, in
endochondral ossification, HIF-1o is both
activated and stabilized by the key osteogenic
transcription factor Runx2.

DISCUSSION
Here, we show that Runx2 stabilizes HIF-1la
through direct binding to the ODDD of HIF-1q,
thereby competitively blocking its interaction
with pVHL. The stabilization of HIF-1la by
Runx2 in hypertrophic chondrocytes stimulates
transcription of VEGF, followed by the invasion
of blood vessels and maturation of bone
formation. In endochondral bone formation,
chondrocyte hypertrophy is essential for
apoptosis and for the invasion of blood vessels,
osteoclasts and other mesenchymal cells that are
required for longitudinal bone growth (13).
Invasion of blood vessels into cartilage is related
to the expression of VEGF, the most potent
angiogenic factor that is regulated by HIFs in
embryonic development and angiogenic diseases
(30).

In fact, it has been reported that Runx2
upregulates VEGF gene expression by binding to
the VEGF promoter region (30). As a
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transcription factor, Runx2 can increase VEGF
gene expression at the transcriptional level. From
our results, Runx2 stabilizes HIF-1o. and then
increases the transcription of VEGF through HIF-
lo activation. Therefore, Runx2 has a dual
mechanism to directly increase VEGF as a
transcription factor and to indirectly upregulate
VEGF via the stabilization of HIF-1a. This dual
function of Runx2 to increase VEGF might finely
regulate and tune the vascular invasion spatio-
temporally  in  developing hypertrophic
chondrocytes, in HIF-la-dependent as well as
HIF-1a-independent ways.

Hypoxia is a strong stimulus, but not the only
stimulus, that induces the VEGF gene as well as
HIF-1a. It is well established that HIF-1 can also
be activated by conditions other than hypoxia.
The regulatory subunit of HIF-1, HIF-1la, is
continuously  degraded  under  normoxic
conditions. In  contrast, reduced prolyl
hydroxylase activity under hypoxic conditions
stabilizes HIF-1la by reducing its
ubiquitin/proteasome-dependent degradation
(18). However, several growth factors, hormones
and cytokines have been shown to upregulate
HIF-1oo protein levels in normoxia through
mechanisms that generally differ from those
operating at low oxygen concentrations (35). We
showed here that an important role for Runx2 is
as an additional inducer of HIF-lo activity
during endochondral bone formation. In general,
these stimuli would act by increasing
transcription of the gene that encodes HIF-1a
and/or translation of its MRNA without affecting
protein stability, and could therefore cooperate
with hypoxia to induce HIF-1aw accumulation in
an additive manner. However, our data indicate
no additive effect on HIF-1la. accumulation or
activity when HEK293 cells were transfected
with Runx2 under hypoxic conditions (data not
shown). Our findings suggest that Runx2 does
not affect HIF-1a production, as opposed to other
non-hypoxic stimuli. Instead, it appears that
Runx2 shares mechanistic similarities with
hypoxia, involving increased protein stability, to
induce HIF-1a accumulation.

Runx2 is a master regulator of endochondral
bone formation through hypertrophic
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chondrocyte differentiation. Mice missing Runx2
have no osteoblasts and demonstrate abnormal
chondrocyte maturation because of the absent
expression  of  osteopontin  and  matrix
metalloproteinase 13, which are normally
expressed in late hypertrophic chondrocytes (36).
The deficiency of Runx2 might lead to the failure
of chondrocyte maturation because the
stabilization of HIF-1lo and the downstream
VEGF expression necessary to recruit blood
vessels into the hypertrophic chondrocyte would
not occur. The incomplete formation of blood
vessels cannot provide a functional link with
mesenchymal cells in bone formation. The
inhibition of HIF-10 function impairs osteoblast
proliferation, while osteoblasts continue to
differentiate normally. On the other hand,
osteoblasts lacking Runx2 proliferate normally,
while their differentiation is impaired. More
precise investigations regarding the collaboration
between Runx2 and HIF-1a in context-dependent
and spatio-temporal manners should be further
determined in endochondral bone development.
So far, we suggest that Runx2 regulates bone
maturation factors as well as HIF-1a in the
chondrocyte for the proper development of
endochondral bone formation.

In Runx family, it has been reported that
RUNX1 and Runx2 physically interact with HIF-
1o and regulate the transcription function of HIF-
la (37, 38). Dual inhibition of Runx2 and HIF-
la synergistically aggravate bone formation (39).
We showed here that Runx2 has a function to
stabilize the HIF-1a protein by blocking pVHL
binding to HIF-la. Runx2 also activates its
transcription function to increase VEGF in
developing mouse hypertrophic chondrocytes,
including under normoxic conditions. It has also
been reported that RUNX3 suppresses VEGF
expression (40), but Runx2 induces VEGF
expression (30). Therefore, Runx family proteins
regulate angiogenesis differently, in that RUNX1
and RUNX3 inhibit angiogenesis, while Runx2
stimulates angiogenesis. It is interesting that the
hypothetical functions of RUNX1 and RUNX3
are as tumor suppressors, and that Runx2
functions as an oncogenic protein (41).
Therefore, in the regulation of angiogenic
molecules, such as VEGF or HIF-1a, only Runx2
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among the Runx family members has a “positive”

function. It is therefore consistent that Runx2 is
overexpressed in tumors, such as
chondrosarcoma (41).

In developing murine long bone growth
plates, proliferating chondrocytes express HIF-1a
and hypoxia markers (4). However, HIF-1a is
also expressed in hypertrophic chondrocytes in
non-hypoxic  regions, where Runx2 is
coexpressed in wild-type and Runx2+/- mice.
Moreover, Runx2-/- mice displayed no
expression of hypoxic markers or Runx2 in
hypertrophic chondrocytes, although HIF-1a was
expressed in the proliferating zone (Fig. 7, Fig.
S1). These findings provide convincing evidence
that HIF-1a is a downstream target of Runx2 in
bone development in normoxic regions. CD31-
positive endothelial cells were found in
hypertrophic  chondrocytes, implying active
invasion of blood vessels into hypertrophic zones
in wild-type and Runx2+/- mice. However, no
blood vessel invasion into extended hypertrophic
zones was observed in Runx2-/- mice, indicating
that an absence of Runx2 suppressed
angiogenesis by rendering HIF-1a unstable and
reducing the expression of VEGF. In the
development of osteoarthritis, hypoxia increases
HIF-2a,, which contributes to stem cell-derived
chondrogenesis (42). Therefore, the induction of
HIF-o by hypoxia or other regulators may be
cell- or context-specific.

Collectively, the results of this study lead us
to propose that Runx2 directly binds to and
stabilizes the HIF-1a. protein by reducing the
interaction between HIF-1a and pVHL, leading
to the induction and maintenance of microvessels
during endochondral bone formation. In
conclusion, we suggest a novel mechanism
whereby HIF-1oo is regulated by the Runx2
transcription factor during endochondral bone
formation. Runx2 might therefore be a suitable
target for therapies that seek to suppress
angiogenesis in various bone disorders and solid
tumors.
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FIGURE LEGENDS

FIGURE 1. Runx2 increases HIF-1a stability. A, ATDC5 cells were transfected with Runx2 full-
length expression or mock plasmids and selectively cultured in G418-containing medium for 2 weeks.
HIF-1a protein levels were examined by western blot analysis. B, HEK293 cells were transfected
with the 3Myc-Runx2 expression plasmid or exposed to hypoxia (1% O,). The resulting changes in
HIF-1a and Runx2 protein levels were examined by western blot analysis with mouse anti-human
HIF-1o and mouse anti-Myc antibodies. Semi-quantitative RT-PCR analysis was carried out with
specific primers for HIF-1ow and B-actin. a-tubulin and B-actin were used as the internal controls. C,
HEK?293 cells were transfected with the 3Myc-Runx2 plasmid for the indicated times. HIF-1a and
Runx2 protein levels were examined by western blotting with the same antibodies used in B. a-
tubulin was used as the internal control. D, HEK293 cells were transfected with various doses of the
3Myc-Runx2 expression plasmid. HIF-1a and Runx2 protein levels were examined by western blot
analysis with the same antibodies used in B. a-tubulin was used as the internal control. E, HEK293
cells were transfected with the 3Myc-Runx2 expression plasmid or mock plasmid. Twenty-four hours
after transfection, 60 pg/ml CHX was added into the media for 10 and 60 min. HIF-1a and Runx2
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protein levels were examined by western blot analysis. $-actin was used as the internal control. Levels
of HIF-1a and Runx2 were quantified using the ImageJ program (NIH, Bethesda, MO) after being
normalized to those of B-actin or a-tubulin; the results were plotted. * p < 0.01 vs. control or
indicated group.

FIGURE 2. Runx2 increases the protein level and translocation of HIF-1a into the nucleus. A,
HEK293 cells were transfected with GFP-HIF-la and/or 3Myc-Runx2-full-length plasmids.
Transfected cells were treated with or without desferrioxamine (100 uM) for 24 h. Runx2 expression
was visualized with anti-Myc primary and Texas Red-conjugated secondary antibodies. DAPI was
used for staining the nuclei. A, The white arrow shows cells with high expression of Runx2;
arrowheads denote cells with intermediate expression of Runx2; and dashed arrows indicate cells with
little or no expression of Runx2. B, HEK293 cells were transfected with mock or 3Myc-Runx2
plasmids. Cytoplasmic and nuclear fractions were extracted, and the expression levels of HIF-1a and
Runx2 were analyzed by western blot analysis. * p < 0.01 vs. control.

FIGURE 3. Physical interaction between Runx2 and the ODDD of HIF-1a in vivo. A, ATDC5
cells that stably overexpressed Runx2 were immunoprecipitated (IP) with anti-HIF-1a antibody and
immunoblotted (IB) with anti-Runx2 antibody. B, HEK293 cells were transfected with the 3Myc-
Runx2 expression plasmid. After the HIF-1a and 3Myc-Runx2 proteins were immunoprecipitated
from transfected cell extracts using anti-HIF-1o or anti-Myc antibodies, Runx2 and HIF-1a protein
contents were analyzed by western blot analysis. C, Structures of the HIF-1a protein and its deletion
derivatives are schematically shown in the upper panel. Lower panel: HEK293 cells were transfected
with each GST-HIF-la deletion construct and 3Myc-Runx2. Whole-cell lysates were
immunoprecipitated with an anti-GST antibody and probed with an anti-Myc antibody. The
expression of GST-HIF-1a deletions and 3Myc-Runx2 was analyzed by western blot analysis. Cells
were transfected with identical amounts of Runx2, and the expression levels were subsequently
confirmed.

FIGURE 4. Runx2 competes with pVVHL for binding to HIF-1a and blocks the ubiquitination of
HIF-1a. A, HEK293 cells were transfected with GST-HIF-1a.-ODDD and HA-pVHL. Cells were also
transfected with 3Myc-Runx2 to compete with pVVHL for binding to GST-HIF-1a-ODDD. Whole cell
lysates were immunoprecipitated with an anti-GST antibody, probed with an anti-Myc antibody, and
subsequently analyzed by western blot analysis to detect bound Runx2. B, HEK293 cells were
transfected with GST-HIF-1a-ODDD and 3Myc-Runx2. The cells were cotransfected with pVHL at
the indicated doses to compete with Runx2 for binding to GST-HIF-1a-ODDD. Whole cell lysates
were immunoprecipitated with an anti-GST antibody and probed with anti-HA or anti-GST
antibodies. C, In vitro binding assay to detect the HIF-1a. and pVHL interaction. GFP-HIF-1o was
incubated with HA-Runx2 or HA-pVHL in vitro. HA-Runx2 and HA-pVHL were pulled-down with
anti-GFP-conjugated magnetic beads and immunoblotted using an anti-HA antibody. D, HEK293 cells
were cotransfected with 3Myc-Runx2 full-length and HA-pVHL plasmids. After transfection, the cells
were treated with or without 10 uM MG132 or subjected to hypoxia. Whole cell lysates were
immunoprecipitated with an anti-HA antibody and then probed with an anti-HIF-1o antibody. The
pVHL levels were determined with an anti-HA antibody to ensure an equivalent amount of transfected
plasmid. E, After HEK293 cells were transfected with mock or Runx2 full-length plasmids, the cells
were treated with or without 10 pM MG132 or subjected to hypoxia. After immunoprecipitation of
HIF-1a from whole cell extracts, ubiquitinated forms of HIF-1a were detected using an anti-ubiquitin
antibody. The HIF-1a level was determined with an anti-HIF-1a antibody. * p < 0.01 vs. control.

FIGURE 5. Runx2 does not alter the hydroxylation status of HIF-1a. A, After transfection with
the Runx2 full-length plasmid, PHD1-3 and ARD1 mRNA levels were determined by semi-
guantitative RT-PCR. As an internal control, B-actin levels were also detected. B, HEK293 cells were
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transfected with mock or Runx2 full-length plasmids and then treated with or without MG132 (10
uM). Hydroxylated HIF-1a was detected by immunoblotting. 3-actin was used as an internal control.

FIGURE 6. The transcriptional and angiogenic activity of HIF-1 is enhanced by Runx2 through
the induction of VEGF. A, HEK293 cells were cotransfected with the 3Myc-Runx2 expression
plasmid and VEGF or an EPO promoter-driven reporter. After transfection, the cells were incubated at
21% O, or 1% O, for 24 h, and luciferase activity was determined. Relative luciferase activity was
evaluated by normalization of 3-galactosidase activity. * p < 0.01 vs. control. B, HEK293 cells were
transfected with mock or 3Myc-Runx2 expression plasmids or exposed to hypoxia for 24 h. Semi-
guantitative RT-PCR analysis was performed with specific primers for Glut-1, enolase, aldolase C,
VEGF and B-actin. The band intensities were analyzed using ImageJ. The data are VEGF expression
levels compared with each control after normalization to B-actin expression. * p < 0.01 vs. control. C,
HEK?293 cells were transfected with mock or Runx2 plasmids or subjected to hypoxic conditions.
After 24 h of incubation, CM were collected and analyzed for the presence of VEGF by ELISA. * p <
0.01 vs. control. D, HEK293 cells transfected with mock or Runx2 plasmids were incubated with
fresh M199 containing 10% FBS, and the resulting CM was collected at 24 h. HUVECs were treated
with the CM from mock- or Runx2-transfected cells or hypoxia-treated cells, and then a [*H]-
thymidine incorporation assay was performed. * p < 0.01 vs. control. E, HUVECs were treated with
the CM from mock- (N.C.) or Runx2-transfected cells (N.Runx2), or the hypoxia control (H.C.). The
cells were incubated in a transwell chamber previously coated with collagen 1V and Matrigel for 16 h.
The number of invaded cells was counted under a light microscope, and the mean values were plotted.
* p < 0.01 vs. control. F, HUVECSs were incubated for 24 h in the CM from Runx2-transfected cells
(N.Runx2) with or without an antibody against VEGF (N.Runx2 + VEGF Ab). Alternatively,
HUVECs were subjected to hypoxia (H.C.) in a 24-well culture plate previously coated with Matrigel.
The cell morphology was observed for 24 h under the microscope and compared to the normal control
(N.C.). Branching points were counted and plotted for quantification. * p < 0.01 vs. control. All
experiments were performed in triplicate.

FIGURE 7. Expression of hypoxic markers, Runx2 and HIF-1a, in hypertrophic chondrocytes
in long bone growth plates among Runx2 wild-type, heterozygote and knockout mice at E15.5.
A, A schematic diagram for developing growth plate cells in bone development. The boxed region
corresponds to the immunohistochemistry result from murine bone from B and C. B,
Immunohistochemical staining of Runx2 and HIF-1a with optimal primary antibodies and FITC- or
Texas Red-labeled secondary antibodies was performed in the wild-type fetal growth plate at E15.5
and observed under a fluorescent microscope. DAPI staining was then performed to visualize the
nuclei. The arrow represents the same direction as in the schematic diagram. C, Expression of CD31
and HIF-1a in the E15.5 wild-type (WT), Runx2 heterozygote (Runx2+/-), and Runx2 knockout
(Runx2-/-) mice was detected by immunohistochemistry with optimal primary and secondary
antibodies. The brown color was obtained by DAB staining. The white-lined inset corresponds to the
red-boxed region enlarged by two-fold. Images were obtained using a magnification of 100X (scale
bar: 100 um). D, The CD31-positive cells in the hypertrophic zone were counted and plotted. * p <
0.01.
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