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and Overlapping Functions in Long Bone Development
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ABSTRACT

The hypoxia-inducible factors have recently been identified as critical regulators of angiogenic-osteogenic coupling. Mice overexpressing
HIFa subunits in osteoblasts produce abundant VEGF and develop extremely dense, highly vascularized long bones. In this study, we
investigated the individual contributions of Hif-1a and Hif-2« in angiogenesis and osteogenesis by individually disrupting each Hifa gene in
osteoblasts using the Cre-loxP method. Mice lacking Hif-1a demonstrated markedly decreased trabecular bone volume, reduced bone
formation rate, and altered cortical bone architecture. By contrast, mice lacking Hif-2« had only a modest decrease in trabecular bone volume.
Interestingly, long bone blood vessel development measured by angiography was decreased by a similar degree in both AHif-1« and AHif-2a
mice suggesting a common role for these Hifo subunits in skeletal angiogenesis. In agreement with this idea, osteoblasts lacking either Hif- 1«
or Hif-2« had profound reductions in VEGF mRNA expression but only the loss of Hif-1a impaired osteoblast proliferation. These findings
indicate that expression of both Hif-1a and Hif-2« by osteoblasts is required for long bone development. We propose that both Hif-1a and
Hif-2a function through cell non-autonomous modes to promote vascularization of bone and that Hif-1« also promotes bone formation by

exerting direct actions on the osteoblast. J. Cell. Biochem. 109: 196-204, 2010. © 2009 Wiley-Liss, Inc.
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T he mammalian skeleton is formed through the concerted
actions of its principle cell types, osteoblasts and osteoclasts,
and requires the interaction of bone cells with skeletal vascular
elements. During endochondral bone formation, blood vessels
invade the cartilaginous model of developing long bones and deliver
osteo-progenitors or osteogenic cues that result in the formation of
the primary ossification center and the mineralization of skeletal
tissue [Kronenberg, 2003; Provot and Schipani, 2005]. Genetic or
pharmacological approaches to manipulate this interaction impair
bone mineralization and reduce bone strength [Trueta and Amato,
1960; Zelzer et al.,, 2002]. During adult bone remodeling, blood
vessels also interact with and influence the activities of resident
osteoblasts and osteoclasts [Hauge et al., 2001; Eriksen et al., 2007].
Bone lining cells that express mediators of osteoclastogenesis seal
off the bone remodeling compartment from the adjacent marrow,
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while an associated blood vessel serves as a conduit for circulating
progenitor cells.

The molecular mechanisms responsible for angiogenic-osteo-
genic coupling are not well understood, but recent evidence suggests
that hypoxia-inducible factors (Hifs) are key mediators of this
interaction. Members of the Per-ARNT-Sim subfamily of basic
helix-loop-helix transcription factors, the activity of Hifs are
regulated by an oxygen-sensitive proteolytic mechanism [Wang
et al., 1995]. At oxygen tensions above 5%, the a-subunit of Hif is
hydroxylated by one of three oxygen-sensitive prolyl hydroxylase
domain containing proteins [Bruick and McKnight, 2001] and
recognized by the von Hippel-Lindau (Vhl) tumor suppressor
protein, a component of the E3 ubiquitin ligase complex that targets
Hifa for degradation [Ivan et al., 2001; Jaakkola et al., 2001]. Under
hypoxic conditions, prolyl hydroxylation is inhibited. As a result
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Hifa subunits accumulate, translocate to the nucleus and interact
with the constitutively expressed Hif-13 subunit at hypoxia-
response elements. Additionally, a number of growth-factor
signaling pathways provide a component of oxygen-independent
regulation for Hif activity [Zelzer et al., 1998; Akeno et al.,
2002; Semenza, 2002] by enhancing the synthesis of Hifa
[Laughner et al., 2001] or by phosphorylating Hifa and thereby
increasing its transcriptional activity [Richard et al., 1999; Land and
Tee, 2007].

Two o subunits, Hif-1a and Hif-2«, which may have arisen by
gene duplication [Iyer et al., 1998b], activate overlapping and
distinct sets of target genes [Hu et al., 2003, 2006] involved in
angiogenesis, cell proliferation, and metabolism. A third subunit,
Hif-3a, appears to function as an inhibitor of Hif-1a function
[Makino et al., 2007]. We have previously shown that osteoblasts
express both Hif-1a and Hif-2« and that overexpression through
the disruption of Vhl results in a striking and progressive
increase in bone volume and a corresponding increase in skeletal
vascularity [Wang et al., 2007]. Since this genetic manipulation
results in the overexpression of both Hif-1a and Hif-2«, the
individual roles of these transcription factors in skeletal develop-
ment are unclear.

To distinguish the roles of Hif-1a and Hif-2a, we used a genetic
approach to selectively disrupt each gene in osteoblasts. We
demonstrate that both Hif-1a and Hif-2a are required for normal
bone acquisition, but function via divergent mechanisms. Our
results suggest that both Hif-1a and Hif-2a function through cell
non-autonomous modes to promote vascularization of bone but that
Hif-1ae also promotes bone formation via direct actions on the
osteoblast.

GENERATION OF HIF-1e AND HIF-2c CONDITIONAL

KNOCKOUT MICE

Mice lacking Hif-Ia in osteoblasts (AHif-1a) were previously
described [Wang et al., 2007]. Hif-2a conditional knockout mice
(AHif-2a) were generated by crossing osteocalcin-Cre mice [Zhang
et al., 2002] with homozygous conditional mutants containing
modified Hif-2« alleles (with loxP sites flanking exon 2) [Gruber
et al., 2007] to generate OC-Cre "%/~ Hif-2o™"*'~ mice. An
additional cross with Hif-2aM°*/1°% mice generated 0C-Cre T/~;
Hif-2a"%/1°% mice that were used for subsequent breeding. PCR of
DNA isolated from ear biopsies was used to confirm genotypes. The
University of Alabama at Birmingham Institutional Animal Care and
Use Committee approved all procedures involving mice.

SKELETAL PHENOTYPING AND HISTOLOGICAL ANALYSIS

A desktop microCT (uCT40; SCANCO Medical) was used to obtain
high-resolution images of the femur. The intact right femur of
6-week-old control, AHif-1ae and AHif-2oc mice was scanned at
45 keV with an isotropic voxel size of 6 wM. Scanning of trabecular
bone was initiated at the mid-epiphysis and extended proximally
for 3.6 mm (600 p.CT slices), while cortical bone was assessed at the
mid-diaphysis. Dynamic bone formation rate was measured by
injection of two sequential 0.25ml doses of calcein (0.8 mg/ml)

delivered 3 and 8 days prior to sacrifice. The left femur was fixed in
ethanol, dehydrated and embedded in methylmethacrylate. Three
micron sections were cut with a Microm microtome and stained
with modified Mason-Goldner trichrome stain. The numbers of
osteoblasts and osteoclasts per bone perimeter were measured at
standardized sites under the growth plate at a magnification of 200x
using a semi-automatic method (Osteoplan II, Kontron). These
parameters comply with the guidelines of the nomenclature
committee of the American Society of Bone and Mineral Research
[Parfitt et al., 1987].

ANGIOGRAPHY

Skeletal vascularity was assessed using a wCT-based angiography
technique [Duvall et al., 2004]. Briefly, animals were euthanized, the
thoracic cavity was opened, and the inferior vena cava was severed.
The vasculature was flushed with 0.9% normal saline containing
heparin (100 U/ml) at a pressure of approximately 100 mmHg via a
needle inserted into the left ventricle. Specimens were fixed via
perfusion with 10% neutral-buffered formalin, flushed with
heparinized saline, and then perfused with a radiopaque silicone
compound containing lead chromate (Microfil MC-122; Flow Tech).
Samples were stored at 4°C overnight to allow polymerization of the
contrast agent. Femurs were dissected from the specimens and fixed
in 10% neutral-buffered formalin for 2 days before being decalcified
for 72 h in Cal-Ex II (Fisher Scientific), a formic acid-based solution.
Images were obtained using a high-resolution (16 wM isotropic
voxel size) microCT imaging system and used to calculate vessel
number and volume.

PRIMARY OSTEOBLAST ISOLATION AND ADENOVIRUS INFECTION
Osteoblasts were isolated from calvaria of newborn Hif-1¢/10%/fox
and Hif-2¢"°*1°% mice by serial digestion in a 1.8 mg/ml
collagenase type I (Worthington Biochemical) solution. Calvaria
were digested in 10 ml of digestion solution for 15 min at 37°C with
constant agitation. The digestion solution was then collected and the
digest repeated an additional four times. Digestion solutions 3-5,
which contain osteoblasts, were pooled and cultured in a-MEM
containing 10% FBS and 1% penicillin/streptomycin at 37°C in a
humidified incubator supplied with 5% CO,. To disrupt Hif-1a and
Hif-2a in vitro, osteoblasts were grown to approximately 70%
confluence and then infected with control adenovirus expressing
green-fluorescent protein (ad-GFP) or adenovirus expressing Cre
recombinase (ad-Cre, Vector Biolabs) at an MOI of 100. Osteoblasts
were harvested 48h after adenoviral infection and deletion
efficiency was assessed in a portion of the cell population by
real-time PCR. The remaining cells were re-plated in 6-well plates
for proliferation and differentiation assays.

OSTEOBLAST PROLIFERATION AND DIFFERENTIATION

Osteoblast proliferation was assessed by flow cytometry. Briefly,
control, AHif-1a, and AHif-2« osteoblasts were plated in 6-well
plates at 5,000 cells/ cm? and cultured in a-MEM containing 1% FBS
for 48 h. BrdU (10 wM) was added to the medium for the last 24 h
before harvesting the cells. The cells were stained with anti-BrdU-
APC and 7-amino-actinomycin D and analyzed by FACSCalibur (BD
Biosciences). Twenty thousand events were collected for each
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sample, and the results were analyzed with WinMDI version 2.8. For
differentiation experiments, control, AHif-1a, and AHif-2a
osteoblasts were grown to confluence in 6-well plates and then
cultured for 14 days in differentiation media consisting of a-MEM,
10% FBS, 1% penicillin/streptomycin, 10 mM B-glycerol phosphate,
and 50 pg/ml ascorbic acid. Fixed cells were stained with 1-Step
NBT/BCIP (Pierce) to examine alkaline phosphatase expression.
Mineralization was assessed via the von Kossa method in which
fixed cells were exposed to UV light in the presence of 3% silver
nitrate (AgNOs;).

QUANTITATIVE REAL-TIME PCR

Total RNA was extracted from osteoblasts using the Trizol method
(Invitrogen). One microgram of pure RNA, as assessed spectro-
photometrically using the A260/A280 ratio, was reverse transcribed
using the iScript cDNA synthesis system (Bio-Rad). Two microliters
of cDNA was then subjected to PCR amplification using iQ SYBR
Green Supermix (Bio-Rad) and sequence-specific primer pairs in
an Opticon Continuous Fluorescent Detector (MJ Research).
Primer pairs consisted of the following: Hifla, 5'-CAA-
GATCTCGGCGAAGCAA-3’ and 5'-GGTGAGCCTCATAACAGAAG-
CTTT-3'; Hif2e, 5'-CAACCTGCAGCCTCAGTGTATC-3’ and 5'-CAC-
CACGTCGTTCTTCTCGAT-3’; Vegf, 5'-CCACGTCAGAGAGCAACAT-
CA-3" and 5'-TCATTCTCTCTATGTGCTGGCTTT-3'; Runx2, 5'-ATG-
CTTCATTCGCCTCAC-3’ and 5'-CTCACGTCGCTCATCTTG-3'; Osterix,
5’-ATGGCGTCCTCTCTGCTTG-3' and 5'-TGAAAGGTCAGCGTATG-
GCTT-3'; OC, 5'-TCTGCTCACTCTGCTGAC-3' and 5'-GGAGCTGC-
TGTGACATCC-3'; B-actin, 5-CCCAGAGCAAGAGAGG-3’ and
5'-GTCCAGACGCAGGATG-3'. PCR reactions were performed in
duplicate for each cDNA, averaged, and normalized to endogenous
B-actin reference transcript.
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STATISTICAL ANALYSIS

Results are expressed as mean + SEM. All statistical tests were two-
sided. A P-value less that 0.05 was considered significant.
Comparability of two groups of data was assessed using a Student’s
t-test.

DECREASED BONE VOLUME IN MICE LACKING HIF-1«

OR HIF-2cc IN OSTEOBLASTS

To distinguish the individual functions of Hif-1a and Hif-2a in
skeletal development, we analyzed the skeletal phenotype of mice
selectively lacking either Hif-Ia or Hif-2« in osteoblasts. Mice
expressing the Cre recombinase driven by an osteocalcin promoter
[Zhang et al., 2002] were crossed with mice homozygous for either a
loxP-flanked Hif-1« allele [Ryan et al., 2000; Schipani et al., 2001]
or a loxP-flanked Hif-2« allele [Gruber et al., 2007] (hereafter
designated as controls) to obtain mice lacking either Hif-1a or Hif-
2« in osteoblasts (hereafter designated as AHif-1a and AHif-2aq,
respectively). AHif-1a and AHif-2« mice were born at the expected
mendelian ratios and were similar in size and weight to their
respective control littermates.

Analysis of trabecular bone at the distal femur of 6-week-old
mice by microCT revealed a decreased bone volume in the AHif-1a
mice but not in the AHif-2a mutants (not shown). Quantitative
histomorphometric analysis of 6-week-old AHif-1a mice at this site
showed that bone formation rate was reduced by 58% compared to
control (Fig. 1A,B, Table I). This was accompanied by a reduction in
bone volume per tissue volume (529%, Fig. 1C) and an increase (78%)
in trabecular spacing (Fig. 1D). Surprisingly, osteoblast numbers
were slightly elevated in AHif-1a mice (Fig. 1E) in the face of a
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Decreased bone volume in AHif-1a mice. Indices of skeletal structure and bone formation were assessed in the epiphyseal trabeculae of 6-week-old control and

AHif-1a mice. Representative double calcein-labeled histological sections from control and AHif-1a mice are shown in A (40x original magnification). Histomorphometric
measures of bone formation rate/bone surface (BFR/BS, B), bone volume/tissue volume (BV/TV, C), trabecular spacing (Tb.Sp, D), osteoblast number/bone perimeter (NOb/BPm,
E), and osteoclast number/bone perimeter (NOc/BPm, F) are shown for control and AHif-1a mice (n = 4/genotype). “P < 0.05; “*P< 0.01. [Color figure can be viewed in the

online issue, which is available at www.interscience.wiley.com.]
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TABLE 1. Bone Histomorphometry

Bone parameter® Control AHif-1a Control AHif-2a
Bone structure
Bone volume/tissue volume (BV/TV; %) 13.8 +2.02 6.51+0.64" 16.1+2.92 11.44+0.94
Trabecular thickness (Tb.Th; pm) 29.9 +4.90 23.4+1.96 30.8 +2.07 26.6 +2.39
Trabecular spacing (Tb.Sp; pm) 189+23.9 339 +19.7¢ 171+24.2 207 +10.6
Bone formation
Osteoid volume/bone volume (OV/BV; %) 3.224+0.71 1.95 4+ 0.60 2.184+0.82 2.2440.48
Osteoid surface/bone surface (OS/BS; %) 17.5+£2.34 13.6 £ 2.00 11.3+£2.89 14.1 £3.64
Osteoid thickness (0.Th; wm) 2.57 +0.46 1.544+0.17 2.624+0.33 2.17+0.33
Osteoblast surface/bone surface (Ob.S/BS; %) 5.78 + 1.54 9.13+3.07 436+ 1.54 6.89 +3.02
Osteoblast number/bone perimeter (NOb/BPm; no./100 mm) 696 + 187 1156 4+ 340 470+214 754 +340.3
Bone erosion
Erosion surface/bone surface (ES/BS; %) 5.124+0.88 5.01+1.33 2.88 +0.68 3.68 +0.81
Osteoclast surface (0c.S/BS; %) 4.40 +0.65 4.05+ 1.46 2.6440.63 2.84+0.61
Osteoclast number/bone perimeter (NOc/BPm; no./100 mm) 198 +30.1 1914449 106 +29.1 126 £30.0
Bone dynamics
Mineral apposition rate (MAR; wm/day) 2.11+£0.24 1.51+£0.07° 1.73£0.28 1.37 £0.17
Mineralizing surface/bone surface (MS/BS; %) 15.2 4+ 1.56 8.62 + 1.86° 10.3 +2.62 10.9 4+2.49
Bone formation rate/bone surface (BFR/BS; mm?/cm?/yr) 11.94+2.35 4.99 +1.20° 6.46 + 1.55 5.86 1 1.87
Mineralization lag time (Mlt; day) 1.90 +0.63 2.17+0 2.154+0.39 4.3442.20

*Values are shown as mean + SE (n=4 per genotype at 6 weeks of age).
°P < 0.05.
‘P<0.01.

reduced bone formation rate likely indicating a reduction in
function of individual osteoblasts. Osteoclast numbers were not
affected by the disruption of Hif-I1« (Fig. 1F) suggesting that the
decrease in bone volume was mainly due to decreased bone
formation. In contrast to the histological changes seen in the
AHif-1a  mice, we observed only very modest effects on
histomorphometric indices in the AHif-2a mice and these changes
did not reach statistical significance (Table I). As an example, bone
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volume per tissue volume was decreased by 29% and bone
formation rate was decreased by only 10% in AHif-2a mice when
compared to controls.

Examination of the mid-shaft of the femur by microCT revealed
disturbances in cortical bone architecture of 6-week-old AHif-1a
mice, in agreement with our previous findings in 3-week-old mice
[Wang et al., 2007]. Cross-sectional area of AHif-1a bones was
significantly reduced compared to control (Fig. 2A,B) and the
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Fig. 2. Decreased cortical cross-sectional area in AHif-1a mice. wCT was utilized to examine cortical bone structure in 6-week-old mice. Representative images from the
mid-diaphysis are shown for AHif-1a (A) and AHif-2« (C) mice as well as control littermates. Cross-sectional area is quantified for both genotypes (B and D, n = 4/genotype).

P<0.01.
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cortices of the mutants tended to be thinner. In contrast, there was
no noticeable effect of disrupting the expression of Hif-2« on
cortical bone structure (Fig. 2C,D). Taken together these data
indicate that Hif-1a subunit is required for normal trabecular and
cortical bone accumulation whereas Hif-2« has a more limited role
in these processes.

DECREASED SKELETAL VASCULARITY IN AHIF-1«

AND AHIF-2«a MICE

Since the induction of angiogenic factors including VEGF is a major
function of both Hif-1a and Hif-2a, we next examined changes in
skeletal vascularity in AHif-1a and AHif-2a mice. Mutant and
control mice were perfused with Microfil and the skeletal
vasculature was imaged by microCT (Fig. 3A,D). Quantitative
analysis demonstrated that the disruption of Hif-1« resulted in a
419 decrease in vessel volume per tissue volume (Fig. 3B) and a 32%
decrease in vessel number (Fig. 3C) when compared to controls. A
similar impairment in the formation of vascular structures was
evident in AHif-2a mice as vessel volume per tissue volume
was decreased by 42% (Fig. 3E) and vessel number was decreased by
28% (Fig. 3F) compared to controls. Thus, both Hif-1a and Hif-2a
are necessary for the normal development of the skeletal
vasculature.

Control

Fig. 3.
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LOSS OF HIF-1¢, BUT NOT HIF-2a, AFFECTS OSTEOBLAST
FUNCTION IN VITRO

To determine whether Hifs might also influence skeletal develop-
ment by exerting direct effects on osteoblasts, we examined the
effect of disrupting Hif-la or Hif-2«a expression on osteoblast
proliferation and differentiation in vitro. Calvarial osteoblasts were
isolated from Hif-1o1*/1°% mijce and infected with Cre-expressing
adenovirus or a GFP-expressing control. Ad-CRE infection
resulted in a greater than 90% decrease in the expression of Hif-
I mRNA (Fig. 4A) and abolished the induction of Vegf mRNA in
osteoblasts exposed to hypoxia (Fig. 4B). The loss of Hif-1a function
was associated with impaired osteoblast proliferation, as BrdU
incorporation was significantly decreased in AHif-1a osteoblasts
when compared to controls (Fig. 4C). However, osteoblasts lacking
Hif- 1o differentiated normally; staining for alkaline phosphatase
activity and mineralized nodule formation were comparable in
control and AHif-1a osteoblasts after 14 days of culture in
differentiation-inducing media (Fig. 4D). Similarly, the expression
levels of runx2, osterix, and osteocalcin were similar in control and
AHif-1a osteoblasts (data not shown). Ad-CRE infection decreased
Hif-2a mRNA levels by more than 83% (Fig. 5A) and decreased Vegf
mRNA levels by 52% after exposure to hypoxia (Fig. 5B). The loss of
Hif-2a function, however, had no appreciable effect on osteoblast
proliferation or differentiation, as levels of BrdU incorporation and
staining for alkaline phosphatase activity and mineralized nodule
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Decreased angiogenesis in long bones of AHif-1a and AHif-2a mice. Control, AHif-1q, and AHif-2a mice (6-week old) were perfused with Microfil to assess skeletal

vascularity in the distal femur. Representative wCT images of vascular structures are shown for AHif-1a (A) and AHif-2a (D) mice as well as for control littermates. Vessel
volume and vessel number were quantified for control and AHif-1a mice (n=3/genotype, B and C) and control and AHif-2a mice (n=3/genotype, E and F). Scale

bar =200 um. “P< 0.05.
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Loss of Hif-1a impairs osteoblast proliferation but not differentiation. Calvarial osteoblasts were isolated from newborn Hif-1a

flox/flox mice and infected with adGFP as

control or adCRE to delete Hif-1a. After 2 days in culture, cells were analyzed for Hif-1a. mRNA by real-time PCR (A). To assess Hif-1a function, control and AHif-1a
osteoblasts were cultured under normoxic (21% 0,) or hypoxic (5% 0,) conditions and VEGF mRNA was examined by real-time PCR (B). Control and AHif-1« osteoblasts were
serum-starved for 24 h and then cultured in the presence of BrdU for an additional 24 h. BrdU incorporation was quantified by FACS analysis as a marker of cellular proliferation

(C). The effect of disrupting Hif-1a expression on osteoblast differentiation was assessed by staining control and AHif-1a osteoblasts for alkaline phosphatase and
mineralization after 14 days of differentiation. “*P< 0.01; **P< 0.001. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

formation were similar in control and AHif-2a osteoblasts
(Fig. 5C,D). Likewise, the expression of runx2, osterix, and
osteocalcin were unaffected by Hif-2«a deletion (data not shown).
Taken together, these data suggest that while Hif-1a exerts both
cell-autonomous and -non-autonomous effects during skeletal
development, Hif-2a serves only cell-non-autonomous functions.

Endochondral bone formation coincides both spatially and
temporally with capillary in-growth and angiogenesis. If angiogen-
esis is experimentally disrupted, bone development is severely
impaired [Coolbaugh, 1952; Trueta and Amato, 1960; Trueta and
Buhr, 1963; Gerber et al., 1999]. The molecular mechanisms
responsible for coupling angiogenesis and osteogenesis are not well
understood, but recent work indicates that the hypoxia-inducible
factor pathway plays a key role in orchestrating this interaction
[Schipani et al., 2001; Wang et al., 2007]. Overexpressing Hifs in
osteoblasts by selectively disrupting Vhl produces a striking and
progressive increase in bone volume that is secondary to an increase
in osteoblast number and activity. Since the deletion of Vhl
produces no appreciable effect on osteoblast function in vitro and
the increase in bone volume in vivo is accompanied by a marked

increase in skeletal vascularity, the bone phenotype in these mice is
most likely the result of Hif-mediated angiogenesis. However, the
precise roles of individual Hifa subunits in this process remain
unclear, and the extent to which Hifs exert direct effects on
osteoblast function has not been explored.

Experiments designed to distinguish the functions of individual
Hifa subunits in vivo are complicated by the fact that many cell
types [Wiesener et al., 1998; Talks et al., 2000; Hu et al., 2003],
including osteoblasts [Wang et al., 2007], express both Hif-1a and
Hif-2a. Further, Hif-1laa and Hif-2a are structurally similar,
recognize the same DNA element, and dimerize with Hif-18 [Ema
et al., 1997; Tian et al., 1997]. In order to investigate the individual
contributions of these two related Hif subunits during skeletal
development we used a genetic approach to disrupt selectively Hif-
la and Hif-2a in osteoblasts using Cre-mediated recombination.

Deletion of either HIF subunit was associated with defects in
skeletal vascularity, reflected by reduced blood vessel number and
volume. These data are consistent with the overlapping roles of Hifs
in inducing angiogenesis. Both Hif-1a~/~ mice and Hif-2a '~ mice
exhibit embryonic lethality, which is at least partially attributable to
blood vessel defects [Iyer et al., 1998a; Ryan et al., 1998; Peng et al.,
2000], and each « subunit can induce the expression of Vegf [Hu
et al., 2003, 2006]. Additionally, these observations agree with our
previous results that suggested a role for both Hifa subunits in
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Loss of Hif-2a does not impair osteoblast function. Calvarial osteoblasts were isolated from newborn Hif-20"°/1°% mice and infected with adGFP as control or adCRE

to delete Hif-2a. Real-time PCR was used to quantify Hif-2ae mRNA after adenoviral infection (A) as well as VEGF mRNA in control and AHif-2« osteoblasts after culture under
normoxic (21% 0,) or hypoxic (5% O,) conditions (B). Cellular proliferation was assessed in control and AHif-2« osteoblasts by culturing serum-starved cells in the presence of
BrdU (C). Staining for alkaline phosphatase and mineralization were used to assess osteoblast differentiation (D). “*P< 0.01; ***P < 0.001. [Color figure can be viewed in the

online issue, which is available at www.interscience.wiley.com.]

regulating skeletal vascularity. In that study, deletion of both Hif-1c
and Vhl in osteoblasts, increased skeletal vascularity by a similar
degree as that observed in bones from mice lacking only Vhl [Wang
et al., 2007]. Since the targeted overexpression of stable forms of
Hif-1a and Hif-2a phenocopies Vhl deletion in other tissues [Kim
et al., 2006], these data suggested a role for Hif-2«a as well as Hif-1a
in regulating skeletal vascularity.

The fact that reductions in bone trabecular and cortical
accumulation were more severe in AHif-1a mice clearly indicates
that this subunit exerts additional actions distinct from those of Hif-
2w in the osteoblast. For example, disruption of Hif-1x reduced
osteoblast proliferation whereas disruption of Hif-2« did not. This
finding is consistent with defects in proliferation observed in
embryonic stem cells deficient in Hif-1a [Iyer et al., 1998a]. A role
for Hif-1a in the proliferative behavior of mesenchymal cells could
be explained by the proposed role of Hif-1« in the “Warburg” effect
[Semenza, 2007]. During the proliferation process, cellular
metabolism transitions from oxidative phosphorylation to aerobic
glycolysis, perhaps in an attempt to accumulate the biomass
necessary to produce a daughter cell [Vander Heiden et al., 2009] or
to protect replicating DNA from damage induced by reactive oxygen
species [Brand and Hermfisse, 1997]. In this regard, Hif-1« appears
to be unique among Hifa subunits in the ability to increase the
expression of glycolytic genes [Hu et al., 2003, 2006]. It is also

plausible that the loss of Hif-1a function impairs proliferation by
reducing expression of growth factors such as Igf-2 [Feldser et al.,
1999].

In spite of our in vitro findings that suggest Hif-1a is necessary
for osteoblast proliferation, osteoblast numbers in 6-week-old AHif-
1o mice were slightly elevated. It is possible that this is related to the
use of the osteocalcin promoter to direct Cre expression. The
osteocalcin promote should achieve its highest level of expression in
mature osteoblasts [Zhang et al., 2002], and may not accurately
replicate the in vitro experiments that utilized undifferentiated
osteoblasts. However, it is also possible that the increase in
osteoblasts numbers observed in vivo represents a compensatory
mechanism engaged in response to impairments in osteoblast
function. In support of this idea, we previously reported that
osteoblast numbers are indeed decreased in 3-week-old AHif-1a
mice [Wang et al., 2007].

Interestingly, the reduced accumulation of bone seen in the Hif-
la mutant mice occurred at all bone surfaces including the cortex.
The influence of mechanical stimuli on cortical bone structure is
well documented, and it is possible that Hif-1a« plays a role in bone
cell mechanotransduction. Hif-1a is upregulated following skeletal
unloading as a result of osteocyte hypoxia [Gross et al., 2001], and
by anabolic loading in other tissues. In the rat, hemodynamic
loading of the heart or stretching cardiac tissue stimulates Hif-1a
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accumulation [Kim et al., 2002], and similar observations have been
made in stretched smooth muscle [Chang et al., 2003]. However,
both Hifa subunits are reportedly upregulated by loading in muscle,
where they play a role in angiogenesis [Milkiewicz et al., 2007].
Recent studies suggest that angiogenesis precedes load-induced
bone formation [Yao et al., 2004; Matsuzaki et al., 2007], but a role
for Hifs in this process has not yet been examined.

In summary, we established a model system to distinguish the
roles of Hif-la and Hif-2a in osteoblasts. Our results suggest
that Hif-1a influences bone formation through cell autonomous
mechanisms as well as cell non-autonomous mechanisms. By
comparison, Hif-2a appears to only influence skeletal homeostasis
by influencing angiogenesis. These results provide a broader
understanding of the role of the hypoxia-inducible factor pathway
during skeletal development.
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