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Hypoxia-inducible Factor-1a Protein Negatively Regulates
Load-induced Bone Formation™
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Background: The mechanisms by which bone responds to changes in its loading environment are poorly understood.
Results: Mechanical signals induce Hif-1a expression, and mice lacking Hif-1c in bone are more responsive to loading.
Conclusion: Hif-1a is a novel regulator of skeletal mechanotransduction that impinges on Wnt signaling.

Significance: Understanding skeletal mechanotransduction may lead to the development of therapies designed to enhance

bone formation.

Mechanical loads induce profound anabolic effects in the
skeleton, but the molecular mechanisms that transduce such
signals are still poorly understood. In this study, we demonstrate
that the hypoxia-inducible factor-1« (Hif-1) is acutely up-reg-
ulated in response to exogenous mechanical stimuli secondary
to prostanoid signaling and Akt/mTOR (mammalian target of
rapamycin) activation. In this context, Hif-1a associates with
B-catenin to inhibit Wnt target genes associated with bone ana-
bolic activity. Mice lacking Hif-1« in osteoblasts and osteocytes
form more bone when subjected to tibia loading as a result of
increased osteoblast activity. Taken together, these studies indi-
cate that Hif- 1« serves as a negative regulator of skeletal mecha-
notransduction to suppress load-induced bone formation by
altering the sensitivity of osteoblasts and osteocytes to mechan-
ical signals.

The ability of bone to serve as an effective weight-bearing
structure depends upon its capacity to adapt to its functional
environment. As such, skeletal mass is continually added and
removed according to physical demands. When mechanical
loads exceed those associated with habitual use, new bone is
formed via an osteogenic response that is characterized by
increased osteoblast proliferation, enhanced osteogenic gene
expression, and decreased osteoclast activity (1, 2). Conversely,
when routine loads are removed or reduced, osteoblastic activ-
ity is suppressed and bone loss ensues (3). In this way, skeletal
architecture can be optimized to prevent fracture and mini-
mized to limit the energy expenditure necessary for
maintenance.
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Previous studies using both in vivo and in vitro models of
mechanical loading have begun to identify anabolic signaling
mechanisms associated with load-induced bone formation.
These mechanisms include the rapid release of autocrine/para-
crine factors such as ATP, prostaglandin, and nitric oxide (4 — 6)
and the activation of intracellular calcium and kinase signaling
pathways (7, 8). A growing body of work indicates that Wnt
signaling is an important regulator of skeletal response to
mechanical loading (9, 10). Experimental loading regulates the
expression of several Wnt ligands, receptors, and antagonists,
which in turn increases 3-catenin nuclear translocation (10—
12) and the expression of its target genes (13-15).

Other studies suggest the existence of negative feedback
mechanisms that operate to modulate skeletal mechanotrans-
duction. For example, during prolonged exposure to fluid flow,
osteoblasts exhibit refractory periods in which the activation of
anabolic signaling mechanisms is impaired (16, 17). Addition-
ally, intermittent intervals of loading interspersed with periods
of rest produce more bone than sustained loading, suggesting
the engagement of mechanisms that desensitize bone cells to
mechanical signals (18 —20). As described below, previous stud-
ies from a number of laboratories suggested that the transcrip-
tion factor, Hif-1a,® might function as a regulator of bone cell
sensitivity to mechanical stimuli.

Hif-1, a transcription factor originally identified as a regula-
tor of the cellular response to molecular oxygen levels (21, 22),
activates angiogenic and glycolytic gene programs required for
cells to adapt to hypoxia. The cellular levels of Hif-1 and its
nuclear translocation are governed by regulated proteolysis.
The a-subunit of the molecule contains an oxygen-dependent
degradation domain that is subject to prolyl hydroxylation and
subsequent E3 ubiquitin ligation by the tumor suppressor pro-
tein von Hippel-Lindau (Vhl) and proteasomal degradation.
Inhibition of prolyl hydroxylation under hypoxic conditions
allows Hif-1a to accumulate and translocate to the nucleus,
where it forms a dimer with the Hif-18 subunit (21, 22).

3 The abbreviations used are: Hif, hypoxia-inducible factor; Vhl, Von Hippel-
Lindau; mTOR, mammalian target of rapamycin; CT, computer tomogra-
phy; microCT, micro-computer tomography; PGE,, prostaglandin E,.
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It is increasingly recognized that the Hif-1 pathway also reg-
ulates cellular functions independent of those related to
hypoxia. A number of growth factors (21, 22) and paracrine
factors (23-26) activate the Hif-1 pathway in several cell types
under normoxia. In osteoblasts, insulin-like growth factor-1
stabilizes Hifa via a mechanism that involves PI3-kinase/Akt
signaling (27), and the expression of Hif-1a is necessary for
normal osteoblast proliferation (28). Additionally, mechanical
signals prevent the degradation of Hif a-subunits in both skel-
etal and cardiac muscle (29, 30). In response to these stimuli,
Hif-1 activates angiogenic and metabolic responses that are
required for the anabolic response.

In the course of analyzing the role of Hif-1« in skeletal devel-
opment, we created mice that lacked this transcription factor in
osteoblasts and osteocytes (31). The immature Hif-1a mutants
had deficits in cortical and trabecular bone, which we attributed
to impaired development of the skeletal vasculature (31). Sur-
prisingly, as these mice matured, they acquired more cortical
bone when compared with controls, suggesting that the loss of
Hif-1a caused an enhanced adaptive response in cortical bone
architecture. In this study, we show that in vitro fluid flow
markedly up-regulates Hif-1«, which partners with B-catenin
to inhibit Wnt target genes associated with bone anabolic activ-
ity. Consequently, removal of Hif-1a from osteoblasts sensi-
tizes bone to load-induced bone formation in vivo by enhancing
the response of osteoblasts to mechanical stimuli. Our findings
indicate that Hif-1a functions as a negative regulator of skeletal
mechanotransduction to suppress load-induced bone
formation.

EXPERIMENTAL PROCEDURES

Generation of Transgenic Mice—The generation of mice
lacking Hif-1a in osteoblasts (AHif-1a) was described previ-
ously (31). Briefly, OC-Cre mice (32) were crossed with mice in
which the second exon of Hif-1a is floxed (33). AHif-1q;
AHif-2 mice were generated by crossing AHif-1a mice with
mice containing Hif-2« floxed alleles (34). BAT-gal mice (35)
were obtained from The Jackson Laboratory and crossed with
Hif-1law floxed mice to generate Hif-1a"*/1°BAT-gal*/~
mice. Mice containing mTOR floxed alleles were generously
provided by Dr. Christopher Lynch (36). All mice were main-
tained on a C57BL/6 background. PCR analysis from ear biop-
sies was used to confirm genotypes. The Institutional Animal
Care and Use Committees of the Johns Hopkins University
School of Medicine and the University of Washington
approved all animal procedures.

MicroCT Analysis—The mouse femur was scanned using a
desktop microtomographic imaging system (SkyScan 1172,
SkyScan, Kontich, Belgium) in accordance with the recommen-
dations of the American Society for Bone and Mineral Research
(ASBMR) (37). The femur was scanned at 50 keV and 200 mA
using a 0.5-mm aluminum filter with an isotropic voxel size of
10 um. The resulting two-dimensional cross-sectional images
are shown in gray scale. Cortical bone parameters were assessed
at the femoral midshaft and represent an average of 50 CT slices
(500 wm).

Cell Isolation and Culture—QOsteoblasts were isolated from
the calvaria of newborn Hif-1« floxed, Hif-1a flox;BAT-gal ¥/,
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and mTOR floxed mice by serial digestion in 1.8 mg/ml colla-
genase type I and maintained in minimum essential medium «
supplemented with 10% FBS and 1% penicillin/streptomycin.
To disrupt Hif-la or mTOR expression, osteoblasts were
infected with control adenovirus expressing green fluorescent
protein or adenovirus expressing Cre recombinase (Vector Bio-
labs) at a Multiplicity of Infection 100 (28). MLO-Y4 cells,
kindly provided by Dr. Lynda Bonewald, were maintained in
minimum essential medium « supplemented with 5% FBS, 5%
calf serum, and 1% penicillin/streptomycin.

Application of Fluid Flow—For fluid flow studies, cells were
seeded to glass slides (75 X 38 X 1.0 mm) coated with type I
collagen (150 wg/ml) 48 h before stimulation. After starving
cells overnight in medium containing 0.5% FBS, slides were
positioned in parallel plate flow chambers (38) connected to a
digital peristaltic pump (Masterflex, Cole-Parmer) via rigid wall
tubing in a closed loop. A shear stress of 10 dynes/cm? was
generated using a peak flow rate of 28 ml/min. Untreated, con-
trols were positioned in the flow chamber but not connected to
the peristaltic pump. Pharmacological agents were added 30
min prior to the initiation of fluid flow and maintained in the
flow medium.

In Vivo Mechanical Loading—The right tibiae of female con-
trol and AHif-1a mice were non-invasively loaded via cantile-
ver bending (39). Briefly, the right tibia was held proximal to the
tibial crest with a brass gripping cup, whereas a brass tine
attached to a computer control linear actuator applied the small
required forces to the lateral distal tibia (<0.3 newtons). The
experimental loading regimen consisted of 100 cycles of load-
ing per bout (1 Hz), 3 days/week for 3 weeks. Given the differing
cortical morphology of the AHif-la mice, end loads were
adjusted using beam theory applied to midshaft cortical bone
morphology obtained by pre-experimental high resolution
microCT imaging (vivaCT 40, Scanco, Inc.) so that peak-in-
duced normal strains were equivalent for control and AHif-1«
mice. The left tibiae served as a non-loaded contralateral con-
trol for each mouse. Calcein (15 mg/kg of interperitoneal) was
administered on days 10 and 19, and all mice were sacrificed on
day 22. Dynamic histomorphometric measurements were per-
formed 2 mm proximal to the tibial-fibular junction according
to standard practices (40).

Quantitative Real-time PCR—Total RNA was extracted from
osteoblasts using TRIzol (Invitrogen), and 1 ug was reverse-
transcribed using the iScript cDNA synthesis system (Bio-Rad).
Two ul of cDNA was subjected to PCR amplification using the
iQ SYBR Green Supermix (Bio-Rad). Primer sequences were
obtained from PrimerBank. Reactions were normalized to
endogenous B-actin reference transcript.

Chromatin Immunoprecipitation—ChIP assays were per-
formed using an agarose ChIP kit (Pierce) according to the
manufacturer’s instructions and a ChIP-qualified antibody spe-
cific for B-catenin (Thermo Scientific). For each sample, cells
isolated from two slides were pooled to ensure sufficient chro-
matin yield. Primer sequences for the Axin2 promoter are avail-
able upon request.

Protein Isolation and Assays—Protein was extracted from
cultured osteoblast and MLO-Y4 cells in 0.1% Triton X-100
containing protease and phosphatase inhibitors. The extracts
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FIGURE 1. Mice lacking Hif-1« in osteoblasts acquire increased cortical bone. A, representative microCT images illustrate cortical bone structure at the
femoral mid-diaphysis in control and AHif-1a mice at 3, 6, and 24 weeks of age. B-D, bar graphs show quantification of the tissue cross-sectional area (CSA) (B),
cortical thickness (Cort. Thickness) (C), and polar moment of inertia (pMOI) (D). E, representative microCT images from the femoral mid-diaphysis in control and
AHif-1a;AHif-2ae double mutants. Data are plotted mean = S.E. with at least five mice being examined per genotype. *, p < 0.05

were separated on 10% SDS/polyacrylamide gels and trans-
ferred to PVDF membranes. Antibodies were obtained from
Cell Signaling Technologies and Novus Biological. Bound anti-
bodies were visualized using the SuperSignal West Femto sub-
strate (Pierce). Co-immunoprecipitation was performed over-
night at 4 °C in a reaction containing 2 ug of antibody specific
for Hif-1ae (Novus) or B-catenin (Cell Signaling). A B-galacto-
sidase enzyme assay system (Promega) was used to assess activ-
ity from the BAT-gal reporter and was normalized to total pro-
tein concentration using the BCA method (Pierce).

Statistical Analysis—Results are expressed as mean * S.E.
All statistical tests were two-sided. A p value less than 0.05 was
considered significant. Comparability of two groups of data was
assessed using a Student’s £ test.

RESULTS

Mice Lacking Hif-1a in Osteoblasts Acquire Increased Corti-
cal Bone—The potential role for Hif-1a in the response to
mechanical loading was suggested by the striking changes in
cortical bone architecture observed in AHif-la mice. As
reported previously (31), female AHif-1a mice begin life with
narrow bones with thin cortices and a reduced polar moment of
inertia at 3 weeks of age (Fig. 1, A-D). However, by 6 weeks of
age, cortical bone structure at the femoral mid-diaphysis nor-
malizes, and by 24 weeks of age, AHif-1a mice exhibit signifi-
cantly increased cross-sectional area and increased resistance
to torsional loading (polar moment of inertia, p = 0.06) when
compared with wild-type littermates. A similar phenomenon
was observed in male mice (data not shown) and the trabecular
bone compartment (supplemental Fig. 1). We initially thought
that this age-related change in cortical bone architecture might
be due to compensatory up-regulation of Hif-2a (31), and
therefore, we examined cortical bone architecture in mice lack-
ing either Hif-2« alone or double knock-out mice lacking both
Hif a-subunits. No alterations in cortical bone structure were
seen in the AHif-2a mice (data not shown and Ref. 28), and
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mice lacking both Hif a-subunits in osteoblasts exhibited
changes in cortical bone structure that were identical to that
seen in AHif-1o mice (Fig. 1E). Thus, the increase in cortical
bone in AHif-1a mice was not due to compensation by Hif-2¢.

Mechanical Signals Induce Hif-1a Expression in Osteocytes
and Osteoblasts—The major determinants of the shape and size
of the cortical bone during skeletal maturation are sex hor-
mones and mechanical forces. Because increases in cortical
bone were observed in both male and female AHif-1 mice, we
examined whether Hif-1« influences the response of bone to
anabolicloading. We first tested the effect of mechanical signals
on Hif-1a expression in vitro by exposing the osteocyte-like cell
line MLO-Y4 (41) and primary mouse osteoblasts to fluid flow.
Hif-1a protein levels were increased 2 h after fluid flow expo-
sure and reached a peak 8 h after treatment in MLO-Y4 cells,
whereas levels of Hif-2a were not affected (Fig. 24). Hypoxia
increased the levels of both isoforms (Fig. 2B). A comparable
induction of Hif-1«, but not Hif-2q, expression was observed in
primary osteoblasts with Hif-1a protein levels peaking 4—8 h
after fluid flow stimulation (Fig. 2D). As expected, the levels of
Hif-1o« mRNA were not affected by fluid flow stimulation in
either cell type (Fig. 2, C and E), indicating that mechanical
signals regulate Hif-1« protein levels via a post-transcriptional
mechanism.

Prostanoid/mTOR Signaling Is Required for Induction of
Hif-1cin Response to Fluid Flow—The delay in Hif-1aeaccumu-
lation following fluid flow suggested the involvement of an
intermediary factor in the induction of Hif-1«. Because prosta-
glandins are known to regulate Hif-1« expression in non-osse-
ous cells (26) and are released by bone cells following mechan-
ical stimulation (4), we examined the effect of PGE, on Hif-1«
expression in MLO-Y4 cells. The addition of PGE, increased
the expression of Hif-1« in a dose-dependent fashion (Fig. 3A4),
consistent with a possible role in mediating the induction of
Hif-1a following fluid flow exposure. Treatment of cells with a
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FIGURE 2. Mechanical signals induce Hif-1« expression in osteocytes and osteoblasts. A and D, Hif-1a and Hif-2« levels were examined at the indicated
times after MLO-Y4 osteocytes (A), and primary osteoblasts (D) were exposed to fluid flow for 1 h or left untreated (NT). B, exposing MLO-Y4 cells to hypoxia (2%
0,) for 6 h increased both Hif-1« and Hif-2a protein levels. C and E, Hif-1« and osteopontin (Opn) mRNA levels were examined by quantitative PCR 8 h after
MLO-Y4 cells (C) and primary osteoblasts (E) were exposed to fluid flow or left untreated.
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FIGURE 3. Prostanoid/mTOR signaling is required for induction of Hif-1« in response to fluid flow. A, Hif-1«, but not Hif-2«, protein levels were dose-de-
pendently increased 8 h after treating MLO-Y4 cells with PGE,. B, NS398 (0.1 um) was used to inhibit PGE, synthesis after fluid flow exposure. NT, untreated. C,
blocking PGE, synthesis inhibited the increase in Hif-1a protein levels after exposure to fluid flow, but not 10 um PGE,. D, both fluid flow and PGE, induced the
activation of Akt/mTOR signals as indicated by increased phosphorylation levels. p-Akt, phosphorylated Akt; p-mTOR, phosphorylated m-TOR; p-p70, phos-
phorylated p70. E and F, rapamycin (10 nm) abolished mTOR activity (E) and the effect of fluid flow and PGE, on Hif-1« protein levels (F). G, disrupting mTOR
expression abolished the induction of Hif-1« in primary osteoblasts. Data are plotted mean = S.E. *, p < 0.05

COX-2 antagonist NS398, which inhibited PGE, synthesis in
response to fluid flow (Fig. 3B), abolished the effect of fluid flow
on Hif-1« expression (Fig. 3C), indicating that prostanoid sig-
naling is required for load-induced expression of Hif-1a.

We next probed signaling pathways downstream of prostan-
oid signaling with a focus on Akt/mTOR signaling as this path-
way has previously been linked with the regulation of Hif-1a. In
this pathway, Akt stimulates an increase in the activity of
mTOR, which then directly enhances the expression of Hif-1«
via phosphorylation events that inhibit Hif-1« proteolysis and
by increasing Hif-1a protein synthesis (42, 43). Because both
fluid flow and PGE, activated the Akt/mTOR pathway (Fig.
3D), we treated MLO-Y4 cells with rapamycin to determine
whether this signaling pathway is required for Hif-1c expres-
sion after fluid flow exposure (Fig. 3E). Rapamycin treatment
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inhibited the effects of both fluid flow and PGE, on Hif-1«
expression (Fig. 3F). Identical effects of mTOR signaling were
observed in primary mouse osteoblasts as disrupting mTOR
abolished the effect of fluid flow on Hif-1« expression (Fig. 3G).
These data suggest a mechanism whereby mechanical signals
stimulate the production and release of prostaglandins that in
turn activate the Akt/mTOR pathway to regulate Hif-la
expression.

Loss of Hif-1a in Osteoblasts Enhances Responsiveness to
Mechanical Loading—To directly test the role of Hif-1« in the
adaptive response of bone to mechanical loading in vivo,
we exposed AHif-1a mice to a tibia-loading regimen (39). The
right tibiae of 21-week-old female control and AHif-1a mice
were subjected to 100 cycles/day of tibial cantilever bending
thrice weekly for a total of 3 weeks. Peak-induced normal
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FIGURE 4. Loss of Hif-1« in osteoblasts enhances responsiveness to mechanical loading. The right tibia of 21-week-old female control and AHif-1a mice
was subjected to a 3-week tibia loading regime, whereas the left tibia served as an unloaded, internal control (Sham). Both groups experienced equivalent peak
periosteal strains. A, representative tissue sections for sham and loaded tibia in which calcein was injected on days 10 and 19 to assess bone formation.
Magnified images are shown for the loaded samples. B-D, bar graphs show quantification of the mineralizing surface per bone surface (MS/BS) (B), mineral
apposition rate (MAR) (C), and bone formation rate per bone surface (BFR/BS) (D) on both the periosteal and the endosteal surfaces. Data are plotted mean +
S.E. with eight mice being examined per genotype. *, p < 0.05 versus sham limb, # p < 0.05 versus wild-type control. ns, not significant.

strains were similar in both genotypes (1790 = 70 microstrain
for control versus 1745 *+ 40 microstrain for AHif-1«). At this
time point, measures of osteoblast performance in the con-
tralateral tibiae were not significantly affected by the disruption
of Hif-1a. As expected, dynamic measures of periosteal bone
formation including mineralizing surface, mineral apposition
rate, and bone formation rate were significantly increased in the
loaded tibiae of both genotypes. However, the mineralizing sur-
face and bone formation rate increased to a greater extent in
AHif-1a mice when compared with controls (Fig. 4). Specifi-
cally, the increase in bone formation rate after loading in
AHif-1oe mice was 161% of that evident in the controls. Mea-
sures of osteoblast activity after loading on the endocortical
surface were not influenced by the loss of Hif-1a function.
These data suggest that loss of Hif-1« increases bone formation
in response to a mildly osteogenic mechanical stimulus due to
increased activation of resident bone cells and is compatible
with the proposed role of Hif-1« as a negative regulator of load-
induced bone formation.

Hif-1a Antagonizes Load-induced B-Catenin Signaling—We
next sought to determine the molecular basis for the attenua-
tion of load-induced bone formation by Hif-1c. As discussed
above, previous studies have demonstrated that mechanical
loading of bone is associated with activation of the canonical
Wnt/B-catenin pathway (9, 10). The striking up-regulation of
Hif-1a by mechanical signals at time points when (-catenin is
reported to be active (10, 14, 44) suggested that these two tran-
scription factors might interact to modulate responses to
mechanical signals. In accordance with this hypothesis, co-im-
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munoprecipitation studies revealed that Hif-1« and -catenin
directly interact after mechanical stimulation in both primary
osteoblasts and MLO-Y4 cells (Fig. 5A). Disruption of Hif-1a in
primary osteoblasts (Fig. 5, B and C) greatly increased load-
induced expression of B-catenin target genes and the activity of
a B-catenin reporter gene (Fig. 5, D and F) but did not affect
genes associated with other signaling pathways (Fig. 5E). More-
over, the amounts of Tcf4 that co-immunoprecipitated with
B-catenin (Fig. 5G) and the Axin2 promoter occupancy of
B-catenin (Fig. 5H) were increased in osteoblasts lacking Hif-1«
after exposure to fluid flow. These data, together with the
observations that osteoblasts overexpressing Hifs via the dis-
ruption of Vhl demonstrated reduced expression of Axin2 after
loading and that disruption of Hif-2a was without effect (Fig.
5I), indicate that Hif-1« acts as a negative regulator of load-
induced bone formation by specifically interacting with
B-catenin and suppressing its activity.

DISCUSSION

In this study, we show that activation of the transcription
factor Hif-1a is a primary response to mechanical loading of
bone and that it appears to function in the osteoblast as a neg-
ative regulator of load-induced bone formation. Our studies
were prompted by observations in mice lacking Hif-1« specifi-
cally in osteoblasts and osteocytes, which exhibited dramatic
shifts in cortical bone architecture during postnatal develop-
ment. Thus, deficits in cortical bone seen in immature AHif-1c
mice, likely due in part to impaired development of the skeletal
vasculature (31), were reversed such that the mature mutants
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FIGURE 5. Hif-1« antagonizes load-induced B-catenin signaling. A, co-immunoprecipitation (IP) revealed that Hif-1« and B-catenin interact in both primary
osteoblasts (Ob) and MLO-Y4 (Ocy) cells after exposure to fluid flow. B and C, primary osteoblasts isolated from Hif-1« floxed mice were infected with
adenovirus expressing Cre recombinase to abolish Hif-1a expression (B) and prevent its induction after fluid flow exposure (C). Con, control. D and E, osteoblasts
deficient for Hif-1a (AHif-1a) exhibited increased expression levels of B-catenin target genes (D), but not osteopontin (OPN), Cox-2, or IGF-1 (E), after exposure
to fluid flow. F, BAT-gal reporter activity was increased in osteoblasts rendered deficient for Hif-1« and exposed to fluid flow. NT, untreated. G and H, an
increased association of B-catenin with Tcf4 (G) and increased binding to the Axin2 promoter (H) were evident in AHif-1a osteoblasts after exposure to fluid
flow in co-immunoprecipitation and ChIP assays, respectively. |, overexpressing Hif-1a by disrupting the expression of Vhlinhibited Axin2 expression after fluid

flow exposure, whereas disrupting Hif-2a expression was without effect. Data are plotted mean *+ S.E. *, p < 0.05

had more cortical bone when compared with controls. We
hypothesized that this developmental switch in cortical bone
architecture might represent enhanced adaptation to mechan-
ical loading associated with increased ambulation during post-
natal life. The studies described here were designed to explore
the possible role of Hif-1« in this phenomenon.

The contrasting skeletal phenotypes observed as the AHif-1«
mice mature suggest that Hif-1 exerts distinct functions at dif-
ferent times during skeletal development. During early devel-
opment, the accumulation of both trabecular and cortical bone
in the axial skeleton of AHif-1a mice is reduced, likely due to a
decrease in vascularization critical for the initial specification
and differentiation of bone forming osteoblasts. As the mouse
matures and increases its ambulatory activity, it is possible that
Hif-1a-generated signals impinge on other cellular functions
including those involved in adaptation of bone to mechanical
loads. In this regard, Hif-1a is known to be regulated by
mechanical events in other tissues. For example, loading of the
rat extensor digitorum longus muscle induces the accumula-
tion of Hif a-subunits (29). Likewise, hemodynamic loading or
stretching of cardiac tissue by expanding an intraventricular
balloon stimulated Hif-1a accumulation in the cardiac muscle
(30). In this context, Hif-1a-generated signals likely participate
in mechanisms that enable muscle to adapt to increased
mechanical forces as well as the heightened demand for oxygen
delivery evidenced by up-regulation of angiogenic gene expres-
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sion in the stretched myocardium. This situation differs from
the exogenous mechanical stimuli implemented in the current
study, which are not associated with significant hypoxia or
increased angiogenesis (45), but rather, are considered ana-
bolic. On the other hand, application of much more intensive
loads that induce bone fatigue with significant tissue damage is
associated with increased skeletal vascularity likely due to tissue
hypoxia (46, 47).

An important conceptual conclusion from our studies is that
Hif-1a normally functions to attenuate anabolic responses to
exogenous loads. As mentioned above, intermittent application
of mechanical loading with interspersed periods of rest is a
more effective regimen for increasing bone formation than
uninterrupted sustained loading (18 -20). Unregulated ana-
bolic signaling in loaded osteoblasts would increase oxidative,
metabolic, and genetic stress and ultimately limit their per-
formance. Interestingly, reactive oxygen species, which are gen-
erated by mechanical loading in other tissues (48), stabilize Hif
a-subunits (49, 50), and in turn, Hif-1-generated signals inhibit
reactive oxygen species production (51, 52). These observations
suggest that Hif-1a may function transiently as a negative reg-
ulator of load-induced bone formation to ensure periods of qui-
escence during which time cells can recover from the poten-
tially damaging effects of cellular stressors.

Several lines of evidence support the conclusion that Hif-1«
attenuates load-induced bone formation by interfering with
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B-catenin, a critical regulator of osteoblast specification and
function (53, 54). First, Hif-la directly interacted with
B-catenin. Second, osteoblasts deficient in Hif-1a exhibited
enhanced activation of a B-catenin reporter gene, enhanced
target gene expression, and increased association with Tcf4
after exposure to fluid flow. Conversely, osteoblasts overex-
pressing Hif-1a had diminished measures of 3-catenin activity.
Moreover, previous work in other cell types support our find-
ings. For example, inhibition of Wnt/B-catenin signaling has
been reported in colon cancer and non-small lung cancer cell
lines exposed to hypoxia (55, 56). In these studies, Hif-1« inter-
acted with B-catenin via its NH, terminus and thereby inhib-
ited the interaction of B-catenin with TCF4. However, the reg-
ulation of Wnt/B-catenin signaling may be cell- and
differentiation stage-specific as Hif-1 was recently reported to
enhance canonical Wnt signaling in embryonic stem cells but
to have no effect on the pathway in neuroprogenitor cells (57).
Finally, it should be noted that other factors including FoxO1
(58) and NMP4-CIZ (12) have also been shown to modulate
[B-catenin activity in osteoblasts, with the actions of the latter
being responsive to experimental loading. Whether or to what
extent these factors cooperate with Hif-1« to regulate mechan-
ical responses to loading in bone remains to be determined but
fully supports the importance of controlling 3-catenin activity.

In summary, we have identified Hif-1« as a negative regula-
tor of load-induced bone formation. Our results suggest a
model in which loading activates the canonical Wnt/f-catenin
pathway, which induces bone anabolic pathways in osteoblasts.
Concomitant up-regulation of Hif-1a attenuates the magni-
tude of Wnt/B-catenin activity by sequestration of 3-catenin,
thereby enabling periods of quiescence during which time cells
can recover from the potentially damaging effects of cellular
stressors. Our findings advance the understanding of the mech-
anisms by which bone cells perceive and respond to changes in
their mechanical environment and may lead to the develop-
ment of strategies designed to increase bone mass via an ana-
bolic response.
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