Bone Regeneration Using Polyplex Nanomicelles

In conclusion, we developed a new gene delivery system
applicable to bone regenerative medicine. This polyplex nano-
micelle showed high biocompatibility as well as a capacity for
regulated gene transfer, inducing a remarkable increase in the
bone regeneration rate in a bone defect model. This system holds
much promise for constructing a practical gene-activated matrix
for tissue engineering. Moreover, this technology will help real-
ize therapeutic applications of gene therapy requiring safe and
regulated gene expressions.

MATERIALS AND METHODS

Materials. pDNAs encoding luciferase (pGL3-control, 5,256bp)
(Promega, Madison, WI) and GFP (pEGFP-CI, 4,700bp) (Clontech,
Palo Alto, CA) were amplified in competent DHS5« Escherichia coli and
purified using EndoFree Plasmid Maxi or Mega Kits (Qiagen, Hilden,
Germany). pCMV5 pDNA expressing hemagglutinin-tagged mouse
caALK6 and pcDEF3 pDNA expressing Flag-tagged mouse Runx2 were
generous gifts from M. Kriippel (Mt. Sinai Hospital, Toronto, Canada)
and K. Miyazono (University of Tokyo, Tokyo, Japan), respectively. The
DNA concentration was determined by reading the absorbance at 260 nm.
Commercially available transfection reagents, linear polyethylenimine
(Exgen 500, M_ of LPEI = 22kd) and FuGENES6 were purchased from
MBI Fermentas (Burlington, Canada) and Roche (Basel, Switzerland),
respectively. Dulbecco’s modified Eagle’s medium and fetal bovine serum
were purchased from Sigma- Aldrich (St. Louis, MO).

Synthesis and characterization of PEG-b-P[Asp-(DET)] block copolymer.
The PEG-b-P[Asp-(DET)] block copolymer was synthesized as previ-
ously reported* Briefly, PEG-poly(B-benzyl-L-aspartate) (PEG-PBLA)
diblock copolymer was synthesized by the ring-opening polymerization
of B-benzyl-L-aspartate N-carboxy-anhydride from the terminal primary
amino group of a-methoxy-w-amino PEG (M, 12,000; Nippon Oil and
Fats, Tokyo, Japan). The copolymer thus prepared was confirmed to be
unimodal with a narrow molecular weight distribution (M /M : 1.23)
by gel-permeation chromatography, and the number of repeating units
of BLA was calculated to be 68 by 'TH-NMR (data not shown). The N-
terminal amino group of PEG-PBLA was then acetylated using acetic
anhydride in dichloromethane solution to obtain PEG-PBLA-Ac. The
obtained polymer was dissolved in distilled N,N-dimethylformamide
(Wako Pure Chemical Industries, Osaka, Japan) and reacted with diethy-
lenetriamine (DET) (Tokyo Kasei Kogyo, Tokyo, Japan) for 24 hours at
40°C under a dry argon atmosphere to undergo aminolysis of the ben-
zyl side chain. After 24 hours, the solution was slowly dropped into 10%
acetic acid solution and dialyzed (Spectra/por Membrane, molecular
weight cut-off = 3,500, Rancho Dominquez, CA) against 0.01 N HCl and
subsequently against distilled water. The final solution was lyophilized to
obtain PEG-b-P[Asp-(DET)] as the hydrochloride salt form. 'H-NMR
confirmed the complete substitution of benzy! ester of the polymer with
DET through the aminolysis reaction as well as the chemical structure of
the obtained PEG-b-P[Asp-(DET)] block copolymer.

Preparation of pDNA carriers. The PEG-b-P[Asp-(DET)] block copoly-
mer and pDNA were separately dissolved in 10 mmol/l Tris—-HCI buffer
(pH 74). Both solutions were mixed at various nitrogen/phosphate (=
(total amines in cationic segment)/(DNA phosphates)) and left overnight.
The pDNA complexes with LPEI and FuGENE6 were prepared by mixing
the pDNA solution and the reagents following the protocols provided by
the manufacturers.

In vitro transfection. HEK293 cells were obtained from the Riken Cell
Bank (Tsukuba, Japan). Mouse calvarial cells were isolated from calvariae
of neonatal littermates. The experimental procedures were in accordance
with the guidelines of the Animal Committee of the University of Tokyo.
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Calvariae were digested for 10 minutes at 37°C in an enzyme solution
containing 0.1% collagenase and 0.2% dispase for five cycles. Cells iso-
lated by the final four digestions were combined as an osteoblast popu-
lation and cultured in Dulbecco’s modified Eagle’s medium containing
10% fetal bovine serum. Human synovial cells from rheurmatoid arthritis
patients were kindly provided by Dr. S. Tanaka (University of Tokyo).*
Written informed consent for subsequent experiments was obtained from
each patient.

For luciferase transfection assays, the cells were inoculated at a density
of 2 x 10* cells/well in a 24-multiwell plate and cultured for 24 hours. After
the culture medium was replaced with fresh medium containing 10% fetal
bovine serum, pDNA carrier solution (33.3ug/ml, 22.5ml) was applied
to each well. After several days of incubation, the cells were lysed and the
luciferase gene expression was measured using a Luciferase Assay System
(Promega, Madison, WI) and a Lumat LB9507 luminometer (Berthold,
Bad Wildbad, Germany). The expression was normalized to protein
concentrations of cell lysates. For the evaluation of sustained luciferase
expression (Figure 4), the cells were seeded onto a 96-multiwell plate
(6 x 10°cells/well). After incubation for 24 hours, 6 1l of each pDNA car-
rier solution was added, followed by further incubation for up to day 10.
The luminescence was measured by a GloMax 96 Microplate Luminometer
(Promega, Madison, WI). For the GFP transfection assay, both the phase
contrast and the fluorescence images were obtained by an Axiovert 100 M
microscope (Carl Zeiss, Oberkochen, Germany).

For the cytotoxicity assay, a 96-multiwell plate was used. After trans-
fection as described above, the cells were incubated for 2 or 5 days and their
viability was evaluated by an MTT assay (Cell Counting Kit-8, Dojindo,
Kumamoto, japan). Each well was measured by reading the absorbance
at 450 nm according to the protocol provided by the manufacturer. The
results were expressed as the relative value (%) of the control cells, which
were incubated in parallel without transfection.

Evaluation of mRNA expression. After transfection to mouse calvarial
cells, the total RNA was collected using the RNeasy Mini Preparation Kit
(Qiagen, Hilden, Germany) according to the manufacturer’s protocol.
Gene expression was analyzed by quantitative PCR. Using the Quantitect
SYBR Green PCR Kit (Qiagen, Hilden, Germany), 20 ng of total RNA was
analyzed in a final volume of 20 ul according to the manufacturer’s proto-
col. Reverse transcription was performed for 30 minutes at 50 °C followed
by PCR: 40 thermal cycles of 15 seconds at 94°C, 30 seconds at 55 °C, and
30 seconds at 72°C using an ABI Prism 7500 Sequence Detector (Applied
Biosystems, Foster City, CA). Each mRNA expression was normalized to
levels of mouse S-actin mRNA, also determined by quantitative reverse
transcription-PCR, from the same total RNA samples. The following
primers were used: osteocalcin, forward primer (AAGCAGGAGGGC
AATAAGGT) and reverse primer (TTTGTAGGCGGTCTTCAAGC);
mouse ALKS6, forward primer (CACCAAGAAGGAGGATGGAG) and
reverse primer (CTAGACATCCAGAGGTGACAACAG); mouse Runx2,
forward primer (CCCAGCCACCTTTACCTACA) and reverse primer
(TATGGAGTGCTGCTGGTCTG); luciferase, forward primer (TTGA
CCGCCTGAAGTCTCTGA) and reverse primer (ACACCTGCGTCGA
AGATGTTG); mouse f-actin, forward primer (AGATGTGGATCAG
CAAGCAG) and reverse primer (GCGCAAGTTAGGTTTTGTCA). As
for luciferase, the gene expression presented as the light units was also
evaluated in parallel.

In vitro transfection from gene-containing scaffolds. To prepare the scaf-
folds containing gene carriers, the PEG-P[Asp-(DET))/pDNA micelles
were mixed with calcium phosphate paste (BIOPEX-R; Mitsubishi
Pharma, Osaka, Japan). According to the manufacturer’s information, the
powder consists of particles (2-5mm in diameter) of a-tricalcium phos-
phate (75% wt), tetracalcium phosphate monoxide (18% wt), dicalcium
phosphate dibasic (5% wt), and hydroxyapatite (2% wt); the aqueous solu-
tion contains sodium chondroitin sulfate (5.4%) and sodium succinate
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(13%). For solidification, 1.0g of the powder was manually mixed (at low
shear rates) with 233 pl of the solution containing pDNAs. After solidifica-
tion, the cement containing 1.3 pg of pDNA was placed onto the upper
chamber of a BD Falcon Cell Culture Insert for 12-well plates (1.0 gm pore
size, Becton Dickinson, Franklin Lakes, NJ), and HEK293 cells were plated
onto the lower chamber. Five days later, luciferase assay was performed as
described. The level of luciferase expression was normalized to the protein
concentrations of cell lysates.

In vivo gene delivery for the bone defect area on the mouse skull bone.
In this study, the 4mm defects in diameter were chosen as the mouse bone
defect model.#’4® We have observed that the mouse calvarial defects (4 mm
in diameter) could not be covered spontaneously with regenerated bone
within 8 weeks after operation, although significant bone formation was
observed at the defect edge (data not shown). Thus, the bone regeneration
was evaluated within or at 4 weeks after gene delivery.

For the generation of bone defects, mice were anesthetized with ket-
amine/xylazine (80mg/kg and 5mg/kg) solution through intraperitoneal
injection, and a linear incision was made along the sagittal suture from
the frontal bone to the center of the occipital bone. A round craniotomy
defect (4mm in diameter) was manually created on both parietal bones
with a sterile disposable trephine (Kai Industries, Gifu, Japan).¥ Calcium
phosphate paste was used to fill in the defects, and then the incisions were
sutured. The mice were killed at 2, 4, or 8 weeks after the operation for
radiologic, histologic, or immunohistologic analyses, respectively. Animal
experiments were performed according to the protocol approved by the
Animal Care and Use Committee of the University of Tokyo.

Assessment of bone regeneration. After the mice were asphyxiated with
carbon dioxide, the calvarias were removed. Tissue preparation, hematox-
ylin and eosin staining, and immunohistologic analysis using a rabbit poly-
clonal antibody against GFP (Molecular Probes, Eugene, OR) or a rabbit
polyclonal antibody against type-I collagen (LSL, Tokyo, Japan) were per-
formed as described.* To evaluate the extent of bone regeneration, serial
coronal sections of the implantation site were performed at 0.5, 1, 1.5, 2,
2.5,3,and 3.5mm from the rostral end and then stained with hematoxylin
and eosin. For each section, the original defect area and the regenerated
bone area were measured by NIH Image software. The ratio of the summa-
tion of the regenerated bone area to that of the original defect area (SRBA/
SODA) was calculated and used as the index of bone regeneration.
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SUPPLEMENTARY MATERIAL

Figure $1. Zeta-potential of polyplex nanomicelles and pDNA com-
plexes with P[Asp-(DET)], the cationic segment of the block copolymer
used in this study.

Figure $2. GFP gene expression in human synovial cells.

Figure $3. GFP gene expression in mouse calvarial cells.

Figure $4. in vitro transfection by polyplex nanomicelles incorporated
into calcium phosphate cement scaffold.
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Prevention of Cartilage Destruction With
Intraarticular Osteoclastogenesis Inhibitory Factor/Osteoprotegerin
in a Murine Model of Osteoarthritis

Sadanori Shimizu," Yoshinori Asou,’ Soichiro Itoh,! Ung-il Chung,? Hiroshi Kawaguchi,?
Kenichi Shinomiya,! and Takeshi Muneta'

Objective. To investigate the effect of osteoclasto-
genesis inhibitory factor/osteoprotegerin (OPG) on
chondrocytes in the development of osteoarthritis (OA)
in vivo.

Methods. To determine the role of endogenous
OPG in the progression of OA, OA was surgically
induced in OPG*'~ mice and their wild-type (WT)
littermates. To determine the role of exogenous OPG,
knee joints of C57BL/6] mice with surgically induced
OA were injected intraarticularly with recombinant
human OPG (rHuOPG) or vehicle 5 times a week. All
mice were euthanized 4 weeks after OA induction; joints
were harvested and evaluated immunohistochemically.

Results. Although OA changes were induced in
both WT and OPG*/~ mice, the degenerative changes in
the articular cartilage were significantly enhanced in
OPG*'~ mice. In C57BL/6] mice with surgically in-
duced OA, intraarticular OPG administration protected
the articular cartilage from the progression of OA. The
Mankin and cartilage destruction scores in OPG-
treated animals were ~50% of those seen in the control
group, Furthermore, OPG administration significantly
protected articular cartilage thickness. Findings of the
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TUNEL assay indicated that rHaOPG prevented chon-
drocyte apoptosis in joints with surgically induced OA.
Results of immunostaining indicated that OPG protein
was detected in the synovium and in resident chondro-
cytes at higher levels in the OPG-treated group than in
the control group.

Conclusion. These data indicate that endogenous
OPG had a protective effect against the cartilage de-
struction that occurs during OA progression. Further-
more, direct administration of rHuOPG to articular
chondrocytes prevented cartilage destruction in an ex-
perimental murine model of OA via prevention of chon-
drocyte apoptosis.

Osteoarthritis (OA), a chronic degenerative joint
disorder characterized by articular cartilage destruction
and osteophyte formation, is a major cause of disability
worldwide (1). OA risk factors identified by previous
epidemiologic studies are age, history of trauma, occu-
pation, and sex. Since these factors are closely related to
the mechanical load placed on joints, OA is thought to
be induced primarily by accumulated mechanical stress
(2). Although several symptomatic therapies have been
attempted for OA, no radical treatment methods have
been established, with the exception of arthroplasty. In
OA, articular chondrocytes appear to be eliminated by
apoptosis (2,3). The number of apoptotic cells in the
articular cartilage of OA patients was found to be
significantly higher than the number in healthy subjects
(4). In addition, chondrocyte apoptosis has been repro-
duced in animals with experimentally induced OA (5).

Osteoclastogenesis inhibitory factor/osteo-
protegerin (OPG) is a heparin-binding basic glycopro-
tein that was originally purified from the conditioned
medium of the human embryonic lung fibroblast line
IMR-90 (6). OPG is a secreted member of the tumor
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necrosis factor (TNF) receptor family that functions as a
decoy receptor for RANKL (6-8), serving to inhibit
osteoclastogenesis and accelerate osteoclast apoptosis
(9,10). OPG deficiency in mice causes severe bone loss
and destruction of internal bone structures through an
unbalanced shift in favor of osteoclast differentiation,
but without other abnormalities (11-13). Homozygous
OPG knockout (OPG™") mice also exhibit unusual bone
formations associated with severe destruction of growth
plate cartilage (14,15). The proximal epiphyses of the
femurs and humeri in OPG™~ mice exhibit resorption of
subchondral bone and collapse of the joint surface
resulting from mechanical damage at the end of the
bone (13). Inactivating mutations in TNFRSF11B, the
gene that encodes OPG, result in juvenile Paget’s dis-
ease (16). Polymorphisms in OPG also increase the risk
of developing Paget’s disease (16). Patients with Paget’s
disease exhibit a wide range of clinical manifestations,
including bone pain, fracture, hearing loss, syndromes of
neurologic compression, and secondary OA (17).

RANK, RANKI, and OPG messenger RNA
(mRNA) and proteins are expressed in normal cartilage.
Cartilage from patients with OA contains increased
levels of OPG mRNA, and the expression of these 3
proteins exiends into the midzone of the cartilage
(18,19). OPG is expressed in the synovial tissues of
patients with rheumatoid arthritis, spondylarthropathies,
and OA (19). OPG expression by chondrocytes is in-
creased in response to in vitro stimulation with
interleukin-1p, the proinflammatory cytokine expressed
in OA joints (18), implying the existence of OPG targets
within the joint space, in addition to the subchondral
area.

The function of OPG that is expressed during OA
pathogenesis is poorly understood. In this study, we
investigated the effects of OPG on chondrocytes during
OA development in vivo. We demonstrated that endog-
enous OPG functions in the prevention of articular
cartilage degradation in a mechanical stress-induced
animal model of OA. Furthermore, we found that direct
administration of exogenous OPG to articular chondro-
cytes effectively retarded the progression of OA via
suppression of chondrocyte apoptosis.

MATERIALS AND METHODS

Animals. C57BL/6] mice (8-10 weeks old) were pur-
chased from Sankyo Labo (Tokyo, Japan). Mice heterozygous
for the OPG gene mutation, OPG/Jcl, on a C57BL/6] back-
ground were purchased from Japan Clea (Tokyo, Japan).

Surgical induction of OA. All experiments were per-
formed according to a protocol approved by the Animal Care

and Use Committee of Tokyo Medical and Dental University.
With the mice under general anesthesia, the right knee joint
was surgically exposed. The medial collateral ligament was
transected, and the medial meniscus was removed using a
surgical microscope with microsurgical technique, as previ-
ously reported (1). The left knee joint was sham-operated,
without ligament transection or meniscectomy.

Reagents. Recombinant human OPG (rHuOPG) was
kindly provided by Biological Research Laboratories, Daiichi
Sankyo (Tokyo, Japan).

Experimental design. Surgical induction of OA in
OPG ™'~ mice. OPG*'~ mice (n = 7) and their wild-type (WT)
littermates (n = 7) (ages 8-12 weeks) were surgically induced
to develop OA by medial collateral ligament transection and
medial meniscectomy. Four weeks after surgery, the mice were
euthanized.

Intraarticular administration of rHuOPG. After surgical
induction of OA, C57BL/6J mice (n = 14) were divided into 2
groups. The OPG-treated group (n = 7) was administered 100
ng of tHuOPG in 10 wl of phosphate buffered saline (PBS)
intraarticularly 5 days a week beginning on postoperative day 1
and continuing for 4 weeks after the operation. The control
group (n = 7) received 10 pl of PBS intraarticularly according
to the same schedule as in the OPG-treated group. Four weeks
after surgery, the animals were euthanized.

Assessment of the severity of OA. Whole knee joints
were removed by dissection, fixed in 4% paraformaldehyde,
and decalcified in EDTA. After dehydration and paraffin
embedding, we cut serial 5-pm sagittal sections from the whole
medial compartment of the joint. Two sections obtained at
100-pm intervals from the weight-bearing region of each knee
joint were stained with Safranin O-fast green. OA severity in
the tibial plateau was evaluated according to Mankin's histo-
logic grading system (20,21), and a cartilage destruction score
was also assigned (1). The thickness of the articular cartilage
layer was measured as the average distance from the superfi-
cial layer to the osteochondral junction of the tibia. Quantita-
tive determination of the articular cartilage thickness and bone
volume in subchondral bone was made using Image-Pro Plus
4.1 software (Media Cybernetics, Carlsbad, CA).

Immunohistochemical analysis. Expression of OPG
and TRAIL at the protein level was examined by immunohis-
tochemistry using an anti-mouse OPG antibody (N-20; catalog
no. sc-8468) or an anti-mouse TRAIL antibody (K-18; catalog
no. sc-6079) according to the manufacturer’s instructions
(Santa Cruz Biotechnology, Santa Cruz, CA). Briefly, sections
were blocked with 5% normal rabbit serum for 30 minutes,
then incubated overnight with anti-mouse OPG antibody (1:
100 dilution) or with anti-mouse TRAIL antibody (1:20 dilu-
tion) at 4°C in a humidified chamber. Sections were incubated
for 30 minutes at room temperature with a biotinylated rabbit
anti-goat IgG and visualized by peroxidase-conjugated avidin
and diaminobenzidine using a Vectastain kit (Vector, Burlin-
game, CA).

TUNEL assay. The TUNEL assay was performed using
a TUNEL detection kit according to the manufacturer’s in-
structions (Takara Shuzo, Kyoto, Japan). Briefly, sections were
incubated with 15 ug/m! of proteinase K for 15 minutes at
room temperature, then washed with PBS. Endogenous per-
oxidase was inactivated with 3% H,O, for 5 minutes at room
temperature. After washing with PBS, sections were immersed
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in buffer containing deoxynucleotidyl transferase and biotinyl-
ated dUTP and incubated for 90 minutes at 37°C in a humid
atmosphere. After washing in PBS, signals were examined by
fluorescence microscopy.

Statistical analysis. Data are expressed as the mean *
SD. Statistical analysis was performed with the Mann-Whitney
U test. P values less than 0.05 were considered significant.

RESULTS

Enhancement of cartilage destruction by OPG
heterozygous deficiency in an experimental OA model.
To determine the role of endogenous OPG in the
progression of OA, we compared histologic features in
the knee joints of OPG-deficient mice with those in their
WT littermates. Histologic sections of the knee joints of
young adult homozygous OPG-knockout (OPG™~) mice
(8 weeks old) exhibited significantly thinned articular
cartilage layers, active infiltration of vessels into sub-
chondral bone, and irregularity of the osteochondral
junction as compared with knee joints from OPG™/~
mice and WT littermates (Figures 1A-C). With aging,
cartilage degradation was found to be enhanced in
OPG™ mice and even in OPG ™/~ mice (Figures 1D-F),
which suggests that sufficient levels of OPG expression
are essential for the prevention of age-dependent carti-
lage degradation. However, it was unclear whether OPG
affected chondrocyte metabolism directly or whether it
was affected indirectly through osteoclastic erosion of
subchondral bone via RANK signaling, since subchon-
dral bone was apparently reduced in OPG™~ mice.
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Figure 1. Histologic findings in the knee joints of young adult (8-
week-old) and old (6-month-old) osteoprotegerin (OPG)-deficient
mice and their wild-type (WT) littermates. Compared with the
OPG™'~ (B) and WT (A) littermates at 8 weeks of age, the OPG™~
mice (C) exhibited thinning of the articular cartilage layers, active
infiltration of vessels into subchondral bone (arrows), and irregularity
of the osteochondral junction. At 6 months of age, signs of enhanced
cartilage degradation were observed in the OPG-deficient mice, such
as superficial fibrillation (K) (arrowhead) and proteoglycan defects (¥)
(arrows), as compared with their WT littermates (D).
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Therefore, we used young adult OPG'" mice in our
experimental model of OA to avoid the effect of the
subchondral bone defect and to examine the effects of
OPG insufficiency on cartilage.

We compared the rates of progression and the
severity of OA in OPG"~ mice subjected to medial
collateral ligament transection and medial meniscec-
tomy to induce OA (1) with those in their WT litter-
mates. Both the structure of the articular cartilage and
the total bone volume were similar in OPG */~ mice and
WT littermates at the ages examined (8-12 weeks old).
Mice were euthanized 4 weeks after the operation, and
the knee joints were harvested and evaluated histologi-
cally.

Destruction of the medial tibial cartilage was
observed in WT littermates, as reported previously (1)
(Figure 2A, parts a and c). Histologic evaluation re-
vealed that degenerative changes of the articular carti-
lage were enhanced in OPG ™~ mice as compared with
WT littermates (Figure 2A, parts b and d). Both the
Mankin scores (Figure 2B) and the cartilage destruction
scores (Figure 2C) in OPG™'~ mice were 25% higher
than those in the WT littermates (P < 0.05). The
morphology of subchondral bone structures was not
affected by OPG haploinsufficiency (Figure 2A, parts ¢
and d). Cartilage thickness, however, was significantly
reduced (P < 0.05) in OPG'~ mice (Figure 2D),
indicating that endogenous OPG plays an important role
in the maintenance of articular cartilage during the
development of mechanical stress-induced OA.

Prevention of cartilage destruction in an experi-
mental OA model by exogenous OPG administration.
To examine whether exogenous OPG prevents cartilage
destruction independently of the protection of subchon-
dral bone structures, we administered rHuOPG by in-
traarticular injection to induce OA surgically in
C57BL/6] mice. We chose this method because systemic
administration of OPG may affect subchondral bone
metabolism via the suppression of osteoclastogenesis.
Medial collateral ligament transection and medial me-
niscectomy to induce OA were performed on the right
knees of all mice; sham operations were performed on
the left knees. OPG or vehicle alone was injected
intraarticularly 5 days a week beginning the day after the
operation, and all mice were euthanized 4 weeks after
the operation.

Histologic investigation indicated that OPG ad-
ministration protected the articular cartilage from pro-
teoglycan depletion, alterations of surface structure, and
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Figure 2. Histologic analysis of surgically induced osteoarthritis (OA)
in the knee joints of young adult osteoprotegerin (OPG)—deficient
mice and their wild-type (WT) littermates. OA was surgically induced
in mice ages 8-12 weeks, and knee joints were harvested 4 weeks later.
A, Sections of articular cartilage from WT (a and ¢) and OPG*'~
(b and d) mice were stained with Safranin O to detect proteoglycans.
Degenerative changes in the articular cartilage were enhanced in
OPG™'~ mice (b) as compared with their WT littermates (a). Mor-
phologic features of the subchondral bone were similar in the WT
{c) and OPG"'~ (d) mice. Boxed and labeled areas in a and b are
shown at higher magnification in ¢ and d, respectively. B and C,
Histologic changes in the OA joints were assigned Mankin scores
(B) and cartilage destruction scores (C). Scores in the OPG*'~
mice were 25% higher than those in their WT littermates. D, Mean
cartilage thickness in OA joints was measured as the average distance
from the superficial layer to the osteochondral junction of the tibia.
The mean cartilage thickness was significantly reduced in OPG™'~
mice as compared with their WT littermates. Values in B-D are the
mean and SD of 7 mice per group. = = P < 0.05 by Mann-Whitney
U test.
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Figure 3. Histologic analysis of surgically induced osteoarthritis (QA)
in the knee joints of mice after administration of recombinant human
osteoprotegerin (tHuOPG) or vehicle. Intraarticular injection of
rHuOPG (rhOPG) or vehicle alone (control) into mouse knee joints
was performed 5 times a week beginning the day after surgery and
continuing for 4 weeks thereafter. A, Sections of articular cartilage
from the knee joints of control (a and ¢) or OPG-treated (b and d)
mice were stained with Safranin O to detect proteoglycans. Degener-
ative changes in the articular cartilage were reduced in OPG-treated
mice as compared with the controls (a-d). Morphologic features of the
subchondral bone were similar in the control (¢) and OPG-treated (d)
mice. Boxed and labeled areas in a and b are shown at higher
magnification in ¢ and d, respectively. B and C, Histologic changes in
the OA joints were assigned Mankin scores (B) and cartilage destruc-
tion scores (C). Scores in the OPG-treated mice were less than 50% of
those in the controls. D, Mean cartilage thickness in OA joints was
measured as the average distance from the superficial layer to the
osteochondral junction of the tibia. The mean cartilage thickness was
significantly reduced in the OPG-treated group as compared with the
controls. Values in B-D are the mean and SD of 7 mice per group.
# = P < 0.05 by Mann-Whitney U test.
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clustering of chondrocytes (Figure 3A, parts a—d). At
this time point, Mankin scores (Figure 3B) and cartilage
destruction scores (Figure 3C) in OPG-treated animals
were ~50% of those seen in the control group (P <
0.05). Thus, OPG administration significantly protected
the articular cartilage thickness (Figure 3D). The struc-
ture and bone volume (mean * SD bone volume/total
volume 56.79 * 12% in the control group versus 59.18 =
22% in the OPG-treated group) of subchondral bone
were not affected by intraarticular administration of
OPG, as was expected (Figure 3A, parts ¢ and d). The
number of osteoclasts in the subchondral region
(mean = SD 4.4 + 1.1/mm in the control group versus
44 * 1.2/mm in the OPG-treated group) was also
similar between these groups, indicating that exogenous
OPG protected the articular cartilage from degradation
in a manner that was independent of the protection of
subchondral bone.

Prevention of chondrocyte apoptosis in an exper-
imental OA model by exogenous OPG administration.
Chondrocyte apoptosis is increased in OA cartilage and
is anatomically linked to proteoglycan depletion (2,3).
These observations prompted us to investigate the effect
of OPG administration on chondrocyte apoptosis. We
injected rHuOPG or vehicle alone into the knee joints of
C57BL/6J mice with surgically induced OA for 5 days a
week beginning on postoperative day | and continuing
for 4 weeks. Knee joints were then examined after
TUNEL staining. TUNEL-positive cells were abundant
among the chondrocytes present in control mice with
surgically induced OA that had received only PBS
injection (Figure 4A, part a). In contrast, TUNEL-
positive cells were rare in joints injected with rHuOPG
(Figure 4A, part b). The number of TUNEL-positive
chondrocytes in the joints of the OPG-treated group
was almost one-third of that in the control group (P <
0.05) (Figure 4B). These data indicated that the anti-
apoptotic effect of OPG functions to protect the articular
cartilage.

Expression of OPG and TRAIL in chondrocytes
of mice with experimentally induced OA. Immunohisto-
chemical analysis indicated that while OPG could be
detected in synovial cells and chondrocytes, OPG pro-
tein was observed at higher levels in the peripheral
layers of OA joint cartilage and synovial tissue following
OPG administration (Figure 5A). One of the OPG
ligands, TRAIL, has also been observed in chondrocytes
and synovial tissues from OA joints (18,19,22). More-
over, TRAIL is known to induce chondrocyte apoplosis
in vitro (22,23). Our immunohistochemical analysis also
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Figure 4. Analysis of apoptosis in TUNEL-stained sections of carti-
lage from mice with surgically induced osteoarthritis (OA) after
intraarticular administration of recombinant human osteoprotegerin
(rHuOPG) or vehicle. Intraarticular injection of rHuOPG (rhOPG) or
vehicle alone (control) into mouse knee joints was performed 5 times
a week beginning the day after surgery and continuing for 4 weeks
thereafter. A, TUNEL staining of OA cartilage sections was examined
by darkfield (a and b) and brightfield (¢ and d) microscopy. The
number of TUNEL-positive cells was increased in knee joint cartilage
from control mice (a) but was significantly reduced in knee joint
cartilage from mice injected with rtHuOPG (b). B, The number of
TUNEL-positive cells per section of OA cartilage was determined
under fluorescence microscopy. Values are the mean and SD of § mice
per group, * = P < (.05 by Mann-Whitney U test.

indicated that TRAIL was expressed in chondrocytes.
TRAIL-positive chondrocytes were primarily detected
in the periphery of the joint cartilage in OPG-treated
animals (Figure 5B, part b), whereas they were present
in the middle and deep zones of the joint cartilage, with
hypertrophic differentiation, in control animals (Figure
5B, part a). The expression patterns of OPG and TRAIL
overlapped significantly in the OPG-treated group (Fig-
ure 5A, part f, and Figure 5B, part b). These results
suggest that exogenous OPG protected the articular chon-
drocytes by inhibiting TRAIL-induced apoptosis in vivo.
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Figure 5. Expression of osteoprotegerin (OPG) and TRAIL in chon-
drocytes from mice with surgically induced osteoarthritis (OA) after
intraarticular administration of recombinant human osteoprotegerin
(rHuOPG) or vehicle. Intraarticular injection of tHuOPG (rhOPG) or
vehicle alone (control) into mouse knee joints was performed 5 times
a week beginning the day after surgery and continuing for 4 weeks
thereafter. A, OPG protein was present at high levels in synovial cells
(d) and cartilage chondrocytes (f) in sections from rHuOPG-treated
mice, whereas only trace amounts of OPG protein were observed in
control animals (a, ¢, and e). Control chondrocytes (e) showed
hypertrophic changes as a result of OA progression, as compared with
chondrocytes from rHuOPG-treated mice (f). Boxed and labeled areas
in a and b are shown at higher magnification in ¢ and e and in d and
f. respectively. B, TRAIL expression was also observed in the cartilage
chondrocytes of control (a) and OPG-treated (b) mice with surgically
induced OA.

DISCUSSION

This study revealed the effects of reductions of
endogenous OPG activity on the progression of
instability-induced cartilage destruction in mice het-
erozygous for an OPG gene mutation. Previous studies
have indicated that OPG™" mice demonstrate severe

destruction of growth plate cartilage and growth plate
cartilage loss-induced epiphyseal and metaphyseal tra-
becular bone formation (14,15). Histologic examination
revealed that at 8 weeks of age, OPG '~ mice exhibited
irregular articular cartilage, including markedly thinned
cartilage layers and invasion of the vasculature into the
calcified layer (Figure 1C); in contrast, the articular
cartilage of young adult OPG™/~ mice was intact at this
age (Figure 1B). Although OPG™~ mice exhibit a
significant loss of total bone density compared with their
WT littermates by the age of 6 months (mean = SD
487.6 = 27 mg/cm’ versus 521.2 = 29 mg/cm?; P < 0.05),
bone volume is comparable in young adult OPG™'~ and
WT mice at the ages evaluated in these experiments
(13).

Since subchondral bone metabolism is important
for the maintenance of articular cartilage (24), we chose
young adult OPG"~ mice as our experimental OA
model in which to examine the effects of OPG haplo-
insufficiency in chondrocytes on cartilage metabolism.
After induction of OA in OPG""" mice and their WT
littermates, the OPG ™'~ mice exhibited severe articular
cartilage degeneration as compared with the WT mice.
This observation indicated that adequate OPG was
required for the maintenance of cartilage and the pre-
vention of mechanical stress-induced cartilage degener-
ation. The observation that the subchondral bone struc-
tures in OPG™~ mice and their WT littermates were
histologically indistinguishable suggested that endoge-
nous OPG likely plays only a minimal role in subchon-
dral bone turnover in the acute phase of OA progression.

We also demonstrated that intraarticular admin-
istration of exogenous OPG effectively protected the
articular cartilage from degradation. Although previous
reports suggested a protective effect of OPG on cartilage
in arthritis models, systemically administered OPG pro-
tected both the articular cartilage and articular bone
(25-28). Therefore, it was unclear whether in arthritis,
OPG affected chondrocyte metabolism directly or indi-
rectly through osteoclastic bone erosion of subchondral
bone via RANK signaling (27). To study this, we admin-
istered THuOPG intraarticularly, which revealed the
direct effect of this substance on articular chondrocyte
metabolism.

TRAIL, one of the ligands for OPG, was also
expressed in chondrocytes, as reported previously (22),
regardless of OPG administration. OPG binds to
TRAIL, a death domain-containing type II transmem-
brane protein member of the TNF superfamily (29,30).
TRAIL constitutes a family of ligands that transduces
death signals through a death domain—containing recep-
tor (31). OPG inhibits TRAIL-induced apoptosis in
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Jurkat cells (29) and endothelial cells (32). TRAIL also
induces chondrocyte apoptosis in vitro; its expression is
increased in the chondrocytes of rats with experimen-
tally induced OA (22). In this study, OPG was observed
in TRAIL-expressing chondrocytes and synovium in
OPG-treated animals. These findings are consistent with
the hypothesis that exogenously administered OPG pre-
vents chondrocyte apoptosis in our model of surgically
induced OA. Although inhibition of the TRAIL pathway
by OPG may be one of the potent mechanisms of OA
prevention of OPG, the target of OPG is still to be
elucidated.

The concentration of OPG we used was deter-
mined according to previous observations in endothelial
cells (32), where endothelial cell apoptosis induced by
serum deprivation was blocked by OPG concentrations
>0.5 pg/ml. The appropriate concentration of OPG will
need to be determined for any future clinical applica-
tions.

TUNEL staining revealed that OPG administra-
tion significantly suppressed chondrocyte apoptosis. Ex-
ogenous OPG was confined to the cartilage and syno-
vium; the subchondral bone volume and vascular
invasion were not affected by intraarticular OPG admin-
istration. These observations indicated that the chondro-
protective effect of OPG was independent of the sub-
chondral bone protection.

To investigate the function of OPG in articular
chondrocyte metabolism, we used an experimental
stress-induced murine model of OA that is reproducible
and closely resembles OA in humans (1). The combina-
tion of medial collateral ligament transection and medial
meniscectomy induced medial tibial cartilage destruc-
tion within 4 weeks. The early changes in the articular
cartilage after surgery resulted from a defect in the
superficial zone and corresponded to a decrease in
Safranin O staining. These initial findings were followed
by progressive cartilage destruction in a manner identi-
cal to that reported for OA pathology in humans as
determined by arthroscopic and histologic analyses
(33,34). Along with the catabolic changes, the anabolic
reactions of chondrocyte proliferation and subchondral
sclerosis were also observed in our model.

The findings of this study cannot rule out the
importance of subchondral bone metabolism in articular
cartilage protection. Although articular chondrocytes do
not have an intact RANK signaling apparatus, RANKL-
deficient mice have been shown to be protected from
bone erosion in a serum-transfer model of arthritis (35),
indicating that OPG protects articular cartilage via
maintenance of subchondral bone. In the rat inflamma-
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tory arthritis model, systemic administration of OPG
preserved articular cartilage (25,27). While significant
chondroprotection was observed in mildly inflamed
joints following administration of Fc-OPG, no signifi-
cant protection was seen in the more severely inflamed
joints of rats treated with OPG. Similarly, in a serum-
transfer model of arthritis, RANKL-deficient mice ex-
hibited cartilage loss despite protection from bone ero-
sion and despite partial inhibition of cartilage
destruction (35). In these experiments, OPG was admin-
istered systemically; intraarticular OPG levels were not
affected (27). Administration of OPG both systemically
and intraarticularly may have an additive effect on
chondrocyte protection in arthritis.

Bone resorption inhibitors, including bisphos-
phonates and calcitonin, have been shown to reduce
cartilage degradation in experimental arthritis models
(36,37). In a rat model of stress-induced OA, alendro-
nate was shown to have a partial chondroprotective
effect during the early stages of disease (36). Although
the direct target of bisphosphonates is not known,
bisphosphonate inhibition of subchondral bone turnover
may be a candidate mechanism that would explain this
phenomenon. Bisphosphonates may indirectly reduce
cartilage breakdown by altering the distribution of me-
chanical stress. Bisphosphonate inhibition of osteoclastic
bone resorption may also reduce the release of inflam-
matory cytokines and growth factors (36).

In conclusion, we have demonstrated that
rHuOPG prevents cartilage destruction in an experi-
mental murine model of OA and that endogenous OPG
protects against cartilage destruction during the progres-
sion of OA. Our results provide clues that OPG prevents
chondrocyte apoptosis via a direct effect on chondro-
cytes in vivo. These results support a potential therapeu-
tic application of rHuOPG in human OA.

ACKNOWLEDGMENTS

The authors would like to acknowledge Dr. Satoru
Kamekura for technical advice with the experimental OA
model and Miyoko Ojima for expert help with the histologic
analyses.

AUTHOR CONTRIBUTIONS

Dr. Asou had full access to all of the data in the study and
takes responsibility for the integrity of the data and the accuracy of the
data analysis.

Study design. Asou, Chung, Kawaguchi.

Acquisition of data. Shimizu, Itoh.

Analysis and interpretation of data. Asou, Chung, Kawaguchi, Mu-
neta.

Manuscript preparation. Shimizu, Asou, Shinomiya.

Statistical analysis. Shimizu.



PREVENTION OF CARTILAGE DESTRUCTION WITH OPG IN MURINE OA

88

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

REFERENCES

. Kamekura S, Hoshi K, Shimaoka T, Chung U, Chikuda H,

Yamada T, et al. Osteoarthritis development in novel experimen-
tal mouse models induced by knee joint instability. Osteoarthritis
Cartilage 2005;13:632-41.

. Hashimoto S, Ochs RL, Komiya S, Lotz M. Linkage of chondro-

cyte apoptosis and cartilage degradation in human osteoarthritis.
Arthritis Rheum 1998;41:1632--8.

. Kim HA, Lee YJ, Seong SC, Choe KW, Song YW. Apoptotic

chondrocyte death in human osteoarthritis. ] Rheumatol 2000;27:
455-62.

. Amin AR, Abramson SB. The role of nitric oxide in articular

cartilage breakdown in osteoarthritis. Curr Opin Rheumatol 1998;
10:263-8.

. Hashimoto S, Takahashi K, Amiel D, Coutts RD, Lotz M.

Chondrocyte apoptosis and nitric oxide production during experi-
mentally induced osteoarthritis. Arthritis Rheum 1998;41:1266-74.

. Tsuda E, Goto M, Mochizuki S, Yano K, Kobayashi F, Morinaga

T, et al. Isolation of a novel cytokine from human fibroblasts that
specifically inhibits osteoclastogenesis. Biochem Biophys Res
Commun 1997;234:137-42.

. Yasuda H, Shima N, Nakagawa N, Yamaguchi K, Kinosaki M,

Mochizuki §, et al. Osteoclast differentiation factor is a ligand for
osteoprotegerin/osteoclastogenesis-inhibitory factor and is identi-
cal to TRANCE/RANKL. Proc Natl Acad Sci U S A 1998;95:
3597-602.

. Yasuda H, Shima N, Nakagawa N, Mochizuki SI, Yano K, Fujise

N, et al. Identity of osteoclastogenesis inhibitory factor (OCIF)
and osteoprotegerin (OPG): a mechanism by which OPG/OCIF
inhibits osteoclastogenesis in vitro. Endocrinology 1998;139:
1329-37.

. Lacey DL, Tan HL, Lu J, Kaufman S, Van G, Qiu W, et al.

Osteoprotegerin ligand modulates murine osteoclast survival in
vitro and in vivo. Am J Pathol 2000;157:435-48.

Burr DB. Anatomy and physiology of the mineralized tissues: role
in the pathogenesis of osteoarthrosis. Osteoarthritis Cartilage
2004;12 Suppl A: S20-30.

Yano K, Tsuda E, Washida N, Kobayashi F, Goto M, Harada A,
et al. Immunological characterization of circulating osteoprote-
gerin/osteoclastogenesis inhibitory factor: increased serum con-
centrations in postmenopausal women with osteoporosis. J Bone
Miner Res 1999;14:518-27.

Mizuno A, Amizuka N, Irie K, Murakami A, Fujise N, Kanno T,
et al. Severe osteoporosis in mice lacking osteoclastogenesis
inhibitory factor/osteoprotegerin. Biochem Biophys Res Commun
1998;247:610-5.

Bucay N, Sarosi I, Dunstan CR, Morony S, Tarpley J, Capparelli
C, et al. Osteoprotegerin-deficient mice develop early onset osteo-
porosis and arterial calcification. Genes Dev 1998;12:1260-8.
Amizuka N, Shimomura J, Li M, Seki Y, Oda K, Henderson JE, et
al. Defective bone remodelling in osteoprotegerin-deficient mice.
J Electron Microsc (Tokyo) 2003;52:503-13.

Kawana F, Sasaki T. Osteoclast differentiation and characteristic
trabecular bone formation during growth plate destruction in
osteoprotegerin-deficient mice. J Electron Microsc (Tokyo) 2003;
52:515-25.

Daroszewska A, Ralston SH. Genetics of Paget’s disease of bone.
Clin Sci (Lond) 2005;109:257-63.

Van Staa TP, Selby P, Leufkens HG, Lyles K, Sprafka JM, Cooper
C. Incidence and natural history of Paget’s disease of bone in
England and Wales. ] Bone Miner Res 2002;17:465-71.

Komuro H, Olee T, Kuhn K, Quach J, Brinson DC, Shikhman A,
et al. The osteoprotegerin/receptor activator of nuclear factor
«B/receptor activator of nuclear factor «B ligand system in carti-
lage. Arthritis Rheum 2001;44:2768-76.

Haynes DR, Barg E, Crotti TN, Holding C, Weedon H, Atkins GJ,

3365

et al. Osteoprotegerin expression in synovial tissue from patients
with rheumatoid arthritis, spondyloarthropathies and osteoarthri-
tis and normal controls. Rheumatology (Oxford) 2003;42:123-34.

. Mankin HJ, Dorfman H, Lippiello L, Zarins A. Biochemical and

metabolic abnormalities in articular cartilage from osteo-arthritic
human hips. 1. Correlation of morphology with biochemical and
metabolic data. J Bone Joint Surg Am 1971;53:523-37.

21. Mankin HJ. Biochemical and metabolic abnormalities in osteoar-

24,

25.

26.

30.

3L

33.
34.

35.

36.

37.

thritic human cartilage. Fed Proc 1973;32:1478-80.

. Lee SW, Lee HJ, Chung WT, Choi SM, Rhyu SH, Kim DK, et al.

TRAIL induces apoptosis of chondrocytes and influences the
pathogenesis of experimentally induced rat osteoarthritis. Arthritis
Rheum 2004;50:534-42.

. Pettersen I, Figenschau Y, Olsen E, Bakkelund W, Smedsrod B,

Sveinbjornsson B. Tumor necrosis factor-related apoptosis-induc-
ing ligand induces apoptosis in human articular chondrocytes in
vitro. Biochem Biophys Res Commun 2002;296:671-6.

Hayami T, Pickarski M, Zhuo Y, Wesolowski GA, Rodan GA,
Duong LT. Characterization of articular cartilage and subchondral
bone changes in the rat anterior cruciate ligament transection and
meniscectomized models of osteoarthritis. Bone 2006;38:234-43.
Kong YY, Feige U, Sarosi I, Bolon B, Tafuri A, Morony S, et al.
Activated T cells regulate bone loss and joint destruction in
adjuvant arthritis through osteoprotegerin ligand. Nature 1999;
402:304-9.

Redlich K, Hayer S, Maier A, Dunstan CR, Tohidast-Akrad M,
Lang S, et al. Tumor necrosis factor a-mediated joint destruction
is inhibited by targeting osteoclasts with osteoprotegerin. Arthritis
Rheum 2002;46:785-92.

. Romas E, Sims NA, Hards DK, Lindsay M, Quinn JW, Ryan PF,

et al. Osteoprotegerin reduces osteoclast numbers and prevents
bone erosion in collagen-induced arthritis. Am J Pathol 2002;161:
1419-27.

. Campagnuolo G, Bolon B, Feige U. Kinetics of bone protection by

recombinant osteoprotegerin therapy in Lewis rats with adjuvant
arthritis. Arthritis Rheum 2002;46:1926-36.

29. Emery JG, McDonnell P, Burke MB, Deen KC, Lyn S, Silverman

C, et al. Osteoprotegerin is a receptor for the cytotoxic ligand
TRAIL. J Biol Chem 1998;273:14363-7.

Wiley SR, Schooley K, Smolak PJ, Din WS, Huang CP, Nicholl JK,
et al. Identification and characterization of a new member of the
TNF family that induces apoptosis. Immunity 1995;3:673-82.
Schulze-Osthoff K, Ferrari D, Los M, Wesselborg S, Peter ME.
Apoptosis signaling by death receptors. Eur J Biochem 1998;254:
439-59.

. Pritzker LB, Scatena M, Giachelli CM. The role of osteoprote-

gerin and tumor necrosis factor-related apoptosis-inducing ligand
in human microvascular endothelial cell survival. Mol Biol Cell
2004;15:2834-41.

Poole AR. An introduction to the pathophysiology of osteoarthri-
tis. Front Biosci 1999;4:D662-70.

Santori N, Villar RN. Arthroscopic findings in the initial stages of
hip osteoarthritis. Orthopedics 1999;22:405-9.

Pettit AR, Ji H, von Stechow D, Muller R, Goldring SR, Choi Y,
et al. TRANCE/RANKL knockout mice are protected from bone
erosion in a serum transfer model of arthritis. Am J Pathol
2001;159:1689-99.

Hayami T, Pickarski M, Wesolowski GA, Mclane ], Bone A,
Destefano J, et al. The role of subchondral bone remodeling in
osteoarthritis: reduction of cartilage degeneration and prevention
of osteophyte formation by alendronate in the rat anterior cruciate
ligament transection model. Arthritis Rheum 2004;50:1193-206.
Myers SL, Brandt KD, Burr DB, O’Connor BL, Albrecht M.
Effects of a bisphosphonate on bone histomorphometry and
dynamics in the canine cruciate deficiency model of osteoarthritis.
J Rheumatol 1999;26:2645-53.



@ prosone

OPEN @ ACCESS Freely available online

Akt1 in Osteoblasts and Osteoclasts Controls Bone
Remodeling

Naohiro Kawamura', Fumitaka Kugimiya', Yasushi Oshima’, Shinsuke Ohba?, Toshiyuki Ikeda', Taku Saito’, Yusuke Shinoda', Yosuke
Kawasaki', Naoshi Ogata’, Kazuto Hoshi', Toru Akiyama', William S. Chen?, Nissim Hay*, Kazuyuki Tobe®, Takashi Kadowaki®, Yoshiaki Azuma®,
Sakae Tanaka', Kozo Nakamura', Ung-il Chung?, Hiroshi Kawaguchi'*

1Department of Sensory and Motor System Medicine, Faculty of Medicine, University of Tokyo, Tokyo, Japan, 2 Center for Disease Biology and
Integrative Medicine, Faculty of Medicine, University of Tokyo, Tokyo, Japan, 3 Transgenic and Knockout Mouse Laboratory, University of Kansas,
Lawrence, Lawrence, Kansas, United States of America, 4 Department of Molecular Genetics, College of Medicine, University of Illinois at Chicago,
Chicago, lllinois, United States of America, 5Department of Metabolic Diseases, Faculty of Medicine, University of Tokyo, Tokyo, Japan, 6Teijin
Institute for Biomedical Research, Tokyo, Japan

Bone mass and turnover are maintained by the coordinated balance between bone formation by osteoblasts and bone
resorption by osteoclasts, under regulation of many systemic and local factors. Phosphoinositide-dependent serine-threonine
protein kinase Akt is one of the key players in the signaling of potent bone anabolic factors. This study initially showed that the
disruption of Akt1, a major Akt in osteoblasts and osteoclasts, in mice led to low-turnover osteopenia through dysfunctions of
both cells. Ex vivo cell culture analyses revealed that the osteoblast dysfunction was traced to the increased susceptibility to
the mitochondria-dependent apoptosis and the decreased transcriptional activity of runt-related transcription factor 2 (Runx2),
a master regulator of osteoblast differentiation. Notably, our findings revealed a novel role of Akt1/forkhead box class O
(FoxO) 3a/Bim axis in the apoptosis of osteoblasts: Akt1 phosphorylates the transcription factor FoxO3a to prevent its nuclear
localization, leading to impaired transactivation of its target gene Bim which was also shown to be a potent proapoptotic
molecule in osteoblasts. The osteoclast dysfunction was attributed to the cell autonomous defects of differentiation and
survival in osteoclasts and the decreased expression of receptor activator of nuclear factor-xB ligand (RANKL), a major
determinant of osteoclastogenesis, in osteoblasts. Akt1 was established as a crucial regulator of osteoblasts and osteoclasts by
promoting their differentiation and survival to maintain bone mass and turnover. The molecular network found in this study
will provide a basis for rational therapeutic targets for bone disorders.

Citation: Kawamura N, Kugimiya F, Oshima Y, Ohba S, Ikeda T, et al (2007) Akt1 in Osteoblasts and Osteoclasts Controls Bone Remodeling. PLoS
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with a low turnover state. We further investigated the underlying
cellular and molecular mechanisms in osteoblasts and osteoclasts.

INTRODUCTION

Bone is continually remodeled according to physiological circum-
stances through bone formation by osteoblasts and bone
resorption by osteoclasts, and bone mass and turnover are
maintained by their coordinated balance in healthy adults. Many
systemic and local factors are involved in the regulation [1,2],
among which insulin, insulin-like growth factor-1 (IGF-I), bone
morphogenetic factors (BMPs), and Wnt proteins are potent bone
anabolic factors [3-6]. A serine-threonine kinase Akt, also called
protein kinase B (PKB), is known as a potent signal transducer of
these bone anabolic factors [7-9].

There are three Akt family members, Akt] /PKBa, Akt2/PKBfS
and Akt3/PKBy. Aktl and Akt2, but not Akt3, are reported to he
ubiquitously and similarly expressed in various tissues, although
Akt2 is expressed more predominantly in insulin target tissues such

RESULTS

Akt1 is a major isoform in bone cells

We initially confirmed that the total Akt (Akt1-3) was phosphor-
ylated by osteagenic factors IGF-1 and BMP-2 in cultured
osteoblasts, and by a bone resorptive macrophage colony-
stimulating factor (M-CSF) in osteoclast-progenitor bone marrow
macrophages (BMM) and mature osteoclasts (Supp. Fig S1A).
Among the three Akt isoforms, Aktl and Akt2 were highly
expressed in these bone cells (Supp. Fig S1B).
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as fat, liver and muscle [9,10]. Accordingly, Aktl-/- mice and
Akt2-/- mice show similar phenotypes including dwarfism, except
that only the latter exhibit severe diabetes [10-13]. Although
phenotype of mice lacking single Akt isoform is relatively mild
possibly due to functional redundancy of the remaining isoforms,
double-knockout of Aktl and Akt2 in mice causes severely
impaired bone development and death shortly after birth [14].
The abnormalities of these knockout mice certainly imply a crucial
commitment of Akt signals to bone metabolism, yet it has
remained unknown whether or not these were due to the cell
autonomous eflects of the Akt deficiency on bone cells. To
elucidate the physiological role of the Akt signaling in the
regulation of bone formation and resorption, the present study
initially analyzed the bones of mice lacking Aktl, a major Akt
isoform in bone, and found that the deficiency caused osteopenia
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Akt1 deficiency causes decreased bone mass and

formation

To investigate the physiological role of the Akt signaling in bone,
we examined the bone phenotype of Aktl deficient (Aktl-/-) mice,
because Akel; Akt2 double-knockout mice die shordy after birth
[14]. Aktl-/- mice were healthy and fertile without abnormality in
major organs or skeletal patterning, but were smaller in size
compared to the wild-type (WT) littermates (Supp. Fig S2) as
previously reported [11]. Radiological analyses of long bones in 8
week-old mice using plain X-ray, bone mineral density (BMD)
analysis (Fig 1A), three dimensional (3D) CT (Fig 1B), and
peripheral quantitative CT (pQCT) (Fig 1C) revealed decreases in
both trabecular and cortical bones as a result of the Aktl
deficiency. Although the growth plate was not affected (Fig 1 D),
bone formation parameters (MAR&BFR) of the trabecular bone
were decreased (Fig 1E), indicating that osteopenia in the Aktl-/-
mice was at least partly due to the impairment of osteoblastic bone
formation. This defect was accompanied by a decrease in the
number of osteoblasts shown by the percentage of bone surface
covered by cuboidal osteoblasts (Ob.S/BS) and an increase in that
of apoptotic osteoblasts shown by terminal deoxynucleotidyl
transferase mediated dUTP nick-end-labeling (TUNEL)-positive
cells (Fig 1E).

Akt1 deficiency enhances susceptibility to apoptosis

of osteoblasts via FoxO3a
To learn the mechanism of impaired bone formation, we
compared ex vivo functions of osteoblasts isolated from WT and
Aktl-/- littermates. We first confirmed that both phosphorylated
and unphosphorylated Akt proteins were considerably decreased
in cultured Aktl-/- osteoblasts without compensatory increase of
Akt2 protein, indicating a substantial suppression of the total Akt
signaling by depletion of an isoform Aktl in osteoblasts (Fig 2A).
Although cell proliferation was not affected (Fig 2B), cell survival
after serum deprivation was decreased by the Aktl deficiency
(Fig 2C). This decrease was confirmed to be due to the enhanced
susceptibility to apoptosis of ostecblasts by TUNEL staining
(Fig 2D). Caspase-3 activity and the cleaved active form was
enhanced in Aktl-/- osteoblasts, which was restored by adenoviral
introduction of a constitutively active form of Aktl (Akt1®4) or
Bel-xy, a specific inhibitor of mitochondria-dependent apoptosis
[15] (Fig 2E). Hence, Aktl deficiency in osteoblasts is not likely to
affect the proliferation, but suppresses the survival through an
enhanced susceptibility to mitochondria-dependent apoptosis.
Among apoptosis-related molecules that have been reported to
be possible substrates of Akt [9,16], transcription factors FoxO3a
and FoxOl, and a proapoptotic molecule Bad were expressed in
primary osteoblasts and osteoblastic cell line MC3T3-El (Fig 2F).
Since phosphorylation of FoxO proteins is known to result in their
nuclear exclusion in other types of cells [16], we confirmed the
nuclear entry of FoxO3a after serum deprivation in MC3T3-El
cells (Supp. Fig S3). The nuclear localization of FoxO3a was more
enhanced in Aktl-/- osteoblasts than in WT after serum
deprivation (Fig 2G). This correlated with the decrease of the
upper band and the increase of the lower band in the cytoplasmic
fraction of the immunoblotting, which were proved to be
phosphorylated and unphosphorylated FoxO3a, respectively, since
the upper one was enhanced by FBS and eliminated by lambda
protein phosphatase (Fig 2H). Meanwhile, Akl overexpression by
Akt1®* tansfection in osteoblasts stimulated the cytoplasmic
FoxO3a phosphorylation and inhibited the nuclear entry (Fig 21).
Contrarily, subcellular localization of FoxOl was not affected by
the Aktl deficiency (Fig 2G), nor was phosphorylated Bad protein
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detected in osteoblasts, probably due to its low level (data not
shown). Finally, the decreased survival rate and the increased
caspase-3 activity of Aktl-/- osteoblasts after serum deprivation
were restored by introduction of a dominant-negative form of
FoxO3a (Fox032a"") (Fig 2], K).

The lines of results indicate that a transcription factor FixO3a is
a phosphorylation target of Akt] in the and-apoptotic action on
osteoblasts, so that the Aktl deficiency attenuates FoxO3a
phosphorylation and nuclear exclusion, which leads to the
enhanced transcriptional activity somehow causing apoptosis.

Akt1 suppresses osteoblast apoptosis through

inhibition of FoxO3a and Bim

We next sought to identify the transcriptional target of FoxO3a
that lies downstream of the Aktl anti-apoptotic signaling in
osteoblasts. Among the candidate molecules Fas ligand, Bim, and
Bcl-x that were reported previously in other tissues [17], only Bim
mRNA level was increased after serum deprivation in osteoblasts
(Fig 3A). Bim protein level was also increased, followed by the
induction of cleaved caspase-3, while none of the major regulators
of mitochondria-dependent apoptosis: proapoptotic Bax, anti-
apoptotic Bcl-2 and Bel-x,, [15], was affected by serum deprivation
(Fig 3B). The cleaved caspase-3 induction was mediated by Bim,
since it was suppressed by silencing of Bim through RNA
interference (Fig 3C). Actinomycin D, an inhibitor of RNA
transcripion, canceled the Bim increase after serum deprivation,
indicating that this is a transcriptional induction (Supp. Fig S4A,
B). The Bim promoter activity was actually enhanced by FoxOs,
among which FoxO3a exhibited the strongest transactivity
(Fig 3D). Endogenous Bim expression was confirmed to be
enhanced by FoxO3a overexpression and attenuated by the
suppression (Fig 3E, F). These results indicate that Bim is
a transcriptional target of FoxO3a in osteoblasts.

We then looked at the involvement of Aktl in the FoxO3a and
Bim interaction in osteoblasts. Gain-of-function of Akt] by Akti4
transfection abrogated the stimulation of the Bim promoter
activity by FoxO3a (Fig 3G). The induction of endogenous Bim
after serum deprivation was also suppressed by Akt] 4 (Fig 3H) as
well as by insulin or IGF-1, potent activators of the Akt signaling
{Supp. Fig S4C). Finally, the Bim expression in Aktl-/- osteoblasts
was higher than that in WT osteoblasts, which was restored by the
Fox03aP™ transfection (Fig 3D).

Taken together, we conclude that Aktl phosphorylates FoxO3a
to prevent it from transiocating into nucleus, which leads to
suppression of Bim transactivation and ostecblast apoptosis.

Akt1 deficiency impairs Runx2-dependent

differentiation and function of osteoblasts

Since the in vive histomorphometric analysis of the Altl-/- bone
(Fig 1E) showed not only a decrease in osteoblast number, but also
a decrease in the ability of an individual osteoblast to form bone
(MAR), we performed ex vivo analyses of the effects of Aktl
deficiency on osteoblast differentiation and function, in addition to
their proliferation and apoptosis. The differentiation determined
by alkaline phosphatase (ALP) activity was impaired in Aktl-/-
osteoblasts in the control and stimulated cultures by insulin or
IGF-1, but not by BMP-2 (Fig 4A). Differentiation markers type I
collagen, ALP, bone sialoprotein, osteocalcin, Runx2 and osterix
were also decreased by Akt deficiency in osteoblasts (Fig 4B). This
was a cell autonomous function of Aktl since the impaired
differentiation and matrix synthesis shown by ALP and Alizarin
red stainings in the Aktl-/- osteoblast culture were restored by
introduction of Akt1®* (Fig 4C). Interestingly, the Aktl®*
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Figure 1. Bone mass and formation are decreased in Akt1-/- mice. (A) Plain X-ray images of femur and tibia in WT and Akt1-/- male littermates at
8 weeks of age. The BMD of the entire femurs and tibias measured by DXA is shown in the graphs below. Data are expressed as means (bars)+SEM
(error bars) for 5 WT and 3 Akt1-/- littermates. **P<<0.01 vs. WT. (B) Three-dimensional CT images of distal femurs. (C) pQCT images of the distal
metaphysis and the mid-diaphysis of the femurs. The color gradient indicating BMD is shown in the right bar. The trabecular content and density at
the metaphysis, and the cortical thickness and density at the diaphysis are shown in the graphs below. Data are expressed as means (bars)*SEM
(error bars) for 4 mice/group. *P<0.05 vs. WT. (D) Toluidine blue staining of the proximal tibias. Inset boxes indicate the regions of the bottom figures.
The growth plate heights were 94.7+2.9 and 95.8+3.8 um for WT and Akt1-/-, respectively (mean=+SEM of 4 mice/group). Bars, 200 um (top)&30 pm
(bottom). (E) Bone formation parameters in histomorphometric analysis at the proximal tibias. MAR, mineral apposition rate; BFR/BS, bone formation
rate per bone surface; Ob.S/BS, osteoblast surface per bone surface; TUNEL(+), percentage of TUNEL-positive apoptotic osteoblasts, Data are
expressed as means (bars)*SEM (error bars) for 3-4 mice/group. *P<0.05, **P<0.01 vs. WT. The bottom figures show the representative calcein
double labelings; bars, 20 pm.

doi:10.1371/journal.pone.0001058.g001
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Figure 2. Akt1-/- osteoblasts are susceptibile to apoptosis via FoxO3a. (A) Time course of phosphorylated total Akt (P-Akt), total Akt (Akt), Akt1, Akt2,
and B-actin levels after IGF- stimulation determined by Western blotting in cultured calvarial osteoblasts from WT and Akt1-/- mice. An asterisk indicates
a nonspecific band detected by an antibody to Akt1. (B} Cell proliferation determined by BrdU uptake into calvarial osteoblasts of two genotypes cultured
with and without insulin, IGF-l, or FGF-2. Data are expressed as means (bars)+SEM (emor bars) for 6 wells/group. (C) Survival rate of WT and Akt1-/-
osteoblasts 48 h after serum deprivation in cultures with and without insulin or IGF-I. Data are expressed as means (bars)+SEM (error bars) for 6 wells/
group. *P<<0.01 vs. WT. (D) The number of TUNEL-positive osteoblasts per field (6 x10° um?) 24 h after serum deprivation in cultured calvarial osteoblasts.
Data are expressed as means (bars)*SEM (error bars) of 3 wells/group. *P<<0.01 vs. WT. Bars, 100 um. (E} Caspase-3 activity (top graph) and Western
blotting for cleaved caspase-3 and Bcl-x, (bottom) in WT and Akt1-/- osteoblasts adenovirally transfected with GFP, Akt1<*, and Bcl-x_ before and 6 h after
serum deprivation. Data are expressed as means (bars)+SEM (error bars) for 3 wells/group. *P<<0.05 vs. WT. ADU: arbitrary densitometry unit. (F) FoxO3a,
FoxO1, FoxO4 and Bad expressions determined by RT-PCR in primary mouse calvarial osteoblasts (OB} and MC3T3-E1 cells (MC). (G) Time course of
FoxO3a, FoxO1, and f-actin levels by Western blotting after serum deprivation in the cytoplasmic (C) and nuclear (N) fractions of cultured WT and Akt1-/-
osteoblasts. Closed and open arrowheads indicate phosphorylated and unphosphorylated FoxO3a, respectively. (H) Westem blotting for FoxO3a in the
cytoplasmic fraction of WT osteoblasts cultured with and without 10% FBS for 30 min. The lysates were treated with and without lambda protein
phosphatase (4-PPase). (1) Time course of FoxO3a and S-actin levels by Westem blotting after serum deprivation in the cytoplasmic (C) and nuclear (N)
fractions of cultured osteoblasts adenovirally transfected with GPF or Akt1A, (J)) Survival rate of WT and Akt1-/- osteoblasts retrovirally transfected with
empty vector (EV) or FoxO3a®" 48 h after serum deprivation. Data are expressed as means (bars)=SEM (error bars) for 6 wells/group. *P<0.05 vs. Akt1-/-
with EV. (K) Caspase-3 activity of WT and Akt1-/- osteoblasts retrovirally transfected with EV or Fox03a™" before and 6 h after serum deprivation. Data are
expressed as means (bars)*SEM (error bars) for 3 wells/group. *P<0.05 vs. Akt1-/- with EV. ADU: arbitrary densitometry unit.

doi:10.137 1/journal.pone.0001058.g002
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Figure 3. Akt1 suppresses osteoblast apoptosis via inhibition of FoxO3a and Bim. (A} Time course of mRNA levels determined by real-time RT-PCR
of Bim, Fas ligand, and Bcl-x_ after serum deprivation in cultured calvarial osteoblasts. Data are normalized to those of S-actin and are expressed as
means (symbols)+ SEM (error bars) of the relative amount compared to time 0. (B) Time course of Bim, cleaved caspase-3, Bax, Bcl-2, Bcl-x, and B-
actin levels determined by Western blotting after serum deprivation in cultured calvarial osteoblasts. (C) Western blotting for Bim, cleaved caspase-3,
and f-actin levels 6 h after serum deprivation in MC3T3-E1 cells retrovirally transfected with three kinds of Bim siRNA or the control GFP siRNA. (D}
Bim promoter activity determined by luciferase reporter assay in cultured MC3T3-E1 cells transfected with luciferase reporter constructs containing
a 2-Kb Bim 5'-end flanking region. Plasmid vectors of the control GFP, FoxO1, FoxO3a, and FoxQ4 were co-transfected in increasing amounts. Data
are expressed as means (bars)* SEM (error bars) of the fold change compared to GFP. (E, F} Bim mRNA level determined by real-time RT-PCR 3 h and
6 h after serum deprivation in MC3T3-E1 cells retrovirally transfected with FoxO3a (E), Fox03aPN (F), or the respective EV. Data are normalized to
those of f-actin and are expressed as means (bars)= SEM (error bars) of the relative amount compared to time 0. (G) Bim promoter activity analysis in
MC3T3-E1 cells transfected with the control GFP, FoxO3a, and Akt1<* plasmid vectors in increasing amounts. Data are expressed as means
(bars) = SEM (error bars) of the fold change compared to GFP. (H) Time course of Bim, phosphorylated total Akt (P-Akt), total Akt (Akt), and B-actin
levels determined by Western blotting after serum deprivation in cultured calvarial osteoblasts adenovirally transfected with GPF or Akt1°*. (1) Bim
mMRNA level determined by real-time RT-PCR 3 h and 6 h after serum deprivation in cultured WT and Akt1-/- osteoblasts retrovirally transfected with
EV or FoxO3a™, Data are normalized to those of f-actin and are expressed as means (bars)+ SEM (error bars) of the relative amount compared to
time 0. *P<C0.05 vs. Akt1-/- with EV,

doi:10.1371/journal.pone.0001058.9g003
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expressed as means (bars)* SEM (error bars) of the fold change compared to EV. (F) ChIP assay using cell lysates of WT and Akt1-/- osteoblasts
adenovirally transfected with GFP or Runx2. Purified DNA from with (IP) and without (input) immunoprecipitation by an antibody to Runx2 was
amplified by PCR using a primer set in the mouse osteocalcin promoter region (—471/—67).
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introduction failed to commit immature mesenchymal cell lines Akt]®* and suppressed by Aktl siRNA (Fig 4E). Chromatin

C2C12 and C3H10T1/2 1o osteoblastic lineage, although Runx2,
a master transcription factor for osteoblastic differentiation,
potently induced it (Supp. Fig S5).

These results suggest that Akt]l does not induce Runx2
expression but acts instead on differentiated osteoblasts that have
the potency to express Runx2. Hence, as a possible mechanism
underlying the osteogenic acton of Aktl. we looked at its
modulation of Runx2 function. Aktl overexpression by Akt1G4
introduction into Runx2 stable transfectants of MC3T3-E1 cells
enhanced the Runx?2 activity on osteoblast differentiation and
function, and vice versa. while Aktl silencing by the siRNA
introduction attenuated them (Fig 4D). Promater activity of
osteocalcin, a representative transcriptional target of Runx2, in
Runx2-overexpressing MCST3-E]l cells was also enhanced by
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immunoprecipitation (ChIP) showed that the complex of Runx2
and osteocalcin promoter seen in WT osteoblasts disappeared in
Aktl-/- osteoblasts (Fig 4F). Collectively, Aktl is likely to enhance
the Runx2-dependent osteoblast differentiation and function
through enhancement of the DNA binding and the transcriptional
activity.

Akt1 deficiency impairs bone resorption via
dysfunctions of osteoclasts and osteoblasts
Finally, we investigated the role of Aktl in bone resorption. The
number of osteoclasts determined by tartrate-resistant acid
phosphatase (TRAP} staining was reduced in the Aktl-/- bone
in vivo (Fig 5A). which was confirmed by decreased bone
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Figure 5. Akt1 deficiency impairs bone resorption via dysfunctions of osteoclasts and osteoblasts. (A) TRAP staining of proximal tibias of 8 week-
old WT and Akt1-/- mice. Bars, 100 um. (B) Bone resorption parameters in histomorphometric analysis at the secondary spongiosa of the proximal
tibias. N.Oc/B. Pm, number of osteoclasts per 100 mm of bone perimeter; Oc.5/BS, osteoclast surface per bone surface; ES/BS, eroded surface per
bone surface. Data are expressed as means (bars)*SEM (error bars) for 3-4 mice/group. *P<0.05 vs. WT (+/+). (C} The number of TRAP-positive
multinucleated osteoclasts formed in the coculture of osteoblasts (OB) and bone marrow cells (BM) from WT or Akt1-/- littermates. Data are expressed
as means (bars)*SEM (error bars) for 4 wells/group. *P<0.05 vs. WT. Bars, 500 pm. (D) The number of TRAP-positive multinucleated osteoclasts
formed from BMM cultured in the presence of RANKL and M-CSF. Data are expressed as means (bars)+ SEM (error bars) for 4 wells/group. *P<0.01 vs.
WT. Bars, 200 um. (E) Time course of survival rate of mature osteoclasts after deprivation of RANKL and M-CSF. Mature osteoclasts were formed from
BMM in the presence of RANKL and M-CSF. Data are expressed as means (symbols)+SEM (error bars) for 4 wells/group. *P<<0.05 vs. WT. (F) mRNA
levels of RANKL, osteoprotegerin, and M-CSF in cultured osteoblasts by real-time RT-PCR. Data are normalized to those of f-actin and are expressed
as means (bars)*SEM (error bars) of the relative amount compared to the WT culture. *P<<0.01 vs. WT. (G} Schematic diagram of the mechanisms
underlying the Akt1 function to maintain bone mass and turnover. Akt1 suppresses the susceptibility to mitochondria-dependent apoptosis of
osteoblasts by inhibiting the FoxO3a nuclear entry and the Bim transactivation, and stimulates the differentiation and function by enhancing the
Runx2 transcriptional activity, resulting in increased bone formation. Akt1 also induces RANKL expression in osteoblasts to support osteoclast
differentiation, and shows cell-autonomous defects in osteoclasts to stimulate the differentiation and survival, resulting in increased bone resorption.
doi:10.1371/journal.pone.0001058.g005

resorption parameters in the histomorphometric analysis (Fig 5B). of mature osteoclasts formed from Aktl-/- BMM was also impaired

Osteoclastogenesis in the ex vivo co-culture was reduced when
either osteoblasts or bone marrow cells were derived from Aktl-/-
mice, and was additively reduced when both were from Aktl-/-
(Fig 5C). This indicates that Akt]l is necessary for osteoclast
precursors in a cell autonomous manner and for osteoblasts to
support osteoclast differendaton. Osteoclastogenesis in the culture of
osteoclast-progenitor BMM derived from Aktl-/- was suppressed
even in the presence of soluble receptor activatar of nuclear factor
kB ligand (RANKL) and M-CSF (Fig 5D). Furthermore, the survival
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(Fig 5E), confirming that the intrinsic Aktl in osteoclastic cells is
necessary to maintain bone resorptive function. Contrarily, de-
creased expression of RANKL, but not osteoprotegerin or M-CSF,
in Aktl-/- osteoblasts (Fig 5F) explains the contribution of Aktl in
osteablasts to osteoclastic bone resorption.

Taken together. Aktl deficiency may cause impairment of bone
resorption via the cell autonomous dysfunction in osteoclasts and
the cell non-autonomous inhibition of osteoclastogenesis due to
reduced RANKL expression in osteoblasts.
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DISCUSSION

Physiological roles of Akt1 in bone

The present study initially analyzed the bones of mice lacking Akt]
and found that the deficiency caused osteopenia with a low
turnover state. Further in vivo and ex vivo analyses of osteoblasts
and osteoclasts revealed that the Aktl deficiency caused impair-
ments of both bone formation and bone resorption via respective
cell autonomous mechanisms (Fig 5G). The imbalance between
formation and resorption, the underlying mechanism of which
remains to be clarified, may cause osteopenia with a low bone
turnover.

Akt1 in osteoblasts
Aktl deficiency in osteoblasts caused three cell autonomous
abnormalities: increased susceptibility to apoptosis, suppressed
differentiation and function, and decreased RANKL expression to
support osteoclastogenesis. Most notably among them, the
enhanced apoptosis in Aktl-/- osteoblasts was shown to be
mitochondria-dependent via the FoxO3a nuclear entry and the
Bim transactivation. A recent report on mice with osteoblast-
specific deletion of phosphatase and tensin homolog (Pten)
demonstrated reduced osteoblast apoptosis and increased bone
mass by constitutive activation of Akt signaling, corresponding to
the present finding, although the downstream molecular mecha-
nism remained unclarified [18]). The candidates of substrates of
Aktl included caspase-9, Bad, and FoxOs whose involvement in
mitochondria-dependent apoptosis had been established in other
cells [9]. Although caspase-9 functions as one of the most
important effectors in the apoptosis, the lack of a minimal
substrate consensus sequence for Akt [9] led us to exclude this
from the candidates. A proapoptotic molecule Bad was expressed
in osteoblasts, but the phosphorylation could not be detected.
FoxO proteins identified in mammals, FoxOl, FoxO3a and
FoxO4, constitute a newly characterized subfamily of the Fork-
head/winged helix group of transcription factors and play
a predominant role in mediating various functions of the PI3K/
Akt pathway [16,17]. Although disruption of the genes in mice has
revealed the necessities of FoxO1 in embryonic vessel formation
and FoxO3a in ovarian follicular development {19], their roles in
bone metabolism remained unknown. This study showed expres-
sions of FoxOl and FoxO3a, but not FoxO4, in osteoblasts, and
functional involvement of FoxO3a in their survival as a phosphor-
ylation target of Aktl. Contrarily, the nuclear entry of FoxO1 after
serum deprivation was independent of Aktl (Fig 2G), implicating
that different isoforms of Akt may have specific preference to
FoxO proteins as the substrates. In fact, similarly to Akt2, FoxO1
is expressed predominantly in insulin target tissues and regulates
their insulin resistance [16].

Bim, Bcl-2-interacting mediator of cell death, was shown to be
a transcriptional target of FoxO3a that lies downstream of the
Akt anti-apoptotic signaling in osteoblasts. Proapoptotic activity
of Bim is regulated both transcriptionally and post-transcription-
ally [20], and the transcriptional induction is known to be
mediated by FoxOs under the apoptotic stimulation in other cells
[17,21-23]. Studies on knockout mice have revealed that Bim is
essential for apoptosis of lymphocytes, myeloid cells, neurons, and
osteoclasts [24,25]. Regarding osteoblast apoptosis, the involve-
ment of Bcl-2 family proteins such as Bax and Bcl-2 has been
reported [7,26]. Because the changes in protein levels of these
molecules are crucial for osteoblast apoptosis, these changes seem
to be independent of the Bim regulation.

Suppressed differentiation and function in Aktl-/- osteoblasts
was shown to be mediated at least partly by modulating the Runx2
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activity. The present results using Aktl-null materials confirmed
a previous report by Fujita et al. that gain- and loss-of-functions of
PI3K/ Akt signaling regulate the DNA binding and transactivity of
Runx2 in cultures of osteoblastic cells [27]. Since Runx?2 does not
have a consensus sequence for Akt phosphorylation, Akt is not
likely to phosphorylate Runx2 directly, but may regulate the
activity or stability of co-activators or co-repressors of Runx2.
However, the fact that Akt1-/- mice did not exhibit cleidocranial
dysplasia (Supp. Fig S2B), the characteristic phenotype of
Runx2+/— mice, indicates that Aktl is not a crucial regulator
of the Runx2-dependent bone formation in vivo.

Akt1 in osteoclasts

Besides the defects in osteoblasts, the deficiency of Aktl in
osteoclasts caused impairment of bone resorption via the cell
autonomous dysfunction. To date, the role of Akt signaling in
osteoclasts has been controversial. RANKI. and M-CSF have been
reported to promote the osteoclast survival in part by activating
the Akt pathway [28,29]. Contrarily, Akt is shown to be
dispensable for the survival by knockdown experiment using
Aktl/Akt2 siRNA, but is necessary for the proliferation and
differentiation [30]. Our results using ex vivo cultures of isolated
Aktl-/- osteoclasts have provided genetic evidence that Akel
signaling promotes the differentiation and survival. The regulation
of differentiation might be dependent on the DNA binding of
NFkB, since previous knockdown studies of Aktl and/or Akt2
showed inhibition of RANKL-induced NFxB p50 DNA-binding
activity via IxB kinase « [30].

By analogy with osteoblasts, the enhanced osteoclast survival by
Akt]l might be mediated by the FoxO3a/Bim axis, since Bim is
reported to be critical for osteoclast apoptosis [25]. However, this
is dependent on post-transcriptional regulation by ubiquitylation
and proteasomal degradation of Bim mediated by ERK pathway,
but not on transcriptional regulation as seen in the case of
osteoblast apoptosis. In addition, Bim in osteoclasts stimulates not
only the apoptosis, but also the bone resorptive activity. If Bim is
enhanced in Aktl-/- osteoclasts just as in the osteoblasts, the bone
resorption parameters like eroded surface are assumned to increase.
Hence, the mechanism by which Aktl suppresses apoptosis in
osteoclasts is likely to be different from that in osteoblasts. The cell
autonomous mechanism of Aktl in osteoclasts is the next task we
intend to pursue.

Akt1 as a mediator of bone anabolic signaling

Akt] may mediate the osteoblastic bone formation by IGF-I and
insulin, since their effects on osteoblast survival and differentiation
were impaired in Aktl-/- osteoblasts (Fig 2C, 4A). Contrarily,
although BMP-2 induced phosphorylation of the entire Akt (Supp.
Fig S1A), the stimulated osteoblast differentiation was not affected
by the Akt] deficiency (Fig 4A), suggesting the mediation of other
Akt isoforms or other pathways in the BMP-2 signaling. 1GF-I is
known to function as a potent bone anabolic factor via autocrine/
paracrine and endocrine mechanisms [4], since skeletal and serum
IGF-I levels were positively correlated with bone density between
two inbred strains of mice [31]. Serum IGF-I levels of Aktl-/-
mice were comparable to that of WT in the age from 8 to
16 weeks (data not shown), suggesting the absence of reduced IGF-
I secretion or systemic compensation for impaired IGF-1 signaling.
Hence, the decreased bone formation in vivo in Aktl-/- mice may
be at least in part due to the deficit of anabolic IGF-I signaling.
Considering that Aktl; Akt2 double-knockout mice and IGF-I
receptor knockout mice exhibit similar phenotypes [14,32], Akt
may be the main mediator of the IGF-I signaling. Bone anabolic
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action of other hormones like parathyroid hormone, growth
hormone, and thyroid hormone are reported to be mediated by
IGF-1 signaling [33-36], and it is possible that the IGF-1/Aktl
pathway might be a common pathway for actions of these major
hormones in bone.

As presented herein, Aktl, a multifaceted kinase which mediates
various kinds of upstream signals to a diverse spectrum of substrates,
plays multiple roles in bone cells as well as other cell types reported.
Although it seems difficult to target this molecule directly in order to
yield novel therapeutics for bone disorders because of its ubiquitous
expression and diverse functions, further understanding of the
molecular network related to Akt] will gready help us to unravel the
complex mechanism modulating bone remodeling.

MATERIALS AND METHODS

Mice

The generation of Aktl-/- mice was described previously [11]. All
" mice were maintained in the C57BL/6 background with
a standard diet. In each experiment, homozygous WT and
Aktl-/- mice that were littermates generated from the intercross
between heterozygous mice were compared. All experiments were
performed on 8-week-old male mice unless otherwise described,
according to the protocol approved by the Animal Care and Use
Committee of the University of Tokyo.

Radiological analyses
Plain radiographs were taken using a soft X-ray apparatus (CMB-
2, SOFTEX), and the BMD was measured by dual energy X-ray
absorptiometry (DXA) using a bone mineral analyzer (PIXImus
Densitometer, GE Medical Systems). CT scanning of the femurs
_ was performed using a composite X-ray analyzer (NX-CP-C80H-
IL, Nittetsu ELEX Co.), and reconstructed into a 3D feature by
the volume-rending method (VIP-Station, Teijin System Tech-
nology). pQCT scan was performed at the metaphysis 1.4 mm
above the distal growth plate and at the mid-shaft of femurs.

Histological analyses

For toluidine blue staining, samples were fixed with 70% ethanol,
embedded in methyl methacrylate, and sectioned in 6-pum slices.
Histomorphometric analyses were performed as described [37] in
the growth plate and secondary spongiosa (1.2 mm in length from
0.5 mm below the growth plate) of the proximal tibias, according
to the ASBMR nomenclature report [38]. For double labeling of
the mineralization front, mice were injected subcutaneously with
16 mg/kg body weight of calcein at 5 d and 1 d before sacrifice.
TRAP-positive cells were stained at pH 5.0 in the presence of L
(+)-tartaric acid using naphthol AS-MX phosphate (Sigma-
Aldrich) in M,N-dimethyl formamide as the substrate. Apoptotic
osteoblasts were detected by TUNEL method using an ApopTag
Peroxidase In Situ Apoptosis Detection Kit (Chemicon) on
paraffin-embedded sections of neonate mice. The percentage of
apoptotic cells was calculated by dividing the number of TUNEL-
positive cells by the number of counted cells. A total of at least 400
osteoblasts were counted in each section, and five to seven sections
per group were analyzed.

Osteoblastic cell cultures and assays

For osteoblast cultures, calvariae of neonatal mice were digested
by 0.1% collagenase and 0.2% dispase 5 times, and cells isolated
by the last 3 digestions were combined and cultured in @-minimal
essential medium (¢-MEM) containing 10% FBS. Mouse osteo-
blastic MC3T3-E1 cells were cultured in the same way. Immature
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mesenchymal C2C12 cells and C3H10T1/2 cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% FBS. Cell proliferation was determined using a BrdU
Labeling and Detection Kit 1II (Roche Diagnostics). After 24 h
culture in the presence and absence of insulin (100 nM), IGF-I
{10 nM), or FGF-2 (1 nM), the cells were labeled with BrdU for an
additional 4 h, and BrdU uptake was detected following the
manufacturer’s instructions. To determine the osteoblast apopto-
sis, the culture medium was changed to a serum-free one with and
without insulin or IGF-I, and total RNA or protein was collected
after designated times for subsequent assays. Cell survival was
determined by counting viable cell numbers using the Cell
Counting Kit-8 (Dojindo Molecular Technologies). Apoptotic
osteoblasts were further detected by TUNEL staining as described
above. Caspase-3 activity was measured via colorimetric detection
of the cleavage of caspase-specific substrates using an APOP-
CYTO Caspase-3 Colorimetric Assay Kit (MBL International
Co.). For ALP activity measurement, primary osteoblasts were
inoculated at a density of 5x10* cells/well in a 24-multiwell plate
and cultured in o-MEM containing 10% FBS and 50 pg/ml
ascorbic acid. After 14 d of culture in the presence and absence of
insulin (100 nM), IGF-I (10 nM}, or BMP-2 (30 ng/ml), cells were
sonicated in 10 mM Tris-HCI buffer (pH 8.0) containing 1| mM
MgCly and 0.5% Triton X-100. ALP activity in the lysate was
measured using an ALP Kit (Wako Pure Chemical). Protein
concentrations of cell lysates were measured with a Protein Assay
Kit II (BIO-RAD). For ALP staining, cells were fixed in 70%
ethanol and stained for 10 min with a solution containing 0.01%
naphthol AS-MX phosphate, 1% NMN-dimethyl formamide, and
0.06% fast blue BB (Sigma-Aldrich). For Alizarin red S and von
Kossa staining, osteoblasts were inoculated at a density of 1 x10°
cells/well in a 12-multiwell plate in «-MEM containing 10% FBS
and 50 pg/ml ascorbic acid and 10 mM f-glycerophosphate
(Sigma-Aldrich). On day 21 after confluency, cultured cells were
fixed in 10% buffered formalin and stained for 10 min with 2%
Alizarin red S (pH 4.0) (Sigma-Aldrich). For von Kossa staining,
cells were fixed with 100% ethanol at room temperature for
15 min, stained with 5% silver nitrate solution under ultraviolet
light for 10 min, and incubated for 5 min with 5% sodium
thiosulfate solution.

Assays for osteoclastic cells

To study the role of Aktl intrinsic to osteoclastic cells, we used
a coculture of osteoblasts and bone marrow cells and the M-CSF-
dependent BMM culture systemn as described previously [39].
Bone marrow cells were collected from long bones of 8-wk-old WT
or Aktl-/- littermates. TRAP-positive multinucleated osteoclasts
were generated by coculturing osteoblasts (1x10* cells/well) and
bone marrow cells (5x10° cells/well) derived from either WT or
Aktl-/- littermates in a 24-multiwell plate in «-MEM containing
10% FBS, 1,25(0OH),D; (10 nM), and prostaglandin E, (100 nM),
After 6 d, cells positively stained for TRAP containing more than
three nuclei were counted as osteoclasts. In the M-C:SF-dependent
BMM culture system, bone marrow cells from WT or Aktl-/-
mice were seeded at a density of 3x 10° cells/well in a 24-multiwell
plate and cultured in ®-MEM containing 10% FBS with M-CSF
(R&D Systems, 100 ng/ml) for 3 d. To generate mature
osteoclasts, adherent cells (BMM) were further cultured with M-
CSF (10 ng/ml) and soluble RANKL (Wako Pure Chemical,
100 ng/ml) for 3 additional days, then the number of TRAP-
positive osteoclasts was counted. To determine the survival, the
mature osteoclasts were deprived of M-CSF/soluble RANKL and
cultured for an additional 48 h. After 8, 24, and 48 h, the number
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