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Selective Signaling by Aktl Controls Osteoblast Differentiation and
Osteoblast-Mediated Osteoclast Development

Aditi Mukherjee and Peter Rotwein
Department of Biochemistry and Molecular Biology, Oregon Health & Science University, Portland, Oregon, USA

Maintaining optimal bone integrity, mass, and strength throughout adult life requires ongoing bone remodeling, which involves
coordinated activity between actions of bone-resorbing osteoclasts and bone forming-osteoblasts. Osteoporosis is a disorder of
remodeling in which bone resorption outstrips deposition, leading to diminished bone mass and an increased risk of fractures.
Here we identify Akt1 as a unique signaling intermediate in osteoblasts that can control both osteoblast and osteoclast differen-
tiation. Targeted knockdown of Akt1 in mouse primary bone marrow stromal cells or in a mesenchymal stem cell line or genetic
knockout of Akt1 stimulated osteoblast differentiation secondary to increased expression of the osteogenic transcription factor
Runx2. Despite enhanced osteoblast differentiation, coupled osteoclastogenesis in Akt1 deficiency was markedly inhibited, with
reduced accumulation of specific osteoclast mRNAs and proteins and impaired fusion to form multinucleated osteoclasts, de-
fects secondary to diminished production of receptor activator of NF-«B ligand (RANKL) and macrophage colony-stimulating
factor (m-CSF), critical osteoblast-derived osteoclast differentiation factors. Delivery of recombinant lentiviruses encoding Akt1
but not Akt2 to Aktl-deficient osteoblast progenitors reversed the increased osteoblast differentiation and, by boosting accumu-
lation of RANKL and m-CSF, restored normal osteoclastogenesis, as did the addition of recombinant RANKL to conditioned
culture medium from Aktl-deficient osteoblasts. Our results support the idea that targeted inhibition of Akt1 could lead to ther-
apeutically useful net bone acquisition, and they indicate that closely related Akt1l and Akt2 exert distinct effects on cellular dif-

ferentiation pathways.

Bone growth during childhood and bone remodeling during
adult life are dynamic processes that are responsible for reach-
ing and maintaining optimal bone integrity, mass, and strength.
In the adult skeleton, bone remodeling consists of two stages (11,
15, 18,28, 31), resorption by osteoclasts, which are multinucleated
cells of hematopoietic origin (11, 15, 18, 28, 31), and new bone
deposition by osteoblasts, which are derived from pluripotent
mesenchymal stem cells (18, 31). Both phases of remodeling are
coupled temporally and spatially (11, 18, 31, 47), and both are
controlled by an interplay between local and systemically derived
signals mediated by mechanical strain, growth factors, hormones,
and other molecules, and developmental programs directed by
bone cell-specific transcription factors (18, 31, 47). The most
common bone disease is osteoporosis, a disorder of remodeling in
which bone resorption outstrips deposition, leading to dimin-
ished bone mass and increased risk of fractures. As it has been
estimated that over 50 million people worldwide have osteoporo-
sis, accounting for more than 1.5 million fractures per year (18,
47), the biomedical significance of deficient bone remodeling is
potentially staggering.

Although current therapy for osteoporosis is directed at both
slowing bone loss and enhancing bone accretion, only the former
approach has been consistently successful (18, 47). In postmeno-
pausal women, lack of estrogen is associated with increased num-
bers of osteoclasts, and treatment with estrogen or selective estro-
gen receptor modulators is effective in decreasing the rate of bone
loss (18, 47). Bisphosphonates, analogs of pyrophosphate, con-
centrate in bone and inhibit resorption by blocking osteoclast ac-
tivity (18, 47), as can antibodies to receptor activator of NF-kB
ligand (RANKL), a potent stimulator of osteoclast differentiation
(14). Optimal treatment for osteoporosis also should include
agents that stimulate new bone formation and lead to improve-
ments in bone mass and strength. This has been seen to some
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extent with parathyroid hormone (PTH) or its NH,-terminal
fragment, PTH 1-34 (18, 47), although its utility is limited by the
need for daily injections and by its lack of therapeutic synergy with
anti-resorptive agents (45).

A major impediment in optimizing therapy for osteoporosis is
that normally bone formation and resorption are tightly coupled.
Osteoblasts produce soluble factors, primarily macrophage
colony-stimulating factor (m-CSF) and RANKL (11, 14, 15), that
promote osteoclast differentiation and function. Conversely, os-
teoclasts secrete factors and liberate bioactive molecules from
bone matrix that attract osteoblast precursors to sites of bone
resorption (11, 15,28). From a physiological perspective, coupling
makes sense as a means to continually monitor and modify bone
strength and to maintain integrity in response to mechanical and
other stresses (11, 28, 31), but in pathological situations of dimin-
ished bone mass it would be better to reduce resorption and si-
multaneously promote bone acquisition.

Multiple signaling networks activated by different hormones
and growth factors have an impact on bone mass and strength by
influencing both osteoblast and osteoclast differentiation and
function (18, 31). Among these many signaling cascades, there is
substantial evidence that the PI3-kinase- Akt pathway is critical for
bone development, growth, and integrity (12, 21, 29, 30). For
example, mice globally lacking Aktl and Akt2, two of the three
Akts in mammals (3, 22) have a severe bone deficiency phenotype
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along with major defects in other growth and developmental pro-
grams that lead to neonatal death (30), while conversely, loss of
the endogenous PI13-kinase pathway inhibitor, Pten, in osteoblast
precursors, which leads to enhanced Akt signaling (3, 22) or over-
expression of a constitutively active Akt, promotes net bone for-
mation and increased bone mass (21, 32). Moreover, our labora-
tory has shown that inhibition of PI3-kinase or Akt activity
prevented osteoblast differentiation stimulated by the key bone-
promoting growth factor, bone morphogenetic protein 2 (BMP2),
and impaired longitudinal bone growth (25, 26), and we have
found that a constitutively active Akt could restore osteoblast dif-
ferentiation that had been diminished by blockade of PI3-kinase
(25, 26).

The three mammalian Akts are highly related serine-threonine
protein kinases that are activated by the many hormones and
growth factors that stimulate class Ia PI3-kinases to promote in-
creased production of the signaling intermediate, phosphatidyl-
inositol 3,4,5 triphosphate (3, 22). Despite similarities in their
protein structure, kinase activity, and substrates, it has become
clear that each Akt has selective and specialized functions in
whole-animal physiology and potentially unique actions in differ-
ent tissues and organs. As an example, the dominant phenotype in
mice engineered to globally lack Aktl is postnatal growth defi-
ciency (7), which is also manifested as impaired bone growth dur-
ing childhood and mild osteopenia in the adult (17). In contrast,
mice lacking Akt3 have defective brain development (10) and
mice deficient in Akt2 develop impaired glucose tolerance (6), but
neither has been reported to show defects in growth or in bone
formation (6, 10).

In recent studies we found that Akt2 was required for BMP2-
initiated osteoblast differentiation of mouse mesenchymal stem
cells in culture but that Aktl was dispensable (27). Here we define
distinct functions for Aktl in bone cells and show that it acts to
restrain osteogenic differentiation but to promote osteoblast-
mediated osteoclast development. Thus, loss of Aktl in osteo-
blasts appears to dissociate coupling between osteoblasts and os-
teoclasts, raising the possibility that its targeted inhibition could
lead to therapeutically useful net bone accretion.

MATERIALS AND METHODS

Reagents. Dulbecco’s modified Eagle’s medium (DMEM), alpha-
minimum essential media (a-MEM), fetal calf serum, penicillin-
streptomycin, phosphate-buffered saline (PBS), trypsin/EDTA solution,
and Superscript I1I first-strand synthesis kit were from Invitrogen (Carls-
bad, CA). Okadaic acid was from Alexis Biochemicals (San Diego, CA).
Protease inhibitor tablets and Nitro Blue Tetrazolium-5-bromo-4-
chloro-3-indolylphosphate (NBT/BCIP) tablets were purchased from
Roche Applied Sciences (Indianapolis, IN). Tag DNA polymerase was
from Clontech (Palo Alto, CA). Alizarin red, TRAP staining kit, sodium
orthovanadate, ascorbic acid, and B-glycerol phosphate were from Sigma-
Aldrich (St. Louis, MO). enzyme-linked immunosorbent assay (ELISA)
kits for mouse RANKL, osteoprotegerin (OPG), and m-CSF were pur-
chased from R&D Systems (Minneapolis, MN). Recombinant mouse
RANKL was from Santa Cruz Biotechnology (Santa Cruz, CA). The bi-
cinchoninic acid (BCA) protein assay kit was from Pierce Biotechnologies
(Rockford, IL), and AquaBlock enzyme immunoassay/Western immuno-
blot (EIA/WIB) solution was from East Coast Biologicals (North Berwick,
ME). Immobilon-FL was from Millipore Corporation (Billerico, MA).
Antibodies were purchased from the following commercial vendors: anti-
Smadl, anti-Akt, anti-phospho-Akt (Ser*’?), and anti-Akt2, Cell Signal-
ing Technology (Beverly, MA); anti-Runx2, anti-phospho-Smad, Santa
Cruz Biotechnology; anti-Aktl (monoclonal), AbCam (Cambridge,
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United Kingdom); anti-c-tubulin, Sigma-Aldrich. Goat anti-rabbit IgG-
IR800 and goat anti-mouse IgG-IR680 were from Rockland Immuno-
chemical (Gilbertsville, PA). TransIT-LT1 was from Mirus (Madison,
WI). Other chemicals and reagents were purchased from commercial sup-
pliers.

Recombinant adenoviruses and lentiviruses. Recombinant adenovi-
ruses (Ad-Pgal, Ad-shAktl, Ad-shAkt2, Ad-BMP2) were generated and
purified by centrifugation through CsCl density gradients, and the titers
were determined as described previously (26, 42). Recombinant lentivi-
ruses expressing enhanced green fluorescent protein (EGFP), Aktl, or
Akt2 were prepared by transfecting a pWXPL plasmid containing each
specific cDNA along with packaging plasmids into Hek293FT cells as de-
scribed previously (27) and were purified and concentrated by centrifu-
gation of the cell culture supernatant at 20,000 X g at 4°C for 2 h. Lenti-
viruses were used at the lowest dose resulting in >90% infection
efficiency.

Osteoblast differentiation. Primary bone marrow stromal cells
(MSCs) were isolated and grown from 8- to 12-week-old male C57BL/6
mice as described previously (25). C3H10T1/2 cells, mouse embryo fibro-
blasts (MEFs), and MSCs were incubated in growth medium (DMEM
plus 10% fetal calf serum) at 37°C in humidified air with 5% CO, and were
infected with lentiviruses at ~10% confluent density and/or with adeno-
viruses at ~50% confluent density. At confluence, cells were washed and
medium was replaced with osteogenic medium (OM) (DMEM, 10% fetal
calf serum, 50 mg/liter ascorbic acid, 10 mM B-glycerol phosphate) plus
200 ng/ml BMP2. OM with BMP2 was replaced every 2 days. Staining for
alkaline phosphatase and Alizarin red was performed as previously de-
scribed (26), using cells fixed with 70% ethanol. For measurement of
alkaline phosphatase activity, fixed cells were incubated with NBT/BCIP
solution for 20 min at 20°C and quantified as described previously (26).
For mineralization, Alizarin red stain was added to the fixed cells for 1
min, and after three washes with distilled water, images were captured and
analyzed with the LiCoR Odyssey Infrared Imaging System, using soft-
ware version 3.0 (LiCoR, Lincoln, NE), or by scanning plates on a Canon
flatbed scanner (26).

Osteoclast differentiation. Bone marrow cells were isolated from
8-to-12-week-old C57BL/6 mice and enriched for marrow macrophages
by Ficoll gradient centrifugation (1). For osteoclast differentiation, bone
marrow macrophages were incubated in an equal mixture of growth me-
dium (a-MEM with 10% fetal calf serum) and conditioned osteoblast
medium for 7 days or were cocultured with osteoblasts plated in 0.4 um
transwell tissue culture inserts (37). Osteoclasts were stained for expres-
sion of tartrate-resistant acid phosphatase (TRAP) as described previously
(1), after fixation with 70% ethanol by incubation with Fast Garnet and
tartrate solution for 1 h at 37°C, followed by three washes with distilled
water. Counterstaining was performed with hematoxylin dye, and images
were captured using a Nikon Eclipse E800 compound microscope with
charge-coupled-device (CCD) camera. Image J software (NIH, Bethesda,
MD) was used to quantify the TRAP-positive area.

ELISA. Medium was collected from differentiating osteoblasts at spec-
ified days and centrifuged at 3,000 rpm for 10 min to remove cell debris.
The supernatant was used for quantitative ELISA in 96-well coated plates
for mouse RANKL, mouse OPG, or mouse m-CSF using kits and protein
standards from R&D Systems (19). Plates were read at 405 nm.

Analysis of gene expression. Whole-cell RNA was extracted and re-
verse transcribed (2 ug) with the Superscript III first-strand cDNA syn-
thesis kit using oligo(dT) primers (26). PCR was performed with 1 ul of
osteoblast cDNA and previously published primer pairs for mouse 1d1,
DIx5, Runx2, and S17 (26) and with primers for mouse RANKL (top
strand, 5'-TGTACTTTCGAGCGCAGATG-3'; bottom strand, 5'-ACAT
CCAACCATGAGCCTTC-3'), m-CSF (top strand, 5'-ATGGACACCTG
AAGGTCCTG-3'; bottom strand, 5'-GCTGGAGAGGAGTCTCATGG-
3’), and OPG (top strand, 5'-GTGAAGCAGGAGTGCAAC-3'; bottom
strand, 5'-GCAAACTGTGTTTCGCTC-3"). Mouse brain cDNA was
from Severyn et al. (33). The following primer pairs were used to amplify
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FIG 1 Aktl deficiency enhances BMP2-stimulated osteoblast differentiation. (A) Detection by reverse transcription-PCR (RT-PCR) of mRNAs for Aktl, Akt2,
Akt3,and S17 in RNA from mouse brain (positive control), and from osteoblasts derived from MSCs, MEFs, and C3H10T1/2 mesenchymal stem cells after 7 days
of differentiation. (B to F) C3H10T1/2 cells, infected with Ad-shAktl or Ad-Bgal (Con), were incubated in osteogenic medium (OM) with BMP2 (200 ng/ml)
for up to 15 days. (B) Immunoblots of whole-cell protein lysates for Akt1, Akt2, phospho-Akt (pAkt), pSmad, Smadl, 5, 8, and a-tubulin. (C) Measurement of
mRNAs for Id1, DIx5, Runx2, and S17 by RT-PCR. (D) Results of luciferase activity assays after transient transfection with reporter plasmids containing six copies
of a Runx2 responsive element from the osteocalcin gene (OSE) or the BMP2-responsive mouse Id1 promoter and incubation in OM with BMP2 for 2 days
(mean = standard error of results of three experiments, each performed in triplicate; *, P < 0.01 versus Con). (E) Alkaline phosphatase (AP) staining on days 3,

5,and 10. F. Alizarin red staining for mineralization on days 7 and 10.

mouse Akt mRNAs: Aktl (top strand, 5'-ATACACATCCTGCCACACG
A-3'; bottom strand, 5'-CCCTTCTACAACCAGGACCA-3"), Akt2 (top
strand, 5'-CTTGTAATCCATGGCGTCCT-3'; bottom strand, 5'-GAAG
ACTGAGAGGCCACGAC-3"), Akt3 (top strand, 5'-GCCCAACCTCAC
AGATTGAT-3'; bottom strand, 5'-CACTTGCCTTCTCTCTCGAACC-
3"). Osteoclast cDNA (1 ul) was analyzed by PCR for cathepsin K,
calcitonin receptor, and S17 gene expression. Primer pairs included the
following: cathepsin K (top strand, 5'-AAGTGGTTCAGAAGATGACGG
GAC-3'; bottom strand, 5 -TCTTCAGAGTCAATGCCTCCGTTC-3")
and calcitonin receptor (top strand, 5'-CGGACTTTGACACAGCAGAA-
3'; bottom strand, 5'-GTCACCCTCTGGCAGCTAAG-3’). Cycle num-
bers ranged from 20 to 30, and results were visualized after agarose gel
electrophoresis.

Protein extraction and immunoblotting. Whole-cell protein lysates
were prepared as described previously (26) and protein aliquots (15 to 30
pg/lane) resolved by SDS-PAGE. After transfer of samples to Immobilon-FL
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membranes and blocking with 50% AquaBlock solution, membranes were
incubated sequentially with primary and secondary antibodies, as described
previously (26). Primary antibodies were used at dilutions ranging from
1:1,000 to 1:15,000, and secondary antibodies were used at 1:5,000. Images
were captured using the LiCoR Odyssey and version 3.0 analysis software.

Promoter-reporter gene assays. C3H10T1/2 cells were transfected
using TransIT-LT1 with promoter-reporter plasmids (100 ng) containing
the mouse Id1 promoter (39) or six copies of the osteoblast response
element (OSE2) from the mouse osteocalcin gene promoter fused to a
minimal thymidine kinase promoter (9). Twenty-four hours later, cells
were incubated for 48 h in OM plus BMP2, and cell lysates were harvested
and used for luciferase assays (26). Results were normalized to total cel-
lular protein concentrations.

Statistical analysis. Data are presented as mean * standard deviation
(SD). Statistical significance was calculated using a paired Student ¢ test.
Results were considered statistically significant at P < 0.05.
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RESULTS

Loss of Aktl enhances BMP2-mediated osteoblast differentia-
tion. Mesenchymal precursor cells induced to undergo osteoblast
differentiation express Aktl and Akt2, two of three members of
the Akt family found in mammals (Fig. 1A). Recent studies from
our laboratory showed that targeted deficiency of Akt2 inhibited
BMP2-initiated osteoblast differentiation of mouse mesenchymal
stem cells, including bone marrow stromal cells in primary cul-
ture, but loss of Akt1 did not (27). Osteoblast differentiation could
be returned to normal by restoration of Akt2 expression or by
forced expression of the osteogenic transcription factor Runx2 but
not with Akt1 (27). The focus of current experiments was to define
the role of Aktl-mediated signaling in osteogenesis.

To address this question, we first reduced Aktl levels by infec-
tion with an adenovirus encoding a short hairpin (sh) interfering
RNA for mouse Aktl that targeted the 3’ untranslated region
(UTR) of Aktl mRNA (43). As found previously (27, 43), knock-
down of Aktl by Ad-shAktl was effective and specific (>90%
reduction in Aktl protein levels by immunoblotting) and did not
lead to compensatory upregulation of Akt2 (Fig. 1B). As a conse-
quence, Akt phosphorylation was reduced by ~50% (Fig. 1B).
Akt deficiency did not alter BMP2-stimulated Smad phosphory-
lation and did not change BMP2- and Smad-activated reporter
gene transcription or BMP2- and Smad-induced expression of
transcripts for Id1 and DIx5 (Fig. 1B to D) but did lead to in-
creased expression of Runx2 mRNA by ~ 2-fold, as well as boost-
ing its transcriptional activity by a similar amount (Fig. ICand D).
As a result of higher levels of Runx2 after knockdown of Aktl,
osteoblast differentiation was more rapid and more extensive than
in control cells infected with the Ad-Bgal, as demonstrated by
progressively higher levels of bone-specific alkaline phosphatase
(AP) activity and by increased mineralization of extracellular ma-
trix, as measured by Alizarin red staining (Fig. 1E, F). When quan-
tified, osteoblast-associated AP activity was twice as high in
C3H10T1/2 cells lacking Akt1 than in controls (Fig. 2A). Analo-
gous observations were seen using MSCs in primary cultures in-
fected with Ad-shAktl versus those infected with Ad-Bgal (Fig.
2B) and using mouse embryo fibroblasts (MEFs) derived from
Akt1-deficient versus Akt1-sufficient control mice (Fig. 2C), with
the former results arguing against cell-line specific effects of
knockdown of Aktl and the latter data against nonspecific influ-
ences of adenoviral infection.

Aktl negatively regulates osteoblast differentiation. To fur-
ther test the hypothesis that Atkl is a negative regulator of osteo-
genesis, we infected Akt1-null MEFs and C3H10T1/2 mesenchy-
mal stem cells in which Aktl expression was reduced with
recombinant lentiviruses (LV) encoding EGFP (control), mouse
Aktl, or mouse Akt2, and we incubated the cells in osteogenic
medium plus BMP2 (Fig. 3A and D). The Akt LVs contained only
the coding region and thus would be resistant to Ad-shAkt1 (or
Ad-shAkt2 [27]), which targets the 3" UTR of Akt mRNAs (43).
LV-Aktl infection restored Aktl expression to levels nearly iden-
tical to those of control cells, and infection with LV-Akt2 caused a
doubling of Akt2 abundance over control cells (Fig. 3B and E). In
each case, the amount of Runx2 was decreased from levels seen in
cells infected with LV-EGFP, although the reduction was far
greater with LV-Akt1 (Fig. 3B and E). Restoration of Akt expres-
sion also led to declines in AP activity and in extracellular miner-
alization to levels similar to Aktl-sufficient wild-type (WT) or
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FIG 2 Lack of Aktl upregulates bone-specific alkaline phosphatase activity
during osteogenic differentiation. Quantitative assessment of AP activity
during BMP2-induced osteoblast differentiation for up to 15 days. (A)
C3H10T1/2 cells. (B) Mouse bone marrow stromal cells (MSC). (C) Embryo
fibroblasts (MEFs) from wild-type (WT) or Aktl knockout (KO) mice
(mean = SD of results of three experiments; *, P < 0.05; **, P < 0.01 versus
Con or WT).

control (Con) cells (Fig. 3C and F). In contrast, overexpression of
Akt2 had a minimal effect on these parameters of osteoblast dif-
ferentiation (Fig. 3C and F). Moreover, overexpression of Akt1 in
C3H10T1/2 cells incubated in osteogenic medium with BMP2 led
to reduced accumulation of Runx2 and caused a decline in AP
activity compared with those of controls, while by contrast, over-
expression of Akt2 had a minimal impact on osteoblast differen-
tiation (Fig. 4). Taken together, the results in Fig. 1 to 4 show that
Akt1 is a negative regulator of osteogenic differentiation, and they
contrast with our previous observations indicating that Akt2 was
required for initiation of osteoblast differentiation in culture (27).

Loss of Aktl reduces osteoblast-mediated osteoclast differ-
entiation. In the adult skeleton, bone remodeling is a highly inte-
grated process in which resorption by osteoclasts is tightly linked
to new bone formation by osteoblasts (11, 18,31,47). On a cellular
and biochemical level, osteoclasts secrete or liberate factors that
attract osteoblast precursors to sites of bone resorption, and dif-
ferentiating osteoblasts produce signaling molecules that promote
differentiation of osteoclast progenitors and stimulate the activity
of mature osteoclasts (2, 18, 31). Since lack of Aktl upregulated
osteoblast differentiation (Fig. 1 and 2), we hypothesized that it
also would lead to an increase in osteoblast-mediated osteoclast
differentiation. To test this idea, we incubated osteoclast progen-
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itors (bone marrow macrophages in primary culture) with me-
dium conditioned by MSCs undergoing osteoblast differentiation
(see experimental protocol in Fig. 5A). Osteoclast differentiation
was measured by staining cells for tartrate-resistant acid phospha-
tase (TRAP), by counting multinucleated osteoclasts, and by an-
alyzing osteoclast-specific gene expression. Surprisingly, a lack of
Aktl in osteoblasts led to a severe reduction in osteoclast differ-
entiation, as measured by a 60% decline in TRAP activity (Fig. 5B
and C), by a halving of multinucleated osteoclasts (and a 80%
reduction in osteoclasts with >4 nuclei) (Fig. 5D), and by dimin-
ished expression of mRNAs for cathepsin K and the calcitonin
receptor (Fig. 5E). A comparable decrease in osteoclastogenesis
also was observed when bone marrow macrophages were cocul-
tured with Aktl-deficient osteoblasts (Fig. 6), and additionally
was seen when Aktl-null MEFs incubated in osteogenic medium
plus BMP2 was the source of conditioned medium for osteoclast
differentiation (Fig. 7).

Differentiating osteoblasts produce RANKL and m-CSF, two
critical signaling molecules for osteoclastogenesis that are key
components of osteoblast-osteoclast coupling during bone re-
modeling (11, 14). Osteoblasts also secrete osteoprotegerin
(OPG), asoluble inhibitor of osteoclast differentiation that acts by
binding to RANKL and sequestering it from the receptor RANK
on the surface of osteoclast progenitors (14, 23). We measured the
accumulation of each of these proteins in medium conditioned by
differentiating osteoblasts to determine if any alteration in their
expression could explain the diminished osteoblast-osteoclast
coupling observed with osteoblasts lacking Akt1l. The amount of
RANKL was reduced by nearly 70% and the abundance of m-CSF
by 55% compared with controls in medium obtained from Akt1-
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TRAP-positive cells expressed as area per microscopic field (X200 magnification, mean = S.D. of 6 fields, #, P < 0.01 versus Con CM). (D) Quantitative
assessment of the percentage of multinucleated TRAP-positive osteoclasts on day 7 per microscopic field (X200 magnification; mean % SD of results of six fields;
*, P < 0.01; *%, P < 0.001 versus Con CM). Inset depicts representative examples (white arrowheads indicate osteoclasts with >4 nuclei). (E) Expression of
mRNAs for cathepsin K, the calcitonin receptor (Rec), and S17 by RT-PCR on day 7.

deficient mouse MSCs collected from days 5 to 7 of osteoblast
differentiation, while levels of OPG were nearly identical (Fig. 8B
to D). Despite the substantial decline in concentrations of RANKL
and m-CSF, there was a minimal decrease in the abundance of
their mRNAs in differentiating Aktl-deficient osteoblasts com-
pared with controls, although there was a slight increase in OPG
transcripts (Fig. 8E). Comparably large reductions in RANKL and
m-CSF were detected in conditioned medium from Aktl-null
MEFs at day 7 of osteoblast differentiation, except that baseline
RANKL levels were 75% lower in control MEFs than in MSCs and
were reduced in Aktl-deficient MEFs by ~90% versus those in
controls (Fig. 8F to I).

Aktl promotes osteoblast-mediated osteoclast differentia-
tion. We next tested the hypothesis that restoration of Aktl ex-
pression in osteoblasts could stimulate coupled osteoclastogen-
esis, even while reducing osteoblast differentiation. Mouse MSCs
in primary culture were sequentially infected with Ad-shAktl,
plus LV-EGFP (control), LV-Aktl, or LV-Akt2, and incubated in
osteogenic medium plus BMP2, and conditioned medium was
collected from days 5 to 7 (Fig. 9A). Reexpression of Aktl caused
an increase in levels of RANKL and m-CSF that were equal to
those in medium from intact MSCs (Fig. 9B and C) and restored
osteoclastogenesis of bone marrow macrophages to levels ob-
served under control conditions, as measured by TRAP activity,
formation of multinucleated osteoclasts, and expression of
mRNAs encoding osteoclast-specific genes, cathepsin K and the
calcitonin receptor (Fig. 9D to F). In contrast, substitution with
Akt2 did not reverse the defects in osteoclastogenesis seen in the
absence of Aktl. Equivalent results were seen using conditioned
medium collected from Akt1-null MEFs in which Aktl was rein-
troduced (Fig. 9G). Thus, osteoblast Akt1 acts as a positive regu-
lator of coupled osteoclast differentiation and function.

RANKL promotes osteoblast-mediated osteoclast differenti-
ation in the absence of Aktl. We next asked if recombinant
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RANKL could restore normal osteoclastogenesis when added
to conditioned medium from Aktl-deficient osteoblasts.
C3H10T1/2 mesenchymal stem cells were infected with Ad-
shAktl and incubated in osteogenic medium plus BMP2, and con-
ditioned medium was collected from days 5 to 7. RANKL addition
caused a dose-dependent rise in osteoclast differentiation of bone
marrow macrophages to levels seen with control-conditioned me-
dium, as evidenced by increases in TRAP activity and formation of
multinucleated osteoclasts and by boosts in expression of mRNAs
for cathepsin K and the calcitonin receptor (Fig. 10A to D). These
results support the idea that Aktl deficiency in osteoblasts does
not lead to production of a soluble inhibitor of osteoclastogenesis
but rather impairs accumulation of the osteoclast differentiation
factors RANKL and m-CSF.

DISCUSSION

Multiple local and systemic factors control bone remodeling in the
adult skeleton (18, 31, 47), and are responsible for the tightly
coupled temporal and spatial interplay between bone-resorbing
osteoclasts and bone-forming osteoblasts that normally maintains
skeletal mass and integrity (11, 18, 31, 47). Here we have identified
two distinct roles for Akt1 in osteoblasts that critically modify the
relationship between these two skeletal cell types. We found first
that Aktl uniquely functions as a negative modulator of osteoblast
differentiation, in direct contrast to the positive role of Akt2 as an
essential gatekeeper for initiating and sustaining osteoblast differ-
entiation in culture (27). The loss of Aktl in osteoblast progeni-
tors led to their accelerated and enhanced differentiation, as mea-
sured by increases in the rate and extent of both AP activity and
matrix mineralization, which were reduced to normal by reex-
pression of Aktl by lentiviral delivery but not by substitution with
Akt2 and which were diminished further by overexpression of
Aktl (Fig. 1 to 4). The biochemical mechanism by which Aktl
deficiency promoted osteogenesis appears to be secondary to
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FIG 6 Coculture of bone marrow macrophages with Aktl-deficient osteo-
blasts reduces osteoclast formation. (A) Mouse bone marrow macrophages
were incubated with MEFs from wild type (WT) or Aktl knockout (KO) mice
in osteogenic medium plus BMP2 for 7 days. (B) TRAP staining to assess
formation of multinucleated osteoclasts at day 7. (C) Percentage of TRAP-
positive cells at day 7 expressed as area per microscopic field (X200 magnifi-
cation; mean * SD of results of six fields; *, P < 0.005 versus WT). (D)
Comparison of the number of TRAP-positive osteoclasts per microscopic field
with >4 nuclei on day 7 (X200 magnification; mean * SD of results of six
fields; #*, P < 0.001 versus WT).

modest upregulation of expression of the critical osteoblast
differentiation-promoting transcription factor Runx2 (Fig. 1 and
3), which proportionately increased its transcriptional activity
(Fig. 1).

Second, we surprisingly discovered that Akt1 is a key facilitator
of osteoblast-osteoclast coupling. Aktl deficiency in osteoblasts
impaired linked osteoclastogenesis, as measured by reductions in
expression of osteoclast-specific mRNAs, including cathepsin K
and the calcitonin receptor, by markedly decreased production of
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clast formation. Conditioned medium (CM) was collected from wild type
(WT) or Aktl-deficient MEFs after incubation in OM plus BMP2 for 7 days
and added to mouse bone marrow macrophages as described in the legend to
Fig. 5. (A) Image of TRAP staining to assess formation of multinucleated
osteoclasts on day 7 (X100 magnification). (B) Percentage of TRAP-positive
cells expressed as area per microscopic field (mean * SD of results of six fields;
*, P < 0.01 versus WT CM). (C) Quantitative assessment of the percentage of
multinucleated TRAP-positive osteoclasts on day 7 per microscopic field (n >
4 nuclei; X200 magnification; mean SD of results of three experiments; #:, P <
0.001 versus WT CM).

TRAP, and by diminished numbers of multinucleated osteoclasts
(Fig. 5 to 8). The mechanism appears to be decreased accumula-
tion of RANKL and m-CSF, the critical secreted factors that stim-
ulate osteoclast differentiation (11, 14, 15). Readdition of Akt1 to
Aktl-null osteoblasts, but not substitution with Akt2, boosted
osteoblast-mediated osteoclastogenesis back to normal, coinci-
dent with increases in RANKL and m-CSF to normal levels (Fig.
9), and addition of recombinant RANKL to conditioned medium
from Akt1-deficient osteoblasts also could restore osteoclastogen-
esis (Fig. 10). Taken together, our results demonstrate that Aktl
occupies a unique signaling niche during osteoblast differentia-
tion and that its activity is necessary to ensure adequate coupled
osteoclast differentiation.

Distinct actions of Akt1 in other cell types. Despite similari-
ties in overall protein structure and kinase activity of the three
mammalian Akts (3, 22, 44), a growing literature has defined a
range of selective functions for each of these proteins, although in
most instances to date the biochemical mechanisms have not been
defined. For Aktl the most compelling examples relate to its po-
tential role in restraining the migration and the propensity for
metastasis of breast cancer cells (16, 20, 46). In several model cell
culture systems, where tumorigenesis was driven by overexpres-
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sion of the IGF1 receptor (16, 46), Aktl deficiency led to changes
in cell morphology, stimulation of migration, and upregulation of
markers of epithelial-mesenchymal transition. A loss of Akt2, by
contrast, either had no effect or caused alterations that were the
opposite of those seen with Aktl deficiency (16, 46). Moreover,
forced expression of a constitutively active Aktl could stimulate
invasiveness of breast cancer cells after implantation into nude
mice (20). In more recent studies, the actin-associated protein
palladin has been identified as a potential mediator of the inhibi-
tory effects of Aktl on cell migration (5).

In spite of clear evidence linking a lack of Aktl to a more mi-
gratory phenotype in breast cancer cells, distinctly different obser-
vations have been made with MEFS and with endothelial cells
from Aktl knockout mice (35, 48). In both cases, Akt1 deficiency
led to reduced cell migration (35, 48), and in MEFs it was the
isolated loss of Akt2 rather than lack of Aktl that promoted both
migratory and invasive phenotypes (48). Taken together, these
results and others (4, 8, 38) suggest that there are many nuances in
the mechanisms of action of each Akt that need to be identified
and that in most cases the precise signaling steps that uniquely
distinguish the biological effects of one Akt from those of another
have not been characterized beyond a rudimentary level. It addi-
tion, it is clear that putative cell-type-specific modifiers that might
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explain the distinct biological effects of a single Akt within a back-
ground of otherwise shared signaling pathways have yet not been
identified.

Akt actions and bone biology. The biological effects of indi-
vidual Akts in bone cells remain an underexplored area of inves-
tigation. Although osteoclastogenesis appears to require the ac-
tions of both Aktl and Akt2, as targeted knockdown of either
molecule in mouse bone marrow macrophages in primary culture
caused reduced osteoclast differentiation without altering cell vi-
ability or proliferation (36), the biochemical mechanisms have
not been elucidated. The adipokine adiponectin also is able to
block osteoclastogenesis by selectively interfering with Aktl in
osteoclast progenitors, and adiponectin knockout mice have di-
minished bone growth and reduced bone mass because of en-
hanced osteoclast differentiation and activity (40). In addition,
osteoclast precursors from Aktl-deficient mice showed reduced
differentiation in the presence of m-CSF and RANKL compared
with controls (17,41). Thus, intact Akt-mediated signaling in pro-
genitors is important for normal osteoclastogenesis.

Only a few publications have assessed the impact of Akt1 defi-
ciency in osteoblast differentiation and bone development (17,
41), and no studies have examined the role of Akt2 in bone in vivo.
Using calvarial osteoblasts from globally Aktl-deficient mice,
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Kawamura et al. found that these cells were more susceptible to
apoptotic death than controls and also differentiated more poorly,
although the response to BMP2 appeared to be relatively equiva-
lent to that of control cells (17). In contrast, we observe enhanced
osteogenic differentiation in the absence of Aktl in cell lines and
in primary MSCs with Akt1 deficiency, and we find in preliminary
experiments that MSCs from Akt knockout mice also differenti-
ated more robustly than did controls (data not shown). Taken
together, our data and the results of Kawamura et al. (17) raise the
possibility that there may be intrinsic differences between osteo-
blast progenitors that undergo intramembranous (calvariae) ver-
sus endochondral (long bones) osteogenesis in terms of the role of
Aktl in regulating their differentiation.
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Modifying osteoblast-osteoclast coupling. The most remark-
able aspect of our observations is the key role that Akt1 appears to
play in mediating coupling between osteoblast and osteoclast pre-
cursors. Despite the enhanced differentiation seen in Aktl-
deficient osteoblasts, linked osteoclastogenesis was dramatically
diminished. To date, no other signaling intermediate shares this
property, although an extracellular molecule, the long-chain fatty
acid-amide oleoyl serine, appears able to stimulate bone forma-
tion and to reduce bone resorption and osteoclast numbers in
ovariectomized mice but not in normal controls (34). Even
though several other signaling proteins can interfere with
osteoblast-mediated osteoclastogenesis, they do so in predictable
and expected ways. For example, targeted loss of the MAP kinases,
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Erks 1 and 2, in chondro-osteoprogenitors in mice led to reduced
osteogenesis but enhanced chondrogenesis (24), and to dimin-
ished linked osteoclast differentiation secondary to a decline in
RANKL production (24). In addition, knockdown of components
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of the p38c and B MAP kinase pathway in osteoblast precursors
reduced their differentiation through loss of activating phosphor-
ylation of Runx2 (13). Thus, with the exception of Aktl, signaling
molecules that impaired osteoblast differentiation also reduced
coupled osteoclast differentiation.

In summary, our studies have identified unique roles for Akt1
as both a negative regulator of osteoblast differentiation and a
robust positive mediator of osteoblast-coupled osteoclastogen-
esis. Since treatments for osteoporosis have not been able to dis-
sociate coupling between osteoblasts and osteoclasts, potential
targeting of Aktl or its downstream signaling pathways may lead
to new therapeutic opportunities for enhancing osteoblast differ-
entiation and bone formation while limiting osteoblast-coupled
osteoclast development and bone resorption.
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