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The capacity of bones to adjust their mass and architecture to
withstand the loads of everyday activity derives from the ability
of their resident cells to respond appropriately to the strains
engendered. To elucidate the mechanisms of strain responsive-
ness in bone cells, we investigated in vitro the responses of pri-
mary mouse osteoblasts and UMR-106 osteoblast-like cells to a
single period of dynamic strain. This stimulates a cascade of
events, including activation of insulin-like growth factor I
receptor (IGF-IR), phosphatidylinositol 3-kinase-mediated
phosphorylation of AKT, inhibition of GSK-3f3, increased acti-
vation of f-catenin, and associated lymphoid-enhancing fac-
tor/T cell factor-mediated transcription. Initiation of this path-
way does not involve the Wnt/LRP5/Frizzled receptor and does
not culminate in increased IGF transcription. The effect of
strain on IGF-IR is mimicked by exogenous des-(1-3)IGF-I and
is blocked by the IGF-IR inhibitor H1356. Inhibition of strain-
related prostanoid and nitric oxide production inhibits strain-
related (and basal) AKT activity, but their separate ectopic
administration does not mimic it. Strain-related IGF-IR activa-
tion of AKT requires estrogen receptor a (ERa) with which
IGF-1R physically associates. The ER blocker ICI 182,780
increases the concentration of des-(1-3)IGF-I necessary to acti-
vate this cascade, whereas estrogen inhibits both basal AKT
activity and its activation by des-(1-3)IGF-I. These data suggest
an initial cascade of strain-related events in osteoblasts in which
strain activates IGF-IR, in association with ERe, so initiating
phosphatidylinositol 3-kinase/AKT-dependent activation of
B-catenin and altered lymphoid-enhancing factor/T cell factor
transcription. This cascade requires prostanoid/nitric oxide
production and is independent of Wnt/LRP5.

The strains that bones experience during everyday mechan-
ical loading are generally accepted as providing the func-
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tional stimulus by which they adjust their mass and architec-
ture to withstand these loads without gross fracture or undue
accumulation of microdamage. The cells responsible for the ini-
tial transduction of strain-related information are the osteoblasts
and osteocytes that are in close physical association with the tissue
subjected to strain. A number of signaling pathways are activated
in the first few minutes following an episode of strain. These
include the following: fluxes in calcium (1-5) and production of
PGs? (3-5), NO (2, 6-9), and ATP (10—13). These pathways pre-
cede secondary strain-related events, which include the activation
of B-catenin (14—17), increased IGF signaling (3, 18 —21), and the
suppression of sclerostin production (17).

Given the number of pathways that are stimulated by
mechanical strain, it is likely that adaptive remodeling is a result
of an integrated network of pathways that function to control
bone mass and structure, rather than one pathway uniquely
dedicated to mechano-transduction. A contributor to more
than one stage in a number of these post-strain cascades is ERo
(22-24). ERa is required for strain-related production of NO
(24), as well as strain-related translocation of B-catenin to the
nucleus (14). Exposure of bone cells to strain activates ERK1/2
in a manner requiring ER« (25). In turn, ERK1/2 activated by
strain results in the phosphorylation of ER« (2) and subsequent
activation of estrogen-response elements.

Although the nature of the facilitatory role of ER« in these
strain-related processes in bone cells is unclear, its practical
significance is likely to be high in the light of the crucial role
played by estrogen in the etiology of post-menopausal osteopo-
rosis in women and age-related bone loss in men (23, 26). To
establish the scope of ER« in the adaptive responses of bone
cells to strain, we therefore investigated its relationship with

2 The abbreviations used are: PG, prostaglandin; IGF-IR, insulin-like growth
factor | receptor; IGF, insulin-like growth factor; PI3K, phosphatidylinositol
3-kinase; ER, estrogen receptor; NO, nitric oxide; ERK, extracellular signal-
regulated kinase; HA, hemagglutinin; ANOVA, analysis of variance; WT,
wild type; PBS, phosphate-buffered saline; ERKO, ERa knock-out; TCF, T cell
factor; Lef, lymphoid-enhancing factor; E,, estradiol; LRP, low density
lipoprotein receptor.
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insulin-like growth factor (IGF), another important mediator of
the strain-related responses of bone cells. IGF-I and Il both play
a significant role in the regulation of bone mass. During fetal
and juvenile development, IGF-I production by the liver, acting
under the control of growth hormone, is one of the chief deter-
minants of bone growth. Individuals lacking growth hormone,
IGF-I, or IGF-I receptor (IGF-IR) exhibit reduced stature (27,
28) and bone mineral density (29). However, in the normal
adult, the major functional determinant of bone mass is adapt-
ive (re)modeling controlled by functional loading. This process
is associated with local autocrine/paracrine production of IGF
(30 —34). In osteoblastic cells, ERa is required for activation of IGF
signaling (35) as is the case in neuronal cells (36 —38). Although
these data strongly suggest a role for cross-talk between IGF-I and
ERw signaling in the propagation of adaptive bone (re)modeling,
the precise molecular mechanism responsible and the down-
stream targets remain undetermined. One pathway capable of
being activated by IGFs that could act as a downstream effector for
ERa and IGF interaction in osteoblasts is the phosphatidylinositol
3-kinase/protein-kinase B pathway (PI3K/AKT).

PI3K is activated by numerous receptor tyrosine kinases,
including the IGF-I receptor, and is responsible for activating
the serine/threonine kinase AKT, which plays a significant role
in maintaining proliferation and promoting cell survival (39—
41). There is evidence that PI3K/AKT signaling is important in
determining bone mass; AKT1 knock-out mice are osteopenic
(42), whereas mice lacking the PI3K inhibitor PTEN have ele-
vated levels of active AKT and life-long accumulation of bone
mass (43). Removal of functional loading results in inhibition of
PI3K and AKT (44). In osteoblast-like cells in vitro, AKT can be
activated by strain, stretching, and fluid flow (45-47).

AKT is able to phosphorylate and inactivate GSK-3 and so
regulate B-catenin activity and subsequent Lef/TCF-mediated
transcription in cardiomyocytes and HepG2 cells (48, 49). High
doses of glucocorticoids result in inhibition of B-catenin in
osteoblasts, a response that is in part dependent on AKT (50).
Conversely, mechanical strain regulates the levels of activated
B-catenin through its effect on AKT in a mouse calvarial osteo-
blast cell line (45). In breast cancer and endometrial cells, acti-
vated AKT is capable of directly phosphorylating ER« to stim-
ulate transcriptional activity (51-53). Some of the effects of
ERa/estrogen can be mediated by the PI3K-AKT pathway (54,
55), and in some situations AKT activation is dependent on
the nongenomic action of ER« (52, 56, 57). These findings
implicate AKT in interacting with three of the key contributors
to the strain response, namely IGF, canonical Wnt signaling via
B-catenin, and ERa.

That the activation state of AKT should correlate well with
anabolic or catabolic activity of bone should not be surprising
because AKT controls these processes in many cell types (39).
What is important in the context of mechanically adaptive
response of bones is how the activity of AKT is controlled and
how AKT targets respond to facilitate the anabolic and cata-
bolic (re)modeling activity, which results in alterations in bone
mass and adjustments in bone architecture.

In this study, we report that a single episode of mechanical
strain stimulates the activation of B-catenin in the absence of
increased Wnt/LRP5/Frizzled receptor signaling. This pathway
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involves IGF-dependent activation of IGF-IR that stimulates
PI3K-mediated activation of AKT. AKT in turn generates
inhibitory phosphorylation of GSK-3 resulting in activation of
B-catenin and stimulation of Lef/TCF-mediated transcription.
This pathway requires NO/PG signaling. Mechanical strain
primes ERa via an unidentified mechanism (possibly involving
its translocation to the membrane) to interact physically with
IGE-IR. This interaction lowers the threshold levels of IGE-I
necessary to stimulate IGF-IR activation. The relationship be-
tween the deficiency of ER« in patients with osteoporosis and in
ERKO mice and their attenuated response to loading may in
part be explained by a failure of prevailing IGF levels to activate
IGF-1R in the absence of sufficient ERa.

EXPERIMENTAL PROCEDURES

Materials—The super8XTOPFLASH (superTOP) reporter
construct containing eight Lef/TCF-binding sites within a
pTA-Luc vector driving the expression of firefly luciferase
under the control of a minimal TA viral promoter was a kind
gift of Prof. Randall T. Moon (Howard Hughes Medical Insti-
tute and Department of Pharmacology, University of Wash-
ington School of Medicine, Seattle). The OPNpGL3 and
mOPNpGL3 luciferase reporter constructs containing the
2.3-kbp fragment rat osteopontin promoter and containing
two Lef/TCF-binding sites in the native and mutant form were
a gift from Prof. Lukas A. Huber (Biocenter, Division of Cell
Biology, Medical University Innsbruck, Austria). The pLNCX1-
myr-AKT1 and pLNCXI1-myr-AKT2 plasmids expressing
hemagglutinin (HA)-tagged AKT1 and -2 fused with a mem-
brane targeting myristoylation domain (58) were a kind gift of
Dr. Mark Cleasby (Royal Veterinary College, London, UK). The
plasmid pcDNA3.1-Dkk-1 was generated by digestion of pCS2-
Dkk1-FLAG with EcoRI and Xhol, followed by ligation of the
DKK-1 cDNA-FLAG taginto the EcoRI-Xhol site of pcDNA3.1
(59). ERKO null mutant mice were a gift from Prof. Pierre
Chambon (Institut de Génétique et de Biologie Moléculaire et
Cellulaire, Illkirch-Cedex, France). The antibody recognizing
active B-catenin (8E7) was purchased from Upstate Signaling
(Dundee, Scotland, UK). Antibodies recognizing (-catenin
(E-5), B-actin (I-19), ERa (MC-20), and lamin B (C-20) were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
The anti-Ser-473 phospho-AKT (4060), total AKT (9272), anti-
Ser-9 phospho-GSK-3 antibody (9336), anti-GSK-3f3 (9315),
and anti-phospho- and total IGF-IR (3021 and 3027) primary
antibodies were obtained from Cell Signaling Technologies
(Hitchin, UK). The mouse monoclonal antibody recognizing
ERa (SRA1000) was purchased from Cambridge Bioscience
(Cambridge, UK). For Western blotting, the primary antibodies
were detected using horseradish peroxidase-linked anti-mouse,
-goat, or -rabbit conjugates as appropriate (Dako, Ely, UK). For
immunocytochemistry, Alexa-conjugated goat anti-mouse IgG
secondary antibody was used (Molecular Probes, Edinburgh,
Scotland, UK). The following chemicals were purchased from
Tocris (Bristol, UK); API-2, LY294002, NS398, .-NAME,
SNAP, and ICI 182,780. API-2, .Y294002, and NS398 were dis-
solved in DMSO, and L.-NAME and SNAP were dissolved in
water immediately before use, and ICI 182,780 was dissolved in
ethanol. The IGF-IR inhibitor H1356 was purchased from
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Bachem (St. Helens, UK) and dissolved in PBS. The inhibitors
AH6809 and AH23848 were obtained from Sigma and dis-
solved in DMSO. Des-(1-3) receptor grade IGF-1 was obtained
from Novozymes-Gropep (Adelaide, Australia) and dissolved
in 10 mm HCl and then diluted in PBS containing radioimmu-
noassay grade bovine serum albumin (0.1 mg/ml).

Cell Culture—The rat osteoblast-like osteosarcoma cell line
UMR-106 and primary mouse osteoblasts were maintained in
phenol red-free Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum, 2 mm glutamine, and
100 units/ml penicillin/streptomycin (complete media), in a
humidified incubator in an atmosphere of 5% CO, at 37 °C.
Primary osteoblast-like cells were prepared from the long bones
of 17-week-old female ERKO mice and their wild type (WT)
littermates, as detailed previously (3), and cultured as above.
Mouse fibroblasts stably transfected with either 8-galactosid-
ase or Wnt-I have been described previously (60) and were a
kind gift of Dr. Steve Allen (Royal Veterinary College, London).
Cells to be subjected to mechanical strain were seeded onto
sterile custom-made plastic strips at 10,000 cells/cm?® (for
Western blotting) in a volume of 11 ml of complete media. For
reporter assays cells were seeded at 6,000 cells/cm?. For treat-
ments with ectopic factors (PGs and NO donor IGF-I), cells
were seeded at 10,000 cells/cm?. Cells were washed three times
in PBS and cultured in media containing 2% charcoal dextran-
stripped fetal calf serum for 2 days before treatment.

Mechanical Straining of Cells—Cells cultured on tissue cul-
ture strips were subjected to 600 cycles of four-point bending at
a frequency of 1 Hz with a peak strain of 3400 microstrains (ue)
as described previously (14).

Transient Transfections and Luciferase Assay—UMR-106
cells were transiently transfected with an internal control plas-
mid pCMV-RL or test plasmid for 16 h using Effectene (Qiagen,
Crawley UK) according to the manufacturer’s instructions. Fol-
lowing transfection, the cells were washed in PBS, and fresh
complete media were added. After treatment, the cells were
washed in ice-cold PBS. The cells were then processed, and
luciferase activity was determined according to the Dual-Lucif-
erase’ ™M assay system (Promega, Southampton, UK).

Western Blotting—Cells on strips were briefly washed twice
in ice-cold PBS and lysed in denaturing lysis buffer (2% SDS,
2 M urea, 8% sucrose, 20 mm sodium S-glycerophosphate, 1
mM NaF, and 5 mm Na,VO,) using 100 wl/strip. Genomic
DNA was sheared by passage through a Qiashredder column
(Qiagen, Crawley, UK) and denatured by boiling for 5 min.
Nuclear and cytoplasmic fractionation was performed by a
modification of the method described previously (14). Briefly,
cells were trypsinized and washed twice in ice-cold PBS and
lysed on ice for 15 min in 100 ml of cytoplasmic lysis buffer (10
mM HEPES, pH 7.4, 10 nm KCI, 0.01 mm EDTA, 0.1 mm EGTA,
2 mM dithiothreitol, 5 mm Na,VO,, 20 mm sodium S-glycero-
phosphate, 0.1% Nonidet P-40 and Halt protease inhibitor
mixture (Perbio, Chester, UK)). Nuclei were sedimented by
centrifugation, and the supernatant containing the cytoplasmic
fraction was removed. Urea and SDS were added to a final con-
centration of 2 M and 2% respectively, and the samples were
denatured by boiling for 5 min. The nuclei were then washed
in 1 ml of cytoplasmic lysis buffer to remove any contami-
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nating cytoplasm and re-sedimented. The nuclei were then
lysed in 100 ul of denaturing lysis buffer as before. Protein con-
centrations were determined by the BCA assay (Pierce/Perbio,
Chester, UK). For Western blotting, 20 ug of protein was size-
fractionated using SDS-PAGE and electro-transferred onto
Protran nitrocellulose membranes (Schleicher and Schuell).
Membranes were blocked for 1 h in 0.2% (w/v) I-block (Topix,
Bedford, MA) before being incubated with specific antibodies
diluted 1:1000. Primary antibodies were detected using horse-
radish peroxidase-linked anti-mouse, -goat, or -rabbit conju-
gates (DAKO, Cambridge, UK) as appropriate and visualized
using the enhanced chemiluminescence detection system (GE
Healthcare).

Immunoprecipitation—Immunoprecipitation was performed
as described previously (61). Briefly, treated cells were lysed in
Tween lysis buffer (TLB: 50 mm HEPES, 2.5 mm EGTA, 1 mm
EDTA, 150 mm NaCl, 0.1% Tween 20, 1 mm NaF, 1 mm NaVO,,
30 mM B-glycerophosphate, 1 mm dithiothreitol, 100 mg/ml
phenylmethylsulfonyl fluoride, and Halt Protease inhibitor
mixture (Pierce/Perbio), pH 8.0) with sonication. Protein con-
centration of the soluble fraction was determined with the BCA
protein assay (Pierce/Perbio). 1 mg of cellular extract was pre-
cleared with 20 ul of a 50% (v/v) slurry of protein G (GE Health-
care) in a volume of 1 ml of TLB for 30 min at 4 °C and then
sedimented by centrifugation. The supernatant was then incu-
bated with 0.5 ug of SRA1000 mouse monoclonal anti-ERa
antibody or control mouse IgG for 16 h at 4 °C. Antibodies were
immobilized by the addition of 20 ul of a 50% (v/v) slurry of
protein G (GE Healthcare) for 30 min at 4 °C. The pellets were
washed eight times in 1 ml of TLB before being size-fraction-
ated by SDS-PAGE and Western-blotted.

Immunocytochemistry— After treatment, strips or coverslips
were washed in PBS, and the cells were fixed with ice-cold
methanol on ice for 10 min followed by two PBS washes. The
cells were then permeabilized in 20 mm HEPES, 300 mm
sucrose, 50 mm NaCl, 3 mm MgCl,, 0.05% sodium azide, 0.5%
Triton X-100 (Surfact-Amps™™ X-100, Pierce/Perbio), pH 7.0)
for 10 min on ice. Slides were blocked by incubating the slides in
“wash buffer” (0.05% sodium azide, 10% fetal calf serum in
TBST) for 1 h at room temperature before incubation with pri-
mary antibody recognizing active B-catenin (1:100 dilution)
overnight at 4 °C. Slides were washed three times for 5 min at
room temperature in TBST before incubation with the second-
ary antibody (Alexa 488-conjugated goat anti-mouse diluted
1:100 (Invitrogen)) for 45 min in the dark at room temperature.
Cells were then washed twice in wash buffer. Slides were
mounted in Vectorshield containing 4',6-diamidino-2-phenyl-
indole (Vector Laboratories, Peterborough, UK) before visual-
ization by confocal microscopy using a Leica SP5 confocal
microscope with LA5 LF software.

Quantitative Reverse Transcription-PCR—Total RNA was
extracted from control and treated cells at specified time points
using RNeasy Plus mini kit (Qiagen). Integrity of RNA was ver-
ified electrophoretically by ethidium bromide staining and by
A,eolAsgo absorption ratio >1.95. One mg of the total RNA
from loaded and control tibiae was reverse-transcribed with
Superscript II reverse transcriptase (Invitrogen). QuantiTect
SYBR Green PCR kit (Qiagen) and Opticon 2 Lightcycler (M]
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FIGURE 1. Effect of ectopic expression of Dickkopf 1 (DKK-1) on Lef/TCF signaling initiated by Wnt-1 and
mechanical strain. g, UMR-106 cells were transfected with a mixture of 70% pCDNA3 or pCDNA3.1-DKK1, 20%
pSuperTOP, and 10% pCMV-RL in 24-well plates. UMR-106 cells were then co-cultured with control 3T3 cells
stably transfected with 3-galactosidase or 3T3 cells stably transfected with a Wnt-1 expressing plasmid at
300,000 cells per well. Cells were harvested 32 h late, and the relative luciferase activity was determined. Data
arerepresented as corrected luciferase, mean = S.E., for data pooled from three separate experiments. ***, p <
0.001 by one-way ANOVA with Bonferroni post hoc analysis. b, UMR-106 cells were transfected with a mixture
of 70% pCDNA3 or pCDNA3.1-DKK1, 20% pGL3OPN, and 10% pCMV-RL and subjected to strain by 4-point
bending (10 min, 1 Hz, 3400 microstrains, 600 cycles). Cells were harvested 32 h later, and relative luciferase

period of dynamic strain is suffi-
cient to increase levels of active
[B-catenin, stimulating both its entry
into the nucleus and elevating Lef/
TCF-dependent transcription (14).
However, the mechanism by which
B-catenin activation occurs is not
clear. To determine whether the
strain stimulates Lef/TCF activity
viaincreased Wnt signaling through
the LRP5/Frizzled/Wnt co-recep-
tor, UMR-106 cells were tran-
siently transfected with the super-
TOP Lef/TCF reporter gene as well
as pCM-RL and either empty vector
DNA (pcDNA3) or the DKK-1
expressing vector pcDNA3.1-DKKI.
After 24 h, mouse 3T3 fibroblasts
stably transfected with either 3-ga-
lactosidase or Wnt-1 were added to
the transfected UMR-106 cells in
co-culture. The relative luciferase
activity was determined 32 h later.
Fig. 1a shows that in empty vector
controls, the relative luciferase
activity is higher in UMR-106 cells
co-cultured with Wnt-1 producing
3T3 cells compared with -galacto-
sidase-expressing control cells. This
demonstrates that UMR-106 cells
activate Lef/TCF signaling in re-
sponse to Wnt. However, in cells
ectopically expressing DKK-1, the
increase in relative luciferase activ-

* kK

activity was determined. Data are represented as corrected luciferase activity, mean = S.E., for data pooled

from three separate experiments. ***, p < 0.001 by one-way ANOVA with Bonferroni post hoc analysis.

Research, Waltham, MA) were used to perform quantitative
reverse transcription-PCR. Primers used for the amplification
of IGF-I gene were 5'-CTGGATTTCCTTTTGCCTCA and
5'-GCTGGTAAAGGTGAGCAAGC. Primers used for the
amplification of B-actin were 5'-CTATGAGCTGCCTGACG-
GTC and 5-AGTTTCATGGATGCCACAGG. A standard
curve was constructed for IGF-I and the housekeeping gene,
and these standards were included in each run. Standards were
run in duplicate and samples in triplicate. Samples of unknown
concentration were quantified relative to their standard curve.
Gene expression levels were normalized to the housekeeping
gene B-actin. The PCR conditions used a 15-min initial enzyme
activation step followed by 34 cycles of 15 s at 94°C, 30 s at
60 °C, and 30 s at 72 °C. The final elongation step was 7 min at
72 °C.

Image Analysis—Western blots were analyzed using the
Image] program, and band volumes were quantitated.

RESULTS

Strain-related Increases in Lef/TCF Activity in Osteoblast-
like Cells Do Not Involve the LRP5/Frizzled/Wnt Receptor—We
have previously reported that in osteoblast-like cells a single
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ity following co-culture with Wnt-
1-producing cells was significantly
lower than that in empty vector control cells. This indicates
that, in this model, ectopic expression of DKK-1 is able to
inhibit Lef/TCF activity when stimulated by Wnts. Interest-
ingly, ectopic DKK-1 expression does not reduce the basal rel-
ative luciferase activity, suggesting that in this model the nor-
mal levels of Wnts (and thus Wnt signaling) may be quite low.
To determine whether the increased Lef/TCF activity we have
observed to follow exposure to strain is also mediated by Wnt
signaling, we performed transient transfection experiments
using reporter constructs where luciferase transcription is
driven by a fragment of the osteopontin promoter containing
two Lef/TCF consensus sites (14). Cells were also co-trans-
fected with either pcDNA3 or pcDNA3-DKK1. The cells were
then subjected to a short period of dynamic strain 24 h after
which the relative luciferase activity was determined. A modest
increase in luciferase was observed following strain (Fig. 1b),
which, unlike that following addition of Wnt1, was not blocked
by the ectopic expression of DKK.

Strain in Osteoblasts Increases Levels of Active AKT, Which
Correlates with Inhibition of GSK-3B and Increased Levels of
Active B-Catenin—The strain-related increase in B-catenin
signaling that we have described previously correlated with the
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inhibition of GSK-38, as determined by increased phosphory-
lation of Ser-9 (14). Because AKT is a Ser/Thr kinase capable of
phosphorylating this site on GSK-3 3, we next sought to estab-
lish whether this strain-related inhibitory phosphorylation of
GSK-3B was mediated by activation of AKT.

UMR-106 osteoblast-like cells were subjected to a single
short period of 4-point bending and the expression levels of
active (Ser-473 phosphorylated) AKT, inactive GSK-383 (Ser-9
phosphorylated), and active B-catenin measured by Western
blotting. The data shown in the representative Western blot
(Fig. 2a) indicate that although the levels of total AKT protein
remain constant, the levels of active AKT become slightly ele-
vated after strain, peaking at 3 h and declining after 4 h. Quan-
titation of the levels of phosphorylated AKT relative to total
AKT was performed using scanning densitometry. This dem-
onstrated statistically significant differences only seen 3 and 4 h
after strain. The levels of Ser-9-phosphorylated (inactive)
GSK-3p relative to total GSK-3 increased 1 and 2 h following
strain, peaked at 3 and 4 h, and declined thereafter. Quantita-
tive densitometry demonstrated that these differences were
only statistically significant 3 and 4 h after strain. Similarly,
there was a strain-dependent increase in active B-catenin 1 and
2 h following strain, again peaking after 3 and 4 h. Statistical
analysis of densitometric scans revealed that these differences
were only significant 3 and 4 h following strain. Taken together
these data suggest a correlation between the activation of AKT
and the increase in inhibitory phosphorylation of GSK-3p,
which results in the activation of B-catenin (Fig. 2, a and b).

Strain-related Activation of B-Catenin Is Mediated by PI3K
Activation of AKT—To confirm that AKT isactivated ina P13K-
dependent manner and that AKT activation is necessary for
strain-related activation of B-catenin, UMR-106 cells were pre-
treated with the PI3K inhibitor LY294002 or the selective AKT
inhibitors API-2 (which is a direct inhibitor of AKT activity) or
AKT1/2 (which inhibits AKT activation in a pleckstrin homol-
ogy domain-dependent fashion) for 1 h before being subjected
to strain. Lysates were prepared 3 h later (the time point at
which strain-induced AKT phosphorylation is statistically sig-
nificant). Scanning densitometry of replicate Western blots (a
representative blot is shown in Fig. 34 and quantitative data in
Fig. 3b) demonstrates that the strain is associated with
increased levels of AKT and GSK-3f3 phosphorylation indicat-
ing activation and inhibition, respectively. These changes cor-
relate with increased levels of active B-catenin. However, pre-
treatment of the cells with LY294002, API-2, or AKT1/2
prevents the strain-related activation of AKT, inhibition of
GSK-3p, and the activation of B-catenin. This indicates that
strain-related activation of [B-catenin is dependent on PI3K
activation, phosphatidylinositol 1,4,5-trisphosphate-mediated
recruitment of AKT to the membrane via its pleckstrin homol-
ogy domain (and thus dependent on the presence of phospha-
tidylinositol 1,4,5-trisphosphate produced by PI3K), and direct
kinase activity of AKT.

Strain-related Nuclear Translocation of B-Catenin Requires
AKT Activation—In this experiment we sought to establish
whether the strain-related nuclear localization of B-catenin,
which we had previously identified in the ROS 17/2.8 osteoblas-
tic cell line, also occurred in UMR-106 cells and, if so, whether
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FIGURE 2. Mechanical strain induces activation of AKT and B-catenin.
a, whole cell lysates were prepared from UMR-106 osteoblast-like cells sub-
jected to strain by 4-point bending (10 min, 1 Hz, 3400 microstrains,, 600
cycles) 1- 4, 6, and 24 h following strain. The levels of total and phospho-AKT
and GSK-3 as well as total and active B-catenin were analyzed by Western
blotting. A Western blot for actin is also shown as a control for equal loading.
b, scanning densitometry was performed on Western blots from three inde-
pendent experiments, and the results are represented as fraction of the con-
trol. Values shown are mean + S.E. *, p < 0.05 by unpaired two-tailed t test.

it was dependent upon AKT activity. To achieve this, we sub-
jected UMR-106 cells to strain following a 1-h pretreatment
with vehicle (DMSO) or 20 um API-2. After 3 h, the cells were
fixed in methanol, stained with an antibody recognizing active
B-catenin (green), counterstained with the fluorescent DNA-
binding dye 4',6-diamidino-2-phenylindole (to reveal the
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nucleus in blue), and analyzed by confocal microscopy. In vehi-
cle-treated static control cells, B-catenin is clearly visible in the
nucleus, as determined by co-localization with 4',6-diamidino-
2-phenylindole (Fig. 3¢c). Pretreatment of the cells with API-2
results in a reduction in the amount of active 3-catenin staining
and nuclear localization. In cells that had been subjected to
strain, there is an obvious increase in the amount of staining for
active B-catenin. This correlates with our previous Western
blot analysis (14). The majority of this staining is associated
with the nuclei. Pretreatment of the cells with 20 um API-2
before strain reduces both the increase in B-catenin staining
and its nuclear localization. Indeed, in this situation the major-
ity of active B-catenin is in the cytoplasm, concentrated in the
perinuclear area.

To confirm these immunocytochemical results, we per-
formed cellular fractionation on cells pretreated with vehicle
and API-2 for 1 h before being subjected to strain. After 3 h,
nuclei and cytoplasm were separated, and denatured protein
extracts were prepared. The levels of active and total 3-catenin
were then measured by Western blotting. In the vehicle and
API-2-treated cells, active [(B-catenin is readily detectable in
both the cytoplasm and nucleus as well as in whole cell extracts
(Fig. 3d). In the extracts from strained cells, there is a statisti-
cally significant increase in the levels of active B-catenin in the
nucleus but not the cytoplasm (Fig. 3d). The increase in the
levels of nuclear B-catenin in response to strain is statistically
significantly inhibited by pretreatment with API-2 (Fig. 3, d and
e) and is similar to that seen in whole cell extracts. The levels of
total B-catenin remain similar in both nuclear and cytoplasmic
extracts, irrespective of treatment. Western blots performed
with antibodies recognizing IGF-IR (cytoplasm) and lamin
(nucleus) were used as loading controls, demonstrating that
there was no cross-contamination of nuclear extract with cyto-
plasm and vice versa.

That mechanical strain increases the levels of active 3-cate-
nin in the nucleus, but has no effect on that in the cytoplasm,
indicates an overall increase in active B-catenin levels in these
UMR-106 cells following strain. This agrees with the data
shown in Fig. 3, 2 and b. The absence of any increase in 3-cate-
nin in the cytoplasm suggests rapid translocation to the
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nucleus. These findings also show that B-catenin molecules
within the nucleus can be detected with antibodies specific to
both total and active B-catenin.

The contrast between the results obtained by immunocyto-
chemistry and subcellular fractionation observed here is in
agreement with our previous report (14). The reasons for the
differences between immunocytochemistry and subcellular
fractionation are unclear but might represent the presence of
active B-catenin in higher order complexes in the cytoplasm,
which sterically hinder the binding of antibodies during immu-
nocytochemistry but which are denatured in our lysis buffers
rendering them detectable. This seems likely because we have
observed that when extracts from LiCl-treated cells are pre-
pared using nondenaturing buffers, we are unable to detect the
increase in active 3-catenin by Western blotting but are able to
do so when using denaturing lysis buffers (data not shown).
These data demonstrate that repression of AKT by selective
pharmacological inhibitors of PI3K or AKT is capable of block-
ing the activation and nuclear localization of 3-catenin result-
ing from a single exposure to strain, suggesting that in the
immediate period following strain it is AKT activity, and not the
consequences of engagement of the Lrp5/6-Frizzled-Wnt
receptor complex with the Wnt ligand, that is responsible for
the activation of B-catenin. This is consistent with the data
shown here in Fig. 1 and described in a recent report by Case
et al. (45).

Strain-related Lef/TCF-dependent Transcription Is Pre-
vented by Inhibition of AKT—The ultimate arbiter of B-catenin
function is modulated transcription of Lef/TCF-responsive
genes. We therefore sought to determine whether strain-re-
lated regulation of Lef/TCF signaling was also dependent on
AKT activation. To this end, we performed transient transfec-
tion experiments using reporter constructs where luciferase
transcription is driven by a fragment of the osteopontin pro-
moter containing two Lef/TCF consensus sites (wild type), as
well as a construct in which these sites were mutated.

The results of these experiments (Fig. 3f) show that strain
leads to a statistically significant increase in luciferase activity in
the cells transfected with the reporter construct containing the
wild type Lef/TCF sequence but not in those transfected with

FIGURE 3. Effect of mechanical strain on the activation and nuclear localization of B-catenin and on Lef/TCF transcription is dependent on AKT.
a, whole cell lysates prepared from UMR-106 cells were pretreated with vehicle (Veh.) (DMSO), the PI3K inhibitor LY294002, or the selective AKT inhibitors API-2
and AKT1/2 for 30 min prior to being subjected to strain. The levels of total and phospho-AKT and GSK-3 as well as total and active B-catenin were analyzed
by Western blotting. A Western blot for actin is also shown as a control for equal loading. b, scanning densitometry was performed on Western blots from three
independent experiments and the results represented as fraction of the control. Values shown are mean = S.E. ¢, UMR-106 cells were pretreated with API-2 for
1 h prior to being subjected to strain and then cultured for 3 h before being fixed in ice-cold methanol. The subcellular distribution of active B-catenin was
determined by immunostaining (green), and the nuclei were counterstained with 4’,6-diamidino-2-phenylindole (blue) before analysis by confocal micros-
copy. Scale bar, 50 um. d, UMR-106 cells were pretreated with API-2 and strained as before, and nuclear and cytoplasmic protein fractions were extracted. The
expression of active and total B-catenin was then analyzed by Western blotting. Also shown is the expression of IGF-IR and lamin-B as loading controls for each
fraction to demonstrate the purity of each fraction, as well as a Western blot performed on denatured whole cell lysate. e, scanning densitometry was
performed on Western blots from three independent experiments, and the results are represented as fraction of the control. Values shown are mean = S.E., *,
p < 0.05, analyzed by two-way ANOVA with Bonferroni post hoc analysis. f, cells were transiently transfected with pGL3OPN containing a fragment of the
osteopontin promoter driving the expression of firefly luciferase that contains two Lef/TCF consensus binding sites (WT) or pMUTPGL3OPN in which the two
Lef/TCF sites were mutated, as well as a control RL-CMV Renilla plasmid that constitutively expresses Renilla luciferase. Cells were subjected to mechanical strain
and harvested 48 h later. Firefly activity was measured and normalized to that of Renilla. The data shown represent the average =+ S.E. of three independent
experiments; each plasmid is normalized to the mean of the static control. *, p < 0.05 analyzed by two-way ANOVA with Bonferroni post hoc analysis.
g, UMR-106 cells were transiently transfected with super8XTOPFLASH (superTOP) as well as either control DNA (pCDNA3), pLNCX1-myr-AKT1, or the pLNCX1-
myr-AKT2 that expressed constitutively active AKT1 and -2, respectively. Cells were harvested 48 h later, and firefly luciferase activity was measured. The data
shown represents the mean = S.E. of three independent experiments, each normalized to the value of the control DNA, *, p < 0.05 by one-way ANOVA with
Bonferroni post hoc analysis. h, UMR-106 cells were transiently transfected with control DNA (pCDNA3), pLNCX1-myr-AKT1, or the pLNCX1-myr-AKT2 that
express constitutively active AKT1 and -2, respectively. Whole cell lysates were prepared after 48 h, and the expression levels of the HA tag present in the
ectopic construct as well as phospho-and total AKT were determined by Western blotting.
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FIGURE 4. Activation of 3-catenin via AKT during the strain response is dependent on IGF. g, whole cell lysates prepared from UMR-106 cells were treated
with 50 ng/ml des-(1-3)IGF1 for 5, 10, 15, 30, and 60 min. The levels of total and phospho-AKT and GSK-33 as well as total and active 3-catenin were analyzed
by Western blotting. A Western blot for actin is also shown as a control for equal loading. b, UMR-106 cells were pretreated with vehicle (PBS) or the antagonist
H1356 for 30 min prior to being subjected to mechanical strain. Cells were harvested 3 h post strain, and the levels of total and phospho-AKT and GSK-33 as well
as total and active B-catenin were analyzed by Western blotting. A Western blot for actin is also shown as a control for equal loading. ¢, scanning densitometry
was performed on Western blots from three independent experiments, and the results are represented as fraction of the control. Values shown are mean = S.E.

*** p < 0.001, by one-way ANOVA with Bonferroni post hoc analysis.

constructs in which the Lef/TCF site is mutated. This indicates
that the observed increase in luciferase activity following strain
is specifically mediated by Lef/TCF. Pretreatment of the cells
with API-2 has no effect on the luciferase levels in control cul-
tures transfected with either mutant or wild type constructs,
but it completely abrogates the strain-induced increase in lucif-
erase activity in cells transfected with the wild type plasmid.
This indicates that strain-related, B-catenin-mediated stimula-
tion of Lef/TCF transcriptional activity is AKT-dependent.
Lef/TCF-dependent Transcription Can Be Driven by AKT
Activity—The previous data all demonstrate that AKT inhibi-
tion blocks strain-related B-catenin activity. We therefore
sought to determine whether the converse was also true, ie.
that increased levels of active AKT would stimulate Lef/TCF
transcription. To do this, UMR-106 cells were transiently trans-
fected with the superTOP Lef/TCF reporter gene as well as
either empty vector DNA (pcDNA3) or constitutively active
forms of AKT1 and -2 (pLNCX1-myr-HA-AKT1 and pLNCX1-
myr-HA-AKT?2). The data shown in Fig. 3¢ demonstrate that
transfection of dominant active AKT1 or AKT2 results in a
significant increase in luciferase activity relative to the empty
vector control. This suggests that AKT activity influences
B-catenin-mediated regulation of transcription, which is a crit-
ical component of early responses of osteoblasts to strain. To
confirm the ectopic expression of AKT1 and AKT2, Western
blotting was performed using whole cell extracts of transfected
cells. The data from Fig. 3% demonstrate expression of the HA
tag from both AKT expression vectors but not the empty vector
control. A cross-reactive band is detected by the anti-HA anti-
body in all of the extracts and is indicated in Fig. 3/. The use of
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an antibody that reacts with AKT phosphorylated at Ser-473
detected bands corresponding to endogenous phosphorylated
AKT in all extracts and smaller bands in the AKT1- and
-2-transfected extracts. These exhibited the same molecular
size as the unique bands detected by the anti-HA antibody,
which correspond to ectopic AKT. The use of a pan-AKT anti-
body revealed endogenous bands in all extracts, but it only
reacted with the ectopic AKT1 and not AKT2. The reason for
this is unclear but may be because the antibody recognizes the C
terminus of AKT1, -2, and -3 and that this epitope on AKT2
may have been modified by the cloning procedure.

Taken together, the experiments described suggest a se-
quence of events in which strain stimulates PI3K-dependent phos-
phorylation of AKT which in turn leads to inhibition of GSK-3,
thereby activating B-catenin, which translocates to the nucleus
where it influences Lef/TCF-dependent transcription.

Strain-related Activation of AKT Requires the IGF-1 Receptor—
In other situations, one of the major regulators of AKT activity
is IGF acting through its receptor, IGF-1R. We have previously
demonstrated that IGF production and signaling is required for
proliferative response of osteoblasts to strain (3). We therefore
sought to establish the role of IGF signaling in regulating the
strain-related activation of these cells of the AKT/GSK-38/83-
catenin axis. To do this, we first determined in UMR-106 cells
the extent to which activation of IGF-IR by exogenous IGF
would mimic the cascade of strain-related events involving acti-
vation of AKT, inhibition and activation of GSK-33, and acti-
vation of B-catenin. Fig. 4a shows the results of addition of
50 ng/ml des-(1-3)IGF-I (which is not subject to regulation
by IGF-binding proteins) to UMR-106 cells cultured in the
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absence of serum for 48 h to maximize the effect of
des-(1-2)IGFIL. Western blotting was used to measure the phos-
phorylation of IGE-IR, as well as AKT, GSK-3f3, and the activa-
tion of B-catenin. These data show that addition of des-(1-
3)IGF-1 stimulates phosphorylation of AKT and GSK-3f
within 5 min. Activation of B-catenin was complete after 1 h.
This lag between IGF addition and B-catenin activation is not
surprising, because a number of steps are required, including
either de-phosphorylation of -catenin and/or the de novo syn-
thesis of hypophosphorylated B-catenin to replace that tar-
geted for proteolysis by GSK-38 phosphorylation.

Having demonstrated that addition of IGF-I is capable of
mimicking the effects of strain on the AKT/GSK-3[3/B-catenin
axis, we next sought to identify whether activation of this path-
way was a component of the strain-related response. We there-
fore pretreated UMR-106 cells with 20 ug/ml of the IGF-IR
antagonist H1356 for 1 h before subjecting them to strain. Their
response in terms of the activation of IGF-IR and AKT, as well
as the inhibition and activation of GSK-38 and -catenin, was
analyzed by Western blotting. The data shown in Fig. 4, band c,
illustrate that strain-induced activation of IGF-IR/AKT/GSK-
3B/B-catenin is inhibited by H1356, indicating that strain-in-
duced activation of this pathway is dependent on involvement
of IGF-IR. This is consistent with osteoblasts either releasing
IGFsinresponse to strain or increasing their sensitivity to exist-
ing levels of IGF.

Cyclooxygenase 2 (COX-2), NO, and PGs Are Required for
Strain-related Activation of AKT, but NO and PG Are Unable to
Activate AKT Individually—Although the data presented here
clearly suggest that exposure of osteoblastic bone cells to
mechanical strain leads to the activation of AKT in an IGF-IR-
dependent fashion, the mechanism of IGF-1R involvement is
unclear. The early responses that occur when bone cells are
subjected to mechanical strain include the release of PGs (3, 13,
62) and NO (2, 6-9), which have been demonstrated to be
responsible for the release of IGF-I by osteoblasts (3), which
would then potentially be able to activate AKT.

To investigate whether it was newly produced IGF that was
responsible for increased IGF-1R activity, we treated UMR-106
cells cultured in 2% charcoal dextran-treated fetal calf serum
with 5 mm of the NO donor SNAP, as well as both 1 um pros-
taglandins E, and L,, respectively, for 15 min and 2 and 6 h. A
parallel treatment was also performed with 50 ng/ml des-(1-
3)IGF-I. Western blots were undertaken on whole cell extracts,
and the levels of active AKT and B-catenin and inactive GSK-33
were measured as described previously. The data from Fig. 5a
demonstrate that unlike des-(1-3)IGF-I, none of these treat-
ments activated AKT. Although PGE, increased activation of
B-catenin, reaching a maximum 6 h after treatment, this did not
correlate with phosphorylation/activation of AKT or result in
the activation of B-catenin to the extent of des-(1-3)IGF-I.
Although des-(1-3)IGF-I was capable of activating AKT/GSK-
3/ B-catenin cascade, the activation of B-catenin occurred 1 h
sooner than that observed in Fig. 4a, an observation we attrib-
ute to the fact that the experiment shown in Fig. 5a was per-
formed in a higher concentration of fetal calf serum, which
increases basal activation of this pathway. Although direct
stimulation of NO and PG signaling was not capable of stimu-
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FIGURE 5. IGF-IR-mediated AKT activation of B-catenin is dependent on
basal PG signaling and NO synthesis during the response to mechanical
strain. a, whole cell lysates were prepared from UMR-106 cells treated with
PGE,, PGl,, the NO donor SNAP or des-(1-3)IGF-I for 30 min and 2 and 6 h.
Levels of total and phospho-AKT and GSK-3 as well as total and active
B-catenin were analyzed by Western blotting. A Western blot for actin is also
shown as a control for equal loading. b, UMR-106 cells were pretreated with
vehicle (Veh.) (DMSO), the NO synthase inhibitor .L-NAME, the COX-2-selective
inhibitor NS398, and the PG receptor antagonists AH6809 and AH-23848
either alone or in combination for 30 min prior to being subjected to strain.
Whole cell lysates were prepared 3 h after strain, and the levels of total and
phospho-IGF-IR, AKT, and GSK-33 as well as total and active B-catenin were
analyzed by Western blotting. A Western blot for actin is also shown as a
control for equal loading. ¢, UMR-106 cells were pretreated with vehicle
(DMSO), the NO synthase inhibitor L-NAME, the COX-2-selective inhibitor
NS398, and the PG receptor antagonists AH6809 and AH-23848 for 30 min
prior to being subjected to mechanical strain. Total RNA was extracted from
the cells 3 h after strain, and the expression of IGF-l was determined by quan-
titative real time reverse transcription PCR. Data are expressed as mean = S.E.
*** p < 0.001, by one-way ANOVA with Bonferroni post hoc analysis.

lating AKT activity, it has been shown that inhibition of these

pathways can block IGEF-I transcription, suggesting that they
may be responsible for maintaining basal levels of IGF-I pro-
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FIGURE 6. Activation of -catenin via AKT during the strain response is dependent on the presence of ERa. a, whole cell lysates prepared from UMR-106
cells pretreated with vehicle (Veh.) (ethanol) or the pure anti-estrogen ICl 182,780 for 16 h prior to being subjected to strain. Levels of total and phospho-AKT
and GSK3-, as well as total and active B-catenin, were analyzed by Western blotting. A Western blot for actin is also shown as a control for equal loading.
b, scanning densitometry was performed on Western blots from three independent experiments, and the results are represented as fraction of the control.
Values shown are mean = S.E. *, p < 0.05; **, p < 0.01 by one-way ANOVA with Bonferroni post hoc analysis. ¢, whole cell lysates were prepared from primary
osteoblasts isolated from the long bones of ERKO mice and wild type littermate controls 3 h after being subjected to mechanical strain or treatment with 10 mm
LiCl. The levels of total and phospho-AKT and GSK3-3 as well as total and active 3-catenin were analyzed by Western blotting. A Western blot for actin is also

shown as a control for equal loading.

duction. To determine whether this was the case, cells were
treated with pharmacological inhibitors of PG production and
function prior to their exposure to strain. The data shown in
Fig. 56 demonstrate that inhibition of NO production by 1 mm
L-NAME, COX-2 activity by 3 um NS398, PG receptor function
by 3 um AH6809 (receptors 1 and 2), or 3 um AH23848 (recep-
tor 4) all inhibit not only the basal activity of the AKT-GSK-38/
B-catenin pathway but also its activation by strain.

TodeterminewhethertheNO/nitric-oxidesynthase/COX-
2/PG pathways are responsible for changes in IGF-I RNA
levels, UMR-106 cells were pretreated with L-NAME, NS398,
AH6809, or AH23848 for 1 h before being subjected to mechan-
ical strain. Three hours after the application of strain, RNA was
extracted from the cells, and the steady state levels of IGF-1 was
measured using quantitative reverse transcription-PCR. Fig. 5¢
demonstrates that these treatments have no effects, whether in
control or strained cells, on IGF-I RNA levels. Taken together,
these data suggest that in UMR-106 cells the strain-responsive
NO and PG pathways are not capable of separately stimulating
AKT directly. However, strain-related changes in their com-
bined action, most likely in concert with other strain related
pathways, can modify IGF signaling at the level of IGF-1R with-
out involving increased transcription of IGF. Modification of
IGEF-1R sensitivity to ambient IGF may be an important com-
ponent of the early stages of the response of osteoblasts to
strain.
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Strain-related Activation of AKT Requires ERa—We have
previously reported that both 3-catenin and IGF-I signaling are
attenuated in osteoblasts isolated from ERKO mice or osteo-
blasts treated with the selective ER modulator ICI 182,780. We
therefore wished to determine whether this ERae dependence
was a feature of strain-related activation of the IGF-IR/AKT/
GSK-3B/B-catenin axis. UMR-106 cells were pretreated with
100 nm ICT 182,780 for 16 h before subjecting the cells to strain.
The representative blot shown in Fig. 6a shows strain-related
increases in phospho-AKT, phospho-GSK-3f3, and active 3-
catenin. All of these were abrogated by pretreatment with ICI
182,780 (Fig. 6, a and b).

To confirm this observation, primary cortical osteoblasts iso-
lated from the long bones of ERKO mice and their wild type
C57Bl6 (WT) littermates were subjected to treatment with
either 10 mm LiCl, which inactivates GSK-38, or strain. In the
primary osteoblasts from WT mice, both LiCl and strain result
in a small increase in phospho-GSK-3 and a larger increase in
the levels of active B-catenin. Strain, but not LiCl, results in an
increase in the expression of phospho-AKT. In the osteoblasts
isolated from ERKO mice, the bands from the actin loading
control appeared to be less intense than in the wild type mice,
whereas the levels of total AKT and GSK-38 were similar. As in
the WT, LiCl treatment was not associated with any increase in
phospho-AKT. However, in contrast to the cells from WT
mice, those from ERKO mice showed a complete lack of strain-
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related AKT phosphorylation. Interestingly, in ERKO osteo-
blasts there was a slight increase in phospho-GSK-383 and
B-catenin activation following strain.

These data demonstrate two important findings as follows: i)
that strain-related increase in AKT activity, together with its
associated inactivation of GSK-3 and increase in the levels of
active f-catenin, occurs in primary cultures of long bone
derived osteoblasts as well as in the UMR-106 cell line, and, ii)
that in primary osteoblasts, as well as in cells from osteoblastic
cell lines, strain-related IGF-IR/AKT/GSK-3/B-catenin sig-
naling is modified by ERcv.

ERa Sensitizes Osteoblasts to Ambient IGF-I—Because strain-
related activation of AKT appears to be dependent on both IGF
and ERa signaling, we sought to determine whether this could
be explained by the previously reported requirement for ERa in
IGEF-IR signaling (63). To explore this, UMR-106 cells were
treated with either vehicle or ICI 182,780 for 16 h to depress
ERa protein levels, before being treated with increasing con-
centrations of des-(1-3)IGF-1. The data shown in Fig. 7a dem-
onstrate that in the control cells phosphorylation (activation) of
IGF-IR was evident at concentrations of des-(1-3)IGF-I as low
as 1 ng/ml. These concentrations correlate with activation of
the AKT/GSK-33/B-catenin pathway. However, in cells treated
with ICI 182,780, equivalent activation was only achieved with
concentrations of 10 ng/ml IGF-I. This suggests that although
the presence of functional ER« is not an absolute requirement
for IGF-related activation of AKT, its presence sensitizes
IGF-1R to far lower concentrations of des-(1-3)IGF-I. The
results of quantitation of three independent experiments are
shown in Fig. 7b and demonstrate that the inhibition of ER«a
with ICI 182,780 is capable of attenuating the signaling of IGF-I
via the IGF-IR/AKT/GSK-3[3/B-catenin pathway.

Des-(1-3) IGF-I Signaling in Osteoblasts Requires E.,-inde-
pendent ERa Action and Src Kinase Activity—It has been pre-
viously demonstrated that ERa is able to interact with IGF-IR to
facilitate signaling downstream of IGE-IR in breast cancer cells
and neuronal cells. This effect has been shown to be achievable
in breast cancer cells by E, in the absence of IGF-I and to be
dependent on the activity of the Src homology 2 domain activ-
ity. Indeed, it has been demonstrated that the recruitment of
ERa to the membrane requires the presence of the Shc protein
(64, 65). Consequently, we sought to determine whether AKT
activation by des-(1-3)IGF-I in UMR-106 osteoblasts could
also be mimicked by E, and whether it required the presence of
Src activity. Consequently, UMR-106 osteoblasts were treated
with vehicle, 100 nm E,, or 1 ng/ml of des-(1-3)IGE-I in the
presence of 100 nm ICI 182,780 or the pan-Src inhibitor PP2 (5
nM). The data shown in Fig. 7c demonstrate that whereas des-
(1-3)IGF-I stimulates AKT phosphorylation, E, treatment
inhibits the basal activation of AKT rather than activating it.
This is in sharp contrast to the situation in breast cancer cells
(64, 65). In osteoblastic cells, blockade of ERa with ICI 182,780
depresses basal AKT phosphorylation and inhibits des-(1-
3)IGF-I-mediated stimulation of AKT, but it has no further
effect on E,-dependent depression of either basal or des-(1-
3)IGE-I-stimulated AKT activity. However, inhibition with PP2
results in a reduction of basal and des-(1-3)IGF-I stimulated

asEve
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AKT phosphorylation, as has been reported in the MCEF-7
breast cancer cell model (64, 65).

IGF-IR Physically Associates with ERa in Osteoblasts—To
investigate whether the mechanism by which ERa modifies
IGF-1R activity involves physical association between ER«a
and IGF-IR, we performed immunoprecipitation experi-
ments with an antibody recognizing ERa. The data shown in
Fig. 7d show that ERa and IGF-IR are both present in the
input lysates at equivalent levels. Control mouse IgG failed to
immunoprecipitate either ERa or IGF-IR. However, Western
blotting following immunoprecipitation with an antibody rec-
ognizing ERa demonstrated the presence of ERa. Further
Western blotting using an antibody recognizing IGF-IR dem-
onstrated that IGF-IR was not present in the immunoprecipi-
tate of the negative control mouse antibody, but it was detect-
able following immunoprecipitation by the ERa antibody. This
demonstrates that ERa and IGF-IR are physically associated in
a multiprotein complex. Furthermore, treatment with des-(1-
3)IGF-I increases the amount of IGF-IR associated with ERc.

These data support the hypothesis that ERa sensitizes osteo-
blast-like cells to low doses of IGF-I, possibly via direct physical
interaction with IGF-IR. It also highlights a potential difference
in the mechanism of IGF-I signaling between the osteoblast like
cell line UMR-106 and the MCEF-7 breast cancer model insofar
as E, is inhibitory in the osteoblast model and stimulatory in the
breast cancer model. This may reflect our own observations®
and those of others (66, 67) regarding the differing numbers of
estrogen receptors available, i.e. a few hundred in osteoblasts
and many thousands in breast cancer cells.

DISCUSSION

The data presented here demonstrate that when osteo-
blast-like cells, either primary cultures of normal mouse long
bone-derived osteoblasts or those of the UMR-106 cell line,
experience even a single short period of dynamic strain capable
of stimulating proliferation in vitro, and new bone formation in
vivo, there is rapid PI3K-mediated activation of AKT, AKT-
mediated inhibition of GSK-38, and increased levels of active
nuclear B-catenin. These strain-related changes, which are
accompanied by consequent increased Lef/TCF-dependent
transcription, do not involve the Wnt/LRP5/Frizzled receptor.
The activation of AKT by strain appears to proceed via a mech-
anism that involves IGF-IR. The ectopic addition of des-(1-
3)IGF-I mimics strain-related activation of AKT followed by
inhibition of GSK-3f, activation of B-catenin, and its translo-
cation to the nucleus. Of potentially critical importance to the
etiology of post-menopausal osteoporosis, IGF-IR-mediated
activation of AKT by both strain and IGF involves ERa, which
physically associates with IGF-IR. Inhibition of ERa by the
selective ER modulator ICI 182,780 increases the concentration
of des-(1-3)IGF-I necessary to stimulate IGF-IR-mediated acti-
vation of AKT. Interestingly, in this context estradiol inhibits
ERa-related activation of IGF-IR because it reduces basal and
des-(1-3)IGF-I-dependent phosphorylation of AKT. This sug-
gestion that in osteoblastic cells estradiol competes for ERa

3 A. Sunters, L. E. Lanyon, and J. S. Price, unpublished data.
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FIGURE 7. ERa sensitizes UMR-106 osteoblasts to IGF-1 in an estrogen-independent fashion requiring Src activity and physically associates with
IGF-IR. g, whole cell lysates prepared from UMR-106 cells pretreated with vehicle (ethanol) or ICI 182,780 for 16 h prior to being treated with 1,0.1,0.5, 1, 5, or
10 ng/ml IGF1 for 3 h. The levels of total and phospho-AKT and GSK3-8 as well as total and active B-catenin were analyzed by Western blotting. b, scanning
densitometry was performed on Western blots from three independent experiments, and the results are represented as fraction of the control. Values shown
aremean = S.E.*** p <0.001;**, p <0.01; % p < 0.05 by one-way ANOVA with Bonferroni post hoc analysis. p values are only shown in the des-(1-3)IGF-I group
when they from the 10 ng/ml des-(1-3)IGF-I + ICl 182,780. ¢, whole cell lysates prepared from UMR-106 cells were pretreated with vehicle (Veh.) (ethanol) or
IC1182,780 for 16 h, E, (3 h), or the pan-Srcinhibitor PP2 (30 min) prior to being treated with 1 ng/ml des-(1-3)IGF1 for 1 h. The levels of total and phospho-AKT
were measured by Western blotting. d, nondenaturing TLB lysates were prepared from UMR-106 cells treated with 50 ng/ml IGF1 for 3 h. 1 mg of extract was
immunoprecipitated with 5 ug of mouse IgG or SR1000 mouse monoclonal antibody recognizing ERa. Inmunoprecipitates were analyzed by Western blotting
to determine the levels of ERa in the immunoprecipitates and the amount of IGF-IR associated with ERa. Also shown are Western blots for 10 ug of “input”
lysate to determine the base-line expression of both ERa and IGF-IR in the lysates.

with IGFIR may have profound consequences for strain-re- and strain-related activation of IGF-IR and AKT with no

lated control of bone (re)modeling when ERa is in short supply.

It has long been recognized that one of the early responses of
osteoblasts to strain is increased production of prostaglandins
and nitric oxide. We show here that neither of these added
exogenously mimics strain-related activation of the AKT/GSK-
3B/B-catenin axis. However, blocking the production of NO or
PGs, or inhibition of PG receptor signaling, reduces both basal
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change in the levels of IGF-I transcription.

Strain-related Increases in B-Catenin and Lef/TCF Activity in
Osteoblast-like Cells Are Dependent on AKT Activation but Do
Not Involve the Wnt/LRPS5/Frizzled Receptor—We previously
reported that a single period of dynamic strain was sufficient to
increase levels of active B-catenin in the nucleus of osteoblast-
like cells and to elevate Lef/TCF-dependent transcription (14).
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Here, we show that the Lrp5/6 inhibitor Dickkopf 1 was able to
block Wnt1-dependent, but not strain-dependent, activation of
Lef/TCF signaling. This suggests that Lef/TCF activation dur-
ing the early phase of the strain response is independent of
Whnts, thus agreeing with the findings of Case et al. (45) who
demonstrated that the addition of recombinant Dickkopf 1 was
unable to block the increased expression of the Lef/TCF target
gene following stretching.

Low AKT activity in osteoblasts correlates broadly with
lower bone mass, higher levels of osteoblast apoptosis (42, 44),
and attenuated B-catenin signaling (45, 50). Conversely, high
AKT activity is associated with higher bone mass (43). This
suggests that AKT activity corresponds to the anabolic status of
the bone. Given the central role of AKT in regulating cell
growth, proliferation, and apoptosis in virtually every cell type
in the body, it is not unexpected that AKT should be a central
regulator of these parameters in bone.

The importance of AKT in the adaptive response of bones
to loading lies first in the mechanism of its specific, strain-
related activation and second in the function of its down-
stream targets. The data we present here, and the observation
by others that fluid shear activates AKT, GSK-3f phosphoryla-
tion, and nuclear -catenin translocation in osteoblasts in vitro
(45-47, 68), support the conclusion that modulation of AKT
activity is an early consequence of exposure to mechanical
strain.

Our present identification of an early strain-responsive path-
way involving AKT-dependent, B-catenin-mediated regulation
of Lef/TCF transcription independent of the LRP5/Frizzled/
Wnt receptor does not exclude the existence of other Wnt/
LRP5/6-dependent strain-related influences on bone (re)mod-
eling. Correlations between bone mass, adaptive responses to
strain, and Wnt signaling drawn from LRP gain of function and
loss of function phenotypes in both humans and rodents (69 —
75) suggest that Wnt signaling is involved in bone cell response
to mechanical loading. In terms of the temporal kinetics of the
strain response, it may be that early activation of 3-catenin by
AKT and prolonged activation by Wnts maintain an “umbrella”
of B-catenin signaling. One consequence of this mixed activa-
tion model would be that the repertoire of Lef/ TCF target genes
activated by B-catenin may be different depending on the
mechanism used to activate 3-catenin.

Role of IGE/PI3K Signaling in Strain-related Activation of
AKT—The data shown here that inhibition of IGF-IR inhibits
strain-mediated activation of AKT correlates with our previous
observations that IGF signaling is an essential component of the
osteoblasts response to strain (18, 35). One of the chief signal-
ing pathways activated by IGF-IR is the PI3K pathway. In osteo-
blasts, previous data suggest that mechanical perturbations
activate AKT via PI3K (68). This contrasts with the recent find-
ings of Case et al. (45) who show that strain-related activation of
AKT in CIMC-4 calvarial cells occurs independently of PI3K.
Possible reasons for this discrepancy include the fact that
CIMC-4 calvarial osteoblast-like cells may, like calvaria, have
different mechanical responses to strain than long bones and
cells derived from them (4). Furthermore, CIMC-4 cells were
originally isolated from H-2Kb-tsA58 “imortomouse,” which
contains a temperature-sensitive SV40 large T antigen (76 —79)
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that is capable of activating AKT independently of PI3K
(80-83).

Our hypothesis that IGF signaling may be one of the crit-
ical activators of B-catenin via AKT is supported by the
observation that in hepatocytes IGF stimulates the AKT/
GSK-3/B-catenin axis (49). These strands of evidence all sup-
port the inference that there is a strain-responsive Wnt/LRP5-
independent pathway in which B-catenin is activated by PI3K/
AKT-mediated GSK-3f suppression. We do not discount the
possibility that direct phosphorylation of B-catenin via c-Jun
N-terminal kinase (JNK) (84) and AKT (85), both acting under
the control of PI3K, could contribute to PI3K-mediated regu-
lation of B-catenin, we only suggest that in osteoblastic cells
there is an early strain-responsive pathway where this is not
involved.

The relevance of cell type should not be ignored in this con-
text. Although osteoblasts are clearly strain-responsive, osteo-
cytes are considered to be the major mechanosensors within
bone. The physical characteristics of the environment of these
two cell types differ in vivo as may their responses when it is
perturbed by loading.

COX-2, NO, and PGs Are Required for Strain-related Activa-
tion of AKT, but NO and PG Are Unable Individually to Acti-
vate AKT—Early signaling events previously associated with
the adaptive response of the bone cells to strain include the
production of NO (6, 86) and PGs (4, 5, 62, 87, 88). Administra-
tion of inhibitors of either PG or NO production reduces the
osteogenic response to loading in vivo (89-91). Although we
did not observe any direct effect of ectopic addition of NO,
PGE,, or PGI, on AKT activation, several reports have docu-
mented that this does occur in other cell types (92-97).

Our observation that NO donors or ectopically administered
PGs were individually unable to recapitulate strain-related acti-
vation of AKT, although antagonists of NO production, COX-2
activity, and PG receptor function prevented AKT activation,
suggests that COX-2/PG/nitric-oxide synthase/NO signaling is
necessary as a “package” or “multiple key” for the strain-related
activation of AKT. However, each individual component, al-
though necessary for the effectiveness of the multiple key, is
insufficient individually to stimulate the response. The mecha-
nism for this remains elusive; data that mechanical strain or
perturbations to nitric-oxide synthase, NO, COX-2, and PG
signaling had no effect on IGF-I transcription within the early
stages (up to 3 h) of the strain response suggest that it does not
involve transcription. Although we and others have shown that
transcription of IGFs does increase with strain and exogenous
PGs (3, 8, 18, 91), this occurs after the activation of AKT has
peaked (12-24 h).

We therefore envisage a two-phased involvement of IGF-1R
in response to strain. In the initial phase, IGF-IR is activated by
ambient levels of IGF after having become sensitized to them
by a number of different pathways involved in the adaptive
response. In the later response IGF-1R is activated again, or its
level of activation further increased, by increased ambient IGF
following its production in a strain-related, PG-mediated fash-
ion. Under normal circumstances in vivo, one episode of strain
will be followed by another, the sensitivity of IGF-1R to strain
thus being influenced by the previous strain history of the cells.
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ERK1/2 following strain (99). How-
ever, this occurs far sooner than the
activation of AKT. Bellido and co-
workers (100) have proposed the
existence of a strain-sensitive signa-
losome complex in osteocytes that
consists of integrins, Src kinases,
and ERKs. This functions basally to
mediate signaling between the cells
and their extracellular matrix to
activate ERKs and promote cell sur-
vival. It also provides a strain-re-
lated mechanism to protect osteo-
cytes from apoptosis (100). It is
possible therefore that strain stimu-
lates ERK-mediated phosphoryla-
tion of ERa in the very early stages
of the strain response and that this
phosphorylation status influences
its ability to bind IGF-IR. Once
bound to IGF-IR, ERa could then
act to sensitize the cells to IGF sig-
naling via PI3K/AKT. This would

FIGURE 8. Schematic of the proposed model of 3-catenin activation by mechanical strain. Application of
strain results in the increased activation of IGF-IR, an event that is dependent on the presence of ERe, Src
activity, and signaling via both NO and prostanoids. IGF-IR then stimulates a PI3K-dependent activation of AKT
leading to phosphorylation of GSK-3 thereby inhibiting the ability of GSK-3 to target B-catenin for proteol-
ysis. The increased number of active B-catenin molecules are then free to translocate to the nucleus were they
stimulate Lef/TCF-mediated transcription in a Wnt- and LRP5-independent fashion. The later effects of
mechanical strain on IGF-I transcription are also illustrated using a dashed line. NOS, nitric-oxide synthase.

Dependence of IGF Signaling on ERa during the Strain
Response of Osteoblasts—We have previously demonstrated
that osteoblasts isolated from ERa knock-out mice fail to
respond to strain or exogenously applied IGFs (24) and also
fail to increase the levels of active (B-catenin in the nucleus
following strain (14). Here, we show in UMR-106 osteoblast-
like cells that ICI 182,780 treatment abrogates strain-depen-
dent B-catenin activation following strain and a reduced activa-
tion of B-catenin in ERKO-derived primary osteoblasts, which
may reflect a compensatory mechanism in the knock-out cells.
Taken together, this evidence suggests that ERa is an important
component in the strain-dependent pathway responsible for
B-catenin activation. These could be explained by our present
finding that IGF-I activates B-catenin via AKT and that this
process requires the presence of ERa. There is evidence of ERa
and PI3K/AKT interacting to determine the strength of IGF-I
signaling in breast cancer and the uterus (57, 98). The data we
show here demonstrate that the presence of ER« is required for
the full execution of the response of the IGF-IR to IGF. In this
respect, the presence of ERe, like COX-2/PG/nitric-oxide syn-
thase/NO signaling, represents another “licensing factor” for
IGF signaling.

ERa has been reported to bind IGF-IR directly and enable
estrogen to activate IGF-IR (63, 65). That inhibition of
ERK1/2 activation blocks ERa interaction with IGF-IR (63)
suggests that the ERK family of mitogen-activated protein
kinases is an essential prerequisite for ER« to activate IGF-IR.
We have previously reported rapid phosphorylation of ERa by
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require the assembly of a large mul-
tiprotein complex that functions to
promote ERa-dependent activation
of IGF-IR. Interestingly, both Kahl-
ert et al. (63) and Song et al. 101)
describe the ability of E, to stimu-
late ERK activation via the interac-
tion of ERa and IGF-IR, but we have not been able to reproduce
this response in UMR-106 cells. Indeed, we show that E, inhib-
its activation of AKT by des-(1-3)IGF-I in an ERa-dependent
fashion. This may reflect a fundamental difference in the mech-
anism of cross-talk between ERa and IGF-1R between bone
cells and cells in other tissues. In breast cancer cells, it is Shc-
dependent shuttling of ERa to the membrane that juxtaposes
ERa to IGF-IR. In osteoblasts, where ERK activation by strain
has an absolute dependence on ERa membrane localization in a
ligand-independent fashion (25), this is mediated by the inter-
action between caveolin 1 and ERa. The inhibitory effects of E,
on des-(1-3)IGF-I-dependent activation of AKT we show here
may be explained by our previous observation in osteoblasts
that mechanical strain results in both the nuclear and mem-
brane translocation of ERa, whereas the addition of E, results
only in ERa nuclear localization (102). This suggests that a
treatment such as E, that prevents membrane association of
ERa would limit the ability of ER« to “license” IGF-I signaling.
This provides a possible explanation for why under certain cir-
cumstances E, inhibits the adaptive response to mechanical
strain (103, 104).

In summary, our in vitro experiments indicate that in pri-
mary cultures of mouse osteoblast-like cells, and cells of the
UMR-106 osteoblastic cell line, a single short period of strain
stimulates two phases of response, which are outlined in Fig. 8.
In the first, strain stimulates ERa-related activation of IGFIR
by ambient IGF followed by PI3K-mediated AKT phosphoryla-
tion/inhibition of GSK-3B and increased levels of active 3-cate-
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nin, which translocate to the nucleus and regulate Lef/TCF-
mediated transcription. This early strain-responsive pathway is
independent of the LRP5/6Frizzled/Wnt receptor pathway and
does not require increased levels of ambient IGF. This pathway
can be blocked at the level of AKT activation by inhibitors of
COX-2/PG/nitric-oxide synthase/NO but cannot be mimicked
by PG or NO individually. This suggests that a multiple key
arrangement is necessary for the activation of this pathway and
the existence of multiple strain-responsive pathways. In the
second phase of the strain response, IGR-1R activation is stim-
ulated by increased ambient IGF following strain-related, PG-
mediated increase in IGF production. The existence of multiple
pathways and the cross-talk between them will determine the
strain-related outcome in terms of adaptive (re)modeling and
local control of bone mass and architecture.
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