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Abstract
Integrin receptors bind extracellular matrix proteins, and this link between the cell membrane and
the surrounding matrix may translate skeletal loading to biologic activity in osteoprogenitor cells.
The interaction between integrin and growth factor receptors allows for mechanically induced
regulation of growth factor signaling. Skeletal unloading leads to decreased bone formation and
osteoblast proliferation that can be explained in part by a failure of insulin-like growth factor-I
(IGF-I) to activate its signaling pathways in unloaded bone. The aim of this study is to determine
whether unloading induced resistance is specific for IGF-I or common to other skeletal growth
factors, and to examine the regulatory role of integrins in IGF-I signaling. Bone marrow
osteoprogenitor (BMOp) cells were isolated from control or hindlimb suspended rats. Unloaded
BMOp cells treated with IGF-I failed to respond with increased proliferation, receptor
phosporylation, or signaling activation in the setting of intact ligand binding; whereas the platelet-
derived growth factor (PDGF) response was fully intact. Pre-treatment of control BMOp cells with
an integrin inhibitor, echistatin, failed to disrupt PDGF signaling, but blocked IGF-I signaling.
Recovery of IGF-I signaling in unloaded BMOp cells followed the recovery of marked reduction
in integrin expression induced by skeletal unloading. Selective targeting of integrin subunits with
siRNA oligonucleotides revealed that integrin β1 and β3 are required for normal IGF-I receptor
phosphorylation. We conclude that integrins, in particular integrin β3, are regulators of IGF-I, but
not PDGF, signaling in osteoblasts, suggesting that PDGF could be considered for investigation in
prevention and/or treatment of bone loss during immobilization and other forms of skeletal
unloading.
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Introduction
Skeletal unloading by hindlimb elevation results in decreased bone formation, osteoblast
number and osteoblast maturation in rats.(1–8) Bone marrow osteoprogenitor (BMOp) cells
from unloaded bone are impaired with respect to proliferation and differentiation in
vitro.(9–11) Although the phenomenon of decreased bone formation during skeletal
unloading is well known, the underlying mechanism remains unclear.

IGF-I is required for the proliferation of most cell types and promotes cell survival by
inhibiting apoptosis. In bone, IGF-I is one of the most abundant growth factors and plays an
important role in regulating bone formation.(12,13) IGF-I stimulates osteoblast proliferation
and promotes bone formation.(14–17) The anti-apoptotic effects of IGF-I may regulate bone
formation by increasing the life span of osteoblasts. Binding of IGF-I to its receptor
stimulates autophosphorylation of specific tyrosine residues, which creates multiple docking
sites for various intracellular signaling substrates and in turn activates two distinct pathways:
Ras/Raf/MEK/MAPK, which promotes proliferation, and PI3K/Akt that inhibits
apoptosis.(18–21)

We have demonstrated that skeletal unloading induces resistance to IGF-I that is specific to
unloaded bones.(5,6) IGF-I administered concurrently with skeletal unloading fails to
stimulate bone formation in unloaded bones but acts normally in the weight bearing
forelimbs.(5) Additionally, IGF-I fails to maintain osteoprogenitor number and proliferation
suppressed by unloading. The resistance to IGF-I persists in BMOp cells isolated from
unloaded bones in that proliferation does not increase in response to IGF-I treatment as is
found in those isolated from normally loaded bone. The BMOp cells from unloaded bone
demonstrate a failure to activate the IGF-I receptor and downstream signaling cascades
when treated with IGF-I.

Integrin receptors may be a mechanical load sensitive regulator of IGF-I signaling in
osteoblasts. Integrins are membrane bound heterodimeric receptors that bind to their own
limited set of extra-cellular matrix and/or cell surface proteins. Ligand binding to integrins
induces cytoskeletal reorganization and recruitment of various signaling proteins to the cell
membrane. Integrin receptor regulation of growth factor receptors has been described in
assorted tissues, and the role of integrin αVβ3 in the regulation of IGF-I receptor function
has been described in detail in vascular smooth muscle cells.(22,23) In the non-loaded state,
the unstimulated integrin αVβ3 receptor causes an alteration in the recruitment of the SHP-2
phosphatase that augments activity and subsequently deactivates the IGF-I receptor. The
role of integrin αVβ3 in the regulation of the IGF-I receptor in osteoblasts is suggested by
the impairment of IGF-I receptor activation in BMOp cells by echistatin, an integrin
antagonist specific for α5β1 and αVβ3 integrins,(24) and the reduction in the expression of
integrin αVβ3 in BMOp cells isolated from unloaded bone, which fail to respond to IGF-I.(6)

Evaluation of IGF-I signaling in BMOp cells from unloaded bone revealed a failure of initial
receptor phosphorylation that is independent of phosphatase activity in that IGF-I resistance
persists in the setting of treatment with a phosphatase inhibitor, suggesting a different
mechanism of integrin regulation of IGF-I receptor in osteoblasts than in vascular smooth
muscle cells.(6)
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This evidence led us to question whether skeletal unloading induced resistance is specific to
IGF-I or affects other skeletal growth factors, and whether it is directly influenced by
alterations of integrins. We compared the receptor activation, downstream signaling, and the
proliferative response of BMOp cells isolated from loaded and unloaded bones to
administration of IGF-I or platelet-derived growth factor (PDGF). Receptors for PDGF and
IGF-I are both members of the cell surface tyrosine kinase family of receptors, and PDGF is
an important mediator of bone formation and fracture healing. Studies have shown that
PDGF enhances primary rat osteoblastic cell proliferation,(25) collagen synthesis in rat
osteoblast cultures,(26) bone formation in subcutaneously implanted matrix,(27) and is
expressed in healing mandibular fractures in rats.(28) We compared the effects of echistatin
and the pattern of integrin expression over time in culture on growth factor receptor
activation. Finally, specific integrin subunits were targeted for knockdown to determine their
regulatory role of IGF-I signaling in osteoblasts. Our data indicate that the resistance to IGF-
I induced by skeletal unloading is not shared by PDGF suggesting distinct mechanisms, in
particular the selective role of integrins, by which these growth factor receptors are
regulated in BMOp cells.

Material and Methods
Animal protocols

Male Sprague-Dawley (SD) rats at 11 weeks of age were purchased (Simonsen, Gilroy,
CA), fed standard laboratory rat chow (22/5 Rodent Diet (W); Harlan Teklad) containing
1.13% calcium and 0.94% phosphorus, maintained on a 12:12-hours light-dark cycle, and
allowed to acclimate to individual housing for one week. At 12 weeks of age the rats were
randomly divided into two groups, skeletal unloaded using the tail suspension hindlimb
elevation model as previously described(2–5) or loaded via normal ambulation. The unloaded
group was hindlimb elevated for 7 days; the other group served as the normally loaded pair-
fed controls. These studies were approved by the Institutional Animal Care and Use
Committee of the San Francisco Veterans Affairs Medical Center, where the studies were
performed.

BMOp cell culture
The tibial and femoral BMOp cells were harvested using techniques previously
described.(5,6) Briefly, the marrow from the tibiae and femora was collected in primary
culture medium (α-MEM containing L-glutamine and nucleosides; Mediatech),
supplemented with 10% FBS (Atlanta Biologicals), 100U/mL penicillin/streptomycin
(Mediatech), and 0.25μg/mL amphotericin B (Life Technologies). A single-cell suspension
from each rat was obtained by repeated passage through an 18-gauge needle and counted
with a hemacytometer. The cells were plated at a cell density of 3×105 cells/cm2.
Nonadherent cells were removed by aspiration, and the primary medium was replenished on
day 5 after plating. Medium was changed to differentiation medium, primary culture
medium supplemented with 50μg/mL ascorbic acid and 3mM β-glycerophosphate, at day 7
after plating. Differentiation medium was subsequently refreshed twice weekly.

siRNA Knockdown
BMOp cells were isolated from the long bones of control rats as detailed above and plated at
a cell density of 6×105 cells/cm2. At day 4 in culture, cells were treated (siLentfect, Biorad)
with a 4 duplex pool of siRNA oligonucleotides targeting the β1 or β3 integrin subunit (siβ1
or siβ3, 25nM, Dharmacon) or a non-targeting oligonucleotide pool (siCont, 25nM,
Dharmacon). The medium was refreshed after an overnight incubation and then serum
deprived at day 7 in culture in preparation for IGF-I stimulation.

Long et al. Page 3

J Bone Miner Res. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Proliferation Assay
BMOp cells were harvested as described above and plated in 6-well plates. The cultures
were switched to primary culture medium containing 1% FBS on day 7 after plating. After
24 hrs, the cells were rinsed once with PBS and switched to FBS-free primary culture
medium supplemented with 0–100ng/mL recombinant human IGF-I (gracious gift from
Chiron) or 0–10ng/mL PDGF-BB (Sigma) for 24 hrs at 37°C. During the last 4 hrs of the
treatment, the cultures were labeled with 10μM bromodeoxyuridine (BrdU, Xymed). BrdU
incorporation during DNA synthesis was measured by means of a Cell Proliferation ELISA
BrdU-Kit (Roche). The absorbance (at 370nm) of the BrdU incorporation in the culture was
normalized to cell number by the absorbance of the crystal violet stain of an additional
parallel culture that was treated in the same manner.

Signaling cascade activation
BMOp cell cultures were established as detailed above. At a designated day in culture, cells
were rinsed with PBS, and the medium was changed to FBS-free primary culture medium.
After overnight incubation at 37°C, the BMOp cells were treated with IGF-I (10ng/mL),
PDGF (1ng/mL), or vehicle for a 10-minute incubation. Total cell lysates were collected
immediately. BMOp cells from loaded bones were pre-treated with echistatin (100nM,
Sigma) or vehicle 12 hours prior to IGF-I or PDGF treatment.

Immunoprecipitation and Western blotting
Treated BMOp cells were washed twice with ice-cold PBS that contained 0.1% NaF and
Na3VO4 and solubilized in lysis buffer consisting of 1% Triton X-100, 0.1% SDS, 1%
sodium deoxycholate, 1mM EDTA, 50mM HEPES, 0.1% NaF, 0.1% Na3VO4, 150mM
NaCl, 100μg/mL phenylmethanesulfonyl fluoride (PMSF), and protease inhibitor cocktail
(Complete Mini; Roche). The protein concentration in the cell lysates was measured using a
BCA protein assay kit (Pierce Biotechnology). For the phosphorylated IGF-I receptor
assessment, equivalent protein samples (300–500μg) of the cell lysates were
immunoprecipitated using rabbit antibody to the IGF-I receptor β chain (C-20, Santa Cruz
Biotechnology) and Ultralink Protein A/G agarose beads (Pierce). Immunoprecipitated
material was solubilized in SDS sample buffer (2% SDS, 10mM DTT, 10% glycerol, 10mM
Tris-HCl, 0.01% bromphenol blue), boiled at 95°C for 5 minutes, and separated by SDS-
PAGE. Separated peptides were transferred onto polyvinylidene difluoride (PVDF)
membranes. After blocking with 5% nonfat milk TBS/Tween buffer, the PVDF membranes
were incubated with mouse antibody to phospho-tyrosine (PY99, 1:500 dilution, Santa Cruz)
at 4°C overnight, followed by incubation with horseradish peroxidase (HRP)-conjugated
anti-mouse IgG antibody (1:6667 dilution, Amersham) at room temperature for one hour.
The blots were developed using a chemiluminescent substrate (SuperSignal West Dura;
Pierce) according to the manufacturer’s instructions and exposure to radiographic film. The
phosphorylated IGF-I receptor bands were digitally scanned and quantification of all blots
was performed on a Macintosh computer using Multi-Analysit software (Bio-Rad
Laboratories) or Kodak 1D Image Analysis software v3.5. The blots were stripped of the
phospho-specific antibodies by incubating for one hour in stripping buffer (2% SDS,
100mM 2-mercaptoethanol, 62.5mM Tris-HCl [pH 6.7]) at room temperature, and reprobed
with primary antibody directed at the IGF-I receptor β chain (C-20, 1:1000 dilution, Santa
Cruz) at 4°C overnight. Total IGF-I receptor amount was detected and quantified as detailed
above.

To measure the activation of the PDGF receptor and downstream components of the IGF-I
and PDGF signaling pathways, equivalent protein samples (50–100μg) of the cell lysates in
SDS sample buffer were separated by SDS-PAGE and transferred as described above. After
blocking with 5% bovine serum albumin TBS/Tween buffer, the PVDF membranes were
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incubated with rabbit antibodies to phospho-PDGF receptor (1:1000 dilution, Cell
Signaling) or phospho-p44/42 MAPK (1:2000 dilution, phospho-ERK1/2, Thr202/Tyr204;
Cell Signaling) at 4°C overnight, followed by incubation with HRP-conjugated anti-rabbit
IgG at room temperature for one hour. The blots were developed, and phospho-specific
proteins quantified as described above. The blots were stripped of the phospho-specific
antibodies as detailed above and incubated with primary antibody directed at the PDGF
receptor (1:1000 dilution, Cell Signaling), p44/42 MAPK (1:1000 dilution, ERK1/2, Cell
Signaling), integrin β1 (1:1000, Chemicon), or actin, used as a loading control (1:2000
dilution, Sigma) at 4°C overnight. Protein amount was quantified as detailed above.

IGF-I Receptor Binding assay
Des(1–3)IGF-I, an analog with normal affinity for the IGF-I receptor but decreased affinity
for IGF binding proteins was obtained from GroPep Pty. Ltd. (Adelaide, Australia). Cultures
of BMOp cells were established as described above and plated at 1 X 106 cells per well in
12-well plates. The cultures were rinsed twice with PBS and switched to FBS-free medium
on day 7. After 24 hrs, the cultures were exposed to 25pM 125I-IGF-I (specific activity >
74TBq/mmol; Amersham Pharmacia Biotech) and increasing doses (0, 0.01, 0.1, 1, 10, or
100nM) of unlabeled IGF-I or des IGF-I for 10 minutes at 37°C. At the end of the
incubation, the cultures were put on ice, rinsed three times with ice-cold PBS, and
solubilized in 0.5M NaOH. The receptor-bound 125I-IGF-Ilevels were determined by
detection in a γ-counter.

Quantitative Real-Time PCR
Total RNA was harvested from cultured cells using the RNeasy Mini extraction kit
(Qiagen). For each sample, 2μg of total RNA was reverse-transcribed in 100μL of a reaction
mixture that contained 10mM Tris-HCl (pH 8.3), 50mM KCl, 7.5mM MgCl2, 1mM each
dNTP, 5μM random primers (GIBCO BRL), 0.4U/μL RNase inhibitor (Roche), and 2.5U/
μL Moloney murine leukemia virus reverse transcriptase (M-MLV) (GIBCO BRL) at 25°C
for 10 minutes, 48°C for 40 minutes, 95°C for 5 minutes, and 4°C (stored). The sequences of
the qRTPCR primers used for measurement of the integrin subunits of rats are listed in
Table 1 or published.(29) These primers were designed using Primer Express Software
(Applied Biosystems). Primers were synthesized by the Biomolecular Resource Center
(University of California, San Francisco, CA). The control mitochondrial L19 primer set
was obtained commercially (Applied Biosystems). qRTPCR was carried out in triplicate
with 20-μL reaction volumes of 10μL SYBR Green PCR Master Mix (Applied Biosystems),
500nM of each primer, and 1μL cDNA template. The fluorescence intensity is directly
proportional to the accumulation of PCR product and can be detected with an ABI Prism
7900HT (Applied Biosystems). After the final cycle of PCR amplification, the dissociation
curve analysis was performed to confirm the presence of a single PCR product and lack of
primer dimers. Analysis was carried out using the sequence detection software supplied with
the ABI Prism 7900HT. The number of PCR cycles (threshold cycles [Ct]) required for the
fluorescent intensities to exceed a threshold just above background was calculated for the
test reactions.

The Ct values were determined for three test reactions in each sample and averaged. The
ΔCt values were obtained by subtracting the L19 (as endogenous control) Ct values from the
target gene Ct values of the same samples. The relative quantification of the target genes
was given by 2−ΔCt.

Statistical analysis
Data are presented as mean ± SD or +/− SEM. All data were analyzed using ANOVA
followed by a posthoc Fisher’s protected least significant difference (PLSD) test with a
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StatView 5.0 program (SAS Institute). Student’s t-test was also used for analyzing the
effects of IGF-I and PDGF treatment in vitro on BMOp cells. Statistical significance was
stated for p < 0.05.

Results
Skeletal unloading impairs IGF-I but not PDGF induced proliferation

We examined the direct effects of IGF-I and PDGF on proliferation of BMOp cells isolated
from loaded and unloaded bone. IGF-I treatment increased BrdU incorporation dose
dependently in BMOp cells from normally loaded bones (Fig 1A). In BMOp cells from
unloaded bones basal BrdU incorporation was reduced, and IGF-I failed to stimulate
proliferation in these cells (Fig 1A). In contrast, PDGF stimulated BrdU incorporation in the
BMOp cells from both loaded and unloaded bones (Fig 1B). In fact, PDGF increased BrdU
incorporation in the BMOp cells from unloaded bones to the level observed in the BMOp
cells from loaded bones. To confirm that the changes in proliferation response to growth
factors reflected changes in the signaling cascade activation we looked at ERK1/2
phosphorylation.

As in our previous investigations, we found that skeletal unloading blocked the ability of
IGF-I to activate the MAPK pathway. The brisk phosphorylation of ERK1/2 following
treatment of BMOp cells from loaded bone with IGF-I is abolished in BMOp cells from
unloaded bone (Fig 2A). This blunting of the phosphorylation of ERK1/2 is not due to
skeletal loading or unloading induced changes in total ERK1/2 levels. To determine whether
this pathway remained intact when activated by PDGF, we examined the ability of PDGF to
stimulate ERK1/2 phosphorylation in BMOp cells from loaded and unloaded bone. PDGF
stimulated brisk phosphorylation of ERK1/2 in BMOp cells from both loaded and unloaded
bone, and the magnitude of response was equal (Fig 2B). Thus the impairment of the
proliferative response of BMOp cells by skeletal unloading does not affect the signaling
pathways of all receptor tyrosine kinases, as PDGF signaling remains intact.

Skeletal unloading specifically disrupts IGF-I receptor activation but not ligand binding
To identify the signaling step at which skeletal unloading differentially impacts the
proliferative response to IGF-I and PDGF we looked at IGF-I and PDGF receptor activation.
Skeletal unloading significantly blunted ligand induced IGF-I receptor activation without
altering the total receptor levels (Fig 3A). In contrast to IGF-I, PDGF stimulated equally
PDGF receptor phosphorylation in BMOp cells whether isolated from loaded or unloaded
bone (Fig 3B). As with the IGF-I receptor, immunoblots of total cell lysate revealed no
differences in PDGF receptor expression due to changes in the skeletal loading status (not
shown).

We next examined receptor binding using both IGF-I and its des 1–3 analog to determine
whether the failure of IGF-I to activate its receptor in BMOp cells isolated from unloaded
bone was due to an inability to bind to its receptor or competitive binding with IGF binding
proteins. Des-IGF-I has an affinity for the IGF-I receptor that is comparable to that of IGF-I
but has much weaker affinity for IGF-I binding proteins.(30) Neither IGF-I nor des-IGF-I
was impaired in its binding to BMOp cells from unloaded or loaded bones (Fig 3C).
Additionally, there is no evidence that skeletal unloading induced an increase in IGF binding
protein sequestration of IGF-I, as IGF-I and des-IGF-I binding curves were the same. These
findings indicate that the disruption in IGF-I signaling in BMOp cells from unloaded bone,
manifesting as the failure of IGF-I to activate its receptor, is downstream of ligand binding.
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Integrin regulation of the IGF-I receptor
Integrins are known to modulate the response to growth factors in a number of different cell
types,(31–33) and their impact on both IGF-I and PDGF signaling has been observed.(22,23)

Pre-treatment of BMOp cells from loaded bone with the integrin antagonist echistatin
recreated the IGF-I resistance phenomenon of BMOp cells from unloaded bone described
above. Echistatin dramatically impaired IGF-I induced cognate receptor phosphorylation
without changing IGF-I receptor expression (Fig 4A). This impairment of ligand induced
receptor phosphorylation by echistatin was not observed in the PDGF treated BMOp cells
(Fig 4B). This observation suggests a regulatory role of integrins for IGF-I, but not PDGF,
signaling in bone.

The expression of integrin subunits and markers of mesenchymal differentiation relative to a
control gene, L19, in the BMOp cells from normally loaded bone at day 7 in culture is
shown in Table 2. These unloaded progenitor cells at day 7 show a 3 fold increase in
PPARγ2 expression (p < 0.05), however, there is a non-significant increase (120%) in the
expression of Runx2. Characterization of the BMOp cells from unloaded bones at days 5
and 7 in culture revealed a reduction in the expression of a number of integrin subunits
involved in the cellular response to growth factors, namely α1, α2, αV, β1, β3, and β5 (Fig
5A). This reduction in integrin subunit mRNA expression temporally coincides with the
observed impairment of IGF-I receptor activation. Measurement of the dominant integrin,
β1, confirmed the reduction in protein expression of this integrin subunit in BMOp cells
isolated from unloaded bone at day 7 in culture (Fig 5B). The recovery of integrin subunit
expression in BMOp cells isolated from unloaded bone occurred over time in culture. By
day 14 in culture, the level of expression of each integrin subunit in BMOp cells from both
loaded and unloaded bone had equalized, and the equal expression persisted at day 21 in
culture. Immunoblotting for the β1 integrin subunit confirmed this recovery over time in
culture. Actin expression showed modest increases as function of time in culture likely
reflecting increased cytoskeleton and BMOp cell differentiation over time and more
importantly did not change in response to differences in loading conditions in vivo.

The effect of the recovery of integrin expression over time in culture in BMOp cells from
unloaded bone on IGF-I signaling was assessed. Relative to the blunted IGF-I signaling at
day 7 in culture, BMOp cells from unloaded bones at days 14 and 21 demonstrated a
recovery of ligand induced IGF-I receptor phosphorylation as the ratio of phosphorylated to
total signal intensities was equivalent to that of BMOp cells from loaded bone (Fig 6A).
Additionally, normalization of the brisk ERK1/2 phosphorylation in response to IGF-I
confirmed recovery of the unloading induced impairment of MAPK signaling pathway over
time in culture (Fig 6B). Overall, loss of skeletal unloading induced IGF-I resistance was
associated with the recovery of integrin subunit expression in the BMOp cells.

We then targeted integrin subunits for knockdown using siRNA technology to assess the
role of specific integrin subunits in the regulation of IGF-I signaling in BMOp cells.
Treatment of BMOp cells with siRNA oligonucleotide pools, siβ1 or siβ3, significantly
reduced the expression of the β1 or β3 integrin subunit relative to that of the non-targeting
siRNA treated, siCont, by the same magnitude observed in BMOp cells isolated from
unloaded bones at day 7 in culture relative to those from loaded bones (Fig 7A). There was
no significant off-target reduction; however, a mild reduction in β3 subunit expression was
observed in the siβ1 treated cells (Fig 7A). Treatment of BMOp cells with non-targeting
siRNA oligonucleotides did not disrupt the expression of integrin subunits relative to the
expression in non-treated cells (not shown). Immunoblotting confirmed the efficiency and
specificity of siRNA knockdown (Fig 7B).
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These siRNA treated cells were then exposed to IGF-I to assess the role of the β1 and β3
integrin subunits in the integrity of IGF-I signaling in BMOp cells. Phosphorylation of the
IGF-IR was not stimulated by knockdown of either the β1 or β3 integrin subunit in the basal
state nor were the levels of total IGF-I receptor affected (Fig 7C). Ligand induced
phosphorylation of the IGF-IR was blunted by knockdown of either the β1 or β3 integrin
subunit. The magnitude of impairment of IGF-IR activation was significant and of similar
magnitude as in unloaded BMOp cells when β3 subunit was targeted, whereas the degree of
impairment with β1 knockdown was less potent and did not reach significance (Fig 7D). The
effect of knockdown of both β1 and β3 integrin subunits by combined siRNA treatment,
siβ1 and siβ3, on IGF-IR activation was equivalent to the effect β3 knockdown alone (not
shown). The siRNA knockdown caused stimulation of basal pERK levels, which
compromised the assessment of signaling downstream of IGF-IR as it was not possible to
differentiate the effect of IGF-I treatment.

Discussion
The hindlimb suspension model is used as an animal model to investigate the mechanisms of
bone loss caused by unloading from disuse or space flight. With this model, we and others
have demonstrated that skeletal unloading causes suppression of osteoblast numbers,
proliferation, and bone formation. We have demonstrated that glucocorticoids have a
minimal effect on osteoblast function as we have found plasma corticosterone levels during
hindlimb unloading are the same as those found in control animals, and adrenalectomy does
not alter the unloading effect on bones.(34) The bone marrow stromal cells isolated from
unloaded bones express a higher level of the adipocyte differentiation marker, PPARγ2,
suggesting a lower osteogenic potential. However, the level of Runx2 expression in these
adherent cells is not decreased, suggesting there is a pool of available osteoprogenitor cells,
but they are resistant to bone formation signals. The cross-talk and stimulation of osteoclasts
may also be impaired as there is lower propensity to form osteoclasts; the number of TRAP+
osteoclasts is 63% of controls, p < 0.05 (not shown).

Thus, we considered the possibility that the response of osteoblasts and osteoblast precursors
to receptor tyrosine kinase growth factors would be impaired by skeletal unloading and not
to non-receptor tyrosine kinase factors like TGFβ, that have been shown to blunt unloading
induced bone loss.(29) In this study, we found that this expectation was only realized, in that
not all receptor tyrosine kinase growth factors were impacted. In previous studies(5,6,35,36)

we have shown that resistance to IGF-I plays an important role in the impaired osteoblast
function and decrease in bone formation during skeletal unloading. The IGF-I resistance in
bones caused by skeletal unloading persists in the BMOp cells isolated from unloaded
bones. Our present results demonstrate that the resistance to IGF-I caused by skeletal
unloading is not shared by PDGF. PDGF, unlike IGF-I, signaling was fully intact and
capable of stimulating BMOp cells from unloaded bones.

Unloading induced resistance of IGF-I is characterized by a failure of IGF-I to stimulate
cognate receptor phosphorylation and to activate proliferative and anti-apoptotic signaling
cascades. We show that this is not a function of decreased receptor quantity or impaired
IGF-I receptor affinity. Unloading does not induce changes in IGF binding proteins as
ligand binding affinity curves are unchanged with des-IGF-I, an analogue with minimal
binding protein affinity. PDGF signaling, on the other hand, is unaffected by skeletal
unloading as demonstrated by completely intact PDGF receptor and downstream signaling
phosphorylation in response to PDGF.

The difference in integrity of the PDGF and IGF-I signaling cascades in response to skeletal
unloading is due to selective integrin receptor regulation of IGF-I but not PDGF signaling in
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BMOp cells. Previously, we demonstrated that αVβ3 expression in BMOp cells was reduced
by skeletal unloading, and echistatin, a disintegrin selective for αVβ3 or α5β1, blocked IGF-
IR phosphorylation.(6) Echistatin causes an IGF-I resistance phenomenon similar to that
induced by unloading, but it fails to block ligand induced PDGF receptor activation. Skeletal
unloading induces a dramatic reduction of numerous integrin subunits, and despite this
reduction skeletal unloading fails to block PDGF signaling.

The marked reduction of integrin subunits in unloaded BMOp cells provides a mechanism of
the “memory” BMOp cells have of their previous loaded state. BMOp cells demonstrate
unloading induced resistance to IGF-I both in vivo and in vitro. The memory of the
unloaded state is a transient phenomenon in vitro. In recently isolated unloaded BMOp cells
integrin expression is reduced, which causes IGF-I resistance and contributes to the
reduction in cell colonies formed.(5) However, as these cultures grow these cells recover
integrin expression, as well as IGF-I signaling and receptor phosphorylation. This recovery
of unloaded cells is contemporary with BMOp differentiation and maturation, with normal
alkaline phosphatase and mineralization activity per cell noted.(5) Integrin subunits are
markers of functional osteoblasts.

Integrin regulation of IGF-I signaling has been described in various tissues. Impaired IGF-I
receptor activation by disruption of ligand occupancy of integrins with echistatin,(6,37) and
ligand independent activation of IGF-I receptor by mechanical stimulation of osteosarcoma
cells with fluid flow(37) demonstrates a role of integrins in IGF-I signaling. However, a
specific integrin regulator of IGF-I signaling in osteoblasts and osteoblast precursors is
unknown. Studies from Clemmons and co-workers(22,23) have detailed a proposed
mechanism of interaction between the integrin and IGF-I signaling pathways. In porcine
vascular smooth muscle cells, integrin β3 phosphorylation recruits the phosphatase SHP-2 to
the membrane and enables the transfer of SHP-2 to SHPS-1 away from the IGF-I receptor,
enhancing IGF-I receptor phosphorylation and signaling. Blocking integrin β3 activation
prevents SHP-2 sequestering and terminates IGF-I signaling.

The SHP-2 oriented mechanism incompletely describes the nature of integrin regulation of
the IGF-I receptor in osteoblasts. We have shown that unloading induced impairment of
IGF-I receptor activation is not recovered by pretreatment with the phosphatase inhibitor
orthovanadate,(6) thus IGF-I resistance is not a function of increased phosphatase activity
but rather a loss of kinase activity. Mechanical stimulation of osteosarcoma cells in a serum-
free environment phosphorylated the IGF-I receptor, which was blocked by the disintegrin,
echistatin.(37) These observations suggest activity of an integrin mediated non-receptor
kinase is required for IGF-I receptor activation. Recently, IGF-I has been shown to directly
bind integrin β3 and to stimulate a complex formation of the IGF-I receptor and αVβ3
integrin. IGF-1 mutated to disrupt integrin β3 binding only retained IGF-I receptor binding
but failed to phosphorylate the IGF-I receptor, activate downstream AKT and ERK signaling
pathways, stimulate proliferation, and stimulate integrin/IGF-I receptor complex
formation.(38) This complex would allow cross talk between the two signaling pathways and
recruitment of non-receptor kinases to directly phosphorylate the IGF-I receptor. Focal
adhesion kinases, components of the integrin signaling cascade, are required for growth
factor response, regulating response with intrinsic kinase activity or providing binding sites
for other non-receptor kinases.(39,40) Specifically, FAK and PYK2 have been shown to
directly interact with the insulin and IGF-I receptors.(41,42)

We used siRNA knockdown to target integrin β1 and β3 specifically to determine whether
either integrin subunit regulates IGF-I signaling in BMOp cells. We did not assess the effect
on PDGF signaling as unloading induced reductions in integrin expression did not affect
PDGFR activation. Integrin β1 was included as a candidate subunit because it is
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predominately expressed in bone and, like β3, has been shown to modulate IGF-I
signaling(43,44) in other cell types. Our results show that a reduction in β3 expression
significantly reduced IGF-I receptor phosphorylation whereas a reduction in β1 expression
had a less consistent effect. This may indicate that β3 is more critical for IGF-I signaling
than β1 or that because of the high level of expression of β1 in these cells sufficient β1
levels remain after siβ1 treatment to maintain some level of IGF-I responsiveness. In either
case the siRNA knockdown studies demonstrate that integrin β3, and possibly β1, function
as regulators of the IGF-I receptor in rat BMOp cells that may be responsive to mechanical
stimulation. The siRNA knockdown model was not equivalent to the skeletal unloading
model as it was not sufficient to assess the effect of targeted integrin knockdown on
signaling downstream of IGF-IR. Although IGF-IR phosphorylation was specifically
manipulated by siRNA treatment, basal pERK levels were uniformly increased in response
to siRNA treatment, and this lowered the sensitivity to detects changes in response to IGF-I
exposure.

In conclusion, skeletal unloading causes bone loss that is associated with impaired IGF-I but
not PDGF signaling. Our results indicate that the mechanism by which skeletal unloading
leads to IGF-I resistance has little impact on the proliferative response to PDGF. IGF-I
signaling in osteoblast precursors is more sensitive to the unloading induced reductions in
integrins, especially β3, than PDGF. The integrity of PDGF signaling can be utilized as
PDGF is known to stimulate osteoblast proliferation and differentiation.(45) Localized use of
PDGF therapy to repair periodontal defects is a FDA approved indication, and systemic use
in an osteoporotic animal model demonstrated increased osteoblast proliferation, bone
formation, and BMD.(46) Potentially, PDGF may be an option to treat bone loss or prevent
disuse osteoporosis in conditions of skeletal unloading like prolonged bedrest, space flight,
or neurologic injury.
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Figure 1. Skeletal unloading affects proliferation of BMOp cells in response to IGF-I and PDGF
in vitro
BMOp cells from loaded and unloaded bones were incubated with IGF-I (A) or PDGF (B)
for 24 hrs at day 7 in culture. During the last 4 hours, the cultures were labeled with BrdU
and absorbance quantifies the BrdU incorporation and proliferation. Means ± SD, n = 3. a p
< 0.05 vs. Loaded + IGF-I.
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Figure 2. Effect of skeletal unloading on growth factor stimulated phosphorylation of ERK1/2
BMOp cells from loaded and unloaded bones were serum deprived at day 7 in culture, and
then treated with IGF-I (A) or PDGF (B). Representative immunoblots illustrate skeletal
unloading induced impairment of IGF-I stimulated ERK1/2 phosphorylation. Relative signal
intensities of the ratio of phosphorylated to total ERK1/2 were evaluated. Means ± SD, n =
3. a p < 0.05 vs. Loaded + IGF-I.
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Figure 3. Effect of skeletal unloading on the activation of PDGF and IGF-I receptors
BMOp cells from loaded and unloaded bones were serum deprived at day 7 in culture, and
then treated with IGF-I (A) or PDGF (B). Representative immunoblots illustrate skeletal
unloading induced impairment of IGF-I receptor phosphorylation. Relative signal intensities
of the ratio of phosphorylated to total IGF-I or PDGF receptors were evaluated. Means ±
SD, n = 3. a p < 0.05 vs. Loaded. (C) BMOp cells from loaded and unloaded bones were
serum deprived at day 7 in culture, and then exposed to 25pM 125I-IGF and various doses of
unlabeled IGF-I or des-IGF-I for 10 minutes. Data are means of triplicates. Error bars are
not shown to simplify presentation, but in all cases enclosed an SD of less than 10% of the
mean. These values are expressed as a percentage of maximal specific 125I-IGF binding that
was comparable for BMOp cells isolated from loaded and unloaded bones.
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Figure 4. Effect of echistatin on the activation of the PDGF and IGF-I receptors
BMOp cells from loaded bones were serum deprived at day 7 in culture, and then treated
with IGF-I (A) or PDGF (B). Twelve hours prior, echistatin (100nM) or vehicle was added.
Representative immunoblots illustrate echistatin-induced impairment of IGF-I receptor
phosphorylation. Relative signal intensities of the ratio of phosphorylated to total IGF-I and
PDGF receptors were evaluated. Means ± SD, n = 3. a p < 0.05 vs. Control.

Long et al. Page 17

J Bone Miner Res. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Recovery of skeletal unloading induced reduction in expression of integrin subunits
The BMOp cells from loaded and unloaded bones were grown in culture. Total RNA was
harvested at days 5, 7, 14, and 21 in culture and cell lysates collected at days 7, 14, and 21 in
culture. A) Relative mRNA expression of the integrin subunits normalized to L19 of the
unloaded BMOp cells as a percentage of that of loaded BMOp are displayed. Means ± SEM,
of four independent BMOp cell pools at day 5, thirteen at day 7, six at day 14 and four at
day 21. a p < 0.05, b p < 0.01, c p = 0.055. B) A representative immunoblot illustrates that
expression of the β1 integrin subunit was significantly less than that in loaded BMOp cells
after 7 days but not 14 or 21 days in culture. Relative signal intensities of the ratio of β1
integrin to actin were evaluated. Means ± SD, n = 3. a p < 0.05 vs. Loaded.
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Figure 6. Recovery of IGF-I signaling in BMOp cells from unloaded bone followed longitudinally
BMOp cells from loaded and unloaded bones were grown in culture over 21 days. At days
14 and 21, cultures were serum deprived and then treated with IGF-I. Representative
immunoblots illustrate recovery of ligand induced IGF-I receptor (A) and ERK1/2 (B)
phosphorylation at 14 and 21 days in culture. Relative signal intensities of the ratio of
phosphorylated to total IGF-I receptor and ERK1/2 were evaluated. Means ± SD, n = 4.
There were no significant differences.
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Figure 7. Effects of targeted integrin subunit knockdown on IGF-I signaling
(A) BMOp cells from loaded bones were treated with specific (siβ1 or siβ3) or non-targeting
control (siCont) siRNA oligonucleotides on day 4 in culture. At day 7, cultures were serum
deprived and then treated with IGF-I. RNA expression of β1 or β3 integrin subunits
following targeted siRNA treatment was specifically and significantly reduced. Means ±
SEM, n = 4, a p < 0.05 vs. siCont. (B) A representative immunoblot confirms the diminished
expression of β1 and β3 subunit following siRNA treatment. (C) IGF-IR activation is
impaired by β1 or β3 integrin subunit knockdown. (D) Relative signal intensities of the ratio
of phosphorylated to total IGF-I receptor were evaluated. Means ± SEM, n = 3, a p < 0.05
vs. siCont.

Long et al. Page 20

J Bone Miner Res. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Long et al. Page 21

Table 1

Primers for Real-Time PCR

Integrin Primer Sequence (5′-3′) PCR product bp (sequence) GeneBank Accession No.

α1 Forward
Reverse

CGTTAGCCTCACCGTCAAAAC
GCATCTCCTCAATTCCCGAAA

101 (2936–3036) X52140

α2 Forward
Reverse

ACACACAGCCTCACCCGTATC
TCAGCCAGCAGGAGACGTTA

101 (520–620) AB067445

αV Forward
Reverse

CGTGAAGGCGCAGAATCA
CTTCGTTGTTCCGGACAACC

101 (72–172) S58528

β1 Forward
Reverse

AGGGTGAAGCTCACGTGCAT
AATAAGAACAATTCCGGCAACC

101 (2176–2276) U12309

β3 Forward
Reverse

TCGTCGGAGTCCAACATCT
CAGAGACTCATCCGAGCAGGA

101 (79–179) AJ440952

β5 Forward
Reverse

CGATGCTGTCTACCCACGTG
AGACTGTGTGGAATGCTCGCT

101 (1492–1592) NM147139
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Table 2

Gene Expressiona

Gene Expression Gene Expression

α1 0.190 (0.020) b β1 4.934 (2.308) b

α2 0.008 (0.003) b β3 0.197 (0.070) b

αV 0.589 (0.105) b β5 1.691 (0.233) b

PPARγ 0.022 (0.004) c Runx2 2.938 (0.593) c

a
Fold expression relative to L19 in BMOp cells isolated from loaded animals at day 7 in culture

b
Mean (SD), n = 8

c
Mean (SD), n = 3
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