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Abstract Stimulation of osteoblast survival signals may be an important mechanism of regulating bone anabolism.
Protein kinase B (PKB/Akt), a serine-threonine protein kinase, is a critical regulator of normal cell growth, cell cycle
progression, and cell survival. In this study we have investigated the signaling pathways activated by growth factors
PDGF-BB, EGF, and FGF-2 and determined whether PDGF-BB, EGF, and FGF-2 activated Akt in human or mouse
osteoblastic cells. The results demonstrated that both ERK1 and ERK2 were activated by FGF-2 and PDGF-BB. Activation
of ERK1 and ERK2 by PDGF-BB and FGF-2 was inhibited by PD 098059 (100 mM), a speci®c inhibitor of MEK.
Wortmannin (500 nM), a speci®c inhibitor of phosphatidylinositol 3-kinase ( PI 3-K), inhibited the activation of ERK1 and
ERK2 by PDGF-BB but not by FGF-2 suggesting that PI 3-K mediated the activation of ERK MAPK pathway by PDGF-BB
but not by FGF-2. Rapamycin, an inhibitor of p70 S6 protein kinase and a downstream target of ERK1/2 and PI 3-K, did
not affect the activation of ERK1 and ERK2 by the growth factors. Furthermore, our results demonstrated that Akt, a
downstream target of PI 3-K, was activated by PDGF-BB but not by FGF-2. Akt activation by PDGF-BB was inhibited by
PI 3-kinase inhibitor LY294002. Rapamycin had no effect on Akt activation. Epidermal growth factor (EGF) also
activated Akt in osteoblastic cells which was inhibited by LY294002 but not by rapamycin. Taken together, our data for
the ®rst time revealed that the activation of ERK1/2 by PDGF-BB is mediated by PI 3-K, and secondly, Akt is activated by
PDGF-BB and EGF but not by FGF-2 in human and mouse osteoblastic cells. These results are of critical importance in
understanding the role of these growth factors in apoptosis and cell survival. PDGF-BB and EGF but not FGF-2 may
stimulate osteoblast cell survival. J. Cell. Biochem. 81:304±311, 2001. ß 2001 Wiley-Liss, Inc.
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During bone remodeling, the process of new
bone formation involves the recruitment of
osteoprogenitors which mature into bone form-
ing osteoblasts that actively synthesize and
mineralize bone matrix [Lian et al., 1999;
Mundy, 1999]. Basic ®broblast growth factor
(FGF-2) and platelet-derived growth factor
(PDGF) play important roles in the regulation
of osteoblastic cell proliferation and differentia-
tion and bone formation, however, the molecu-
lar mechanisms of action of these growth factors
that enable them to functionally affect the
osteoblast development and maturation are
not well understood. PDGF stimulates cell
growth of normal human osteoblastic (HOB)

cells [Zhang et al., 1991; Kim and Valentini,
1997] and MC3T3-E1 cells [Okazaki et al.,
1992]. FGF-2 is a mitogen for mesenchymal
cells including normal human bone marrow
stromal cells [Robinson et al., 1995], osteoblasts
[Rodan et al., 1989], and mouse MC3T3-E1 cells
[Suzuki et al., 1996]. FGF-2 and PDGF stimu-
lated bone formation in vivo [Mayahara et al.,
1993; Nakamura et al., 1995; Mitlak et al.,
1996], but inhibited collagen type I gene
expression and alkaline phosphatase activity
in osteoblastic cells [Hurley et al., 1993;
Boudreaux and Towler, 1996; Chaudhary
and Avioli, 2000] demonstrating differences
between in vivo and in vitro systems. Also,
over-expression of FGF-2 as well as disruption
of FGF receptor causes skeletal defects: short-
ening and ¯attening of bones, severe and
progressive bone dysplasia with enhanced and
prolonged endochondral bone growth [Cof®n
et al., 1995; Deng et al., 1996]. Cell surface
receptors for FGF-2 and PDGF possess intrinsic
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protein tyrosine kinase activity and transduce
signals from the cell surface to the nucleus by
activating mitogen-activated protein (MAP) ki-
nase cascades: (1) the extracellular signal-regu-
lated kinase (ERK), which utilizes the Ras /Raf-
1 /MEK/ ERK cascade, (2) c-Jun N-terminal
kinase/stress-activated protein kinase (JNK/
SAPK), and (3) p38 MAP kinase [Su and Karin,
1996; Robinson and Cobb, 1997]. The ERK MAP
kinase pathway is a three kinase cascade which
is sequentially activated involving the activa-
tion of MAP kinase kinase kinase (MAPKKK/
MEKK)/Raf-1, activated Raf-1 phosphorylates
and activates MAP kinase kinase (MAPKK/
MEK) which in turn phosphorylates and acti-
vates downstream ERK1 and ERK2 [Su and
Karin, 1996; Robinson and Cobb, 1997]. We
have demonstrated that FGF-2 and PDGF-BB
activate the ERK MAPK cascade in osteoblastic
cells [Chaudhary and Avioli, 1997, 1998].

Cell proliferation and programmed cell death
(apoptosis) play a critical role in maintaining
tissue homeostasis including bone. The imbal-
ance in these two events may contribute to the
pathogenesis of a number of human diseases
including cancer, autoimmune diseases, neuro-
degenerative disorders, and osteoporosis
[Thompson, 1995]. Decreased osteoblast cell
survival has been implicated in the reduction
of bone formation associated with glucocorticoid
induced osteoporosis [Weinstein et al., 1998;
Silvestrini et al., 2000]. A fraction of the initial
population of osteoblasts (30±50%) become
embedded in the bone as osteocytes and rest of
the nonosteocytic osteoblasts (50±70%) are
presumed to die by apoptosis [Par®tt, 1976]
which is a signi®cant number. Thus, a decrease
and/or delay in osteoblast apoptosis may allow
additional synthesis and deposition of more
bone matrix by osteoblasts resulting in an
increased bone formation and net bone mass.
Growth factors are mainly cell proliferative
agents, but some may also affect apoptosis by
triggering speci®c cell survival signals. Protein
kinase B (PKB/Akt), a serine-threonine protein
kinase encoded by the c-akt proto-oncogene, has
been implicated in normal cell growth, cell cycle
progression and apoptosis, and is a critical
mediator of cell survival [Datta et al., 1999].
Although PDGF and FGF-2 have been impli-
cated in the regulation of bone formation, the
molecular mechanisms of PDGF and FGF-2
action in bone metabolism and osteoblast
survival remain to be established.

The goal of this study was to determine
whether PDGF, EGF, and FGF-2 activated
Akt and whether there were differences in
signaling pathways triggered by these growth
factors in human and mouse osteoblastic cells.
Our data demonstrated for the ®rst time that
Akt was activated by PDGF-BB and EGF but
not by FGF-2.

MATERIALS AND METHODS

Materials

Fetal bovine serum (FBS), a-minimum essen-
tial medium (a-MEM), Dulbecco's phosphate-
buffered saline (PBS), crude bacterial collage-
nase, Dulbecco's modi®ed Eagle medium
(DMEM): Ham's F-12 medium (1:1) and tryp-
sin-EDTA were purchased from Sigma Chemi-
cal Co. (St. Louis, MO). Recombinant human
FGF-2 and PDGF-BB were obtained from R & D
Systems, Inc. (Minneapolis, MN). Epidermal
growth factor (EGF), PD098059 and rapamycin
were purchased from Calbiochem (San Diego,
CA). Af®nity puri®ed anti-sera for active-
MAPK and pan-ERK were purchased from
Promega (Madison, WI). Phospho-Akt and Akt
antibodies were obtained from New England
Biolabs (Beverly, MA). All other chemicals were
of analytical grade. MC3T3-E1 cells were
purchased from American Tissue Culture Col-
lection (Rockville, MD).

Human Bone Cell Culture

Human ribs obtained from surgery patients/
tissue donors shortly after death were trans-
ported to the laboratory in tissue culture ¯asks
containing DMEM/Ham's F-12 medium and
were processed immediately or after storage
overnight in refrigerators as described pre-
viously [Chaudhary and Avioli, 1996]. Brie¯y,
trabecular bone chips were scraped out with a
size 4 bone currette. Bone chips were washed
several times with DMEM:Ham's F-12 medium
and digested with collagenase (Boehringer
Mannheim, 250 U/ml) and DNase type I
(Sigma, 1 mg/ml) in DMEM:F-12 medium for 2
h at 378C. After digestion, chips were washed
with DMEM:F-12 (calcium-free) containing
10% FBS and plated in calcium-free DMEM:F-
12 medium containing 10% FBS and penicillin/
streptomycin (100 U/ml and 100 mg/ml respec-
tively) in T-175 culture ¯asks. Cloned osteo-
blast-like MC3T3-E1 cells derived from
newborn mouse calvaria [Sudo et al., 1983]
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were cultured in a-MEM containing 10 % fetal
bovine serum (FBS). Cells were maintained in a
humidi®ed atmosphere of 95% air and 5% CO2

at 378C.

Cell Lysate Preparation

After cells reached con¯uency, normal HOB
and MC3T3-E1cells were trypsinized and seed-
ed in P-100 culture dishes at a density of one
million cells/dish. Cells were made quiescent in
a-MEM medium containing 0.3% FBS for 48 h.
The required amounts of concentrated stock
solutions of growth factors were directly added
to the medium for speci®ed time. Cells were
rinsed with PBS and cell lysates were prepared
by adding 0.5 ml of boiling lysis buffer contain-
ing 1% SDS, 10 mM Tris-HCl, pH 7.4, 100 mM
sodium orthovanadate, 5 mM EGTA and 5 mM
EDTAto each dish. Cell mixture was transferred
to microcentrifuge tubes,boiled for 5 min, passed
several times through a 25 gauge needle and
centrifuged for 15 min at 14,000g in a micro-
centrifuge. The supernatants were removed
and stored atÿ 808C until used. Proteins in cell
lysates were measured with the Bio-Rad DC
protein assay kit (Bio-Rad, Hercules, CA).

Western Blotting (Immunoblotting)

Cell lysates were subjected to SDS-PAGE and
proteins were electrophoretically transferred to
polyvinylidene ¯uoride (PVDF)/Immobilin-P
membrane (Millipore Corp., Medford, MA).
The membranes were incubated in blocking
buffer (Tris-buffered saline-0.1% Tween-20
(TBST) containing 1% BSA (anti-active MAPK
antibody) or 5% Carnation milk (anti-phospho-
Akt and anti-Akt antibodies) at room tempera-
ture for 2 h, then incubated with appropriate
antibodies according to the protocols of the
manufacturers (Promega and New England
BioLabs) and washed with TBST. Antibody
binding was detected by enhanced chemilumi-
nescence (ECL) western blotting detection
systems as directed by the manufacturer
(Amersham, Arlington Heights, IL). Data
shown are representative of at least two
individual experiments with similar results.

RESULTS

Effects of MEK, PI 3-K, and p70S6K Inhibitors on
the Activation of ERK1/2 by PDGF-BB and FGF-2

in Human Osteoblastic (HOB) Cells

To determine whether activation of ERK
pathway by FGF-2 and PDGF-BB was mediated

via phosphatidylinositol 3-kinase (PI 3-Kinase),
experiments were designed to examine the
effects of various speci®c inhibitors. Quiescent
HOB cells were pretreated for 30 min with
wortmannin (WM, 500 nM), an inhibitor of PI 3-
kinase; PD098059 (PD, 100 mM), an inhibitor of
MEK; or rapamycin (RP, 20 nM), an inhibitor of
p70S6K followed by treatment with PDGF-BB
(20 ng/ml) or FGF-2 (50 ng/ml) for additional 10
minutes. To determine activation of ERK1/2 we
used anti-active MAPK antibody which speci®-
cally recognizes activated forms of ERK1 and
ERK2 in response to growth factors. Results
demonstrated that PD098059 inhibited ERK1/
2 activation by FGF-2 and PDGF-BB (Fig. 1).
Data also showed that wortmannin inhibited
PDGF-BB activation of ERK1/2 but had no
effect on FGF-2 stimulation of ERK1/2. Rapa-
mycin, an inhibitor of p70S6K which may be a
downstream target of ERK1/2 and PI 3-K, did
not affect the ERK1/2 activation by FGF-2 and
PDGF-BB (Fig. 1). The anti-pan ERK antibody
which recognizes both activated and non-acti-
vated forms of ERK1/2, serves as an important
control to demonstrate the amount of total ERK
protein in each lane, thereby allowing accurate
interpretation of the corresponding signal
obtained with the anti-active MAPK antibody.
As shown in Figure 1 (lower B panel), amounts
of total ERK1/2 proteins were same in treated
and non-treated samples.

Effects of PDGF-BB and FGF-2 on the Activation
of Akt in Human Osteoblastic Cells

Both PDGF-BB and FGF-2 activated ERK1/2
in agreement with our previous reports
[Chaudhary and Avioli, 1997, 1998], and MEK
inhibition by PD098059 blocked ERK1/2 acti-
vation by both growth factors (Fig. 1). Further-
more, our data presented in Figure 1 indicated
that PDGF-BB and FGF-2 differentially acti-
vated signaling pathways in osteoblastic cells.
FGF-2 activation of ERK1/2 was not affected by
PI 3-kinase inhibitor, wortmannin (Fig. 1).
These observations suggested that PDGF acti-
vation of ERK1/2 pathway was mediated by PI
3-kinase and prompted us to further investigate
possibility whether there were downstream
differences in the signaling by FGF-2 and
PDGF-BB. Since PI 3-kinase is known to
activate Akt, experiments were designed to
determine the effect of PDGF-BB and FGF-2
on Akt activation. As shown in Figure 2, PDGF-
BB treatment activated Akt in HOB cells
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whereas FGF-2 had no effect on the activation
of Akt. LY294002, a speci®c inhibitor of PI 3-
kinase, signi®cantly inhibited PDGF-BB acti-
vation of Akt. Rapamycin, an speci®c inhibitor
of p70S6K, had no effect on the activation of Akt
by PDGF-BB. The amount of total Akt protein
was same in treated and non-treated samples as
determined by using anti-Akt antibody which

recognizes both activated and non-activated
forms of Akt 9 (Fig. 2).

Effects of PDGF-BB and FGF-2 on the Activation
of Akt in MC3T3-E1 Cells

To assess whether there were differences
across species in the activation of Akt by

Fig. 1. Effects of MEK, PI 3-K, and p70S6K inhibitors on ERK1/2
activation by PDGF-BB and FGF-2 in HOB cells. Quiescent
HOB cells were pretreated for 30 min with PD098059 (PD, 100
mM), an inhibitor for MEK; wortmannin (WM, 500 nM), an
inhibitor for PI 3-K; or rapamycin (RM, 20 nM), an inhibitor for
p70S6K and then with PDGF-BB (20 ng/ml) or FGF-2 (50 ng/ml)
for additional 10 minutes. Cell lysates were subjected to SDS-
PAGE followed by transfer of proteins to Immobilin-P mem-

brane and then incubated with anti-active MAPK (ERK1/2)
antibody. The same membrane was stripped and incubated with
anti-pan ERK antibody which recognizes total activated and
non-activated forms of ERK1/2. The binding of antibody was
detected by ECL plus detection reagents. Data shown are
representative of two individual experiments with similar
results.

Fig. 2. Effects of PDGF-BB and FGF-2 on the activation of Akt
in HOB cells. Quiescent HOB cells were pretreated for 30 min
with LY294002 (LY, 50 mM) or rapamycin (RM, 50 nM) and then
with PDGF-BB (30 ng/ml) or FGF-2 (30 ng/ml) for additional 10
minutes. Cell lysates were subjected to SDS-PAGE followed by

transfer of proteins to Immobilin-P membrane and then
incubated with anti-phospho-Akt antibody. The same mem-
brane was stripped and incubated with anti-Akt antibody which
recognizes total activated and non-activated forms of Akt.
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PDGF-BB and FGF-2, the effects of growth
factors on Akt were investigated in mouse
osteoblastic cell line, MC3T3-E1 cells. As
shown in Figure 3, PDGF-BB treatment of cells
activated Akt whereas FGF-2 treatment did not
activate Akt in MC3T3-E1 cells. PI 3-K inhibitor
LY294002 inhibited Akt activation by PDGF-
BB but rapamycin had no effect.

Effects of EGF on the Activation of Akt
in MC3T3-E1 cells

Since FGF-2 and PDGF-BB receptors have
intrinsic tyrosine kinase activity and since our
data have demonstrated differences in the
downstream signaling by these growth factors,
we investigated the effects of another growth
factor, epidermal growth factor (EGF), which
elicits its biological action through protein
tyrosine kinase receptor and activation of PI 3-
K [Brown, 1995]. As represented in Figure 4,
EGF treatment of MC3T3-E1 cells activated
Akt which was inhibited by LY294002 but not
by rapamycin.

DISCUSSION

In the present study, we investigated the
downstream cell signaling pathways activated
by PDGF, EGF, and FGF-2 in osteoblasts. The
speci®c inhibitors: wortmannin and LY294002
for PI 3-kinase; PD098059 for MEK; and

rapamycin for p70S6K, have been extremely
useful in explaining the roles of PI 3-kinase,
ERK1/2 and p70S6K in cellular functions in
response to growth factors/cytokines. By
employing these inhibitors we demonstrated
differences in signaling pathways activated by
PDGF and FGF-2 in osteoblastic cells. We
discovered that PDGF-BB activation of ERK
MAPK pathway was mediated by PI 3-K
whereas FGF-2 transduced signals from cell
surface to the nucleus via Ras/Raf-1/MEK/
ERK pathway without the involvement of PI 3-
K. It is important to mention that the activation
of ERK1/2 by PDGF-BB was not completely
inhibited by PI 3-K inhibitor wortmannin (Fig.
1) suggesting that PDGF-BB activated ERK1/2
via two PI 3-K dependent and independent
signaling pathways. However, the activation by
PI 3-K independent pathway was a small part of
the total stimulation and the PDGF activation
of ERK pathway was mainly through the
activation of PI 3-K. Our studies revealed that
FGF-2 activated ERK1/2 via Ras/Raf-1/MEK/
ERK pathway, whereas PDGF activated ERK1/
2 by triggering Ras/Raf-1/MEK/ERK mediated
by PI 3-K. These data prompted us to further
investigate the possibility whether FGF-2
and PDGF activate cell survival signal Akt, a
downstream target of PI 3-Kinase.

Our results demonstrated activation of Akt by
PDGF-BB and EGF but not by FGF-2 in human

Fig. 3. Effects of PDGF-BB and FGF-2 on the activation of Akt
in MC3T3-E1 cells. Quiescent MC3T3-E1 cells were pretreated
for 30 min with LY294002 (LY, 50 mM) or rapamycin (RM, 50
nM) and then with PDGF-BB (30 ng/ml) or FGF-2 (30 ng/ml) for
additional 10 minutes. Cell lysates were subjected to SDS-PAGE

followed by transfer of proteins to Immobilin-P membrane and
then incubated with anti-phospho-Akt antibody. The same
membrane was stripped and incubated with anti-Akt antibody
which recognizes total activated and non-activated forms of
Akt.
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and mouse osteoblastic cells. Similarily, FGF-1
did not activate Akt in primary murine calvarial
osteoblasts [Mansukhani et al., 2000] indicating
that FGF-1 and FGF-2 utilized similar signal-
ing pathway in human and mouse osteoblasts.
One of the aims during the course of these
studies was to de®ne pathways downstream of
growth factors which prevent apoptosis. Our
®ndings that PDGF-BB and EGF but not FGF-2
provide a survival signal implicating PI 3-
kinase and Akt as key molecules in the survival
of osteoblasts. Our data suggest that the
signaling pathways emanating from receptor
activation are not necessarily linear but must be
considered a network of interwoven events.
Thus, our observations are of importance in
clarifying the speci®c roles of PDGF and FGF-2
in osteoblast proliferation, differentiation, and
in the prevention of apoptosis as well as in
determining the relative importance of the
various inputs on the resulting physiological
responses.

The dual actions of PDGF in cell proliferation
and survival may have advantages in increas-
ing and maintaining bone mass over other
growth factors which have only proliferative

effects. The case in point is that although FGF-2
stimulates proliferation of osteoprogenitors
but is a weak mitogen for differentiating and
mature human osteoblasts [Debiais et al.,
1998]. PDGF is more mitogenic for normal
HOB cells than TGF-b, IGF-1, EGF [Piche and
Graves, 1989] or FGF-2 [Kang et al., 1995].
Since PDGF and FGF-2 elicit their biological
action through their respective protein tyrosine
kinase receptors [Su and Karin, 1996; Robinson
and Cobb, 1997] and activate ERK MAP kinase
pathway in osteoblast [Chaudhary and Avioli,
1997, 1998], the downstream signaling path-
ways utilized by these growth factors differ.
Taken together, differences in cell signaling
demonstrated here may determine the ®nal
biological responses to growth factors. Further,
this will allow to analyze the role of apoptosis in
bone formation and to identify new signaling
site (s) which could be targets for intervention
and development of potential agents for the
treatment of osteoporosis.

In summary, the present study is the ®rst
demonstration of Akt activation by PDGF-BB
and EGF but not by FGF-2 in osteoblastic cells.
We also report that ERK1/2 activation by PDGF

Fig. 4. Effects of EGF and PDGF-BB on the activation of Akt in
MC3T3-E1 cells. Quiescent cells were pretreated for 30 min
with LY294002 (LY, 50 mM) or rapamycin (RM, 50 nM) and then
with EGF (10 or 100 ng/ml) and PDGF-BB (30 ng/ml) for
additional 10 minutes. Cell lysates were subjected to SDS-PAGE

followed by transfer of proteins to Immobilin-P membrane and
then incubated with anti-phospho-Akt antibody. The same
membrane was stripped and incubated with anti-Akt antibody
which recognizes total activated and non-activated forms
of Akt.
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is mediated by PI 3-K but FGF-2 activation of
ERK1/2 is independent of PI 3-K. Results
suggest that PDGF and EGF but not FGF-2
may enhance osteoblast survival.
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