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Platelet-derived growth factor promotes osteoblast proliferation
by activating G-protein-coupled receptor kinase interactor-1
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Abstract. Platelet-derived growth factor (PDGF) has
been reported to stimulate bone fracture-healing. Multiple
studies have demonstrated that PDGF has a critical role in
osteoblast or osteoprogenitor cell activation, although the
underlying mechanism remains unclear. Studies have found
that G-protein-coupled receptor kinase interactor-1 (GIT1) is
activated by PDGF and described as an important factor in
bone metabolism. In the present study, the effects of PDGF
and GIT1 on the proliferation and apoptosis of osteoblasts
were investigated in cultured osteoblasts isolated from rat
calvaria with PDGF stimulation and GIT1 small interfering
RNA transfection. The results demonstrated that PDGF
rapidly stimulated GTI1 expression in osteoblasts, increased
osteoblast proliferation and inhibited cell apoptosis.
Furthermore, cyclin D1 expression was significantly upregu-
lated, the number of cells in the GO/G1 phase was decreased,
while the number in the S phase was increased. In cells with
knockdown of GIT1, the change stimulated by PDGF was
not evident. The results indicate that, PDGF stimulated GIT1
activation of cyclin D1 expression, thereby promoting osteo-
blasts to enter the S phase from the stationary GO/G1 phase,
leading to the proliferation of osteoblasts.

Introduction

Clinical studies have demonstrated that in patients with
traumatic brain injury and fractures, excessive formation of
callus or a variant of heterotopic ossification is commonly
observed, which heals faster than fractures in patients with no
brain injury (1). Therefore, it is possible that brain injury may
be associated with accelerated fracture healing. However, the
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mechanism underlying this is unclear. Several studies have
demonstrated that increased levels of circulating growth
factors or cytokines stimulate the local release of growth
factors, which in turn mediates increased osteogenesis (2).
Platelet-derived growth factor (PDGF) is one of the most
important growth factors and it has been demonstrated that
ischemic insult and penetrating injury enhanced the expres-
sion of PDGF-f (3,4).

The PDGF gene was identified to be expressed by
numerous cell types during fracture healing in the human
body, and appears to function to promote bone formation
and reconstruction (5). As an important mitogen, PDGF is
highly expressed in bone tissue trauma, and has an important
role in the proliferation and differentiation of osteoblasts.
PDGF promotes DNA synthesis in bone cells in early cell
cycle stages, that stimulate the osteoblast entering from the
static state GO/G1 to replicative S phase, increase secretory
phase cells, enhance monocyte and fibroblast migration
and induce local fibroblast proliferation and differentiation,
thereby promoting bone formation (6). PDGF also promotes
fibroblast growth in vitro and has a mitogenic effect on cells
that originated from mesenchymal tissues, including osteo-
blasts, which facilitate bone formation and stimulate bone
resorption (7). Therefore, PDGF is an important factor in
accelerating fracture healing in traumatic brain injury and
fracture.

The specific mechanism of PDGF in promoting fracture
healing remains unclear. Previously, Ren et al (8) found that
phosphorylation of the G-protein-coupled receptor kinase
interacting protein 1 (GIT1) tyrosine 321 is required for focal
adhesions and for PDGF-activated migration of osteoblast
association with FAK. GIT1 widely exists in mammals and
has an important role in cell growth and migration (9). This
demonstrates that PDGF is able to promote osteoblast migra-
tion through activating GIT1; however, there have been no
studies, to the best of our knowledge, investigating the prolif-
eration and apoptosis of osteoblasts. Therefore, the present
study aimed to determine the effect of PDGF and GIT1 on
osteoblast proliferation and apoptosis.

Materials and methods

Cell culture and transfection. Primary osteoblastic cells were
isolated from newborn CDI mice (Institute of Laboratory
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Animal Sciences, Chinese Academy of Medical Sciences
and Peking Union Medical College, Beijing, China) calvaria
by digestion with 0.1% collagenase type IA and 0.2%
dispase as previously described (10). The cells were cultured
in Dulbecco's modified Eagle's medium (Invitrogen Life
Technologies, Carlsbad, CA, USA) with 10% fetal bovine
serum (FBS; Invitrogen Life Technologies), 100 U/l penicillin
and 100 pg/1 streptomycin, in a humidified atmosphere with
5% CO,at37°C.The cells were passaged four times and used in
the experiments. For cell transfection, 1x10° cells were seeded
in a 6-well plate. GIT1 small interfering (si)RNA (specific for
rat GITI;AAGCTGCCAAGAAGAAGCTAC) and negative
control siRNA (AATTCTCCGACACGTGTCACT) were
designed as previously described (11) and synthesized by
Ambion Life Technologies (Guangzhou, Guangdong, China).
GIT1 siRNA was prepared and transfected at 100 nM for
24 h as previously described (12). Osteoblastic cells were
serum-deprived for 24 h prior to the experimental treat-
ments, then stimulated for 24 h with PDGF (10 ng/ml;
Sigma-Aldrich, St. Louis, MO, USA).

Western blot. The cultured cells were washed with
phosphate-buffered saline (PBS) and lysed on ice for
20 min in RIPA buffer. Next, the lysates were centrifuged
at 10,000 x g for 10 min at 4°C. The supernatants were
collected and frozen at -80°C or used immediately. The
protein concentrations were determined by a bicinchoninic
acid protein assay (Pierce Biotechnology, Inc., Rockford, IL,
USA). A total of 40 pg protein of each sample was heated
for 10 min at 100°C. Next, the samples were analyzed by
12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
and electroblotted onto nitrocellulose membranes. The
membranes were blocked in 5% non-fat milk for 1 h and
then incubated with GIT1 antibody (a mouse monoclonal
IgGl; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA)
overnight at 4°C. GIT1 antibody-treated membranes were
washed and incubated in the appropriate secondary antibody
(1:7,000; Santa Cruz Biotechnology, Inc.) at 37°C for 1 h.
Following this, immune complexes were detected using the
enhanced chemiluminescence kit (AppliChem, Darmstadt,
Germany) and immunoreactive proteins were visualized by
the Odyssey infrared imaging system (LI-COR Biosciences,
Lincoln, NE, USA). The values were corrected with the
absorbency of the internal control (GAPDH).

Cell proliferation analysis. The osteoblastic proliferation
was measured by performing a 5-ethynyl-20-deoxyuridine
(EdU) incorporation assay using an EdU Apollo DNA
in vitro kit (Guangzhou RiboBio Co., Ltd., Guangzhou,
China) according to the manufacturer's instructions. EdU
(100 pul) was added to the cultured cells and the cells were
cultured for an additional 4 h at 37°C. The cells were fixed
with 4% formaldehyde for 15 min and treated with 0.5%
Triton X-100 for 20 min at room temperature for permea-
bilization. Following washing with PBS three times, 100 ul
of 1X ApolloH reaction cocktail (Guangzhou RiboBio Co.,
Ltd.) was added to each well and the cells were incubated
for 30 min at room temperature. Next, the cells were stained
with 100 ul Hoechst33342 for 30 min and visualized under
a fluorescent microscope (Olympus Corporation, Tokyo,

WU et al: GIT1 PROMOTES OSTEOBLAST PROLIFERATION

PDGF+ PDGF+

Control PDGF NC siRNA GIT1 siRNA

GIT1

GAPDH

Figure 1. Expression of GIT1 in osteoblasts. The osteoblast cells were trans-
fected with GIT1 siRNA or NC siRNA, and stimulated with or without PDGF.
GIT1, G-protein-coupled receptor kinase interactor-1; siRNA, small inter-
fering RNA; GIT1-siRNA, GIT1-specific siRNA; PDGF, platelet-derived
growth factor; NC, negative control.

Japan). The EdU positive cells were counted using Image-Pro
Plus 6.0 software (Media Cybernetics, Bethesda, MD, USA).
All experiments were conducted in triplicate and three inde-
pendent experiments were performed.

Flow cytometric analysis of the cell cycle. Cell cycle analysis
was performed by flow cytometry. Briefly, the cultured cells
were trypsinized into single cell suspensions and fixed with
70% ethanol for 30 min on ice. The cells were then stained
with propidium iodide (Sigma-Aldrich). The labeled cells
were washed with PBS and then analyzed by FACS Calibur
flow cytometry (Becton-Dickinson, Franklin Lakes, NJ,
USA) equipped with the ModiFit LT v2.0 software (Phoenix
Flow Systems, San Diego, CA, USA). The proportions of cells
in GO/G1 and S phases were represented as DNA histograms.
For each experiment, 10,000 events/sample were recorded.

Cell apoptosis analysis. For apoptosis analysis, terminal
deoxynucleotidyl transferase-mediated dUTP nick end
labeling (TUNEL) assay was performed on the cultured
cells. The cells from each sample were processed using the
In situ cell Death Detection kit (Roche Diagnostics, Hong
Kong, China) according to the manufacturer's instructions.
The adherent cells were grown on the slides, fixed with
4% formaldehyde for 25 min at 4°C and treated with 0.2%
Triton X-100 for 5 min at room temperature for permeabili-
zation. The cells were equilibrated in the equilibration buffer
for 10 min, then 50 ul TDT buffer was added and incubated at
37°C for 1 h in a humidified chamber. The cells were washed
with 2X SSC three times for 10 min each and incubated with
0.3% H,0, at room temperature for 10 min. Streptavidin
was then used to incubate the cells at room temperature
for 30 min, stained with 0.5 xg/ml DAPI for 5 min at room
temperature in the dark and visualized under a fluorescent
microscope (Olympus Corporation).

Statistical Analysis. All of the experiments were repeated
three times. The results are expressed as the mean + standard
deviation. The data were analyzed using SPSS 17.0 software
(SPSS, Inc., Chicago, IL, USA). Comparisons between groups
were analyzed using Student's t-test. P<0.05 was considered
to indicate a statistically significant difference.
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Figure 2. Effects of PDFG and GIT1 on the proliferation of osteoblasts. The osteoblastic proliferation was measured by performing a EAU incorporation assay
using an EAU Apollo DNA in vitro kit. The data represent three independent experiments. The results of EQU incorporation assay were analyzed by confocal
microscopy (scale bar, 50 M) in osteoblasts infected with GIT1 siRNA or NC siRNA, and stimulated with or without PDGF. GIT1, G-protein-coupled
receptor kinase interactor-1; PDGF, platelet-derived growth factor; NC, negative control; siRNA, small interfering RNA.

Results

PDGF stimulates GITI expression in osteoblasts. To
determine the effects of PDGF on GIT1 expression, GIT1
expression in rat osteoblasts in response to PDGF was
examined. Western blot analysis demonstrated that GIT1
expression significantly increased in osteoblasts following
24 h stimulation with PDGF compared with the non-PDGF
group (control group; Fig. 1). In addition, GIT1-specific
siRNA (GIT1-siRNA) was designed and transferred into
osteoblasts. In the cells transfected with GIT1-siRNA, there
was no significant difference in the GIT1 expression in the
PDGF-stimulated cells compared with the control group.

GITI is required for PDGF-stimulated osteoblast prolifera-
tion. It is suggested that PDGF is an important cytokine for
fracture healing. To determine the function of PDGF, PDGF
was added in cultured osteoblasts from rats and the growth
rate of osteoblasts was examined using the EdU incorpora-
tion assay. The growth rate of osteoblasts was significantly
increased following stimulation with PDGF compared with
the control group (Fig. 2). The results suggested that PDGF
promoted osteoblast proliferation. As GIT1 expression
was significantly increased in osteoblasts following PDGF

stimulation, it was hypothesized that PDGF-mediated osteo-
blast proliferation occurs via GIT1 activation. To provide
evidence for the function of GIT1 in osteoblast proliferation,
the expression of GIT1 in osteoblasts was examined using
specific siRNAs. The results demonstrated that cells
transfected with GIT1-siRNA significantly reduced the
osteoblasts growth induced by PDGF, which suggested that
GIT1 is critical for PDFG-induced osteoblast proliferation.
However, the cells transfected with GIT1-siRNA that were
stimulated with PDGF proliferated faster than those in the
control group, which implied other downstream targets may
be involved in PDGF-stimulated osteoblast proliferation.

Effects of PDGF and GITI on osteoblasts cell cycle. To
investigate the mechanism of PDGF on the proliferation of
osteoblasts, the stages of the cell cycle that were regulated
by PDGF in osteoblasts were examined. As expected, PDGF
markedly increased the proportion of cells in S phase, with
a corresponding decrease in the number of cells in the
GO/G1 phase (Fig. 3) compared with the control group, while
PDGF-induced cells transfected with GIT1-siRNA had no
significant change in cell cycle stage. These results indicate
that the knockdown of GIT1 inhibited osteoblast transition
from the stationary phase (GO/GI1 phase) to the replicative



1352 WU et al: GIT1 PROMOTES OSTEOBLAST PROLIFERATION

Control PDGF PDGF + NC siRNA PDGF + GIT1 siRNA

A - = = i
e [ Sub-G1: 0.6% Sub-G1: 0.6% Sub-G1: 0.6% Sub-Gl1: 0.6%
2 | GO/G1:41.6% | . ! G0/G1:22.9% G0/G1:244 % | . | O0G1:343%
= | 5:398% (1] || $:67.5% |1 | S:659% |1 $:432%
< B GoM:187% | ] M G2M:9.66% | . b G2M:9.72% | . | 220 %
= [ Y | 1
w | .r Y
O f e w

DNA content

Figure 3. The effects of PDFG and GIT1 on cell cycle distribution. The cells were seeded into 6-well plates and incubated for 24 h, and then GIT1 siRNA or
NC siRNA transfection was conducted using Lipofectamine 2000. Following stimulation with or without PDGF for another 24 h, the cell cycle distribution
was analyzed by flow cytometry. GIT1, G-protein-coupled receptor kinase interactor-1; siRNA, small interfering RNA; GIT1-siRNA, GIT1-specific siRNA;
PDGF, platelet-derived growth factor; NC, negative control.
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Figure 4. GIT1 on the anti-apoptotic effects of PDGF on osteoblasts. The cells were seeded into 6-well plates and incubated for 24 h, and then transfected
with GIT1 siRNA or NC siRNA. Following this, 10 ng/ml PDGF was then added to stimulate the osteoblasts for 24 h. The cell apoptosis was determined by
TUNEL-DAPI co-staining assay. GIT1, G-protein-coupled receptor kinase interactor-1; siRNA, small interfering RNA; PDGF, platelet-derived growth factor;
GIT1-siRNA, GIT1-specific siRNA; NC, negative control; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling.

phase (S phase). Therefore, PDGF promotes osteoblast prolif-
eration possibly through the activation of GIT1.

of PDGF for osteoblast apoptosis. PDGF-induced osteoblast
apoptosis significantly decreased compared with the non-PDGF
cells (Fig. 4). These data demonstrated that PDGF was able to

PDGTF inhibits osteoblast apoptosis through upregulating GIT1
expression.To elucidate the role of PDGF and GIT1 in osteoblast
apoptosis, a TUNEL assay was utilized to examine the effect

inhibit osteoblast apoptosis. No significant decrease in apoptosis
was identified in the cells transfected with GIT1-siRNA when
stimulated by PDGF. These results suggest that knockdown of
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GIT1 expression inhibited the anti-apoptotic function of PDGF
in osteoblasts.

Discussion

PDGF is secreted by platelets during the early phases of
fracture-healing and has been identified to have pivotal roles
in the fracture healing process. Andrew et al (5) and Horner
et al (7) demonstrated the widespread expression of PDGF-A
chain and PDGF-a receptor in human bone formation, using
in situ hybridization and immunohistochemistry, and indicated
that this growth factor may exert autocrine and paracrine effects
to regulate osteogenesis during skeletal development. PDGF
was able to stimulate osteoblast and chondrocyte proliferation,
promoting cartilage formation and intramembranous ossifica-
tion in callus, the mRNA expression of which was highest in
callus in the late stages of fracture (11). Therefore, it is important
to investigate the specific mechanism of action of PDGF on
osteoblast proliferation and understand the molecular mecha-
nisms involved in fracture healing.

In the present study, it was demonstrated that GIT1 expression
was significantly increased in osteoblasts following stimulation
with PDGEF, suggesting that PDGF was able to promote GIT1
expression. GIT1 is a multidomain scaffold protein expressed
in various cell types, including neurons, endothelial cells and
vascular smooth muscle cells. GIT1 is rapidly emerging as a
scaffolding protein that has multiple binding domains for several
different molecules, including ARF, Racl, Cdc42, GTPases,
PAK, PIX, MEK1 and PLC (12). In this manner, GIT1, through
its function as an adaptor protein, is able to regulate protrusive
activity and cell migration (13). A study demonstrated that
GIT1 was expressed in osteoblasts and osteoclasts (14), and
may participate in bone metabolism. GIT1 knockdown in mice
resulted in increased bone mass due to disorganized podo-
some belt formation in osteoclasts resulting in impaired bone
resorption, by affecting RANK signaling pathways (15). It has
been demonstrated that the GIT1Y321F mutation inhibited
PDGF-induced osteoblastic cell migration. Phosphorylation of
tyrosine 321 of GIT1 is required for PDGF-induced association
with FAK activation in focal adhesions for osteoblastic cell
migration (8). The aforementioned studies demonstrate that the
mechanism underlying GIT protein regulation of bone metabo-
lism involves adjusting the dynamic changes of the cytoskeleton
and acting as a scaffold protein involved in signal transduction.

In the present study, the effect of PDGF on rat primary
osteoblasts was examined and it was demonstrated that PDGF
induced a marked increase in cell growth and a decrease
in the apoptosis of osteoblasts. Lee er al (15) revealed that
the PDGF-BB releasing molded PLLA-TCP (porous poly
(L-lactide)-tricalcium phosphate) membrane was demonstrated
to be effective for continuous stimulation of bone regeneration
when injected into rabbits. PDGF-BB may induce bone regen-
eration at early stages, in combination with a space making
PLLA-TCP guide membrane. Knockdown of GIT1 expression
resulted in no evident changes in the cell proliferation and apop-
tosis following PDGF stimulation, indicating that knockdown
of GIT1 inhibited the cell proliferation of PDGF stimulated
osteoblasts. This is consistent with an earlier study, which
demonstrated that GIT1 may promote the cell proliferation
and inhibit cell apoptosis (16). Thus, the results implicated that
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PDGF may efficiently promote the cell proliferation of osteo-
blasts through activating GIT1. However, the cells transfected
with GIT1-siRNA that were stimulated with PDGF grew
faster than the control group, which implied other downstream
targets were involved in PDGF-stimulated osteoblasts prolif-
eration as well as GIT1.

An analysis of the cell cycle distribution in PDGF-treated
osteoblasts using flow cytometry revealed that PDGF
treatment increased the number of cells in the S phase and
decreased the cell numbers in the GO/G1 phase. This indicated
that PDGF promoted cell entry into the S phase in osteoblasts
and that the cyclin DI protein level was increased following
treatment with PDGF. However, effects of PDGF on the cell
cycle and the cyclin D1 protein level exhibited no significant
difference compared with that of the cells transfected with
GIT1-siRNA. Yang et al (6) demonstrated that in osteoblasts
pretreated by PDGF-AA for 24 h, GO/GI1 phase was decreased
and the number of cells in S and G2-M phases increased.
PDGF-A mRNA may be expressed by human fetal osteoblasts
and the level of its expression is enhanced by PDGF-AA and
PDGF-BB. It is suggested PDGF-A A enhances cell replication
by accelerating the cell cycle and inducing the quiescent cells
into the proliferation phase of the cell cycle to modulate the
fetal bone formation.

Cyclin D1, which belongs to the D group of cyclins, is
expressed in all mammalian cells, except lymphocytes and
myeloid cells. It varies in abundance with the cell cycle and
peaks mid-G1 phase (17). In a number of cell types, cyclin D1
is rate-limiting for cell cycle progression and its abundance
varies with the cell cycle (18,19). In the present study it was
demonstrated that activation of GIT1 was required for PDGF
to upregulate cyclin D1 and stimulated cell cycle progression.
A study demonstrated that GIT1 has an important role in cell
proliferation and apoptosis, which is essential for maintaining
normal postnatal mitochondrial integrity and cardiac func-
tion (20). GIT1 and GIT2, binds to the CTT (COOH-terminal
tail) of IP3R and inhibits apoptosis by regulation of the
IP3R-mediated Ca?* signal (21). Furthermore, PDGF increased
GIT1 tyrosine phosphorylation in osteoblasts and this response
was observed for PDGF treatments up to 6 h after treatment and
began to decline there after. GIT1 is the key phosphorylation
site mediating PDGF-induced ERK1/2 activity, ERK1/2-GIT1
interactions and VEGF mRNA expression in osteoblasts (22).
This implied that GIT1 may be a more potent downstream
factor to mediate the PDGF proliferation effects in osteoblasts.

In conclusion, these findings extend the understanding
of the crucial role of PDGF in osteoblast proliferation and
provide insights into the novel regulatory relationship between
PDGF and GIT1.
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