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ABSTRACT 

Background Hepatocyte growth factor (HGF) has been demonstrated to stimulate 

osteoblast proliferation and participated bone remodeling. Osteopontin (OPN) is a 

secreted phosphoglycoprotein that belongs to the SIBLING family and is present 

during bone mineralization. However, the effects of HGF on OPN expression in 

human osteoblasts are large unknown.  

Methodology/Principal Findings Here we found that HGF induced OPN expression 

in human osteoblasts dose-dependently. HGF-mediated OPN production was 

attenuated by c-Met inhibitor and siRNA. Pretreatment of osteoblasts with PI3K 

inhibitor (Ly294002), Akt inhibitor, c-Src inhibitor (PP2), or AP-1 inhibitor (curcumin) 

blocked the potentiating action of HGF. Stimulation of osteoblasts with HGF 

enhanced PI3K, Akt, and c-Src activation. In addition, incubation of cells with HGF 

also increased c-Jun phosphorylation, AP-1-luciferase activity, and c-Jun binding to 

the AP-1 element on the OPN promoter. HGF-mediated AP-1-luciferase activity and 

c-Jun binding to the AP-1 element was reduced by c-Met inhibitor, Ly294002, Akt 

inhibitor, and PP2. 

Conclusions/Significance Our results suggest that the interaction between HGF and 

c-Met increases OPN expression in human osteoblasts via the PI3K, Akt, c-Src, c-Jun, 

and AP-1 signaling pathway. 

 

 

 

Key Words: HGF; OPN; Osteoblasts; c-Src 
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INTRODUCTION 

Bone is a complex tissue composed of several cell types which are continuously 

undergoing a process of renewal and repair termed “bone remodeling”.  The two 

major cell types responsible for bone remodeling are osteoclasts, which resorb bone, 

and osteoblasts, which form new bone.  Bone remodeling is regulated by several 

systemic hormones (e.g., parathyroid hormone, 1, 25-dihydroxybitamin D3, sex 

hormones, and calcitonin), and local factors (e.g., nitric oxide, prostaglandins, growth 

factors, and cytokines) [1].  When resorption and formation of bone are not 

coordinated and bone breakdown overrides bone building, osteoporosis results [2]. 

Since new bone formation is primarily a function of the osteoblast, agents that act by 

either increasing the proliferation of cells of the osteoblastic lineage or inducing 

differentiation of the osteoblasts can enhance bone formation [3,4]. 

Multiple anabolic signaling pathways are positively involved in controlling bone 

formation, such as bone morphogenetic proteins and osteopontin (OPN). OPN is a 

secreted phosphoglycoprotein that belongs to the SIBLING family and is present in 

various mineralized and soft tissues as well as in body fluids. OPN, a major member 

of the noncollagenous extracellular matrix secreted by osteoblasts and a cytokine 

involved in proliferation, apoptosis, and inflammatory signaling, has been implicated 

in bone remodeling [5]. It contains an RGDS motif, exhibits high affinity to calcium, 

and is produced by osteoblasts and osteoclasts. Despite the absence of a clear 

phenotype in OPN knockout mice, recent studies have implicated OPN in diverse 

biological processes, including development, wound healing, immunological 

responses, bone resorption, and calcification [6]. In addition, OPN-deficient mice also 

show reduced osteoblastic bone formation [7]. However, which mechanisms are 

regulated OPN expression in osteoblasts needs to be well elucidated. 

Hepatocyte growth factor (HGF) was identified in the early 1980s [8,9] and was 

subsequently determined to be a heterodimeric molecule composed of an alpha and 

beta chain [10]. The importance of HGF in organ development is demonstrated by 

HGF null mutation mice, which exhibit embryonic lethality [11]. HGF exhibits strong 
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angiogenic properties through its ability to induce expression of vascular endothelial 

growth factor, another angiogenic factor, but also has angiogenic properties of its own 

[12]. Osteoblasts and osteoclasts express c-Met, the receptor for HGF and produce 

HGF [13]. HGF has been demonstrated to stimulate both osteoblast proliferation and 

osteoclast chemotactic migration [13]. In combination with vitamin D, HGF promotes 

osteoblast differentiation of vertebral bone marrow cells [14]. We hypothesized that 

HGF controls OPN expression in osteoblasts. This study was designed to test this 

hypothesis and also determine the precise signaling pathway.  

Previous studies have shown that HGF modulates osteoblastic bone formation 

[13,14]. HGF-mediated bone formation may involve activation of c-Met receptor. 

However, the effect of HGF on OPN (an osteoblastic formation gene) expression in 

human osteoblasts is mostly unknown. In this study, we found that HGF induces OPN 

expression in human osteoblasts. In addition, c-Met receptor, PI3K, Akt, c-Src, and 

AP-1 signaling pathways may be involved in the increase of OPN expression by HGF. 

 

 

 

MATERIALS and METHODS 

Materials 

Anti-mouse and anti-rabbit IgG-conjugated horseradish peroxidase, rabbit 

polyclonal antibodies specific for -actin, p-p85, p85, p-Akt, Akt, c-Src, p-c-Jun, 

c-Jun, and the small interfering RNAs (siRNAs) against c-Met, p85, Akt, c-Src, c-Jun, 

and a control for experiments using targeted siRNA transfection (each consists of a 

scrambled sequence that does not lead to specific degradation of any known cellular 

mRNA) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit 

polyclonal antibodies specific for c-Src phosphorylated at Tyr
416

 was purchased from 

Cell Signaling and Neuroscience (Danvers, MA). Mouse monoclonal antibodies 

specific for OPN, c-Met, and OPN enzyme immunoassay kit were purchased from 

R&D Systems (Minneapolis, MN, USA). Recombinant human HGF was purchased 
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from PeproTech (Rocky Hill, NJ). The AP-1 luciferase plasmid was purchased from 

Stratagene (La Jolla, CA). The p85 (p85; deletion of 35 amino acids from residues 

479 to 513 of p85) and Akt (Akt K179A) dominant-negative mutants were gifts from 

Dr. W.M. Fu (National Taiwan University, Taipei, Taiwan). The c-Src dominant 

negative mutant was a gift from Dr. S. Parsons (University of Virginia Health System, 

Charlottesville, VA). The pSV--galactosidase vector and luciferase assay kit were 

purchased from Promega (Madison, WI). All other chemicals were purchased from 

Sigma-Aldrich (St. Louis, MO). 

 

Cell culture 

The MG-63 and hFOB cell lines were purchased from American Type Culture 

Collection (ATCC; Rockville,
 
MD). The human osteoblast-like cell line MG-63 was 

cultured in MEM supplemented with 10% FBS and antibiotics (100 U/ml of penicillin 

G and 100 g/ml of streptomycin). The conditionally immortalized human fetal 

osteoblastic cell line, hFOB, was maintained in a 1:1 mixture of phenol-free 

DMEM/Ham’s F12 medium (GIBCO-BRL; Gaithersburg, MD) containing 10% FBS 

supplemented with geneticin (300 g/ml) and antibiotics at 33.5°C, the permissive 

temperature for the expression of the large T antigen. All experiments with hFOB 

cells were carried out at the permissive temperature of 33.5°C. 

Primary human osteoblasts were isolated from bone chips of ten 40–60-year-old 

donors who were generally healthy with no other bone disorders than hip dysplasia 

for which they received hip arthroplasty at China Medical University Hospital. The 

protocol for this study was approved by the Institutional Review Board at China 

Medical University Hospital and the informed consent was obtained from each donor. 

The osteoblasts were cultured in DMEM containing 100 g/ml of ascorbic acid, 

non-essential amino acids, penicillin/streptomycin and 10% FBS. Cultures were 

maintained in a humidified atmosphere of 5% CO2 at 37 °C. 

 

Measurement of OPN production.  



 6 

Human osteoblasts were cultured in 24-well culture plates. After reaching 

confluency, cells were treated with HGF and then incubated in a humidified incubator 

at 37°C for 24 h. To examine the downstream signaling pathways involved in HGF 

treatment, cells were pretreated with various inhibitors for 30 min before addition of 

HGF (30 ng/ml) administration. After incubation, the medium was removed and 

stored at -80°C until the assay was performed. OPN in the medium was assayed using 

OPN enzyme immunoassay kits, according to the procedure described by the 

manufacturer. 

 

Quantitative real time PCR  

Total RNA was extracted from osteoblasts by using a TRIzol kit (MDBio Inc., 

Taipei, Taiwan). Two g of total RNA was reverse transcribed into cDNA by using 

oligo(dT) primer [15,16]. The quantitative real time PCR (qPCR) analysis was carried 

out using Taqman®  one-step PCR Master Mix (Applied Biosystems, CA, USA). Two 

l of total cDNA were added per 25-μl reaction with sequence-specific primers and 

Taqman®  probes. Sequences for all target gene primers and probes were purchased 

commercially (GAPDH was used as internal control) (Applied Biosystems, Foster 

City, CA, USA). qPCR assays were carried out in triplicate on an StepOnePlus 

sequence detection system. The cycling conditions were 10-min polymerase 

activation at 95 °C followed by 40 cycles at 95 °C for 15 s and 60 °C for 60 s. The 

threshold was set above the non-template control background and within the linear 

phase of target gene amplification to calculate the cycle number at which the 

transcript was detected (denoted CT). 

 

Western blot analysis 

Cellular lysates were prepared as described [17,18]. Proteins were resolved using 

SDS-PAGE and transferred to Immobilon polyvinyldifluoride membranes. The 

membranes were blocked with 4% BSA for 1 h at room temperature and then probed 

with rabbit antibodies against human p-p85, p85, p-Akt, Akt, p-c-Jun, or c-Jun 
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(1:1000) for 1 h at room temperature. After three washes, the blots were incubated 

with a donkey anti-rabbit peroxidase-conjugated secondary antibody (1:1000) for 1 h 

at room temperature. The blots were visualized with enhanced chemiluminescence on 

Kodak X-OMAT LS film (Eastman Kodak, Rochester, NY). 

 

Kinase activity assay 

c-Src activity was assessed by c-Src Kinase Activity Assay Kit (Abnova, Taipei, 

Taiwan) according to manufacturer’s instructions. Kinase activity kit is based on a 

solid-phase ELISA that uses a specific synthetic peptide as a substrate for c-Src and a 

polyclonal antibody that recognized the phosphorylated form of the substrate. 

 

Transfection and reporter gene assay 

Human osteoblasts were co-transfected with 0.8 g AP-1 luciferase plasmid and 

0.4 g -galactosidase expression vector. Cells were grown to 80% confluency in 

12-well plates and then transfected on the following day with Lipofectamine 2000 

(LF2000; Invitrogen). DNA and LF2000 were premixed for 20 min and then added to 

the cells. After 24 h of transfection, the cells were incubated with the indicated 

reagents. After a further 24 h of incubation, the medium was
 
removed, and cells were 

washed once with cold PBS. To prepare lysates, 100 l reporter lysis buffer (Promega, 

Madison, WI) was added to each well, and cells were scraped from dishes. The 

supernatant was collected after centrifugation at 13,000 rpm for 2 min. Aliquots of 

cell lysates (20 l) containing equal amounts of protein (20–30 g) were placed into 

wells of an opaque black 96-well microplate. An equal volume
 
of luciferase substrate 

was added to all samples, and luminescence was measured in a microplate 

luminometer. The value of luciferase activity was normalized to the transfection 

efficiency, which was monitored by activity of the co-transfected -galactosidase 

expression
 
vector. 

 

Chromatin immunoprecipitation assay  
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Chromatin immunoprecipitation analysis was performed as described previously 

[19]. DNA immunoprecipitated with an anti-c-Jun Ab was purified and extracted with 

phenol-chloroform. The purified DNA pellet was subjected to PCR. PCR products 

were then resolved by 1.5% agarose gel electrophoresis and visualized with UV light. 

The primers 5’-TCT TCCTGG ATGCTGAATGC-3' and 5'-CCA AGCCCT CCCAGA 

ATTTAA-3’ were utilized to amplify across the OPN promoter region [20]. 

 

Statistics 

The values given were means ± S.E.M and analyzed with one-way ANOVA. The 

difference was significant if the p value was <0.05. 

 

 

 

RESULTS 

HGF induces OPN production in human osteoblasts 

HGF has been reported to stimulate proliferation and differentiation of 

osteoblasts [13,14]. To examine the effects of HGF on OPN expression, osteoblasts 

were exposed to HGF, and the mRNA levels of OPN was determined. Treatment of 

osteoblasts with HGF (3–30 ng/ml) for 24 h induced OPN mRNA levels (Fig. 1A&B). 

In addition, stimulation of osteoblasts with HGF also led to increased protein 

expression of OPN in a concentration-dependent manner by using ELISA and Western 

blotting (Fig. 1C-E). It has been reported that HGF exerts its effects through 

interaction with a specific receptor c-Met [21]. Pretreatment of osteoblasts with c-Met 

inhibitor reduced HGF-increased OPN expression (Fig. 1F-I). In addition, transfection 

of cells with c-Met siRNA also reduced HGF-increased OPN expression (Fig. 1F-I). 

Therefore, an interaction between HGF and c-Met is very important for OPN 

production in human osteoblasts. 

 

The signaling pathways of PI3K and Akt are involved in the potentiating action 
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of HGF 

PI3K/Akt signaling pathway can be activated by a variety of growth factors, such 

as insulin and HGF [22,23]. To determine whether PI3K was involved in HGF 

triggered OPN expression, osteoblasts were pretreated with Ly294002, a PI3K 

inhibitor for 30 min and then incubated with HGF for 24 h. As shown in Fig. 2A-D, 

pretreatment with Ly294002 reduced HGF-induced OPN expression. Transfection of 

cells with p85 mutant or siRNA also reduced HGF-induced OPN expression (Fig. 

2A-D). We then directly measured p85 phosphorylation in response to HGF. 

Stimulation of primary osteoblasts led to a significant increase in phosphorylation of 

PI3K (Fig. 2E). In addition, treatment with c-Met inhibitor or transfection with c-Met 

siRNA reduced HGF-mediated p85 phosphorylation (Fig. 2F). Furthermore, 

pretreatment of cells with Akt inhibitor or transfection with Akt mutant and siRNA for 

24 h markedly attenuated the HGF-induced OPN production (Fig. 3A-D). Akt 

phosphorylation in response to HGF was then measured. As shown in Fig. 3E, 

treatment of primary osteoblasts with HGF resulted in a time-dependent 

phosphorylation of Akt. Pretreatment of cells with c-Met inhibitor and Ly294002 or 

transfection with c-Met siRNA inhibited the HGF-induced Akt phosphorylation (Fig. 

3F). Taken together, these results indicate that the PI3K and Akt pathways are 

involved in HGF-induced OPN production. 

 

c-Src is involved in the HGF-mediated OPN expression in osteoblasts 

PI3K/Akt-dependent c-Src activation is involved in the regulation of gene 

expression [24]. Therefore, we investigated the role of Src in mediating HGF-induced 

OPN expression with the specific Src inhibitor PP2. As shown in Figure 4A-D, 

HGF-induced OPN expression was markedly attenuated by pretreatment of cells for 

30 min with PP2 or transfected of cells for 24 h with c-Src mutant and siRNA. The 

major phosphorylation site of c-Src at the Tyr
416

 residue results in activation from 

c-Src autophosphorylation [25]. To directly confirm the crucial role of c-Src in OPN 

expression, we measured the level of c-Src phosphorylation at Tyr
416

 in response to 
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HGF. As shown in Figure 4E, treatment of primary osteoblasts with HGF resulted in a 

time-dependent phosphorylation of c-Src at Tyr
416

. In addition, HGF also increased 

c-Src kinase activity (Fig. 4F). Pretreatment of primary osteoblasts with c-Met 

inhibitor, Ly294002, and Akt inhibitor or transfection with c-Met and Akt siRNA 

markedly inhibited the HGF-induced c-Src kinase activity (Fig. 4G). Based on these 

results, HGF appears to act through a signaling pathway involving c-Met receptor, 

PI3K, Akt, and c-Src to enhance OPN expression in human osteoblasts. 

 

Involvement of AP-1 in HGF-induced OPN expression 

The promoter region of human OPN contains AP-1 binding site [20]. To examine 

the role of the AP-1 binding site in HGF-mediated OPN expression, the AP-1 inhibitor 

curcumin was used. Pretreatment of cells with curcumin reduced HGF-enhanced OPN 

expression (Fig. 5A-D). AP-1 activation was further evaluated by analyzing the 

phosphorylation of c-Jun as well as by a chromatin immunoprecipitation assay. 

Treatment of primary osteoblasts with HGF increased c-Jun phosphorylation (Fig. 5E). 

In addition, transfection of cells with c-Jun siRNA suppressed HGF-induced OPN 

expression (Fig. 5A-D). We next investigated whether c-Jun binds to the AP-1 

element on the OPN promoter after HGF stimulation. The in vivo recruitment of c-Jun 

to the OPN promoter was assessed via chromatin immunoprecipitation assay. In vivo 

binding of c-Jun to the AP-1 element of the OPN promoter occurred after HGF 

stimulation (Fig. 5F). The binding of c-Jun to the AP-1 element by HGF was 

attenuated by c-Met inhibitor, Ly294002, Akt inhibitor, and PP2 or c-Met and Akt 

siRNA (Fig. 5F). In addition, pretreatment of cells with c-Met inhibitor, Ly294002, 

Akt inhibitor, and PP2 also reduced HGF-induced accumulation of c-Jun into the 

nucleus (Fig. 5G).  

To further confirm that the AP-1 element is involved in HGF-induced OPN 

expression, we performed transient transfection with AP-1 promoter-luciferase 

constructs. Primary osteoblasts incubated with HGF showed a 3.2-fold increase in 

AP-1 promoter activity. The increase in AP-1 activity by HGF was antagonized by 
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c-Met inhibitor, Ly294002, Akt inhibitor, and PP2 or c-Met and c-Jun siRNA or p85, 

Akt, and c-Src mutant (Fig. 6A&B). Taken together, these data suggest that the 

activation of the c-Met, PI3K, Akt, c-Src, c-Jun, and AP-1 pathway is required for the 

HGF-induced increase in OPN expression in human osteoblasts. 
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DISCUSSION 

In this study with osteoblasts, elevation of OPN mRNA and protein levels 

followed recombinant HGF protein treatment through c-Met receptor induction of the 

PI3K, Akt, and c-Src signaling pathway. Our findings provide the first evidence that 

HGF increased OPN expression, providing a link and molecular mechanism between 

HGF family and OPN in the physiology of bone. In this study, we provided the data 

from primary osteoblasts to examine the molecular mechanism between HGF and 

OPN. However, the interactions of these two molecules in the in vivo scenario are 

large unknown. In next steps, we try to establish the HGF knockout mice and to 

examine the OPN expression in the bone. These data will provide the in vivo data of 

present study. 

HGF plays an essential role in the development and regeneration of the liver and 

also stimulates the growth, motility, and morphogenesis of a variety of cell types [26]. 

Although initially thought to be of mesodermal origin, HGF is expressed almost 

ubiquitously, including by osteoblasts [27]. It has been postulated to participate in 

bone remodeling and formation [13]. Previously reported that HGF (10 ng/ml) 

combined with vitamin D3 may have an autocrine and/or paracrine effect on the 

osteogenic maturation, as well as on bone repair and remodeling [14]. In this study, 

we found that high concentration of HGF (30 ng/ml) induced osteogenic gene (OPN) 

expression. These data imply that using high concentration HGF may increases 

osteogenic maturation without vitamin D3 application. However, this hypothesis is 

needs further examination. The biological activity of HGF is mediated by binding to 

cell surface c-Met receptor. Here, we confirmed that c-Met receptor is required for 

HGF-induced OPN expression. Pretreatment of cells with c-Met inhibitor reduced 

HGF-induced OPN expression. This was further confirmed by the result that the 

c-Met siRNA inhibited the enhancement of OPN production by HGF. Therefore, the 

interaction between HGF and c-Met is very important for OPN production by human 

osteoblasts. 

PI3K/Akt have been characterized at the molecular level and have been found to 
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mediate several cellular molecular responses [28]. Phosphorylation of the p85 subunit 

is required for activation of the p110 catalytic subunit of PI3K [29]. We found 

HGF-enhanced the p85 subunit phosphorylation in human osteoblasts. Pretreatment of 

cells with PI3K inhibitor Ly294002 antagonized an increase in OPN expression by 

HGF stimulation. This was further confirmed by the result that the dominant-negative 

mutant and siRNA of p85 inhibited the enhancement of OPN by HGF. Moreover, we 

also found that HGF activated Akt Ser
473

 phosphorylation, while Akt inhibitor and 

Akt mutant or siRNA inhibited HGF-mediated OPN expression. Our data indicates 

that PI3K/Akt could play an important role in the expression of OPN in human 

osteoblasts. 

Src, a tyrosin kinase, plays a critical role in the induction of gene transcription 

[30]. Because c-Src is a downstream effector of PI3K/Akt [24], we examined the 

potential role of c-Src in the signaling pathway HGF-induced OPN expression. 

Treatment of cells with c-Src inhibitor PP2 or transfection of cells with c-Src mutant 

and siRNA reduced HGF-mediated OPN expression. In addition, we also found that 

treatment of osteoblasts with HGF induced increases in c-Src phosphorylation and 

kinase activity. These effects were inhibited by c-Met inhibitor, Ly294002, and Akt 

inhibitor, indicating the involvement of PI3K/Akt-dependent c-Src activation in 

HGF-mediated OPN induction. 

There are several
 
binding sites for a number of transcription factors including 

NF-B, Sp-1, and
 
AP-1 in the

 
5' region of the OPN gene [20]. Recent studies of the 

OPN promoter have demonstrated that OPN induction by several transcription factors 

occurs in a highly stimulus-specific or cell-specific manner [31,32]. The results of our 

current study show that AP-1 activation contributes to HGF-induced OPN expression 

in osteoblasts. Pretreatment of cells with an AP-1 inhibitor curcumin reduced 

HGF-increased OPN expression. Therefore, the AP-1 binding site is likely to be the 

most important site for HGF-induced OPN production. The AP-1 sequence binds to 

members of the Jun and Fos families of transcription factors. These nuclear proteins 

interact with the AP-1 site as Jun homodimers or Jun-Fos heterodimers formed by 
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protein dimerization through their leucine zipper motifs. The results of our study 

show that HGF induced c-Jun phosphorylation. In addition, c-Jun siRNA abolished 

HGF-induced OPN expression in osteoblasts. Therefore, c-Jun activation mediates by 

HGF-increased OPN expression. Furthermore, HGF increased the binding of c-Jun to 

the AP-1 element within the OPN promoter, as shown by a chromatin 

immunoprecipitation assay. Binding of c-Jun to the AP-1 element was attenuated by 

c-Met inhibitor, Ly294002, Akt inhibitor, and PP2. Using transient transfection with 

AP-1-luciferase as an indicator of AP-1 activity, we also found that HGF induced an 

increase in AP-1 activity. In addition, c-Met inhibitor, Ly294002, Akt inhibitor, and 

PP2 or c-Met and c-Jun siRNA or p85, Akt, and c-Src mutant reduced HGF-increased 

AP-1 promoter activity. These results indicate that HGF may act through the c-Met 

receptor, PI3K, Akt, c-Src, c-Jun, and AP-1 pathway to induce OPN production in 

human osteoblasts. 

In conclusion, we explored the signaling pathway involved in HGF-induced 

OPN expression in human osteoblasts. We found that HGF increased OPN expression 

by binding to the c-Met receptor and activating PI3K, Akt and c-Src, which enhanced 

binding of c-Jun to the AP-1 site and resulted in the transactivation of OPN expression 

(Fig. 6C). 
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FIGURE LEGENDS 

Figure 1  HGF increases OPN expression through c-Met receptor. 

(A&B) Cells were incubated with HGF for 24 h, and OPN mRNA was 

examined by qPCR (n=4). (C-E) Osteoblasts were incubated with HGF for 

24 h, and OPN protein was examined by ELISA and Western blotting (n=4). 

(F-I) Cells were pretreated for 30 min with c-Met inhibitor or transfected 

with c-Met siRNA for 24 h followed by stimulation with HGF for 24 h, and 

OPN expression was examined by qPCR and ELISA (n=4). *: p<0.05 as 

compared with basal level (A-D) or HGF-treated group (F-I). 

 

Figure 2 PI3K is involved in HGF-induced OPN expression. 

Cells were pretreated for 30 min with Ly294002 or transfected with p85 

mutant and siRNA followed by stimulation with HGF for 24 h. Media and 

total RNA were collected, and the expression of OPN was analyzed with 

qPCR and ELISA (n=4) (A-D). Primary osteoblasts were incubated with 

HGF for indicated time intervals, and p85 phosphorylation was examined by 

Western blotting (E). Primary osteoblasts were pretreated with c-Met 

inhibitor for 30 min or transfected with c-Met siRNA for 24 h followed by 

stimulation with HGF for 30 min, and p85 phosphorylation was determined 

by Western blotting (n=5) (F). *: p<0.05 as compared with HGF-treated 

group. 

 

Figure 3 Akt is involved HGF-induced OPN expression. 

Cells were pretreated for 30 min with Akt inhibitor or transfected with Akt 

mutant and siRNA followed by stimulation with HGF for 24 h. Media and 

total RNA were collected, and the expression of OPN was analyzed with 

qPCR and ELISA (n=4) (A-D). Primary osteoblasts were incubated with 

HGF for indicated time intervals, and Akt phosphorylation was examined by 

Western blotting (E). Primary osteoblasts cells were pretreated with c-Met 
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inhibitor and Ly294002 for 30 min or transfected with c-Met siRNA for 24 h 

followed by stimulation with HGF for 30 min, and Akt phosphorylation was 

determined by Western blotting (F). *: p<0.05 as compared with 

HGF-treated group. 

 

Figure 4 c-Src is involved in HGF-mediated OPN production in osteoblasts. 

Cells were pretreated for 30 min with PP2 or transfected with c-Src mutant 

and siRNA followed by stimulation with HGF for 24 h. Media and total 

RNA were collected, and the expression of OPN was analyzed with qPCR 

and ELISA (n=5) (A-D). Primary osteoblasts were incubated with HGF for 

indicated time intervals, and c-Src phosphorylation was examined by 

Western blotting (E). Primary osteoblasts were incubated with HGF for 

indicated time intervals, and c-Src kinase activity was examined by c-Src 

kinase assay kit (F). Primary osteoblasts were pretreated with c-Met 

inhibitor, Ly294002, and Akt inhibitor for 30 min or transfected with c-Met 

and Akt siRNA for 24 h followed by stimulation with HGF for 30 min, and 

c-Src kinase activity was examined by c-Src kinase assay kit (G). *: p<0.05 

as compared with basal level (F) or HGF-treated group (A-D&G). 

 

Figure 5 AP-1 is involved in the potentiation of OPN production by HGF. 

Cells were pretreated for 30 min with curcumin or transfected with c-Jun 

siRNA followed by stimulation with HGF for 24 h. Media and total RNA 

were collected, and the expression of OPN was analyzed with qPCR and 

ELISA (n=5) (A-D). Primary osteoblasts were incubated with HGF for 

indicated time intervals, and c-Jun phosphorylation was determined by 

Western blotting (E). Primary osteoblasts were pretreated with c-Met 

inhibitor, Ly294002, Akt inhibitor, and PP2 or transfected with c-Met and 

Akt siRNA, and then stimulated with HGF for 120 min. A chromatin 

immunoprecipitation assay was then performed. The chromatin was 
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immunoprecipitated with anti-c-Jun. One percent of the precipitated 

chromatin was assayed to verify equal loading (input) (F). MG63 cells were 

pretreated with c-Met inhibitor, Ly294002, Akt inhibitor, or PP2, and then 

stimulated with HGF for 120 min, and c-Jun immunofluorescence staining 

was examined (G). *: p<0.05 as compared with HGF-treated group. 

 

Figure 6 The c-Met, PI3K, Akt, and c-Src pathway is involved in HGF-induced AP-1 

activation. 

(A&B) Primary osteoblasts were transfected with the AP-1-luciferase 

expression vector and then pretreated with c-Met inhibitor, Ly294002, Akt 

inhibitor, and PP2 or cotransfected with c-Met and c-Jun siRNA or p85, Akt 

and c-Src mutant before incubation with HGF for 24 h. Luciferase activity 

was then assayed (n=4). *: p<0.05 as compared with HGF-treated group. (C) 

Schematic diagram of the signaling pathways involved in HGF-induced 

OPN expression in osteoblasts. HGF increases OPN expression by binding 

to the c-Met receptor and activating PI3K, Akt, and c-Src, which enhances 

binding of c-Jun to the AP-1 site. This results in the transactivation of OPN 

expression. 

 

 



 18 

REFERENCE 

1. van't Hof RJ, Ralston SH (2001) Nitric oxide and bone. Immunology 103: 255-261. 

2. Goltzman D (2002) Discoveries, drugs and skeletal disorders. Nat Rev Drug 

Discov 1: 784-796. 

3. Ducy P, Schinke T, Karsenty G (2000) The osteoblast: a sophisticated fibroblast 

under central surveillance. Science 289: 1501-1504. 

4. Lane NE, Kelman A (2003) A review of anabolic therapies for osteoporosis. 

Arthritis Res Ther 5: 214-222. 

5. Denhardt DT, Noda M, O'Regan AW, Pavlin D, Berman JS (2001) Osteopontin as 

a means to cope with environmental insults: regulation of inflammation, tissue 

remodeling, and cell survival. The Journal of clinical investigation 107: 

1055-1061. 

6. Wang KX, Denhardt DT (2008) Osteopontin: role in immune regulation and stress 

responses. Cytokine & growth factor reviews 19: 333-345. 

7. Ishijima M, Rittling SR, Yamashita T, Tsuji K, Kurosawa H, et al. (2001) 

Enhancement of osteoclastic bone resorption and suppression of osteoblastic 

bone formation in response to reduced mechanical stress do not occur in the 

absence of osteopontin. The Journal of experimental medicine 193: 399-404. 

8. Nakamura T, Nawa K, Ichihara A (1984) Partial purification and characterization 

of hepatocyte growth factor from serum of hepatectomized rats. Biochemical 

and biophysical research communications 122: 1450-1459. 

9. Luetteke NC, Michalopoulos GK (1985) Partial purification and characterization of 

a hepatocyte growth factor produced by rat hepatocellular carcinoma cells. 

Cancer research 45: 6331-6337. 

10. Funakoshi H, Nakamura T (2003) Hepatocyte growth factor: from diagnosis to 

clinical applications. Clinica chimica acta; international journal of clinical 

chemistry 327: 1-23. 

11. Sengupta S, Gherardi E, Sellers LA, Wood JM, Sasisekharan R, et al. (2003) 

Hepatocyte growth factor/scatter factor can induce angiogenesis independently 

of vascular endothelial growth factor. Arteriosclerosis, thrombosis, and 

vascular biology 23: 69-75. 

12. Montesano R, Matsumoto K, Nakamura T, Orci L (1991) Identification of a 

fibroblast-derived epithelial morphogen as hepatocyte growth factor. Cell 67: 

901-908. 

13. Grano M, Galimi F, Zambonin G, Colucci S, Cottone E, et al. (1996) Hepatocyte 

growth factor is a coupling factor for osteoclasts and osteoblasts in vitro. 

Proceedings of the National Academy of Sciences of the United States of 

America 93: 7644-7648. 



 19 

14. D'Ippolito G, Schiller PC, Perez-stable C, Balkan W, Roos BA, et al. (2002) 

Cooperative actions of hepatocyte growth factor and 1,25-dihydroxyvitamin 

D3 in osteoblastic differentiation of human vertebral bone marrow stromal 

cells. Bone 31: 269-275. 

15. Hsieh MT, Hsieh CL, Lin LW, Wu CR, Huang GS (2003) Differential gene 

expression of scopolamine-treated rat hippocampus-application of cDNA 

microarray technology. Life sciences 73: 1007-1016. 

16. Wang YC, Lee PJ, Shih CM, Chen HY, Lee CC, et al. (2003) Damage formation 

and repair efficiency in the p53 gene of cell lines and blood lymphocytes 

assayed by multiplex long quantitative polymerase chain reaction. Analytical 

biochemistry 319: 206-215. 

17. Huang HC, Shi GY, Jiang SJ, Shi CS, Wu CM, et al. (2003) 

Thrombomodulin-mediated cell adhesion: involvement of its lectin-like 

domain. The Journal of biological chemistry 278: 46750-46759. 

18. Tseng CP, Huang CL, Huang CH, Cheng JC, Stern A, et al. (2003) Disabled-2 

small interfering RNA modulates cellular adhesive function and MAPK 

activity during megakaryocytic differentiation of K562 cells. FEBS letters 541: 

21-27. 

19. Chiu YC, Lin CY, Chen CP, Huang KC, Tong KM, et al. (2009) Peptidoglycan 

enhances IL-6 production in human synovial fibroblasts via TLR2 receptor, 

focal adhesion kinase, Akt, and AP-1- dependent pathway. J Immunol 183: 

2785-2792. 

20. Sharma P, Kumar S, Kundu GC (2010) Transcriptional regulation of human 

osteopontin promoter by histone deacetylase inhibitor, trichostatin A in 

cervical cancer cells. Molecular cancer 9: 178. 

21. Mahtouk K, Tjin EP, Spaargaren M, Pals ST (2010) The HGF/MET pathway as 

target for the treatment of multiple myeloma and B-cell lymphomas. 

Biochimica et biophysica acta 1806: 208-219. 

22. Horowitz JC, Lee DY, Waghray M, Keshamouni VG, Thomas PE, et al. (2004) 

Activation of the pro-survival phosphatidylinositol 3-kinase/AKT pathway by 

transforming growth factor-beta1 in mesenchymal cells is mediated by p38 

MAPK-dependent induction of an autocrine growth factor. J Biol Chem 279: 

1359-1367. 

23. Grotegut S, Kappler R, Tarimoradi S, Lehembre F, Christofori G, et al. (2010) 

Hepatocyte growth factor protects hepatoblastoma cells from 

chemotherapy-induced apoptosis by AKT activation. International journal of 

oncology 36: 1261-1267. 

24. Jin W, Yun C, Jeong J, Park Y, Lee HD, et al. (2008) c-Src is required for 



 20 

tropomyosin receptor kinase C (TrkC)-induced activation of the 

phosphatidylinositol 3-kinase (PI3K)-AKT pathway. The Journal of biological 

chemistry 283: 1391-1400. 

25. Roskoski R, Jr. (2005) Src kinase regulation by phosphorylation and 

dephosphorylation. Biochem Biophys Res Commun 331: 1-14. 

26. Jiang WG, Hiscox S (1997) Hepatocyte growth factor/scatter factor, a cytokine 

playing multiple and converse roles. Histology and histopathology 12: 

537-555. 

27. Taichman R, Reilly M, Verma R, Ehrenman K, Emerson S (2001) Hepatocyte 

growth factor is secreted by osteoblasts and cooperatively permits the survival 

of haematopoietic progenitors. British journal of haematology 112: 438-448. 

28. Buitenhuis M (2011) The role of PI3K/protein kinase B (PKB/c-akt) in migration 

and homing of hematopoietic stem and progenitor cells. Current opinion in 

hematology 18: 226-230. 

29. Qureshi HY, Ahmad R, Sylvester J, Zafarullah M (2007) Requirement of 

phosphatidylinositol 3-kinase/Akt signaling pathway for regulation of tissue 

inhibitor of metalloproteinases-3 gene expression by TGF-beta in human 

chondrocytes. Cell Signal 19: 1643-1651. 

30. Yeh M, Gharavi NM, Choi J, Hsieh X, Reed E, et al. (2004) Oxidized 

phospholipids increase interleukin 8 (IL-8) synthesis by activation of the 

c-src/signal transducers and activators of transcription (STAT)3 pathway. J 

Biol Chem 279: 30175-30181. 

31. Nakayama H, Nagai H, Matsumoto K, Oguro R, Sugimoto K, et al. (2011) 

Association between osteopontin promoter variants and diastolic dysfunction 

in hypertensive heart in the Japanese population. Hypertension research : 

official journal of the Japanese Society of Hypertension 34: 1141-1146. 

32. Barizzone N, Marchini M, Cappiello F, Chiocchetti A, Orilieri E, et al. (2011) 

Association of osteopontin regulatory polymorphisms with systemic sclerosis. 

Human immunology 72: 930-934. 

 

 


