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Abstract
Background/Aims: We previously demonstrated that transforming growth factor-β (TGF-β) 
stimulates the synthesis of vascular endothelial growth factor (VEGF) through the activation 
of p38 mitogen-activated protein (MAP) kinase in osteoblast-like MC3T3-E1 cells. Heat shock 
protein70 (HSP70) is a ubiquitously expressed molecular chaperone. In the present study, 
we investigated the involvement of HSP70 in the TGF-β-stimulated VEGF synthesis and the 
underlying mechanism in these cells. Methods: Culture MC3T3-E1 cells were stimulated by 
TGF-β. Released VEGF was measured using an ELISA assay. VEGF mRNA level was quantified 
by RT-PCR. Phosphorylation of each protein kinase was analyzed by Western blotting. Results: 
VER-155008 and YM-08, both of HSP70 inhibitors, significantly amplified the TGF-β-stimulated 
VEGF release. In addition, the expression level of VEGF mRNA induced by TGF-β was enhanced 
by VER-155008. These inhibitors markedly strengthened the TGF-β-induced phosphorylation 
of p38 MAP kinase. The TGF-β-induced phosphorylation of p38 MAP kinase was amplified in 
HSP70-knockdown cells.  SB203580, an inhibitor of p38 MAP kinase, significantly suppressed 
the amplification by these inhibitors of the TGF-β-induced VEGF release. Conclusion: These 
results strongly suggest that HSP70 acts as a negative regulator in the TGF-β-stimulated VEGF 
synthesis in osteoblasts, and that the inhibitory effect of HSP70 is exerted at a point upstream 
of p38 MAP kinase.
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Introduction

Heat shock proteins (HSPs), which have been originally identified as stress-responsive 
proteins possessed cytoprotective function, are induced in the cells exposed to biological 
stresses, including heat, hypoxia, oxidative and toxic stresses [1]. HSPs are generally 
established to function as molecular chaperones that protect unfolded proteins from 
aggregation. Up to date, a large number of HSPs have been discovered, and they were termed 
according to the corresponding molecular weight, such as HSP27, HSP40, HSP60, HSP70, 
HSP90 and HSP110 [2-5]. The HSP family have been recently classified into seven groups 
including HSPA (HSP70), HSPC (HSP90) and HSPH (HSP110) [6]. Among the members 
of HSPs, HSP70 (HSPA) ubiquitously exists in unstressed cells and functions as an ATP-
dependent molecular chaperone for the assistance of folding newly synthesized proteins, and 
the translocation of proteins into the different cellular compartments [7-10]. Accumulating 
evidence indicates potent effects of HSP70 toward various diseases, such as cancer, infection 
and autoimmune diseases [4, 11]. Since the increase of HSP70 protein expression is 
reportedly related to poor outcome [12], it is currently considered that inhibition of HSP70 
could become one of therapeutic targets against these diseases.

Bone metabolism is tightly coordinated by two types of functional cells, osteoblasts and 
osteoclasts [13]. The former cells are responsible for bone formation, whereas the latter are 
for bone resorption. In the adult skeletal system, bone tissue is continuously regenerated 
by the sequential process of resorption of old bone and formation of new bone, and bone 
mass is moderately maintained, so called bone remodeling [14]. Disorder of this remodeling 
process is considered to cause metabolic bone diseases such as osteoporosis or fracture 
healing distress. Multiple humoral factors including cytokines, hormones and growth 
factors take a part, and play a crucial role in bone remodeling process [15]. In addition, 
the microvasculature is essential for bone metabolism owing to blood circulation, which 
supplies precursor cells, nutrients, bone modulating factors needed for the adequate bone 
remodeling [16]. Therefore, it is currently recognized that the strict control of activity in 
capillary endothelial cells as well as osteoblasts and osteoclasts is important to regulate the 
proper bone metabolism. Vascular endothelial growth factor (VEGF), which is produced and 
secreted by various cells including osteoblasts, is a potent mitogen for vascular endothelial 
cells and acts as an angiogenic factor [17-20]. It has been shown that various growth factors 
including transforming growth factor-β (TGF-β) stimulate the VEGF synthesis in osteoblasts 
[21]. However, the exact mechanism of VEGF production and the secretion in osteoblasts has 
not yet been fully elucidated.

TGF-β, a member of the TGF-β superfamily including bone morphogenic proteins 
(BMPs) and activin, stimulates the osteoblastic bone formation in an autocrine or paracrine 
manner [22]. During the bone remodeling, TGF-β is released from bone matrix through the 
osteoclastic bone resorption, and subsequently promotes the recruitment of osteoblast 
progenitor cells and the stimulation of their proliferation, directing osteoblasts toward bone 
formation [21, 23]. Thus, TGF-β is now established as one of the most important factors in 
the process of bone remodeling [21]. Regarding the intracellular signaling system of TGF-β, 
it is firmly established that TGF-β signal is mainly mediated through the Smad-dependent 
pathway, including Smad2 and Smad3 [24, 25]. In addition, accumulating evidence indicates 
that the Smad-independent pathway such as the mitogen-activated protein (MAP) kinase 
superfamily including p38 MAP kinase and stress-activated protein kinase/c-Jun N-terminal 
kinase (SAPK/JNK) plays an important role in the TGF-β signaling [26]. In osteoblasts, 
p38 MAP kinase reportedly regulates the expression of Runx2 gene induced by TGF-β in 
addition to the Smad-dependent pathway [27]. We have previously demonstrated that 
TGF-β stimulates VEGF synthesis at least in part though the p38 MAP kinase activation in 
osteoblast-like MC3T3-E1 cells [28]. Nowadays, p38 MAP kinase is well recognized to be a 
crucial pathway in the TGF-β signaling in osteoblasts [29]. However, the exact mechanism 
behind TGF-β-induced VEGF synthesis in osteoblasts remains to be clarified.
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Regarding the effect of HSP70 on bone tissue, it has been reported that extracellular 
HSP70 increases alkaline phosphatase activity and promotes mineralization in human 
mesenchymal stem cells [30]. However, the precise roles of HSP70 in osteoblasts remain to 
be elucidated. In the present study, therefore, we investigated whether HSP70 is implicated in 
the TGF-β-stimulated VEGF synthesis in osteoblast-like MC3T3-E1 cells, and the mechanism.

Materials and Methods

Materials
TGF-β and the mouse VEGF enzyme-linked immunosorbent assay (ELISA) kit were purchased 

from R&D Systems, Inc. (Minneapolis, MN).  VER-155008 and YM-08, which are HSP70 inhibitors, were 
obtained from Sigma-Aldrich Co. LLC (St. Louis, MO). Phospho-specific Smad2 antibodies, phospho-specific 
Smad3 antibodies, phospho-specific p38 MAP kinase antibodies and p38 MAP kinase antibodies were 
purchased from Cell Signaling Technology, Inc. (Danvers, MA).  Glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) antibodies were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). The Enhanced 
Chemiluminescence (ECL) Western blotting detection system was purchased from GE Healthcare Life 
Sciences (Chalfont, UK).  Acrylamide monomer, Tris (hydroxymethyl) aminomethane, sodium dodecyl 
sulfate (SDS), dithiothreitol and glycerol were obtained from Nacalai Tesque, Inc. (Kyoto, Japan).  Control 
short interfering RNA (siRNA; Silencer Negative Control siRNA) and HSP70-siRNA (Silencer Select Pre-
designed siRNA, s201488) were purchased from Sigma-Aldrich Co. Ambion (Austin, TX). Other materials 
and chemicals were obtained from commercial sources. VER-155008 and YM-08 was dissolved in dimethyl 
sulfoxide, and the maximum concentration of dimethyl sulfoxide was 0.1%, which did not affect either the 
assay for VEGF or detection of the protein level using Western blotting.

Cell culture
Cloned osteoblast-like MC3T3-E1 cells that have been derived from newborn mouse calvaria [31] 

were maintained as previously described [32]. In brief, the MC3T3-E1 cells were cultured in a-minimum 
essential medium (a-MEM; Sigma-Aldrich Co.) containing 10% fetal bovine serum (FBS; Gibco; Thermo 
Fisher Scientific, Inc., Waltham, MA) at 37°C in a humidified atmosphere of 5% CO2/95% air. The cells were 
seeded into 35- or 90-mm diameter dishes (5 x 104 cells/dish and 2 x 105 cells/dish, respectively) in a-MEM 
containing 10% FBS. Five days later, the medium was exchanged for a-MEM containing 0.3% FBS, and then 
the cells were used for experiments after 48 h.

Assay for VEGF
The MC3T3-E1 cells were pretreated with various doses of VER-155008 and YM-08 for 60 min, and 

then stimulated by various doses of TGF-β in 1 ml of a-MEM containing 0.3% FBS for the indicated periods. 
The conditioned medium was collected at the end of incubation, and the VEGF concentration was measured 
using mouse VEGF ELISA kit according to the manufacturer’s instructions.

Real-time RT-PCR
The MC3T3-E1 cells were pretreated with 30 µM of VER-155008 or vehicle for 60 min, and then 

stimulated by 5 ng/ml of TGF-β or vehicle in a-MEM containing 0.3% FBS for 6 h. Total RNA was isolated 
and transcribed into complementary DNA using Trizol Reagent (Invitrogen; Thermo Fisher Scientific, Inc.) 
and Omniscript Reverse Transcriptase kit (Qiagen Inc., Valencia, CA), respectively. Real-time RT-PCR was 
performed using a LightCycler system (version 3.5; Roche Diagnostics, Basel, Switzerland) in capillaries and 
Fast Start DNA Master SYBR Green I provided with the kit (Roche Diagnostics). Sense and antisense primers 
for mouse VEGF mRNA and GAPDH mRNA were purchased from Sigma-Aldrich Co. The amplified products 
were determined using a melting curve analysis. The VEGF mRNA level was normalized to that of GAPDH 
mRNA.

siRNA transfection
To knockdown HSP70 in osteoblast-like MC3T3-E1 cells, the cells were transfected with a HSP70-

siRNA or negative control siRNA utilizing siLentFect according to the manufacturer’s instruction. The cell 
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sub-cultured in a-MEM containing 10% FBS for 48 h were incubated at 37°C with 30 nM siRNA-siLentFect 
complexes for 24 h. The medium was exchanged to a-MEM containing 0.3% FBS, and then the cells were 
used for the experiments.

Western blot analysis
The MC3T3-E1 cells were pretreated with various doses of VER-155008 or YM-08 for 60 min, and 

then stimulated by 5 ng/ml of TGF-β or vehicle in a-MEM containing 0.3% FBS for the indicated periods. 
The cells were then lysed, homogenized and sonicated in a lysis buffer containing 62.5 mM Tris/HCl, pH 
6.8, 2% sodium dodecyl sulfate (SDS), 50 mM dithiothreitol and 10% glycerol. SDS-polyacrylamide gel 
electrophoresis (PAGE) was performed by the method of Laemmli in 10% polyacrylamide gels [33]. The 
proteins were fractionated and transferred onto an Immun-Blot polyvinylidine fluoride (PVDF) membranes 
(Bio-Rad Laboratories, Inc., Hercules, CA). The membranes were blocked with 5% fat-free dry milk in 
Tris-buffered saline-Tween (TBS-T; 20 mM Tris-HCl, pH 7.6, 137 mM NaCl, 0.1% Tween-20) for 2 h before 
incubation with primary antibodies. A Western blot analysis was performed as previously described [34] 
using antibodies against phospho-Smad2, phospho-Smad3, GAPDH, phospho-p38 MAP kinase or p38 
MAP kinase as primary antibodies in 5% milk in TBS-T overnight at 4°C. Goat-anti rabbit IgG horseradish 
peroxidase-labeled antibodies (KPL, Inc., Gaithersburg, MD) were used as secondary antibodies in 5% milk 
in TBS-T for 1 h at room temperature. The peroxidase activity on the PVDF sheet was visualized on X-ray film 
by means of the ECL Western blotting detection system.

Determination of densitometric analysis
The densitometric analysis was performed using a scanner and image analysis software package 

(imageJ version 1.48; National Institutes of Health, Bethesda, MD). The phosphorylated protein levels 
were calculated as follows: the background-subtracted signal intensity of each phosphorylation signal was 
respectively normalized to the total protein signal, and plotted as the fold increase in comparison with that 
of the control cells treated without stimulation.

Statistical analysis
The data were analyzed by an ANOVA followed by Bonferroni method for multiple comparisons 

between pairs, and a p value of <0.05 was considered to be statistically significant. All data are presented as 
the mean ± SEM of triplicate determinations from three independent cell preparations.

Results

Effects of VER-155008 or YM-08 on the TGF-β-stimulated VEGF release in osteoblast-like 
MC3T3-E1 cells
We have previously demonstrated that TGF-β stimulates VEGF synthesis in osteoblast-

like MC3T3-E1 cells [28]. To clarify the involvement of HSP70 in the TGF-β-induced VEGF 
synthesis in MC3T3-E1 cells, in the present study, we first examined the effect of VER-155008, 
an inhibitor of HSP70 [35], on the TGF-β-stimulated VEGF release. VER-155008, which alone 
had little effect on the VEGF release, significantly enhanced the TGF-β-stimulated VEGF 
release time-dependently in comparison to TGF-β alone (Fig. 1). In addition, we examined 
the effect of YM-08, another inhibitor of HSP70 [36], on the TGF-β-stimulated VEGF release 
in these cells. YM-08 as well as VER-155008 markedly strengthened the TGF-β-stimulated 
VEGF release (Fig. 1).

The amplifying effect of VER-155008 on the TGF-β-induced VEGF release was dose-
dependent over the range 10 and 30 µM (Fig. 2A). The enhancing effect of VER-155008 (30 
µM) on the VEGF release caused an approximately 180% increase in the TGF-β-effect. YM-08 
in addition to VER-155008 dose-dependently enhanced the VEGF release by TGF-β over the 
range 30 and 100 µM (Fig. 2B). YM-08 (100 µM) led to an about 80% increase in the TGF-β-
effect.
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Effect of VER-155008 on the TGF-β-induced expression of VEGF mRNA in osteoblast-like 
MC3T3-E1 cells
In order to elucidate whether the enhancement by HSP70 inhibitors of the TGF-β-

stimulated VEGF release is mediated via transcriptional events or not in osteoblast-like 
MC3T3-E1 cells, we examined the effect of VER-155008 on the TGF-β-induced VEGF mRNA 
expression by real-time RT-PCR. VER-155008 at 30 µM, which by itself had a little effect on 

Fig. 1. Time-dependent effects of VER-155008 or YM-08 on the 
TGF-β-stimulated VEGF release in osteoblast-like MC3T3-E1 cells.  
The cultured cells were pretreated with 30 µM of VER-155008 
(■,□), 100 µM of YM-08 (▲,△) or vehicle (●,○) for 60 min, and then 
stimulated by 3 ng/ml of TGF-β (●,■,▲) or vehicle (○,□,△) for the 
indicated periods.  The VEGF concentrations in the conditioned 
medium were determined by ELISA.  Each value represents the 
mean ± SEM of triplicate determinations from three independent 
cell preparations.  ∗p<0.05 compared to the value of control.  
∗∗p<0.05, compared to the value of TGF-β alone.

Fig. 2. Dose-dependent 
effects of VER-155008 
or YM-08 on the TGF-
β-stimulated VEGF 
release in osteoblast-
like MC3T3-E1 cells. 
(A) The cultured cells 
were pretreated with 
various doses of VER-
155008 for 60 min, and 
then stimulated by 3 
ng/ml of TGF-β (●) or 
vehicle (○) for 48 h.  (B) 
The cultured cells were 
pretreated with various doses of YM-08 for 60 min, and then stimulated by 5 ng/ml of TGF-β (●) or vehicle 
(○) for 48 h.  The VEGF concentrations in the conditioned medium were determined by ELISA.  Each value 
represents the mean ± SEM of triplicate determinations from three independent cell preparations.  ∗p<0.05, 
compared to the value of TGF-β alone.

Fig. 3. Effect of VER-155008 on the TGF-β-induced 
expression of VEGF mRNA in osteoblast-like MC3T3-E1 
cells.  The cultured cells were pretreated with 30 µM of 
VER-155008 or vehicle for 60 min, and then stimulated by 
5 ng/ml of TGF-β or vehicle for 6 h. The respective total 
RNA was then isolated and quantified using real-time RT-
PCR.  Each value represents the mean ± SEM of triplicate 
determinations from three independent cell preparations.  
∗p<0.05, compared to the value of control. ∗∗p<0.05, 
compared to the value of TGF-β alone.
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the VEGF mRNA levels, significantly amplified the TGF-β-stimulated VEGF mRNA expression 
levels (Fig. 3).

Effects of VER-155008 or YM-08 on the TGF-β-stimulated phosphorylation of Smad2 or 
Smad3 in osteoblast-like MC3T3-E1 cells
As for the intracellular signaling system, it is firmly established that TGF-β-effects are 

mediated through the Smad-dependent pathway, and that Smad2 and Smad3 are receptor-
regulated Smads for TGF-β [24, 25]. Thus, we next examined the effects of HSP70 inhibitors 
on the TGF-β-induced phosphorylation of Smad2 or Smad3 in osteoblast-like MC3T3-E1 
cells.  However, VER-155008 failed to affect the phosphorylation of Smad2 or Smad3 induced 
by TGF-β (Fig. 4A). As well as VER-155008, YM-08 did not exert any effect on the TGF-β-
induced phosphorylation of Smad2 or Smad3 (Fig. 4B).

Fig. 4. Effects of VER-155008 or YM-08 on the TGF-β stimulated phosphorylation of Smad2 or Smad3 in 
osteoblast-like MC3T3-E1 cells. The cultured cells were pretreated with various doses of VER-155008 (A) 
or YM-08 (B) for 60 min, and then stimulated by 5 ng/ml of TGF-β or vehicle for 60 min. The cell extracts 
were then subjected to SDS-PAGE with subsequent Western blot analysis with antibodies against phospho-
specific Smad2, phospho-specific Smad3 or GAPDH.  The histogram shows quantitative representation of 
the levels of TGF-β-stimulated phosphorylation obtained from a laser densitometric analysis of three inde-
pendent cell experiments.  The levels were expressed as the fold increase to the basal levels presented as 
lane 1.  Each value represents the mean ± SEM of triplicate determinations. *p<0.05, compared to the value 
of control. N.S. designates no significant differences between the indicated pairs.
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Effects of VER-155008 or YM-08 on the TGF-β-stimulated phosphorylation of p38 MAP 
kinase in osteoblast-like MC3T3-E1 cells
In our previous study [28], we have demonstrated that TGF-β stimulates VEGF 

synthesis at least in part via p38 MAP kinase activation in osteoblast-like MC3T3-E1 cells. 
Therefore, we additionally examined the effects of HSP70 inhibitors on the TGF-β-stimulated 
phosphorylation of p38 MAP kinase in these cells. The phosphorylation of p38 MAP kinase 
induced by TGF-β was significantly amplified by VER-155008 in a dose-dependent manner 

Fig. 5. Effects of VER-155008 or YM-08 on the TGF-β stimulated phosphorylation of p38 MAP kinase in 
osteoblast-like MC3T3-E1 cells. The cultured cells were pretreated with various doses of VER-155008 (A) 
or YM-08 (B) for 60 min, and then stimulated by 5 ng/ml of TGF-β or vehicle for 120 min. The cell extracts 
were then subjected to SDS-PAGE with subsequent Western blot analysis with antibodies against phospho-
specific p38 MAP kinase or p38 MAP kinase. The histogram shows quantitative representation of the levels 
of TGF-β-stimulated phosphorylation obtained from a laser densitometric analysis of three independent 
cell experiments. The levels were expressed as the fold increase to the basal levels presented as lane 1. Each 
value represents the mean ± SEM of triplicate determinations. ∗p<0.05, compared to the value of control. 
∗∗p<0.05, compared to the value of TGF-β alone.

Fig. 6. Effect of HSP70 siRNA on the TGF-β-induced phosphory-
lation of p38 MAP kinase in osteoblast-like MC3T3-E1 cells. The 
cultured cells were transfected with 30 nM negative control siR-
NA (Neg) or 30 nM HSP70-siRNA. Twenty-four hours after trans-
fection, the cells were stimulated by 5 ng/ml TGF-β or vehicle for 
120 min.  The cell extracts were then subjected to SDS-PAGE with 
subsequent Western blot analysis with antibodies against phos-
pho-specific p38 MAP kinase or GAPDH. The histogram shows 
the quantitative representations of the levels of phosphorylated 
p38 MAP kinase after normalization with respect to GAPDH ob-
tained from laser densitometric analysis of three independent 
cell experiments. The levels were expressed as the fold increase 
to the basal levels presented as lane 1. Each value represents 
the mean ± SEM of triplicate determinations. ∗p<0.05 compared 
to the value without TGF-β stimulation in the negative control 
siRNA transfected cells. ∗∗p<0.05 compared to the value of TGF-β 
stimulation in the negative control siRNA transfected cells.
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Fig. 7. Effect of SB203580 on the amplification by 
VER-155008 of the TGF-β-induced VEGF release in 
osteoblast-like MC3T3-E1 cells. The cultured cells were 
pretreated with 10 µM of SB203580 or vehicle for 60 min, 
subsequently preincubated with 30 µM of VER-155008 
or vehicle for 60 min, and then stimulated by 3 ng/ml 
of TGF-β or vehicle for 48 h. The VEGF concentrations 
of the conditioned mediums were determined by ELISA.  
Each value represents the mean ± SEM of triplicate 
determinations from three independent cell preparations. 
∗p<0.05 compared to the value of control. ∗∗p<0.05 
compared to the value of TGF-β alone. ∗∗∗p<0.05 compared 
to the value of TGF-β stimulation with the preincubation 
of VER-155008.

Fig. 8. Effect of SB203580 on the amplification by YM-08 of 
the TGF-β-induced VEGF release in osteoblast-like MC3T3-E1 
cells. The cultured cells were pretreated with 10 M of 
SB203580 or vehicle for 60 min, subsequently preincubated 
with 100 µM of YM-08 or vehicle for 60 min, and then 
stimulated by 3 ng/ml of TGF-β or vehicle for 48 h. The VEGF 
concentrations of the conditioned mediums were determined 
by ELISA. Each value represents the mean ± SEM of triplicate 
determinations from three independent cell preparations. 
∗p<0.05 compared to the value of control. ∗∗p<0.05 compared 
to the value of TGF-β alone. ∗∗∗p<0.05 compared to the value of 
TGF-β stimulation with the preincubation of YM-08.

over the range 1 and 30 µM (Fig. 5A). YM-08 also remarkably enhanced the TGF-β-induced 
phosphorylation of p38 MAP kinase in a dose-dependent manner over the range 10 and 30 
µM (Fig. 5B).

Effect of HSP70-siRNA on the TGF-β-induced phosphorylation of p38 MAP kinase in 
osteoblast-like MC3T3-E1 cells
In order to further clarify the involvement of HSP70 in the TGF-β-induced phosphorylation 

of p38 MAP kinase in osteoblast-like MC3T3-E1 cells, we next examined the effect of HSP70-
siRNA on the TGF-β-induced phosphorylation of p38 MAP kinase. The level of TGF-β-induced 
phosphorylation of p38 MAP kinase in the HSP70 knockdown MC3T3-E1 cells was markedly 
up-regulated in comparison with that in the control cells (Fig. 6).

Effect of SB203580 on the amplification by HSP70 inhibitors of TGF-β-stimulated VEGF 
release in osteoblast-like MC3T3-E1 cells
Furthermore, we examined the effect of SB203580, an inhibitor of p38 MAP kinase 

[37], on the amplification of TGF-β-stimulated VEGF release by VER-155008 or YM-08 in 
osteoblast-like MC3T3-E1 cells. We confirmed here that the TGF-β-induced VEGF release was 
reduced by SB203580 as previously reported [28] (Fig. 7 and Fig. 8). SB203580 markedly 
suppressed the amplification by VER-155008, which caused an approximately 90% decrease 
in the effect of TGF-β (Fig. 7). In addition, the VEGF release up-regulated by YM-08 was also 
reduced by SB203580, which caused an approximately 80% decrease (Fig. 8). Based these 
findings, it is most likely that p38 MAP kinase pathway is implicated in the amplification of 
TGF-β-stimulated VEGF synthesis by HSP70 inhibitors.
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Discussion

In the present study, we demonstrated that HSP70 inhibitor, VER-155008 [35], markedly 
potentiated the TGF-β-stimulated VEGF release in osteoblast-like MC3T3-E1 cells, and that 
VER-155008 augmented the VEGF mRNA expression levels induced by TGF-β. Thus, it is 
probable that the amplification by HSP70 inhibitors of TGF-β-stimulated VEGF release is 
mediated through a gene transcriptional event in MC3T3-E1 cells. Additionally, we showed 
that another inhibitor of HSP70, YM-08 [36], as well as VER-155008 significantly enhanced 
the TGF-β-stimulated VEGF release in these cells. Based on these findings, it is most likely 
that HSP70 acts as a negative regulator in the TGF-β-stimulated VEGF synthesis in osteoblast-
like MC3T3-E1 cells. As far as we know, this is probable the first report demonstrating the 
relationship between HSP70 and TGF-β-stimulated VEGF synthesis in osteoblasts.

We next investigated the mechanism underlying the enhancement by HSP70 inhibitors 
of the TGF-β-stimulated VEGF synthesis in osteoblast-like MC3T3-E1 cells. It is currently 
recognized that TGF-β exerts various biological effects through both the Smad-dependent 
pathway and the Smad-independent pathway including the MAP kinase superfamily 
[24, 25, 38]. Regarding the intracellular signaling in TGF-β-induced VEGF synthesis in 
osteoblasts, we have recently reported that the Smad-dependent pathway mediates the 
TGF-β-stimulated VEGF synthesis in osteoblast-like MC3T3-E1 cells [39].  On the other 
hand, we have previously shown that TGF-β stimulates the synthesis of VEGF at least in part 
through p38 MAP kinase in these cells [28]. Based on our findings, therefore, we investigated 
whether HSP70 affects the TGF-β-stimulated activation of Smad2/3 and p38 MAP kinase in 
osteoblast-like MC3T3-E1 cells. However, HSP70 inhibitors, VER-155008 or YM-08, hardly 
affected the phosphorylation of Smad2 or Smad3 induced by TGF-β. On the other hand, 
we clearly showed that both VER-155008 and YM-08 significantly augmented the TGF-β-
stimulated phosphorylation of p38 MAP kinase. These results suggest that the enhancement 
by HSP70 inhibitors of TGF-β-stimulated VEGF synthesis is resulting from the upregulation 
of p38 MAP kinase activation but not Smad2/3 activation in osteoblast-like MC3T3-E1 cells. 
We additionally examined the effect of HSP70-siRNA on the TGF-β-induced phosphorylation 
of p38 MAP kinase in MC3T3-E1 cells. We demonstrated that the level of phosphorylated 
p38 MAP kinase induced by TGF-β in the HSP70 knockdown cells was remarkably amplified 
compared with that in the control cells.  Based on these findings, it is probable that HSP70 
limits the activation of p38 MAP kinase induced by TGF-β in MC3T3-E1 cells.  Furthermore, 
SB203580 [37] significantly reduced the amplification by VER-155008 or YM-08 of the TGF-
β-stimulated VEGF release, suggesting that the inhibition of p38 MAP kinase truly suppresses 
the enhancement by HSP70 inhibitors of TGF-β-stimulated VEGF synthesis in these cells.  As 
for the TGF-β-induced VEGF synthesis in MC3T3-E1 cells, we have previously shown that Rac, 
a small GTP-binding protein, limits the VEGF synthesis via the inhibition of p38 MAP kinase 
[39]. However, we found that HSP70 was not coimmunoprecipitated with Rac in these cells 
(data not shown), suggesting that HSP70 regulates p38 MAP kinase independently of Rac in 
MC3T3-E1 cells. Taking these findings into account as a whole, it is most likely that HSP70 
negatively regulates the TGF-β-stimulated VEGF synthesis in osteoblast-like MC3T3-E1 cells, 
and the suppressive effect of HSP70 is exerted at a point upstream of p38 MAP kinase. The 
potential mechanism of HSP70 in the TGF-β-stimulated VEGF synthesis in osteoblasts shown 
here is summarized as Fig. 9.

Regarding the involvement of HSP70 in the TGF-β signaling, it has been reported that 
HSP70 prevents the activation of SAPK/JNK and p38 MAP kinase in lymphoid cells, which 
associates with holding an upstream component of MAP kinase in an inactivate form [40].  
In addition, the induction of HSP70 reportedly inhibits the TGF-β-induced epithelial-
mesenchymal transition through the suppression of Smad2 activation in renal proximal 
tubular epithelial cells [41]. It is possible that HSP70 affects either Smad-dependent pathway 
or Smad-independent pathway of TGF-β signaling depending upon the cell species. On the 
other hand, it is well known that HSP70, conjuncted with the E3 ubiquitin ligase C-terminal 
Hsp70-interacting protein, promotes the ubiquitination and subsequent proteasomal 
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Fig. 9. Diagram of the potential mechanism of 
HSP70 on the TGF-β-induced VEGF synthesis in 
osteoblast-like MC3T3-E1 cells. TGF-β, transforming 
growth factor-β; MAPK, mitogen-activated protein 
kinase; HSP70, heat shock protein 70; VEGF, vascular 
endothelial growth factor.

degradation [10, 42]. It has been shown that the induction of HSP70 inhibits the TGF-β 
signaling through its direct binding to TGF-β type I receptor, resulting in the ubiquitination 
and degradation of the complex in embryonic kidney cells [43]. Based on our findings here 
showing that the suppressive effect of HSP70 on the TGF-β-induced VEGF synthesis is 
mediated via inhibition of p38 MAP kinase without affecting the Smad2/3 activation, it is 
probable that the effect of HSP70 is exerted at the point between TGF-β receptors and p38 
MAP kinase in osteoblast-like MC3T3-E1 cells. Regarding the relationship between TGF-β 
and the p44/p42 MAP kinase pathway, it has been shown that p44/p42 MAP kinase as well 
as p38 MAP kinase mediates the suppressive effect of TGF-β on the expression of osteocalcin, 
a determining factor in bone formation, in osteoblastic cells including MC3T3-E1 cells [44]. In 
addition, TGF-β2 reportedly enhances the proliferation of MC3T3-E1 cells via p44/p42 MAP 
kinase, and accelerates cranial suture closer resulting from osteoprogenitor cell proliferation 
mediated by p44/p42 MAP kinase [45]. Thus, these findings make us to speculate that the 
TGF-β-induced activation of p44/p42 MAP kinase plays an important role in osteoblast 
proliferation and bone formation.  Indeed, we have previously demonstrated that p44/p42 
MAP kinase in addition to p38 MAP kinase participates in TGF-β-induced VEGF synthesis in 
osteoblast-like MC3T3-E1 cells [28]. Therefore, it is possible that HSP70 affects the TGF-β-
stimulated VEGF synthesis via upregulation of p44/p42 MAP kinase in MC3T3-E1 cells.

Although accumulating evidence indicates that HSP70 has antagonistic roles in the 
TGF-β-signaling, the mechanism of HSP70 seems to be quite different in each type of cells. 
Recently, it has been reported that various stress conditions including electromagnetic wave 
irradiation, intermittent stretching and chemicals such as cadmium modulate osteoblast 
functions through the activation of p38 MAP kinase [46-48]. We have previously shown that 
HSP70 exists in resting state of osteoblast-like MC3T3-E1 cells [49]. Therefore, our present 
findings showing that inhibitory effect of HSP70 on p38 MAP kinase activity could present 
an important role of HSP70 in the protection of osteoblasts from various environmental 
stresses. In bone tissue, TGF-β, which is stored in the matrix and is released during bone 
resorption by osteoclasts, is generally recognized to promote bone remodeling process [21]. 
On the other hand, it is widely accepted that VEGF plays an important role as an angiogenic 
factor in the bone remodeling and the repair [19]. It has been reported that microRNA-10a 
plays suppressive roles in the differentiation of osteoblast-like MC3T3-E1 cells and pro-
angiogenic activity including VEGF synthesis of umbilical vein endothelial cells, representing 
a novel potential therapeutic target for bone regeneration-related diseases [50]. Thus, the 
modulation of angiogenesis through regulating VEGF levels is probably a candidate of 
therapeutic strategy for metabolic bone diseases.  Taking our present findings into account, 
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it is possible that HSP70 inhibitor, in addition to the anti-cancer chemotherapeutics [51], 
could be utilized as a potent bone remodeling agent through up-regulating VEGF synthesis 
in osteoblasts, proposing a therapeutic tool for the acceleration of fracture healing and the 
remedy for bone metabolic diseases such as osteoporosis.  Further investigations would be 
required to clarify the precise roles of HSP70 in osteoblasts and the detailed mechanism.

Conclusion

Our results strongly suggest that HSP70 functions as a negative regulator in the TGF-β-
stimulated VEGF synthesis in osteoblasts, and that the suppressive effect of HSP70 is exerted 
via regulation of p38 MAP kinase.
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