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Abstract. Heat shock protein  27  (HSP27/HSPB1), one of 
the small heat shock proteins, is constitutively expressed 
in various tissues. HSP27 and its phosphorylation state 
participate in the regulation of multiple physiological and 
pathophysiological cell functions. However, the exact roles of 
HSP27 in osteoblasts remain unclear. In the present study, we 
investigated the role of HSP27 in the platelet-derived growth 
factor‑BB (PDGF‑BB)‑stimulated migration of osteoblast-like 
MC3T3-E1 cells. PDGF-BB by itself barely upregulated the 
expression of HSP27 protein, but stimulated the phosphory-
lation of HSP27 in these cells. The PDGF-BB‑induced cell 
migration was significantly downregulated by HSP27 overex-
pression. The PDGF-BB-induced migrated cell numbers of the 
wild‑type HSP27-overexpressing cells and the phospho‑mimic 
HSP27-overexpressing  (3D) cells were less than those of 
the unphosphorylatable HSP27-overexpressing  (3A)  cells. 
PD98059, an inhibitor of MEK1/2, SB203580, an inhibitor 
of p38 mitogen-activated protein kinase, and SP600125, an 
inhibitor of stress-activated protein kinase/c-Jun N-terminal 
kinase (SAPK/JNK) reduced the PDGF-BB-induced migration 
of these cells, whereas Akt inhibitor or rapamycin, an inhibitor 
of upstream kinase of p70 S6 kinase (mTOR), barely affected 
the migration. However, the PDGF-BB-induced phosphoryla-
tion of p44/p42 MAPΚ, p38 MAPK and SAPK/JNK was not 
affected by HSP27 overexpression. There were no signifi-
cant differences in the phosphorylation of p44/p42 MAPΚ, 
p38 MAP kinase or SAPK/JNK between the 3D cells and the 
3A cells. These results strongly suggest that HSP27 functions 
as a negative regulator in the PDGF-BB-stimulated migration 

of osteoblasts, and the suppressive effect is amplified by the 
phosphorylation state of HSP27.

Introduction

It is well known that platelet-derived growth factor (PDGF) is 
a major mitogen for connective tissue cells and certain other 
cell types  (1). The PDGF family consists of four different 
polypeptide chains encoded by different genes, which have 
been identified as PDGF-A, PDGF-B and the recently discov-
ered PDGF-C and PDGF-D, and 4 homodimers (PDGF-AA, 
PDGF-BB, PDGF-CC and  PDGF-DD) and a heterodimer 
(PDGF-AB) (2). To maintain structural bone integrity and 
mineral homeostasis, bone metabolism is tightly regulated by 
bone remodeling, which consists mainly of osteoblast bone 
formation and osteoclastic bone resorption (3). In bone metab-
olism, PDGF reportedly increases proliferation of osteoblasts 
and inhibits differentiation (4). As for the fracture healing 
process, PDGF has a crucial role as a systemic factor, and regu-
lates bone remodeling (5). Additionally, it has been reported 
that administration of recombinant platelet‑derived growth 
factor-BB  (PDGF-BB) accelerates fracture healing in the 
geriatric osteoporotic rat (6). We previously demonstrated that 
PDGF-BB stimulates interleukin-6 (IL-6) synthesis via p44/
p42 mitogen-activated protein kinase (MAPK), p38 MAPK 
and stress-activated protein kinase/c-Jun N-terminal 
kinase (SAPK/JNK) in osteoblast-like MC3T3-E1 cells (7), 
and that phosphoinositide 3-kinase (PI3K)/Akt and p70 S6 
kinase negatively regulate the synthesis (7,8). It has recently 
been reported that PDGF-BB induces the migration of human 
osteoblasts (9). However, the details behind the effect of PDGF 
effect in osteoblast migration has not been fully clarified.

It is generally recognized that heat shock proteins (HSPs)
play pivotal roles as molecular chaperones, which facilitate 
the refolding of improperly folded proteins induced by 
stress, or assist in their elimination via chaperone-mediated 
autophagy or the ubiquitin proteasome system (10). Among 
them, HSP27  (HSPB1) belongs to the HSPB family, with 
monomeric molecular masses ranging from 12 to 43 kDa, so 
called small HSPs. HSP27 is ubiquitously expressed in human 
cells and tissues, and its functions have been clarified in the 
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studies of tissues which have higher expression levels such as 
smooth, skeletal and cardiac muscles (11). Furthermore, it is 
generally known that post-translational modifications such as 
phosphorylation regulate the functions of HSP27 (12). HSP27 
ordinarily exists as unphosphorylated multioligomers in cells 
and possesses three serine residues (Ser-15, Ser-78 and Ser-82) 
and one threonine residue (Thr-143) that can be phosphory-
lated by related enzymes such as p38 MAPK (12,13). HSP27 
oligomerization is mainly regulated by Ser-78 and/or Ser-82 
phosphorylation  (13). Once HSP27 is phosphorylated, a 
conformational change occurs from the aggregated form 
to the dimer (11,12). With regard to HSP27 in osteoblasts, 
HSP27 is reportedly involved in their differentiation and 
apoptosis (14). The expression levels of HSP27 in osteoblasts 
under unstimulated conditions (15) including osteoblast-like 
MC3T3-E1 cells (16) are quite low. In our previous studies, 
we demonstrated that various bone remodeling mediators, 
such as prostaglandin D2 (PGD2), endothelin-1, PGE2, PGF2α 
and transforming growth factor-β  (TGF-β), enable HSP27 
to be induced in osteoblast-like MC3T3-E1 cells (17-21).  In 
addition, we reported that phosphorylated HSP27 changes 
its localization from the cytosol to the perinuclear region, 
and acts as a negative regulator in triiodothyronine-induced 
osteocalcin synthesis in MC3T3-E1 cells, but has a stimula-
tory effect on mineralization (22). However, the exact roles 
of HSP27 especially in the function of osteoblasts including 
migration remain to be elucidated.

In the present study, we investigated the role of HSP27 
in the PDGF-BB-stimulated migration of osteoblast-like 
MC3T3-E1 cells. We herein showed that HSP27 acts as a 
negative regulator in PDGF-BB-stimulated cell migration, and 
the inhibitory effect of phosphorylated HSP27 on the migra-
tion is stronger than that of unphosphorylated HSP27.

Materials and methods

Materials. PDGF-BB and TGF-β were both purchased 
form R&D Systems, Inc. (Minneapolis, MN, USA). HSP27 
antibodies used to detect the expression of HSP27, glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) antibodies and 
deguelin, were obtained from Santa Cruz Biotechnology, Inc. 
(Santa Cruz, CA, USA). HSP27 antibodies used to confirm the 
transfection with the WT HSP27 vector, and phospho‑specific 
(p)-HSP27 (Ser-82) antibodies were purchased from Enzo Life 
Sciences, Inc. (Famingdale, NY, USA). PD98059, SB203580, 
SP600125, Akt inhibitor and rapamycin were all obtained from 
Calbiochem-Novabiochem (La Jolla, CA, USA). p-p44/p42 
MAPK, p-p38 MAPK and p-SAPK/JNK antibodies were all 
purchased from Cell Signaling Technology, Inc. (Beverly, MA, 
USA). WT HSP27 and mutant human HSP27 subcloned into 
the pcDNA3.1(+) mammalian expression vector were kindly 
provided by Dr. C. Schafer (Klinikum Grosshadern, Ludwig 
Maximilians University, Munich, Germany). Regarding 
mutant HSP27 vectors, three serine residues (Ser-15, 78 and 
82) of the HSP27 cDNAs had been mutated to alanine (3A) to 
prevent the phosphorylation of HSP27, or mutated to aspartic 
acid  (3D) to imitate the phosphorylated HSP27 form, as 
previously described (23). The eukaryotic expression vector, 
pcDNA3.1(+) was obtained from Life Technologies (Carlsbad, 
CA, USA). A BCA protein assay kit was purchased from 

Thermo Fisher Scientific Inc. (Waltham, MA, USA). An 
ECL western blotting detection system was obtained from 
GE Healthcare UK Ltd. (Buckinghamshire, UK). Other mate-
rials and chemicals were obtained from commercial sources. 
PD98059, SB203580, SP600125, Akt inhibitor, deguelin and 
rapamycin were dissolved in dimethyl sulfoxide (DMSO). The 
maximum concentration of DMSO was 0.3%, which did not 
affect the cell migration assay.

Cell culture. Cloned osteoblast-like MC3T3-E1 cells, which 
were originally derived from newborn mouse calvaria (24) 
were maintained as previously described (25). In brief, the 
cells were maintained in α-minimum essential medium 
(α-MEM) containing 10% fetal bovine serum  (FBS) in a 
humidified 95% air, 5% CO2 atmosphere at 37˚C. The cells 
were seeded into 90-mm diameter dishes (1-2x105 cells/dish) 
in α-MEM containing 10% FBS. After 4 days, the medium 
was exchanged for α-MEM containing 0.3% FBS. Thereafter, 
the cells were cultured for 6 h and then used for the cell migra-
tion assay.

Transient transfections. For transient transfections, the 
MC3T3-E1 cells were seeded into 90-mm diameter dishes 
(5-15x104 cells/dish) in α-MEM containing 10% FBS. After 
4 days, the medium was removed, and the cells were washed 
with 10 ml of α-MEM medium without FBS. The cultured cells 
were then transfected with 6.6 µg of the WT, control (empty), 
mutant 3A or 3D HSP27 plasmids pcDNA3.1(+) vector using 
the UniFector transfection reagent (B-Bridge International, 
Inc., Mountain View, CA, USA) in 5.6 ml of α-MEM medium 
without FBS. Five hours after transfection, 6.6 ml of medium 
with α-MEM containing 0.6% FBS was added. At 3 days 
after transfection, the medium was exchanged to α-MEM 
containing 0.3% FBS for the experiments.

Cell migration assay. Cell migration assay was performed as 
previously described in the method of Karagiosis et al (26) 
using Boyden chamber [polycarbonate membrane with 8-µm 
pores (Transwell®; Corning Costar, Cambridge, MA, USA)]. 
Briefly, the cultured cells were trypsinized, and seeded 
(5-10x104 cells/well) onto the upper chamber in α-MEM 
containing 0.3% FBS. PDGF-BB (3 ng/ml) was added to the 
lower chamber, and the cells were incubated for 16 h at 37̊C. 
After mechanical removal of the cells on the upper surface of 
the membrane, the migrated cells adherent to the underside 
of the membrane were fixed with 4% paraformaldehyde and 
stained with 4',6-diamidino-2-phenylindole (DAPI) solution. 
The number of stained cells was counted using fluorescence 
microscopy from three randomly chosen high power fields 
per well at x20 magnification. When indicated, the cells were 
used after pretreatment with PD98059, SB203580, SP600125, 
Akt inhibitor, deguelin or rapamycin in the lower chamber for 
60 min.

Western blot analysis. The cultured cells or transfected 
cells were stimulated by 30 ng/ml of PDGF-BB or 5 ng/ml 
of TGF-β in α-MEM containing 0.3% FBS for the indicated 
periods. The cells were washed twice in phosphate-buffered 
saline (PBS) and then lysed, homogenized and sonicated in a 
lysis buffer: 62.5 mM Tris-HCl, pH 6.8, 2% sodium dodecyl 
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sulfate (SDS), 50 mM dithiothreitol and 10% glycerol. The 
protein concentration of each sample was measured by a 
BCA protein assay kit. SDS-polyacrylamide gel electropho-
resis  (PAGE) was performed by the method described by 
Laemmli (27) on 10% polyacrylamide gels. The samples from 
the transfected cell cultures to be quantitatively compared 
by the western blot analysis were run on the same gel. The 
protein was fractionated and transferred onto an Immun-Blot 
polyvinylidene difluoride membrane (Bio-Rad Laboratories, 
Inc., Hercules, CA, USA). 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 
1 h before incubation with the primary antibodies. Western 
blot analysis was performed as previously described  (28) 
using the indicated primary antibodies with the appropriate 
secondary antibodies. Immunoreactive bands were visualized 
on X-ray film by means of the ECL western blotting detection 
system.

Determinations. The densitometric analysis was carried 
out using image analysis software (ImageJ version 1.49; 
National Institutes of Health, Bethesda, MD, USA). The 
background‑subtracted signal intensity for each protein and 
phosphorylation was normalized to the respective intensity of 
GAPDH, and plotted as the fold increase in comparison to the 
control cells.

Statistical analysis. All data are presented as the mean ± stan-
dard error of the mean (SEM) of triplicate determinations from 
three independent cell preparations. Statistical analysis were 
performed using the Bonferroni method for multiple compari-
sons between pairs, and a P-value <0.05 was considered to be 
significant.

Results

Effects of PDGF-BB on the migration, HSP27 induction 
and HSP27 phosphorylation in MC3T3-E1 cells. It has been 
reported that PDGF-BB induces the migration of human 
osteoblasts (9). We found that PDGF-BB truly stimulated the 
migration of osteoblast-like MC3T3-E1 cells in a dose‑depen-
dent manner in the range between 1 and 30 ng/ml (Fig. 1). In 
our previous studies (16,29,30), we demonstrated that osteo-
blast-like MC3T3-E1 cells normally have low levels of HSP27, 
and HSP27 expression is induced by sphingosine 1-phosphate, 
basic fibroblast growth factor or TGF-β. We confirmed that 
HSP27  levels without stimulation were low in these cells. 
PDGF-BB barely induced the expression of HSP27 up to 12 h 
in comparison to TGF-β (Fig. 2A).

We previously established WT  HSP27‑overexpressing 
MC3T3-E1 cells transfected with the WT HSP27 vector (31). 
We confirmed that the protein expression levels of HSP27 
were clearly detectable in the WT HSP27 vector-transfected 
MC3T3-E1 cells, in comparison with the control empty 
vector‑transfected cells  (Fig.  2B). We next examined the 
effect of PDGF-BB on the phosphorylation of HSP27 in 
the WT  HSP27 vector-transfected MC3T3-E1 cells. We 
confirmed that the phosphorylation of HSP27 was barely 
detected before the PDGF-BB stimulation in the HSP27-
overexpressing MC3T3-E1 cells, but found that PDGF-BB 
markedly stimulated the phosphorylation of HSP27 (Fig. 2C). 
The effect of PDGF-BB on the phosphorylation of HSP27 was 
detected from 10 to 30 min after the stimulation. We confirmed 
that PDGF-BB markedly induced the phosphorylation of 
HSP27 in the HSP27-overexpressing cells at 10 min after 
the stimulation in comparison with that without PDGF-BB 
stimulation (Fig. 2D).

Figure 1. Effect of platelet-derived growth factor-BB (PDGF‑BB) on the migration of MC3T3-E1 cells. The cultured cells were stimulated by various doses of 
PDGF-BB for 16 h. The migrated cells were stained with DAPI for visualization of the nucleus (blue signal). Fluorescence microscopy (upper panel) and the 
number of migrated cells (lower panel). Each value represents the mean ± SEM of triplicate determinations from three independent cell preparations. *P<0.05 
compared to the value of the control cells without PDGF-BB stimulation.
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Figure 3. Effect of platelet-derived growth factor (PDGF) on the migration of wild-type (WT) heat shock protein 27 (HSP27)- or mutant HSP27-transfected 
MC3T3-E1 cells. The cultured cells were transiently transfected with the control empty (empty), the WT HSP27, the unphosphorylatable (3A) HSP27 or the 
phospho-mimic (3D) HSP27 vectors, and were subsequently cultured for 3 days. The transfected cells were then stimulated with 3 ng/ml of PDGF-BB or 
vehicle for 16 h. The migrated cells were stained with DAPI for nuclear visualization (blue signal). Fluorescence microscopy (upper panel) and the number of 
migrated cells (lower panel). Each value represents the mean ± SEM of triplicate determinations from three independent cell preparations. *P<0.05 compared 
to the value without PDGF-BB stimulation in each; **P<0.05 compared to the value with PDGF-BB stimulation in each.

Figure 2. Effects of platelet-derived growth factor-BB (PDGF‑BB) on the induction and the phosphorylation of heat shock protein 27 (HSP27) in MC3T3-E1 cells. 
(A) The cultured cells were stimulated with 30 ng/ml of PDGF-BB, 5 ng/ml of transforming growth factor-β (TGF-β) or vehicle for the indicated time periods. 
(B) The cultured cells were transiently transfected with the control empty (empty) vector or wild-type (WT) HSP27 vector, and were subsequently cultured for 
3 days. (C and D) The cultured cells were transiently transfected with the WT HSP27 vector, and were subsequently cultured for 3 days. (C) The transfected 
cells were then stimulated with 30 ng/ml of PDGF-BB for the indicated periods. (D) The transfected cells were then stimulated with 30 ng/ml of PDGF-BB 
or vehicle for 10 min. The cell extracts were subjected to SDS-PAGE with subsequent western blot analysis using antibodies against HSP27 (A and B) and 
phospho-specific HSP27 (C and D) or GAPDH.
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Effects of HSP27 overexpression and the status of HSP27 
phosphorylation on the PDGF-BB-induced migration of 
MC3T3-E1 cells. It is currently recognized that the func-
tions of HSP27 are modulated by phosphorylation, resulting 
from its conformational changes through dimerization of 
multioligomers (10). We previously established two mutant 
HSP27-transfected MC3T3-E1 cell lines, in which serine resi-
dues (Ser-15, Ser-78 and Ser-82) were mutated into alanine (3A) 

to prevent the phosphorylation or were mutated into aspartic 
acid (3D) to imitate the phosphorylated form, and reported that 
the phosphorylation levels of HSP27 in the 3D-transfected cells 
were clearly greater than those in the 3A-transfected cells (22). 
We investigated the effects of PDGF-BB on the migration of 
control empty vector-transfected cells which represent normal 
MC3T3-E1 cells, WT HSP27-overexpressing cells, 3A cells 
and 3D cells on the same day. There were no differences in 

Figure 4. Effects of PD98059, SB203580 or SP600125 on the platelet-derived growth factor-BB (PDGF‑BB)-stimulated migration of MC3T3-E1 cells. The cul-
tured cells were pretreated with (A) 50 µM of PD98059, (B) 30 µM of SB203580, (C) 10 µM of SP600125 or vehicle for 60 min, and then stimulated with 3 ng/
ml of PDGF-BB or vehicle for 16 h. The migrated cells were stained with DAPI for nuclear visualization (blue signal). Fluorescence microscopy (left panel) 
and the number of migrated cells (right panel). Each value represents the mean ± SEM of triplicate determinations from three independent cell preparations. 
*P<0.05 compared to the value without PDGF-BB stimulation in each; **P<0.05 compared to the value with PDGF-BB stimulation in each.
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the migrated cell numbers among the different cell groups 
without PDGF-BB stimulation. In comparison with the control 
empty vector‑transfected cells, the PDGF-BB-induced migra-
tion in the WT HSP27-overexpressing cells was significantly 
reduced. Although the difference in the PDGF-BB-induced 
migrated cell numbers between the 3D cells and the 3A cells 
appeared subtle, the migrated numbers of the 3D cells were 
significantly reduced compared with those of the 3A cells. In 
addition, the PDGF-BB-induced migrated cell numbers of the 
WT HSP27‑overexpressing cells were less than those of the 
3A cells (Fig. 3).

Effects of PD98059, SB203580 or SP600125 on the 
PDGF‑BB‑stimulated migration of MC3T3-E1 cells. Rega
rding the intracellular signaling of PDGF-BB in osteoblasts, we 
previously demonstrated that p44/p42 MAPΚ, p38 MAPΚ and 
SAPK/JNK function as positive regulators in the PDGF-BB-
stimulated IL-6 synthesis in osteoblast-like MC3T3-E1 cells, 
whereas the PI3K/Akt and p70 S6 kinase pathways negatively 
regulate the IL-6 synthesis (7,8). In order to investigate the 
roles of three MAPΚs in the PDGF‑BB‑stimulated cell migra-
tion, we examined the effects of PD98059, an inhibitor of the 
upstream kinase activating p44/p42 MAPΚ (MEK1/2) (32), 
SB203580, an inhibitor of p38 MAPΚ (33), or SP600125, an 
inhibitor of SAPK/JNK (34), on the cell migration. PD98059, 
SB203580 and SP600125 significantly reduced the PDGF-BB-
stimulated migration of the MC3T3-E1 cells (Fig. 4A-C).

Effects of Akt inhibitor or rapamycin on the PDGF‑BB‑stimu
lated migration of MC3T3-E1 cells. In order to clarify the role 
of PI3K/Akt or p70 S6 kinase in the PDGF‑BB‑stimulated 
migration of MC3T3-E1  cells, we next examined the 
effects of Akt inhibitor, 1L-6-hydroxymethyl-chiro-
inositol 2-(R)-2‑O‑methyl-3-O-octadecylcarbonate  (35) 
and rapamycin, an inhibitor of upstream kinase of p70 S6 
kinase  (mTOR)  (36), on the cell migration. The Akt 
inhibitor failed to affect the PDGF‑BB-stimulated migra-
tion of MC3T3-E1  cells  (Fig.  5A). In addition, we found 
that deguelin, another Akt inhibitor (37), did not suppress 
the PDGF‑BB‑induced cell migration (data not shown). On 
the other hand, rapamycin barely affected the PDGF-BB-
stimulated migration of MC3T3-E1 cells (Fig. 5B).

Effects of HSP27 overexpression on the PDGF-BB-induced 
phosphorylation of p44/p42 MAPΚ, p38 MAPΚ or SAPK/JNK 
in MC3T3-E1 cells. In order to clarify whether HSP27 affects 
PDGF-BB-stimulated MC3T3-E1 cell migration through the 
activation of p44/p42 MAPΚ, p38 MAPΚ or SAPK/JNK, 
we examined the effect of PDGF-BB on the phosphoryla-
tion of p44/p42 MAPΚ, p38 MAPΚ or SAPK/JNK in the 
WT  HSP27 vector-transfected MC3T3-E1  cells and the 
control empty vector‑transfected cells. However, there were 
no significant differences in the phosphorylated levels of 
p44/p42 MAPΚ, p38 MAPΚ or SAPK/JNK between the WT 
HSP27‑overexpressing cells and the control cells (Fig. 6A-C).

Figure 5. Effects of Akt inhibitor or rapamycin on the platelet-derived growth factor-BB (PDGF‑BB)-stimulated migration of MC3T3-E1 cells. The cultured 
cells were pretreated with (A) 30 µM of Akt inhibitor, (B) 50 ng/ml of rapamycin or vehicle for 60 min, and then stimulated with 3 ng/ml of PDGF-BB or 
vehicle for 16 h. The migrated cells were stained with DAPI for nuclear visualization (blue signal). Fluorescent microscopy (upper panel) and the number of 
migrated cells (lower panel). Each value represents the mean ± SEM of triplicate determinations from three independent cell preparations. *P<0.05 compared 
to the value without PDGF-BB stimulation in each. N.S. designates no significant difference between the indicated pairs.
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Figure 6. Effects of heat shock protein 27 (HSP27) overexpression on the phos-
phorylation of p44/p42 mitogen-activated protein kinase (MAPK), p38 MAPK 
or stress-activated protein kinase/c-Jun N-terminal kinase (SAPK/JNK) in 
MC3T3-E1 cells. The cultured cells were transiently transfected with the 
control empty vector (empty) or the wild-type (WT) HSP27 vectors. The 
transfected cells were stimulated with 30 ng/ml of PDGF-BB or vehicle for the 
indicated periods. The cell extracts were then subjected to SDS-PAGE with 
subsequent western blot analysis using antibodies against (A) phospho-spe-
cific p44/p42 MAPK, (B) phospho-specific p38 MAPK, (C) phospho-specific 
SAPK/JNK or GAPDH. The histogram shows quantitative representations 
of the levels of PDGF-BB-induced phosphorylation of (A) p44/p42 MAPK, 
(B) p38 MAPK and (C) SAPK/JNK obtained after normalization with respect 
to GAPDH from laser densitometric analysis. Each value represents the 
mean ± SEM of triplicate determinations from three independent cell prepara-
tions. N.S. designates no significant difference between the indicated pairs.

Figure 7. Effects of heat shock protein 27 (HSP27) phosphorylation status on 
the phosphorylation of p44/p42 mitogen-activated protein kinase (MAPK), 
p38  MAPK or stress-activated protein kinase/c-Jun N-terminal kinase 
(SAPK/JNK) in MC3T3-E1 cells. The cultured cells were transiently trans-
fected with either the phospho-mimic (3D) or the unphosphorylatable (3A) 
HSP27 vectors. The transfected cells were then stimulated with 30 ng/ml of 
PDGF-BB or vehicle for the indicated periods. The cell extracts were then 
subjected to SDS-PAGE with subsequent western blot analysis using antibodies 
against (A) phospho-specific p44/p42 MAPK, (B) phospho-specific p38 MAPK, 
(C) phospho-specific SAPK/JNK or GAPDH. The histogram shows quantitative 
representations of the levels of PDGF-BB-induced phosphorylation of (A) p44/p42 
MAPK, (B) p38 MAPK and (C) SAPK/JNK obtained after normalization with 
respect to GAPDH from laser densitometric analysis. Each value represents the 
mean ± SEM of triplicate determinations from three independent cell prepara-
tions. N.S. designates no significant difference between the indicated pairs.
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We further examined the effect of PDGF-BB on the 
phosphorylation of p44/p42 MAPΚ, p38 MAPΚ or SAPK/
JNK in the 3D and 3A cells. There were no significant differ-
ences in their phosphorylated levels between the 3A and 3D 
cells (Fig. 7A-C).

Discussion

We conducted the present study to clarify whether HSP27 
(HSPB1), one of the low-molecular-weight HSPs, is implicated 
in the migration of osteoblast-like MC3T3-E1 cells. Since 
PDGF-BB, a potent mitogen of connective tissue cells  (1), 
reportedly induces migration of human osteoblasts, we 
confirmed that PDGF-BB truly stimulated the migration of 
osteoblast-like MC3T3-E1 cells. Although HSP27 is ubiqui-
tously expressed in human cells and tissues such as skeletal, 
smooth and cardiac muscles, we herein confirmed that the 
expression levels of HSP27 without stimulation are quite low in 
MC3T3-E1 cells as we previously reported (16). We also found 
that PDGF-BB barely induced the protein expression levels of 
HSP27 in contrast to TGF-β. We previously established WT 
HSP27-overexpressing MC3T3-E1 cells (22,31). In the present 
study, we investigated the role of HSP27 in the PDGF-BB-
induced osteoblast cell migration using the mutant cells. The 
PDGF-BB-stimulated migrated cell numbers in the HSP27-
overexpressing cells were markedly less than those in the 
control cells. We previously demonstrated that HSP27 in the 
WT HSP27-transfected MC3T3-E1 cells was not phosphory-
lated (22). However, we found here that PDGF-BB induced the 
phosphorylation of HSP27 in the WT HSP27-overexpressing 
MC3T3-E1 cells. Based on our findings, it is probable that 
HSP27 plays a suppressive role in the PDGF‑BB‑induced 
migration of osteoblast-like MC3T3-E1 cells, and that HSP27 
in the WT HSP27-expressing cells could be phosphorylated at 
least in part stimulated by PDGF-BB.

It is currently established that the functions of HSP27 are 
regulated by post-translational modifications including phos-
phorylation (10). Regarding the phosphorylation of HSP27, 
unphosphorylated HSP27 forms aggregated multimers while the 
phosphorylation of HSP27 results in conformational changes, 
such as dimers (12,13). During the processes of cell migration, 
phosphorylated HSP27 reportedly regulates actin filament 
dynamics in cytoskeleton organization  (38,39). It is likely 
that the phosphorylation of HSP27 stimulated by PDGF-BB 
itself could affect the PDGF‑BB-induced migration of HSP27-
expressing osteoblasts. Thus, we established two mutant 
HSP27-transfected osteoblast-like MC3T3-E1 cell lines, 3A 
and 3D cells, which transiently express the unphosphorylated 
state and the phospho-mimic state of HSP27, respectively (31), 
and investigated the effect of HSP27 phosphorylation on the 
PDGF-BB-induced migration of MC3T3-E1 cells. We demon-
strated that the PDGF‑BB‑stimulated migrated cell numbers 
of the 3D cells were markedly decreased compared with those 
of the 3A cells. We also showed that the PDGF-BB-induced 
migrated cell numbers of the WT  HSP27-overexpressing 
cells were less than those of the 3A cells. As HSP27 in the 
WT HSP27‑overexpressing cells could be phosphorylated at 
least in part stimulated by PDGF-BB, our findings suggest that 
the suppressive effect by HSP27 in its phosphorylated form 
of the PDGF-BB-stimulated cell migration is greater than in 

its unphosphorylated form. HSP27 oligomerization is mainly 
regulated by Ser-78 and/or Ser-82 phosphorylation  (13). 
Therefore, it is probable that we could cover major relevant 
phosphorylation sites while making 3A and 3D mutants. Based 
on these findings, it is possible that the conformational change 
of HSP27 by its phosphorylation affects PDGF-BB-stimulated 
migration of osteoblast-like MC3T3-E1 cells.

We previously reported that PDGF-BB stimulates IL-6 
synthesis at least in part via p44/p42 MAPK, p38 MAPK and 
SAPK/JNK in osteoblast-like MC3T3-E1 cells (7). Thus, in 
order to clarify the involvement of these three MAPKs in the 
PDGF-BB-induced MC3T3-E1 cell migration, we examined 
the effects of PD98059 (32), SB203580 (33) or SP600125 (34) 
on the migration. PD98059, SB203580 and SP600125 
significantly reduced the PDGF-BB-stimulated migration. 
Although it is possible that some pharmacological effects 
other than the specificity may be involved in the suppression, 
our findings suggest that PDGF-BB induced the migration 
of osteoblast-like MC3T3-E1 cells through the activation of 
p44/p42 MAPΚ, p38 MAPΚ and SAPK/JNK. On the other 
hand, in our previous studies  (7,8) we demonstrated that 
PI3K/Akt and p70 S6 kinase limit the PDGF-BB-stimulated 
IL-6 synthesis in osteoblast-like MC3T3-E1 cells. In order to 
investigate whether PI3K/Akt or p70 S6 kinase is involved in the 
PDGF‑BB-induced MC3T3-E1 cell migration, we examined 
the effects of Akt inhibitor, 1L-6-hydroxymethyl‑chiro-inositol 
2-(R)-2‑O‑methyl‑3-O-octadecylcarbonate  (35) or rapam
ycin (36) on the migration. The Akt inhibitor or rapamycin 
failed to affect the PDGF-BB-stimulated migration of these 
cells. Thus, it seems unlikely that either PI3K/Akt or p70 S6 
kinase regulates the migration stimulated by PDGF-BB in 
MC3T3-E1 cells. Taking our findings into account, it is most 
likely that p44/p42 MAPΚ, p38 MAPΚ and SAPK/JNK, but 
not PI3K/Akt or p70 S6 kinase, act as positive regulators in the 
PDGF-BB-induced migration of osteoblast‑like MC3T3-E1 
cells.

In order to further investigate the relationship between 
HSP27 and PDGF signaling in osteoblast-like MC3T3-E1 
cells, we examined the effects of PDGF-BB on the phosphory-
lation of p44/p42 MAPΚ, p38 MAPΚ or SAPK/JNK in the 
WT HSP27 vector-transfected cells compared with those in 
the control empty vector-transfected cells. However, we did 
not observe any significant differences in their phosphoryla-
tion levels between the WT HSP27-overexpressing cells and 
the control cells. In addition, we found that there were no 
significant differences between the 3A and 3D cells in the 
PDGF-BB-induced phosphorylation levels of p44/p42 MAPK, 
p38 MAPK or SAPK/JNK. Taking our findings into account, 
it seems unlikely that HSP27, regardless of its phosphoryla-
tion, regulates PDGF-BB-induced osteoblast‑like MC3T3-E1 
cell migration via activation of p44/p42 MAPK, p38 MAPK 
or SAPK/JNK. It is possible that HSP27 may act at a point 
downstream of these molecules or another target, resulting 
in the downregulation of osteoblast-like MC3T3-E1  cell 
migration. Our present findings, showing that HSP27 could 
function as a negative regulator in the PDGF-BB‑stimulated 
migration of osteoblasts, and phosphorylated HSP27 enhances 
the suppression, provide a new insight concerning small 
molecular HSP as a bone remodeling modulator. It has been 
reported that other migratory mediators downstream of PI3K 
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such as neuronal Wiskott-Aldrich syndrome protein, Rac 
and RhoA are involved in the migration induced by PDGF 
in NIH-3T3 fibroblasts (40). Therefore, it is possible that the 
mediators described above are involved in the suppression by 
HSP27 of the PDGF-BB-induced migration in osteoblast-like 
MC3T3-E1 cells. The Boyden chamber assay adopted here 
does not distinguish between cells that lose their chemoat-
traction and those that are no longer changing to a migratory 
phenotype or dysregulation in adherence. Further investigation 
including cell adhesion, lamellipodia or filopodia formation 
would be required to clarify the detailed mechanism under-
lying the suppressive effect of HSP27 on the migration of 
osteoblasts.

In conclusion, our results strongly suggest that HSP27 
functions as a negative regulator in the PDGF-BB-stimulated 
migration of osteoblasts and the suppressive effect is amplified 
by the phosphorylation state of HSP27.
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