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Unphosphorylated HSP27 (HSPB1) regulates the translation
initiation process via a direct association with eIF4E in osteoblasts
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Abstract. Heat-shock protein 27 (HSP27/HSPBI) and its
phosphorylation are implicated in multiple physiological and
pathophysiological cell functions. Our previous study reported
that unphosphorylated HSP27 has an inhibitory role in triiodo-
thyronine (T;)-induced osteocalcin (OC) synthesisinosteoblasts.
However, the mechanisms behind the HSP27-mediated effects
on osteoblasts remain to be clarified. In the present study, to
investigate the exact mechanism of HSP27 and its phosphory-
lation in osteoblasts, the molecular targets of HSP27 were
explored using osteoblast-like MC3T3-El cells. The levels
of OC mRNA induced by T; in the HSP27-overexpressing
cells did not show any significant differences compared with
those in the control empty vector-transfected cells. Therefore,
the interactions between HSP27 and translational molecules
were focused on, including eukaryotic translation initiation
factor 4E (eIF4E), elF4G and 4E-binding protein 1 (4E-BP1).
The HSP27 protein in the unstimulated cells co-immunopre-
cipitated with eIF4E, but not eI[F4G or 4E-BP1. In addition,
the association of eIF4E with 4E-BP1 was observed in the
HSP27-overexpressing cells, as well as in the control cells.
Under T; stimulation, the binding of eIF4E to eIF4G was
markedly attenuated in the HSP27-overexpressing cells
compared with the control cells. In addition, the binding of
HSP27 to eIF4E in the unstimulated cells was diminished by
the phosphorylation of HSP27. In response to T stimulation,
the association of eIF4E with eIF4G in the unphosphorylatable
HSP27-overexpressing cells was markedly reduced compared
with the phospho-mimic HSP27-overexpressing cells. Taken
together, these findings strongly suggest that unphosphorylated
HSP27 associates with eIF4E in osteoblasts and suppresses the
translation initiation process.
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Introduction

Heat-shock proteins (HSPs) are induced by a variety of physi-
ological and environmental stresses, such as heat stress (1).
As molecular chaperones, HSPs facilitate the refolding
of non-native proteins, or assist in their elimination via
chaperone-mediated autophagy or via the ubiquitin protea-
some system. HSPs have recently been classified into seven
families; HSPH (HSP110), HSPC (HSP90), HSPA (HSP70),
HSPD/E (HSP60/HSP10), CCT (TRiC), DNAJ (HSP40) and
HSPB (small HSP) (1,2). HSP27 (HSPBI1) belongs to the
HSPB family, with monomeric molecular masses ranging
from 15 to 30 kDa. The primary structure of HSP27 is highly
homologous to other small HSPs, including aB-crystallin and
HSP20, which all contain amino acid sequences known as
‘a-crystallin domains’ (3). Although HSP27 is ubiquitously
expressed in human cells and tissues, its functions have
mainly been studied in skeletal, smooth and cardiac muscles,
which have higher expression levels (1,4). The HSP27 expres-
sion level is significantly changed under various cellular
conditions (1). It is generally recognized that the functions
of HSP27 are regulated by post-translational modifications,
such as phosphorylation. HSP27, which normally exists as an
unphosphorylated oligomer, possesses three phosphorylatable
serine residues (Ser-15, Ser-78 and Ser-82) (5,6). Once HSP27
is phosphorylated, a conformational change occurs from the
aggregated form to the dimer (5-7). Phosphorylated HSP27 has
been previously shown to suppress the growth of hepatocel-
lular carcinoma via inhibition of extracellular signal-regulated
kinase (8). However, the exact role of phosphorylated HSP27
has not yet been clarified.

Bone metabolism is strictly regulated through continuous
bone remodeling in order to maintain the structural bone
integrity and mineral homeostasis (9). Bone remodeling is
mainly comprised of two functional events, osteoblastic bone
formation and osteoclastic bone resorption (10). It has been
reported that the outcome for osteosarcoma patients with
overexpression of HSP27 is poorer (11). With regard to the
functions of HSP27 in osteoblasts, it is reportedly involved
in the balance between differentiation and apoptosis (12,13).
The HSP27 protein is barely detectable in osteoblasts under
unstimulated conditions (14). In our previous study (15), we
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demonstrated that the level of HSP27 is low in unstimulated
osteoblast-like MC3T3-El1 cells. In addition, we reported that
various physiological stimuli, including sphingosine-1-phos-
phate, are able to induce the expression of HSP27 protein in
these cells, and that the induced HSP27 is in the unphosphory-
lated form (16,17). Furthermore, unphosphorylated HSP27 has
a suppressive effect on the osteocalcin (OC) synthesis induced
by triiodothyronine (T5) in MC3T3-El cells (17). However, the
mechanisms underlying the inhibitory effects of HSP27 on
osteoblasts remain to be elucidated.

Evidence is accumulating that HSP27 (HSPB1) interacts
with clients regulating gene expression (18). The signal trans-
ducer and activator of transcription 2 (STAT?2) protein, which
is a crucial transcription factor, is reportedly degraded in cells
following the downregulation of HSP27, indicating that HSP27
acts as a regulator of transcription (19). In addition, it has
been shown that the HSP27-eukaryotic translation initiation
factor 4E (eIF4E) interaction decreases eIF4E ubiquitination
and proteasomal degradation in advanced prostate cancer
cells, and HSP27 has been demonstrated to confer resistance to
androgen ablation and chemotherapy through eIF4E (20). It has
been firmly established that eIF4E is an mRNA cap-binding
protein and has a crucial role in translational control (21,22).
elF4E binds to elF4G in response to stimulation, and forms
the e[F4F complex with eIF4A during the mRNA translation
process (23). eIF4E assembles the mRNA into this complex
and promotes the ribosome recruitment. In addition, eIF4E is
negatively regulated by 4E-binding protein 1 (4E-BP1), which
competes with elF4G, and under unstimulated conditions,
4E-BP1 binds to eIF4E by occupying the same binding site for
elFAG (24). In the present study, in order to investigate the exact
mechanism by which unphosphorylated HSP27 suppresses
T;-stimulated OC synthesis in osteoblasts, the molecular targets
of HSP27 were explored using osteoblast-like MC3T3-El cells
with HSP27 overexpression. Unphosphorylated HSP27 was
shown to associate with eIF4E in osteoblasts and suppress the
translation initiation process.

Materials and methods

Materials. T; and sphingosine-1-phosphate were purchased
from Sigma-Aldrich (St. Louis, MO, USA). HSP27, glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) and rabbit
immunoglobulin G (IgG) antibodies were purchased from
Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). The
rabbit monoclonal eIF4E (#2067), rabbit monoclonal eIF4G
(#5169) and rabbit 4E-BP1 (#9452) antibodies were purchased
from Cell Signaling Technology, Inc. (Danvers, MA, USA).
Wild-type (WT) HSP27 and mutant human HSP27s subcloned
into the pcDNA3.1(+) mammalian expression vector were
kindly provided by Dr C. Schafer (Klinikum Grosshadern,
Ludwig-Maximilians University, Munich, Germany). For
mutant HSP27 vectors, the HSP27 cDNAs were mutated from
serine residues (Ser-15, Ser-78 and Ser-82) to alanine (3A)
to prevent the phosphorylation of HSP27, or were mutated
to aspartic acid (3D) to imitate the phosphorylated HSP27
form, as described previously (25). The eukaryotic expres-
sion vector, pcDNA3.1(+), Dynabeads Protein A and TRIzol
reagent were purchased from Life Technologies (Carlsbad,
CA, USA). The Omniscript Reverse Transcriptase kit was
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purchased from Qiagen (Hilden, Germany). FastStart DNA
Master SYBR-Green I was obtained from Roche Diagnostics
K.K. (Basel, Switzerland). The Bicinchoninic Acid Protein
Assay kit was purchased from Thermo Fisher Scientific, Inc.
(Waltham, MA, USA). An ECL Western Blotting Detection
System was purchased from GE Healthcare UK, Ltd.
(Buckinghamshire, UK). Other materials and chemicals were
obtained from commercial sources. Sphingosine-1-phosphate
was dissolved in dimethyl sulfoxide. The maximum concen-
tration of dimethyl sulfoxide was 0.1%, which did not affect
the assay for OC or the detection of protein expression by a
western blot analysis.

Cell culture. Cloned osteoblast-like MC3T3-El cells derived
from newborn mouse calvaria (26) were maintained as
described previously (27). Briefly, the cells were cultured in
o-minimum essential medium (a-MEM) containing 10%
fetal bovine serum (FBS) at 37°C in a humidified atmosphere
of 5% CO,/95% air. The cells were seeded in 35-mm dishes
(5x10* cells/dish) in a-MEM containing 10% FBS. After
5 days, the medium was exchanged for a-MEM containing
0.3% FBS. The cells were used for experiments after 48 h.

Transient transfections. For transient transfections,
the MC3T3-El cells were seeded in 35-mm dishes
(1.5x10* cells/dish) in a-MEM containing 10% FBS. After
4 days, the cultured cells were transfected with 1 ug of the WT
HSP27 plasmid or control (empty) pcDNA3.1(+) vector using
the UniFECTOR transfection reagent (B-Bridge International,
Mountain View, CA, USA) in 1 ml of a-MEM medium
without FBS. Five hours after transfection, 1 ml of medium
with o-MEM containing 0.6% FBS was added. At 3 days after
transfection, the medium was removed, cells were washed with
2 ml of a-MEM medium without FBS, and were incubated
in a-MEM with 0.3% FBS for co-immunoprecipitation or
reverse transcription-quantitative polymerase chain reaction
(RT-gqPCR) experiments. The cells were subsequently cultured
for another 6 h.

Establishment of stable HSP27-transfected cells. The stable
HSP27-transfected cells were established as described previ-
ously (17). Briefly, the MC3T3-El cells (5x10° cells) were
transfected with 2 yg of the WT, mutant 3A or 3D HSP27
plasmids expressing geneticin (G418; EMD Chemicals, Inc.,
San Diego, CA, USA) resistance using UniFECTOR trans-
fection reagent in a-MEM without FBS, and were incubated
in the presence of 400 ug/ml of G418. The transfected cells
were seeded in 35-mm dishes (5x10* cells/dish) in o-MEM
containing 10% FBS and 200 ug/ml of G418. After 5 days,
the medium was exchanged for a-MEM containing 0.3% FBS
and 200 pg/ml of G418. The cells were used for experiments
after 48 h.

Protein preparation. For co-immunoprecipitation studies,
the cultured MC3T3-El cells or transfected cells were lysed
in ice-cold TNE lysis buffer [10 mM Tris/HCI (pH 7.8), 1%
Nonidet P-40, 150 mM NaCl, 1 mM EDTA, 1 mM dithio-
threitol, 1 mM sodium fluoride, 1 mM sodium vanadate and
protease inhibitor cocktail (Roche Diagnostics K.K.)]. The
lysates were subsequently centrifuged at 10,000 x g at 4°C
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Figure 1. Effects of triiodothyronine (T) on the osteocalcin (OC) mRNA expression in the sphingosine-1-phosphate (S1P)-treated MC3T3-El cells and the
heat-shock protein 27 (HSP27)-overexpressing cells. (A) The cultured cells were pre-treated with 30 #M of S1P or vehicle for 6 h, and subsequently stimulated
by 3 nM of T} or vehicle for 3 h. (B) The cultured cells were transiently transfected with either the control empty vector (empty) or the wild-type (WT) HSP27
vector. The transfected cells were stimulated by 3 nM of T; or vehicle for 6 h. The respective total RNAs were isolated and transcribed into cDNA. The expres-
sion levels of OC mRNA and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA were quantified by reverse transcription-quantitative polymerase
chain reaction. The OC mRNA levels were normalized to those of GAPDH mRNA. Each value represents the mean + standard error of the mean of triplicate
determinations from three independent cell preparations. "P<0.05 compared to the value of the control. N.S. no significant difference.

for 30 min, and the supernatant was collected as TNE soluble
protein. For the western blot analysis of HSP27, eIF4E, elF4G,
4E-BP1 or IgG, the cultured MC3T3-E1 cells were pre-treated
with 30 yM of sphingosine-1-phosphate or vehicle for 6 h to
induce HSP27, and were stimulated by 3 nM of T, or vehicle
for 24 h. The HSP27 cDNA-transfected cells were stimulated
by 3 nM of T; or vehicle for 24 h. Following stimulation, the
cells were lysed, homogenized and sonicated in lysis buffer
containing 62.5 mM Tris/HCI (pH 6.8), 2% sodium dodecyl
sulfate, 50 mM dithiothreitol and 10% glycerol.

Co-immunoprecipitation. Co-immunoprecipitation was
performed as described previously (28). Briefly, the indicated
antibodies were added to the TNE-solubilized proteins, and the
mixture was agitated gently overnight at 4°C, followed by the
addition of Dynabeads Protein A and incubation for a further
1 h with continuous mixing. Protein immunocomplexes were
isolated using a magnetic particle concentrator. The immuno-
precipitated proteins and the TNE-soluble proteins (for analysis
of the total protein) were analyzed by western blot analysis.

RT-gPCR. The cultured MC3T3-El cells were pre-treated with
30 uM of sphingosine-1-phosphate or vehicle for 6 h to induce
HSP27, and were stimulated by 3 nM of T or vehicle in o-MEM
containing 0.3% FBS for 3 h. Transiently HSP27-overexpressing
cells were stimulated by 3 nM of T; or vehicle in a-MEM
containing 0.3% FBS for 6 h. Total RNA was isolated and
transcribed into complementary DNA using the TRIzol reagent
and an Omniscript Reverse Transcriptase kit, respectively.
RT-qPCR was performed using a LightCycler system in capil-
laries and the FastStart DNA Master SYBR-Green I provided
with the kit. Sense and antisense primers were synthesized
based on the report by Zhang et al (29) for mouse OC mRNA
and Simpson et al (30) for mouse GAPDH mRNA. The ampli-
fied products were determined using a melting curve analysis
and agarose electrophoresis. The OC mRNA levels were
normalized to those of GAPDH mRNA.

Western blot analysis. A western blot analysis was performed as
described previously (17). SDS-PAGE of the prepared cell lysates
was performed by the method described by Laemmli (31) in 10%
polyacrylamide gels. The protein was fractionated and trans-
ferred onto an Immun-Blot polyvinylidene difluoride (PVDF)
membrane (Bio-Rad, Hercules, CA, USA), and a western blot
analysis was performed using the indicated primary antibodies
with peroxidase-labeled antibodies as secondary antibodies.
The primary and secondary antibodies were diluted at 1:1,000
with 5% skimmed, dried milk in TBST. The peroxidase activity
on the PVDF membranes was visualized on X-ray film by
means of the ECL. Western Blotting Detection System.

Statistical analysis. The data were analyzed by analysis of
variance followed by the Bonferroni method for multiple
comparisons between pairs, and P<0.05 was considered to
indicate a statistically significant difference. All the data are
presented as the means + standard error of the mean of tripli-
cate determinations from three independent cell preparations.

Results

Effects of T; on the OC mRNA expression in the sphin-
gosine-1-phosphate-treated MC3T3-El cells and the
HSP27-overexpressing cells. Our previous study reported
that unphosphorylated HSP27 has an inhibitory effect on the
OC synthesis induced by T; in osteoblast-like MC3T3-El
cells (17). In order to investigate whether the suppressive
effect of unphosphorylated HSP27 on T;-stimulated OC
release is due to a transcriptional event, the effect of T; on
OC mRNA expression was examined in the MC3T3-El cells
treated with sphingosine-1-phosphate, which is a physiological
inducer of unphosphorylated HSP27 protein expression
in these cells, as described in our previous studies (16,17).
Sphingosine-1-phosphate, which alone had a limited effect on
the levels of OC mRNA, did not affect the increase in the OC
mRNA levels stimulated by T, (Fig. 1A).
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Figure 2. Heat-shock protein 27 (HSP27) interacts with eukaryotic translation initiation factor 4E (eIF4E), but not eIF4G or 4E-binding protein 1 (4E-BP1), in
MC3T3-El1 cells with sphingosine-1-phosphate (S1P) treatment. The cultured cells were pre-treated with 30 M of S1P or vehicle for 6 h. (A) The expression
levels of HSP27, elFAG, 4E-BP1 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in the pre-immunoprecipitated cell lysates of the cells pre-treated
with S1P or vehicle were determined by western blot analysis (total). The cell lysates were immunoprecipitated with eIF4E antibodies, followed by western blot
analysis using antibodies for HSP27, eIF4G and 4E-BP1, respectively. (B) The expression levels of HSP27, eIF4E, 4E-BP1 and GAPDH in the pre-immuno-
precipitated cell lysates of the cells pre-treated with SIP or vehicle were determined by western blot analysis (total). The cell lysates were immunoprecipitated
with elF4G antibodies, followed by western blot analysis using antibodies for HSP27, eIFAE and 4E-BP1, respectively. (C) The expression levels of HSP27,
elFAE, eIF4G and GAPDH in the pre-immunoprecipitated cell lysates of the cells pre-treated with SIP or vehicle were determined by a western blot analysis
(total). The cell lysates were immunoprecipitated with 4E-BP1 antibodies, followed by western blot analysis using antibodies for HSP27, eIF4E and elF4G,
respectively. (D) The expression levels of eIF4E, elFAG, 4E-BP1 and GAPDH in the pre-immunoprecipitated cell lysates of the cells pre-treated with SIP or
vehicle were determined by a western blot analysis (total). The cell lysates were immunoprecipitated with HSP27 antibodies, followed by western blot analysis
using antibodies for eIFAE, eIFAG and 4E-BP1, respectively. (E) The cell lysates were immunoprecipitated with normal rabbit IgG, followed by western blot

analysis using antibodies for HSP27, eIF4E, elFAG and 4E-BP1, respectively. IP, immunoprecipitated; WB, western blot analysis.

The effects of T; on OC mRNA expression were investigated
in the HSP27-overexpressing MC3T3-E1 cells, which were
transiently transfected with a WT HSP27 plasmid. There were
no significant differences between the HSP27-overexpressing
cells and the control cells in terms of the mRNA expression
levels of OC stimulated by T; (Fig. 1B). Our previous study
demonstrated that HSP27 in the HSP-overexpressing cells
exists in an unphosphorylated form (17).

HSP27 interacts with elF4E, but not elF4G or 4E-BPI, in
MC3T3-EI cells with sphingosine-1-phosphate treatment. It
is generally established that 4E-BP1 competes with eIF4G
and regulates the association of eIF4E and elF4G to form the
active component for the initiation of protein translation (24).
HSP27 reportedly interacts with eIF4E, thus resulting in the
prevention of eIF4E ubiquitination and proteasomal degrada-
tion in advanced prostate cancer cells (20). In addition, it has
been shown that HSP27 prevents translation by binding to
elF4G (32). These findings led us to hypothesize that HSP27
regulates the process of translation in osteoblasts. In order to
clarify the involvement of HSP27 in the translation initiation

process in osteoblast-like MC3T3-El cells, whether HSP27
interacts with these molecules, including eIF4E, eIF4G and
4E-BP1, was examined. Although the eIF4E protein was
co-immunoprecipitated with 4E-BP1 in the unstimulated
MC3T3-El cells, in which HSP27 was hardly detected, it was
not co-immunoprecipitated with HSP27 or e[F4G. By contrast,
elFAE was co-immunoprecipitated with HSP27 in addition to
4E-BP1, but not eIF4G, in the sphingosine-1-phosphate-treated
cells (Fig. 2A). eIF4G was not co-immunoprecipitated with
HSP27, eIF4E or 4E-BP1 in MC3T3-El cells with or without
sphingosine-1-phosphate treatment (Fig. 2B). The 4E-BP1
protein was co-immunoprecipitated with eIF4E, but not
with HSP27 or elF4G in these cells treated with or without
sphingosine-1-phosphate (Fig. 2C). Additionally, the HSP27
protein was co-immunoprecipitated with eIF4E, but not with
elF4G or 4E-BP1, in MC3T3-E1 cells treated with sphingo-
sine-1-phosphate, whereas it was not co-immunoprecipitated
with elF4E, elF4G or 4E-BP1 in the unstimulated MC3T3-E1
cells (Fig. 2D). Furthermore, HSP27, eIF4E, elF4G and
4E-BP1 were not co-immunoprecipitated with normal rabbit
IgG (Fig. 2E).
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Figure 3. Association of eukaryotic translation initiation factor 4E (eIF4E)
with eIF4G under triiodothyronine (T5) stimulation in MC3T3-EI cells. The
cultured cells were stimulated by 3 nM of T, or vehicle for 24 h. (A) The
expression levels of eIF4G and glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) in the pre-immunoprecipitated cell lysates of the cells
stimulated by T or vehicle were determined by a western blot analysis (total).
The cell lysates were immunoprecipitated with eIFAE antibodies, followed
by western blot analysis using eIF4G antibodies. (B) The expression levels
of eIFAE and GAPDH in the pre-immunoprecipitated cell lysates of the cells
stimulated by T} or vehicle were determined by a western blot analysis (total).
The cell lysates were immunoprecipitated with eIF4G antibodies, followed
by western blot analysis using eIFAE antibodies. IP, immunoprecipitated;
WB, western blot analysis.

Association of elF4E with elF4G under T; stimulation
in MC3T3-EI cells. It is well recognized that eIF4E binds
to 4E-BP1 under the unstimulated condition, and 4E-BP1
competes with e[F4G for a single binding site on eIF4E (24).
In response to stimulation, eIF4E binds to the mRNA 5' cap
structure, mediating the initiation of translation. eIF4E
subsequently separates from 4E-BP1 and interacts with
elF4G, which serves as a scaffold protein for the assembly
of elF4E and elF4A to form the elF4F complex (23,24).
elF4E was co-immunoprecipitated with eIF4G in the
T;-stimulated MC3T3-El cells (Fig. 3A). In addition, eI[F4G
was co-immunoprecipitated with eIF4E in the T;-stimulated
cells (Fig. 3B).

Suppression by sphingosine-1-phosphate of the T;-induced
association of elF4E with elF4G in MC3T3-EI cells. To
clarify the effects of HSP27 on translation in osteoblast-like
MC3T3-El cells, the effect of sphingosine-1-phosphate on
the T;-induced binding of eIF4E with eI[F4G was examined.
As presented in Fig. 3A, the eIF4E protein was co-immu-
noprecipitated with eIF4G in the T;-stimulated cells. The
levels of eIF4E co-immunoprecipitated with eI[F4G were
markedly reduced in the sphingosine-1-phosphate-treated
cells (Fig. 4A). Additionally, the amount of eIF4G protein that
co-immunoprecipitated with eIF4E under T; stimulation was
decreased by sphingosine-1-phosphate treatment (Fig. 4B).

HSP27 associates with elF4E in the HSP27-overexpressing
MC3T3-El cells. The interaction between HSP27 and
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Figure 4. Suppression by sphingosine-1-phosphate (S1P) of the triiodo-
thyronine (T;)-induced association of eukaryotic translation initiation
factor 4E (eIF4E) with eIF4G in MC3T3-El1 cells. The cultured cells were
pre-treated with 30 uM of S1P or vehicle for 6 h, and were stimulated by
3 nM of T; for 24 h. (A) The expression levels of eIF4G and glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) in the pre-immunoprecipitated
cell lysates of the cells treated with SIP or vehicle were determined by a
western blot analysis (total). The cell lysates were immunoprecipitated with
elF4E antibodies, followed by western blot analysis using eIF4G antibodies.
(B) The expression levels of eI[FAE and GAPDH in the pre-immunoprecipi-
tated cell lysates of the cells treated with SIP or vehicle were determined by
a western blot analysis (total). The cell lysates were immunoprecipitated with
elF4G antibodies, followed by western blot analysis using eIF4E antibodies.
IP, immunoprecipitated; WB, western blot analysis.

translational molecules, such as eIF4E, eIF4G and 4E-BP1,
were also examined in the HSP27-overexpressing cells. The
expression levels of eIF4E, eIF4G and 4E-BP1 were not
different between the HSP27-overexpressing MC3T3-El1 cells
and the control cells (Fig. 5A, lanes 1 and 2). In addition, the
HSP27 in the cells transiently transfected with WT HSP27
cDNA was an unphosphorylated form (data not shown). The
HSP27 protein was co-immunoprecipitated with eIF4E, but
not with eIF4G or 4E-BP1, in the HSP27-overexpressing
cells (Fig. 5A, lane 4), whereas elF4E, eIF4G and 4E-BP1
were not co-immunoprecipitated with HSP27 in the control
cells (Fig. 5A, lane 3). By contrast, the eIF4E protein in the
HSP27-overexpressing cells was co-immunoprecipitated with
HSP27 and 4E-BP1 (Fig. 5B, lane 4).

elF4E does not associate with elF4G in the HSP27-over-
expressing MC3T3-EI cells with T; stimulation. The
association of eIF4E with eIF4G in the HSP27-overexpressing
MC3T3-El cells under T; stimulation was further investigated.
However, the levels of eIF4E protein co-immunoprecipitated
with eIF4G were markedly attenuated in the T;-stimulated
WT HSP27-transfected cells compared with the T;-stimulated
empty vector-transfected cells (Fig. 6A). In addition, the levels
of eIF4G co-immunoprecipitated with eIFAE were decreased
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Figure 5. Heat-shock protein 27 (HSP27) associates with eukaryotic transla-
tion initiation factor 4E (eIF4E) in the HSP27-overexpressing MC3T3-El
cells. The cultured cells were transiently transfected with the control empty
vector (empty) or the wild-type (WT) HSP27 vector. (A) The expression levels
of elF4AE, eIF4G, 4E-binding protein 1 (4E-BP1) and glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) in the pre-immunoprecipitated cell lysates
of the control cells or WT HSP27-overexpressing cells were determined by
western blot analysis (total). The cell lysates were immunoprecipitated with
HSP27 antibodies, followed by western blot analysis using antibodies for
elF4E, elF4G and 4E-BP1, respectively. (B) The expression levels of HSP27,
elF4G, 4E-BP1 and GAPDH in the pre-immunoprecipitated cell lysates of
the control cells or the WT HSP27-overexpressing cells were determined
by western blot analysis (total). The cell lysates were immunoprecipitated
with eIF4E antibodies, followed by western blot analysis using antibodies
for HSP27, elF4G and 4E-BP1, respectively. IP, immunoprecipitated; WB,
western blot analysis.

in the WT HSP27-transfected cells under the condition of T,
stimulation (Fig. 6B).

Suppression of the T;-induced association of elF4E with
elF4G in the unphosphorylatable HSP27-overexpressing
MC3T3-E]l cells. It is well known that HSP27 undergoes
different types of post-translational modifications, such as
phosphorylation (1). HSP27 is phosphorylated at three sites
(Ser-15, Ser-78 and Ser-82) (5). Previously, we reported that
p38 mitogen-activated protein (MAP) kinase is involved in
the phosphorylation of HSP27 in the sphingosine-1-phos-
phate-treated MC3T3-E1 cells (17). Using two stable mutant
HSP27-transfected MC3T3-E1 cell lines, the 3A and the 3D
HSP27-overexpressing cells, which mimic the unphosphory-
lated and phosphorylated status of HSP27, respectively, our
previous study demonstrated that the T;-stimulated OC release
is significantly decreased in the 3A HSP27-overexpressing
cells compared with that in the 3D HSP27-overexpressing
cells (17). Therefore, to clarify whether the inhibitory effect of
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Figure 6. Eukaryotic translation initiation factor 4E (eIF4E) does not associate
with eIF4G in the heat-shock protein 27 (HSP27)-overexpressing MC3T3-El
cells with triiodothyronine (T;) stimulation. The cultured cells were stably
transfected with the control empty vector (empty) or the wild-type (WT)
HSP27 vector. Each cell line was stimulated by 3 nM of T; for 24 h. (A) The
expression levels of eIF4G and glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) in the pre-immunoprecipitated cell lysates of the control cells
or the HSP27-overexpressing cells were determined by a western blot anal-
ysis (total). The cell lysates were immunoprecipitated with eIF4E antibodies,
followed by western blot analysis using eIF4G antibodies. (B) The expression
levels of eIFAE and GAPDH in the pre-immunoprecipitated cell lysates of
the control cells or the HSP27-overexpressing cells were determined by a
western blot analysis (total). The cell lysates were immunoprecipitated with
elF4G antibodies, followed by western blot analysis using eIF4E antibodies.
IP, immunoprecipitated; WB, western blot analysis.

unphosphorylated HSP27 on the T;-stimulated OC synthesis is
due to the suppression of the association of eIF4E with eIF4G,
the binding of eIF4E and eIF4G under stimulation by T; in
these two types of mutant HSP27-transfected MC3T3-El cells
was examined. The eIF4E protein was co-immunoprecipitated
with eIF4G in the 3D HSP27-overexpressing cells stimulated
by T, (Fig. 7A, lane 3). However, under T; stimulation, the levels
of eIF4E co-immunoprecipitated with eIF4G were markedly
lower in the 3A HSP27-overexpressing cells than those in the
3D HSP27-overexpressing cells (Fig. 7A, lane 4). Furthermore,
the levels of eIF4G co-immunoprecipitated with eIF4E were
decreased in the T;-stimulated 3A HSP27-overexpressing
cells in comparison with those in the T;-stimulated 3D
HSP27-overexpressing cells (Fig. 7B).

Discussion

In the present study, the molecular targets of HSP27 were
investigated using osteoblast-like MC3T3-E1 cells, on the basis
of our previous study, which showed that unphosphorylated,
but not phosphorylated, HSP27 acts as a negative regulator in
T;-induced OC synthesis in these cells (17). Therefore, whether
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Figure 7. Suppression of the triiodothyronine (T;)-induced association of
eukaryotic translation initiation factor 4E (eIF4E) with eIF4G in the unphos-
phorylatable heat-shock protein 27 (HSP27)-overexpressing MC3T3-El cells.
The cultured cells were stably transfected with either the phospho-mimic
(3D) or the unphosphorylatable (3A) HSP27 vectors. The cells were
stimulated by 3 nM of T; for 24 h. (A) The expression levels of eIF4G and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in the pre-immuno-
precipitated cell lysates of the phospho-mimic HSP27-overexpressing cells
or the unphosphorylatable HSP27-overexpressing cells were determined by
western blot analysis (total). The cell lysates were immunoprecipitated with
eIF4E antibodies, followed by western blot analysis using eIF4G antibodies.
(B) The expression levels of eIF4E and GAPDH in the pre-immunoprecip-
itated cell lysates of the phospho-mimic HSP27-overexpressing cells or
the unphosphorylatable HSP27-overexpressing cells were determined by
western blot analysis (total). The cell lysates were immunoprecipitated with
elF4G antibodies, followed by western blot analysis using eIF4E antibodies.
IP, immunoprecipitated; WB, western blot analysis.

the OC mRNA expression levels stimulated by T, are affected
in MC3T3-El1 cells in which HSP27 expression is induced
was examined. The T;-stimulated OC mRNA expression
levels were hardly affected in the MC3T3-El cells pre-treated
with sphingosine-1-phosphate, a physiological sphingomyelin
metabolite, which is capable of inducing the unphosphory-
lated form of HSP27 in these cells, compared with the cells
without sphingosine-1-phosphate pre-treatment. In addition,
the expression levels of OC mRNA induced by T; did not show
any significant differences between the WT HSP27-transfected
cells and the empty vector-transfected cells. The HSP27 in the
HSP27-overexpressing MC3T3-El cells exists in an unphos-
phorylated form. Based on these findings, it appears unlikely
that the suppressive effects of unphosphorylated HSP27 on the
T;-induced OC synthesis are exerted at a point upstream of
transcription in osteoblast-like MC3T3-El cells.

The association between HSP27 and molecules involved
in translation, including eIF4E, eIF4G and 4E-BP1, was inves-
tigated. During the mRNA translation process, eIF4E has a
crucial role as the mRNA cap-binding protein (21). In response
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to stimulation, eIFAE binds to the mRNA 5' cap structure and
forms the elFAF complex with its cofactors, eIF4G and elF4A.
The elF4F complex contributes to the ribosomal recruitment of
mRNA, the rate-limiting step in translation initiation (21-23).
The eIF4E protein was co-immunoprecipitated with 4E-BP1,
but not with elF4G, in the unstimulated MC3T3-E1 cells
without HSP27 induction by sphingosine-1-phosphate. In the
unstimulated cells with sphingosine-1-phosphate pre-treat-
ment, e[F4E was co-immunoprecipitated with not only
4E-BP1, but also HSP27. Additionally, the HSP27 protein was
markedly co-immunoprecipitated with eIF4E, but not with
elF4G or 4E-BP1, and 4E-BP1 was co-immunoprecipitated
with eIF4E, but not HSP27. Furthermore, a similar phenom-
enon was observed regarding the interaction of HSP27 with
elF4E, elF4G and 4E-BP1 in the MC3T3-EIl cells that had been
transfected with the WT HSP27 vector. Thus, it is possible that
HSP27 may bind to eIF4E instead of 4E-BP1. Therefore, these
findings suggest that eIF4E exists as two independent forms,
a 4E-BP1- and a HSP27-associated form, in unstimulated
MC3T3-El cells with HSP27 induction, whereas elF4E exists
as one form, a 4E-BP1-associated form, in the cells without
HSP27 induction.

It is firmly established that 4E-BP1 separates from eIF4E,
and subsequently eIF4G binds to eIF4E at the same binding
site as 4E-BP1 under the stimulated condition (24). The associ-
ation of eIF4E with eIF4G in osteoblast-like MC3T3-El cells
was found to increase in response to T; stimulation. In order
to clarify the role of HSP27 in the initiation of translation in
osteoblast-like MC3T3-El cells, the binding of eIF4E and
elF4G in the T;-stimulated cells with sphingosine-1-phosphate
pre-treatment was examined. The levels of eIF4E co-immu-
noprecipitated with e[F4G were markedly attenuated in the
MC3T3-El cells pre-treated with sphingosine-1-phosphate.
The association of eIF4E with eIF4G in the T;-stimulated
MC3T3-El cells transfected with the WT HSP27 vector was
further investigated, and the levels of eIF4E co-immuno-
precipitated with eIF4G in these cells were much weakened
compared with those in the empty vector-transfected cells. Our
previous study showed that the HSP27 in the MC3T3-El cells
transfected with WT HSP27 vector is an unphosphorylated
form (17). Taking all these findings into account, it is most
likely that unphosphorylated HSP27 attenuates eIF4E-eIF4G
binding under T, stimulation, resulting in the downregulation
of the translation initiation process in osteoblasts.

HSP27 (HSPBI) is currently known to undergo several
types of post-translational modifications, including phos-
phorylation, suggesting that the modifications alter the
HSP27 functions (5). Therefore, whether the phosphoryla-
tion of HSP27 affects its binding to eIF4E in osteoblast-like
MC3T3-EI cells was investigated. Our previous study reported
that HSP27 is phosphorylated via p38 MAP kinase activation
in sphingosine-1-phosphate-induced MC3T3-El cells (17).
Using two mutant HSP27-transfected MC3T3-E1 cell lines,
unphosphorylatable HSP27-overexpressing cells (3A) and
phospho-mimic HSP27-overexpressing cells (3D), eIF4E was
markedly co-immunoprecipitated with eIF4G in 3D cells
stimulated by T;, whereas the levels of eIF4E co-immuno-
precipitated with eI[F4G were reduced in the T;-stimulated
3A cells. Our previous study reported that the OC release
induced by T; in 3A cells is suppressed in comparison with that
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Figure 8. Potential mechanism underlying the triiodothyronine (T;)-induced osteocalcin (OC) synthesis with or without heat-shock protein 27 (HSP27) induc-
tion in osteoblast-like MC3T3-El cells. elF, eukaryotic translation initiation factor; 4E-BP1, 4E-binding protein 1.

in the 3D cells (17). Taking these results into account, it is most
likely that unphosphorylated, but not phosphorylated, HSP27
associates with eIF4E under the unstimulated condition in
osteoblast-like MC3T3-E1 cells, and that the formation of the
HSP27-eIF4E complex downregulates the translation initiation
process under stimulation via suppression of the eI[F4E-elF4G
interaction. It is possible that the induction of HSP27 and its
phosphorylation have a critical role in the translation process of
T;-stimulated OC synthesis in osteoblast-like MC3T3-El cells.
A schematic illustration of the potential mechanism underlying
these effects of HSP27 is presented in Fig. 8.

It is well known that HSP27 normally exists in an aggre-
gated form, but when it is phosphorylated, a conformational
change occurs that leads to the formation of dimers (5-7). Our
previous study demonstrated that HSP27 reduces the release
of vascular endothelial growth factor (VEGF) induced by
TGF-p via a post-transcriptional mechanism in osteoblast-like
MC3T3-El1 cells in which HSP27 expression is induced (33).
In addition, phosphorylated HSP27 changes its localization
from the cytosol to the perinuclear region in these cells, and
acts as a functional regulator of the endoplasmic reticulum,

contributing to the modulation of T;-induced OC synthesis (17).
Taking all of these findings into account, it is possible that the
change in the conformation or localization of HSP27 by its
phosphorylation contributes to the regulation of the translation
initiation process, thereby affecting the synthesis of proteins,
such as OC and VEGF in osteoblasts. Phosphorylated HSP27
is reportedly involved in the pathogenesis of conditions, such
as diabetic kidney disease and viral infections (34,35). Further
investigation is necessary to clarify the precise role of HSP27
and its phosphorylation status in osteoblasts.

In conclusion, the present results strongly suggest that the
phosphorylation status of HSP27 has a role in switching its
binding to eIF4E, resulting in regulation of the translation
initiation process in osteoblasts.
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