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Prohibitin-1 (PHB) regulates diverse cellular processes by controlling several signaling pathways. In this
study, we investigated the functional involvement of PHB in osteoclast differentiation. PHB expression
was time-dependently increased by RANKL in BMMs. However, the retroviral over-expression of PHB
strongly inhibited the expression of c-Fos and NFATc1, and activation of p38-Elk-1-SRE signaling
pathway. Anti-osteoclastogenic action of PHB was significantly inhibited by constitutively active forms of
MKK®6, but not Elk-1. Collectively, PHB negatively regulates the formation of mature osteoclasts via in-
hibition of MKK6 activity that affects the activation of the p38-Elk-1 signaling axis required for the
expression of c-Fos and NFATc1.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Prohibitin-1 (PHB, also known as PHB1) is highly conserved
evolutionarily, virtually identical across species, and widely
expressed in most cell types. PHB regulates diverse cellular pro-
cesses by controlling several signaling pathways, and recent data
supports its therapeutic potential in various diseases, including
cancer, inflammatory bowel disease, diabetes, and obesity [1,2].
Most studies have focused on the functional role of PHB as an
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inhibitor of cell proliferation, and several studies recently sug-
gested its involvement in cell differentiation. For examples, PHB
was increased during ovarian development, and its increased
expression has been reported to correlate with granulosa cell dif-
ferentiaition [3,4]. The role of PHB in spermiogenesis has been
recently suggested [5], and it also suggested to be a marker of the
differentiation of cancer cells [6]. Furthermore, the upregulation of
PHB during adipogenesis of mouse 3T3-L1 preadipocytes suggested
its role as the potential targets for obesity therapies; in mouse 3T3-
L1 preadipocytes, the knockdown of PHB reduced the expression of
adipogenic markers [7], and conversely, its overexpression was
sufficient to induce adipogenesis [8].

Mature multinucleated osteoclasts are differentiated and func-
tionalized by the fusion of macrophage precursor cells in a response
to two cytokines: osteoblast-secreted macrophage-colony stimu-
lating factor (M-CSF) and osteoblast-expressed receptor activator of
nuclear factor-kB ligand (RANKL) [9]. The binding of M-CSF to its
receptor, M-CSFR, on the cellular surface of bone marrow mono-
nuclear macrophage/monocyte-lineage hematopoietic precursors
induces surface expression of RANK (a receptor of RANKL), and then
the binding of RANKL to RANK triggers activation of signaling
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molecules such as mitogen-activated protein kinases (MAPKs) for
the expression of genes required for osteoclast differentiation [10].
The control of osteoclast-specific genes are regulated by activation
of transcription factors, such as nuclear factor-kB (NF-«kB), and the
activator protein-1 family members including c-Fos and nuclear
factor of activated T cells (NFATc1). c-Fos is an essential factor for
induction of NFATc1, a master transcription factor regulating
osteoclast-specific genes [11,12]. Specifically, excessive bone
resorption by overactivated osteoclasts is involved in several bone
loss-associated disorders such as osteoporosis, rheumatoid
arthritis, osteosarcoma, and cancer bone metastasis [13—15].
Therefore, understanding the molecular mechanisms by which the
cellular components control the osteoclastogenesis is helpful to
develop the therapeutic strategies to overcome bone loss-related
disorders [16,17].

With regards to the therapeutic role of PHB, it has been iden-
tified as a strong binding protein for anti-resorptive compounds to
inhibit osteoclast differentiaton, but no evidence yet indicates the
functional involvement of PHB in the process of osteoclast differ-
entiation [18]. Therefore, in the present study, we investigated the
expression of PHB during osteoclast differentiaton, its functional
involvement via its over-expression, and its role in osteoclast
differention.

2. Materials and methods
2.1. Reagents and antibodies

Penicillin, streptomycin, o-minimum essential medium (o-
MEM), and fetal bovine serum (FBS) were purchased from Gibco
BRL (Grand Island, NY, USA). Human soluble RANKL and M-CSF
were obtained from PeproTech EC Ltd. (London, UK). Antibodies
against NFATc1, c-Fos, lamin B, and PHB were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies against
phospho (p)-JNK, p-ERK, p-p38, p-Elk, ERK, JNK, p38, and Elk were
obtained from Cell Signaling Technology Inc. (Beverly, MA, USA).
Antibody against mye-epitope was purchased from Abcam. Anti-
actin antibody was obtained from Sigma—Aldrich (St. Louis, MO,
USA).

2.2. Osteoclast cell culture, co-culture system, and TRAP staining

All experiments were carried out as described in a previous
study with modifications [19].

2.3. Reverse transcriptase-polymerase chain reaction (RT-PCR),
western blot analysis, and bone pit formation

RT-PCR Table 1, western blot analysis, and bone pit formation
were performed as described previously [19].

2.4. Constructs and retrovirus preparation

The PHB, Elk-1, and MKK6 genes were prepared by RT-PCR using
RNA from BMMs. The primer sequences were as follows: PHB for-
ward (BamHI), 5'-GATCGGATCCATGGCTGCCAAGTGTTTGA-3’; PHB-
c-myc reverse (Xhol), 5'-GGACCTCGAGTCAATGCAGGTCCTCCTCT-
GAGATCAGCTTCTGCTCCTCCTGGGGAAGCTGGAGAAGC-3'; Elk-1
forward (BamHI), 5'-GATCGGATCCATGGACCCATCTGTGACGCT-3/;
Elk-1 reverse (Xhol), 5'-GGACCTCGAGTCATGGCTTCTGGGGCCCTG-
3’; MKK6 forward (BamHI), 5- GTACGGATCCATGTCTCAGTC-
GAAAGGCAA-3’; MKK6 reverse (Xhol), 5'-GACGCTCGAGGTCCC-
CAAGTATCAGTTTTA-3'. PHB-Flag, Elk-1, and MKK6 were subcloned
into pcDNA3.1 (Invitrogen, Inc) at the BamHI and Xhol restriction
sites. PHB-Flag was subcloned into pcDNA3.1 with a Flag tag at the

Table 1
Primer sequences used in this study.

Target Forward (5'—-3') Reverse (5'—3')

gene

PHB CCTCATCCCTTGGGTACAGA AGCTCTCGCTGGGTAATCAA
c-Fos CTGGTGCAGCCCACTCTGGTC CTTTCAGCAGATTGGCAATCTC
NFATc1 CTTCAGCTGGAGGACACCCC GGAAGACCAGCCTCACCCTG
TRAP ACTTCCCCAGCCCTTACTAC TCAGCACATAGCCCACACCG
OSCAR  GAACACCAGAGGCTATGACTGTTC CCGTGGAGCTGAGGAAAAGGTTG
GAPDH ACCACAGTCCATGCCATCAC TCCACCACCCTGTTGCT GTA

3’ end. Dominant-negative MKK6 (DN-MKK6) was constructed by
replacing Ser-207 and Thr-211 with Ala residues and Ser-207 and
Thr-211 with Glu in consitutively active MKK6 (CA-MKK6) using
PCR-based overlap extension mutagenesis. PHB-c-myc was cloned
into the retroviral vector pMX-puro (Cell Biolabs, San Diego, CA,
USA). Retroviral packaging was performed by transfecting the
packaging plasmids into Plat-E cells using Lipofectamine 2000
(Invitrogen). The viral supernatant was collected from the culture
media 48 h after transfection. BMMs were incubated with viral
supernatant in the presence of polybrene (8 ng/ml). After infection,
BMMs were cultured overnight, detached using StemPro® Accu-
tase® Cell Dissociation Reagent (Invitrogen), and cultured with M-
CSF (30 ng/ml) and puromycin (2 pg/ml) for 2 days. Puromycin-
resistant BMMs were induced to differentiate in the presence of
M-CSF (30 ng/ml) and RANKL (100 ng/ml) for 5 days.

2.5. Luciferase assay

Luciferase reporter plasmid was constructed by cloning c-Fos-
luc vector into pGL3 basic (Promega, Madison, WI, USA) with the
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Fig. 1. M-CSF and RANKL increased PHB expression during osteoclastogenesis. BMMs
were cultured for 3 days with M-CSF and stimulated with RANKL for the indicated
times. (A) Semiquantitative RT-PCR showed a slight increase in PHB mRNA expression
during osteoclast differentiation in BMMs. (B) Western blot analysis showed an in-
crease in PHB protein during osteoclastogenesis in BMMs.
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Fig. 2. Over-expression of PHB suppressed RANKL-induced osteoclastogenesis. (A) BMMs were transduced with retroviruses harboring PHB or pMX-IRES-PURO (control), selected
with puromycin (2 pg/ml) for 2 days, and cultured for 2 days in the presence of M-CSF. The protein levels were analyzed by western blot. (B) Infected BMMs were cultured for 5 days
in the presence of RANKL (0, 50, 100, or 200 ng/ml) and M-CSF (30 ng/ml). Cells were fixed in 3.7% formalin, permeabilized with 0.1% Triton X-100, and stained with TRAP solution.
Mature TRAP-positive multinucleated osteoclasts (MNCs) were photographed under a light microscope. Magnification x 100. (C) and (D) TRAP-positive MNCs and the TRAP activity
in osteoclasts generated from control BMMs (white column) or PHB-induced BMMs (black column) were counted and measured. **p < 0.01, ***p < 0.001 versus control. (E) Mature
osteoclasts derived from infected BMMs were cultured on BioCoat Osteologic MultiTest plates for 6 days. Cells were removed and photographed under a light micoscope. The bone

Hkok

resorption area was quantified using the Image] program.

'p < 0.001 versus control. (F) Infected BMMs were cocultured with primary osteoblasts for 6 days and then fixed and

stained for TRAP. Magnification x 100. TRAP-positive MNCs were counted. ***p < 0.001 versus control.

0.5 kb promoter region of the c-Fos gene, and the 2 x serum
response element (2 x SRE) was constructed by inserting two
copies of the SRE sequence (CCATATTAGG) into the pGL3 basic
vector. Full-length human RANK cDNA was amplified from human
leukocyte cDNA (Clontech, Palo Alto, CA, USA) and cloned into the
HindIII-EcoRI site of pcDNA3.1. To measure luciferase activity, hu-
man embryonic kidney HEK293T cells were plated at a density of
5 x 10% cells/well on a 48-well plate in triplicate for 1 day. A total of
500 ng of plasmid DNA was mixed with Lipofectamine 2000
(Invitrogen) and transfected into the HEK293T cells following the
manufacturer's protocol. The amount of transfected DNA was
consistently 500 ng by adding empty vector DNA when necessary.
After 48 h the transfected cells were lysed with lysis buffer
(Promega, Madison, WI, USA) and the luciferase activity measured
using the dual-luciferase assay system (Promega) and Wallac
EnVision microplate reader (Perkin Elmer). The luciferase activity
was normalized to renilla luciferase activity for each sample and
the values represented with standard deviations for triplicate
samples.

2.6. Statistical analysis

All quantitative values are presented as mean + SD. Each
experiment was performed three to five times, and the results from
one representative experiment are shown. Statistical differences
were analyzed using the Student's t test. A value of p < 0.05 was
considered significant.

3. Results and discussion
3.1. PHB is induced during osteoclast differentiation

The expression of PHB during osteoclast differentiation was
analyzed in BMMs. When the BMMs differentiated into osteoclasts
in the presence of M-CSF and RANKL, PHB mRNA expression was
time-dependently induced during osteoclast differentiation
(Fig. 1A). This is the first report to show the RANKL-mediated in-
duction of PHB during osteoclastogenesis, and moreover, its
expression level was higher in the late stage of osteoclast



CH. Lee et al. / Biochemical and Biophysical Research Communications 463 (2015) 1028—1033 1031

differentiation. Osteoclast differentiation in BMMs was confirmed
by evaluating the mRNA expression of molecules related to osteo-
clast differentiation, including c-Fos, NFATc1, TRAP, and OSCAR.
TRAP and OSCAR are target molecules of c-Fos and/or NFATc1 in
osteoclasts [11,12,21]. The induced expression of PHB during the
differentiation of BMMs into osteoclasts was also confirmed by
Western blot analysis (Fig. 1B). The spatial induction of transcrip-
tion factors c-Fos and NFATc1 in the process of osteoclast differ-
entiation was also confirmed in a previous study [20,22]. Relatively
higher expression level of PHB due to its time-dependent increase
by RANKL suggested that it might be functionally involved in the
late stage of osteoclast differentiation.

3.2. PHB negatively regulates osteoclast differentiation

To examine the functional role of PHB in the regulation of
osteoclastogenesis, a retrovirus-based gain-of-function experiment
was carried out. The over-expression of PHB by retroviral infection
in BMMs was confirmed by Western blot analysis (Fig. 2A) and its
effect on osteoclast differentiation evaluated by TRAP staining.
Interestingly, the formation of RANKL-induced TRAP-positive MNCs
was strongly inhibited by the over-expression of PHB in BMMs
(Fig. 2). The number of TRAP-positive MNCs and TRAP activity was
also significantly inhibited by the over-expression of PHB (Fig. 2C
and D). The inhibitory effect of PHB over-expression on osteoclast
differentiation was not overcome by increasing the dosage of
RANKL. Since the over-expression of PHB in BMMs strongly
inhibited the formation of the RANKL-induced TRAP-positive
multinuclear cells, the spacious resorbed area by osteoclasts
maturated after the normal process of osteoclast differentiation
was not observed in the condition of PHB over-expression (Fig. 2E).
The over-expression of PHB also significantly reduced the forma-
tion of TRAP-positive osteoclasts in a co-culture model with pri-
mary calvarial osteoblasts in the presence of VitD3 and PGE;
(Fig. 2F). These results suggested that PHB is time-dependently
induced during osteoclast differentiation but negatively regulates
the formation of multinucleated osteoclasts. In other words, PHB
could be time-dependently induced by RANKL via the activation of

Control PHB

@
PHB

B + RANKL
PHB

Cytosol

NFATc1

Nucleus

Lamin B

RANKL 0 5

signaling molecules and transcription factors required for osteo-
clast differentiation, but its strong induction negatively regulates
the RANKL-induced osteoclastogenesis.

3.3. PHB inhibits RANKL-induced expression of c-Fos and NFATc1
and the activation of p38

Anti-osteoclastogenic mechanism of PHB was further investi-
gated. The expression of c-Fos, an AP-1 transcription factor, is
induced by RANKL in the early stage of osteoclast differentiation
and is essential for RANKL-mediated induction of NFATc1, the
master regulator of osteoclast differentiation [21,23,24]. As the
most distal transcription factor of osteoclast differentiation, NFATc1
regulates osteoclast-related genes during osteoclast differentiation
[12,25,26]. Because the anti-osetoclastogenic action of PHB might
be due to its potential to inhibit the expression of c-Fos and/or
NFATc1, the effect of PHB on the RANKL-induced expression of
these transcription factors was evaluated by Western blot analysis.
As shown in Fig. 3A, the RANKL-induced expression of c-Fos and
NFATc1 was attenuated by the over-expression of PHB. The induc-
tion of NFATc1 in the late stage of osteoclast differentiation was
completely inhibited by the over-expression of PHB. Normally,
RANKL strongly induces the expression and nuclear translocation of
NFATc1 to autoamplify and continuously regulate osteoclast-
specific genes during differentiation [12,27], but even in response
to RANKL, NFATc1 was not detected in either the cytosolic or nu-
clear fractions of BMMs over-expressing PHB (Fig. 3B), which might
result in the down-regulation of c-Fos by PHB in the early stage of
osteoclast differentiation.

To gain insight into the mechanism by which PHB negatively
regulates osteoclastogenesis, the effect of PHB on the RANKL-
mediated activation of early signaling molecules, such as MAP ki-
nases, was evaluated. The RANKL-mediated activation of MAP ki-
nases regulates the expression and/or activation of c-Fos and
NFATc1 [28-30]. PHB over-expression strongly inhibited the
RANKL-induced phosphorylation of p38, but not JNK and ERK
(Fig. 3C). These results suggest that PHB exerts anti-
osteoclastogenic activity via the p38 signaling pathway.

Control PHB
15 30 5 15 30 (min)
PHB

p-p38

p38

p-JNK

Fig. 3. Over-expression of PHB attenuates osteoclastogenesis by suppressing c-Fos and NFATc1 expression via p38 inactivation. BMMs were transduced with pMX-IRES-PURO
(control) or PHB retrovirus and cultured with M-CSF and RANKL for the indicated times. (A) The cells were harvested at each time point and the lysates anlayzed by Western
blotting using antibodies specific for PHB, c-Fos, NFATc1, and actin. (B) Cytosolic and nuclear fractions were harvested from cells cultured for 2 days and subjected to SDS-PAGE and
Western blot analysis to detect NFATc1. Antibodies specific for actin and lamin B were used to normalize the cytosolic and nuclear extracts, respectively. (C) The BMMs were
stimulated with RANKL (100 ng/ml) for the indicated times. Whole cells lysates were analyzed by immunoblotting with specific antibodies as indicated.
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3.4. PHB inhibits activation of the MKK6-p38-Elk-1-c-Fos SRE
signaling axis

The inactivation of p38 by PHB might affect the down-regulation
of c-Fos and/or NFATc1 gene expression. We evaluated the effect of
PHB on the activation of p38 downstream molecules to elucidate its
mode of action in detail. Among the several candidates for study,
we focused on the involvement of Elk-1, as it is a downstream
effecter of p38 that directly regulates the expression of c-Fos
through the SRE in its promoter region [31—34]. In addition, ERK
recruitment to SRE promoter complexes has been shown to
correlate with its binding to Elk-1 [35]. In this study, RANKL
induced the activation of p38 and Elk-1 in HEK293T cells trans-
fected with both RANK and Elk-1, but phosphorylation was strongly
inhibited by the over-expression of PHB (Fig. 4A). Elk-1-mediated
activation of the SRE was significantly induced by RANKL
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stimulation, but its induction was dose-dependently inhibited by
PHB (Fig. 4B). These results suggested that overexpression of PHB
could inhibit the RANKL-induced activation of SRE via the p38-Elk-
1 signaling pathway.

We also investigated the possible involvement of MAP kinase
kinase 6 (MKK®, also called stress-activated protein kinase kinase-
3, SAPKK-3), an upstream molecule of the p38-Elk-1 signaling
pathway that is required for activating the c-Fos promoter for the
anti-osteoclastogenic action of PHB [36,37]. As shown in Fig. 4C, the
SRE-luciferase activity assay revealed that both mature and
constitutively active forms of MKKG6 significantly activated the SRE,
but its activation was significantly inhibited by PHB in a dose-
dependent manner. The dominant negative form of MKK6 did not
activate the SRE. Furthermore, MKK6-induced phosphorylation of
Elk-1 was inhibited by PHB in a dose-dependent manner. These
results led to the hypothesis that PHB reduces the activity of SRE by
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Fig. 4. PHB attenuated RANKL-induced Elk/c-Fos expression via the inhibition of p38 activity. (A) HEK293T cells were co-transfected with empty vector (200 ng/ml) containing Elk-1

(100 ng/ml) and RANK (100 ng/ml) or PHB-flag (200 ng/ml). After 48 h of transfection, the cells were stimulated with hRANKL (500 ng/ml) for the indicated time points. Cell lysates
were analyzed by Western blot with the specific antibodies indicated. (B) A 2 x SRE luciferase reporter was co-transfected with RANK (100 ng/ml) and increasing amounts of PHB (0,
100, 200, 300), as well as pGL4 renilla-luciferase (20 ng). After 6 h, transfected cells were stimulated by RANKL for 48 h and the luciferase activity measured. Activity was expressed
as fold induction compared to the activity of 2 x SRE luciferase alone. pGL4 renilla-luciferase activity was used to normalize the transfection efficiency and luciferase activity.
###1) < 0.001 versus negative control, ***p < 0.001 versus positive control. (C) and (E) A 2 x SRE luciferase reporter was co-transfected with MKK6 (WT, DN, or CA) or Elk-1 (100 ng/
ml) and PHB plasmid as indicated. After 48 h the luciferase activity was measured. *p < 0.05, **p < 0.01 versus negative control; *p < 0.05, **p < 0.01 versus positive control. (D)
HEK293T cells were co-transfected with CA-MKK6 (100 ng/ml), ElIk-1 (100 ng/ml), and various amounts of PHB plasmid as indicated. Transfected cells were cultured for 48 h and the
lysates anlayzed by Western blotting using antibodies specific for MKK6, Myc, p-Elk-1, Elk-1, and actin. (F) The 0.5-kb c-Fos promoter-luciferase construct was co-transfected with
CA-MKKS6 or Elk-1 with various amounts of PHB. After 48 h the luciferase activity was measured. *p < 0.05, **p < 0.01 versus negative control; **p < 0.01 versus positive control.
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inhibiting the activity of MKK6, which further affects activation of
the p38-Elk-1 signaling axis.

In addition, no direct inhibition of Elk-1-SRE signaling by PHB
was observed (Fig. 4E). This data suggested that PHB could exhibit
its anti-osteoclastogenic activity via inhibiting the upstream
molecule of Elk-1, MKK®. To clarify our hypothesis, the effect of PHB
on the MKK6- or Elk-1-induced activation of the c-Fos promoter
was evaluated. As shown in Fig. 4F, PHB significantly inhibited
MKK6-induced, but not Elk-1-induced, activation of the c-Fos
promoter, suggesting that the signaling downstream of Elk-1 is not
affected by PHB.

In conclusion, this study is the first to report the functional
involvement of PHB in osteoclast differentiation. Although it is not
clear so far that RANKL-mediated induction of PHB is controlled by
c-Fos and/or NFATc1 during osteoclastogenesis, PHB was time-
dependently induced during osteoclast differentiation, and its
overexpression in precursors inhibited the RANKL-induced for-
mation of mature osteoclasts via inhibiting MKK6 activation that
subsequently affects the activation of the p38-Elk-1 signaling axis
required for the expression of c-Fos and NFATc1. In further studies,
the effect of PHB on the mitochondrial function, gene expression
and apoptosis in preosteoclasts and/or mature osteoclasts would be
investigated for further elucidating its anti-osteoclastogenic activ-
ity [4,38].
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