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Abstract

Nuclear factor-xB (NF-xB) ligand (RANKL) was shown to induce osteoclast differentiation by
increasing the expression of c-Fos, NFATc1 and TRAP. Salubrinal treatment to bone marrow
macrophage (BMM) cells, however, significantly blocked NFATc1 expression and osteoclast
differentiation by RANKL. Overexpression of NFATc1 further confirmed that NFATc1 is a key
factor affected by salubrinal in osteoclast differentiation by RANKL. Unexpectedly, NFATc1 and
c-Fos mRNA expressions were not affected by salubrinal, implicating that NFATc1 expression is
regulated at a translational stage. In support of this, salubrinal increased the phosphorylation of a
translation factor elF2a,, decreasing the global protein synthesis including NFATcL. In contrast, a
phosphorylation mutant plasmid pLenti-elF2a.-S51A restored RANKL-induced NFATcl
expression and osteoclast differentiation even in the presence of salubrinal. Furthermore,
knockdown of ATF4 significantly reduced salubrinal-induced osteoblast differentiation as
evidenced by decreased calcium accumulation and lowered expressions of the osteoblast
differentiation markers, alkaline phosphatase and RANKL in MC3T3-E1 osteoblast cells.
Salubrinal treatment to co-cultured BMM and MC3T3-E1 cells also showed reduction of
osteoclast differentiation. Finally, salubrinal efficiently blocked osteoporosis in mice model
treated with RANKL as evidenced by elevated bone mineral density (BMD) and other
osteoporosis factors. Collectively, our data indicate that salubrinal could affect the differentiation
of both osteoblast and osteoclast, and be developed as an excellent anti-osteoporosis drug. In
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addition, modulation of ATF4 and NFATc1 expressions through elF2a phosphorylation could be
a valuable target for the treatment of osteoporosis.

1. Introduction

Bone development in vertebrate animals is maintained by two co-ordinated actions of
osteoblast (bone formation) and osteoclast (bone resorption). In fact, many bone disorders
reflect imbalanced activities of osteoblast and osteoclast, leading to the increased
(osteopetrosis) and decreased (osteoporosis) bone mass [1].

Osteoblast is derived from mesenchymal stem cells, whereas multinuclear osteoclast is
formed by fusion of mononuclear macrophages derived from hematopoietic stem cells [2,3].
Osteoblast produces and secretes the structural components of bone matrix and releases
minerals that contribute to bone formation. A few agents, such as 1, 25-dihydroxyvitamin
D3, parathyroid hormone (PTH) and PTH-related peptide (PTHrP) are known to stimulate
osteoblastic stromal cells [1]. In addition, osteoblast activation produces two factors,
macrophage colony-stimulating factor-1 (MCSF-1) and receptor activator of nuclear factor-
xB (NF-xB) ligand (RANKL), that in combination are sufficient and necessary for
osteoclast differentiation [4—-6]. MCSF-1 induces osteoclast proliferation while RANKL is
required for the formation of giant osteoclast [7,8]. RANKL stimulation triggers the
recruitment of TNF receptor-associated factor 6 (TRAF®6), resulting in the activation of
downstream signaling molecules, including c-Jun N-terminal protein kinase (JNK), p38,
ERK and NF-xB. Transcription factors including c-Fos and NFATc1 are also up-regulated
by RANKL, leading to the increased expression of osteoclast associated receptor (OSCAR),
tartrate-resistant acid phosphatase (TRAP) and so on [9].

It is known that intra-cellular stresses are closely related with senescence and skeletal
disorders such as osteoporosis [10,11]. Upon endoplasmic reticulum stress (ER-stress)
induction, unfolded protein response (UPR) signaling through the activation of three
separate pathways, inositol-requiring enzyme-1 (IRE1), double-stranded RNA-activated
protein kinase-like ER kinase (PERK) and activating transcription factor-6 (ATF6), was
reduced with aging [12,13]. In addition, ER-stress sensor PERK was associated with
lowered bone mineral density (BMD) [14]. These observations indicate a close association
of ER-stress with osteoporosis. However, the underlying mechanism still remains unclear.

Salubrinal is a compound selectively inhibiting the activity of a protein phosphatase
complex containing growth arrest and DNA damage-inducible protein (GADD34) and thus
prevents dephosphorylation of elF2a downstream of PERK, resulting in increased
phosphorylation and inactivation of elF2a [15]. Neuronal cell death by ER-stress, associated
with Parkinson’s disease and Huntington’s disease, was also reported to be protected by
salubrinal treatment [16,17]. However, the effect of salubrinal on osteoclastogenesis has
never been reported.

In this study, it was revealed that increased phosphorylation of elF2a by salubrinal
significantly reduced osteoclast differentiation in mouse bone marrow cells. Ectopic
expression of NFATc1 or phosphorylation mutant elF2aS51A, however, increased
osteoclast differentiation even in the presence of salubrinal. In addition, salubrinal enhanced
osteoblast differentiation through elF2a-ATF4 signaling pathway [18]. This is the first
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report demonstrating the anti-osteoporosis activity of salubrinal by inhibiting elF2a
dephosphorylation and ATF4 and NFATc1 expressions.

2. Materials and methods

2.1. Reagents and antibodies

a-MEM, fetal bovine serum, and penicillin were purchased from Invitrogen (Carlsbad, CA),
and salubrinal purchased from Calbiochem (Darmstadt, GERMANY). Antibodies against 8-
actin, Flag and TRAP staining solution were obtained from Sigma Aldrich (St. Louis, MO).
Recombinant human soluble MCSF and mouse RANKL were from PeproTech EC (London,
United Kingdom). Antibodies against c-Fos, NFATcL, elF2a, ATF4 and TRAP were
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Antibodies against
phospho-c-jun, phospho-ERK, ERK, phospho-JNK, JNK, phospho-p38, p38, phospho-1«B,
and IxB were obtained from Cell Signaling Technology (Danvers, MA).

2.2. BMMs isolation and osteoclast differentiation

Mouse bone marrow cells were obtained from femurs and tibias of 6-week-old ICR mouse
and were incubated in a-MEM complete media containing 10% fetal bovine serum, 100 U/
ml penicillin in a 200 mm culture dish in the presence of MCSF (30 ng/ml) for 3 days.
Adherent cells after removal of non-adherent cells were used as bone marrow macrophages
(BMMs). To generate osteoclasts, BMMs (4x10* cells/well) were cultured for 4 days with
MCSF (30 ng/ml) and RANKL (25 ng/ml) in 48-well (1 ml/well) tissue culture dishes with
or without salubrinal pretreatment. On the 4th day, the cells were fixed with 10% formalin
for 10 min, permeabilized with 0.1% Triton X-100, and then stained with tartrate-resistant
acid phosphatase (TRAP), using the Leukocyte Acid Phosphatase Assay Kit (Sigma-
Aldrich).

2.3. MC3T3-E1 cell differentiation and co-culture system

Clonal osteoblastic MC3T3-E1 cells were cultured in normal media (NM) in a-MEM
(Gibco, Grand Island, NY) with 10% FBS, 20 mM HEPES and 1% penicillin-streptomycin.
To induce differentiation, cells were seeded into a 12-well culture dish and further incubated
until confluence. Cells were then transferred to a-MEM differentiation medium (DM)
containing with 10% FBS, 1% penicillin-streptomycin, 10 mM B-glycerophosphate and 100
mg/ml ascorbic acid, and incubated for an additional 7-21 days. Mineralization of MC3T3-
E1 cells was determined by Alizarin Red staining after fixation with 70% ethanol. To
generate osteoclasts, BMMs (4x10% cells/well) and MC3T3-E1 (2x10* cells/well) were co-
cultured for 5 to 6 days in differentiation media (DM).

2.4. Cell viability assay

The cell cytotoxicity assay was performed using a Cell counting kit-8 (Dojindo Molecular
Technology, Japan) according to the manufacturer’s instructions. BMMs (1x103 cells/well)
were cultured in the presence of M-CSF (30 ng/ml) and RANKL (25 ng/ml) in 96-well
plates (200 l/well) with or without salubrinal at varying concentrations (0-50 M) for 48
hr. After 1 hr of CCK-8 treatment (10 p.l), the plate was read at 450 nm (650 nm reference)
using a 96-well plate recorder.

2.5. Western blot analysis

BMMs or osteoclasts were lysed in a buffer containing 50 mM Tris—HCI, 150 mM NacCl, 5
mM EDTA, 1% Triton X-100, 1 mM sodium fluoride, 1 mM sodium vanadate, 1%
deoxycholate, and protease inhibitors. The lysates were centrifuged at 15,000 xg for 30 min
and the supernatants were collected. After measurement of protein concentrations, equal
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amount of proteins (30 p.g) were subjected to 8-10% sodium dodecy! sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and were transferred to polyvinylidene
difluoride membranes (Milipore, Bedford, MA, USA). Membranes were blocked with 5%
non-fat dried milk for 1 hr and were then incubated with the appropriate primary antibodies
to be detected by enhanced chemiluminescence solution (ECL).

2.6. [3°S] labeling and specific antibody pull-down assay

BMMs were exposed to [3°S]-methionine/cysteine for 1 hr, and after 24 hr incubation with
or without salubrinal treatment, whole cell lysates were extracted and radio-labeled proteins
were analyzed by autoradiography after SDS-PAGE. For antibody pull-down assay, the
lysates were centrifuged at 15,000 rpm for 30 min at 4 °C, and 1 mg of soluble protein was
incubated with 1 mg/ml NFATc1 antibody. The reaction was performed for 3 hr with gentle
rotation until 30 pl of protein G plus-agarose beads (Santa Cruz) were added to the mixtures
for further rotation at 4 °C, 30 min. Beads were pelleted by centrifugation at 3000 rpm for 2
min and washed 7 times with cold lysis buffer. After boiling in sample buffer, the eluted
proteins were subjected to SDS-PAGE.

2.7. Quantitative PCR analysis

Total RNA was prepared using an RNeasy Mini kit (QIAGEN, Valencia, CA) according to
the manufacturer’s instructions, and cDNA was synthesized from 3 g of total RNA
(Superscript 1l Preamplification System; Invitrogen). Real-time PCR was performed using
CFX96™ Real-time system with SYBR FAST KAPA iCycler gPCR kit following the PCR
conditions: 40 cycles of denaturation at 95 °C (15 s) and amplification at 60 °C (1 min). All
reactions were run in triplicates and the data were normalized to the housekeeping gene -
actin. Relative differences in PCR results were evaluated using the comparative cycle
threshold method. Primer sets were: mouse c-Fos, 5'-ACTTCTTGTTTCCGGC-3’
(forward), 5"-AGCTTCAGGGTAGGTG-3" (reverse); mouse NFATc1, 5'-C
CGTTGCTTCCAGAAAATAACA-3’ (forward), 5'-TGTGGGATGTGAACTCG GAA-3’
(reverse); and mouse B-actin, 5-TCTGCTGGAAGGTGGACAGT-3’ (forward), 5'-
CCTCTATGCCAACACAGTGC-3" (reverse); ALP, 5'-AGGA
CATCGCCACTCAACTC-3’ (forward), 5'-GGTTCCAGACTGGTTACTGTCA-3’
(reverse); RANKL, 5'- AGCCGAGACTACGGCAAGTA-3’ (forward), reverse, 5’-
AAAGTACAGGAACAGAGCGATG-3" (reverse).

2.8. Lentivirus generation and infection

Transfection was carried out using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). For the
production of sh-RNA lentivirus, pHR’-CMV AR8.2 Avpr and pHR’-CMV-VSV-G (protein
G of vesicular stomatitis virus) were cotransfected into 293 T cells with pLKO.1-puro-sh-
Luciferase (sh-Luc), -sh-ATF4 or pLenti-puro-empty, -NFATc1, -elF2a S51A as previously
described [19]. After incubation in fresh medium for 24 hr, culture supernatants of the
lentivirus-producing cells were collected. For lentiviral infection, BMMs were cultured in a
medium containing MCSF (30 ng/ml) for 48 hr, and the medium was replaced with culture
supernatants of lentivirus together with polybrene (6 pg/ml) and MCSF (30 ng/ml) for 12 hr.
Infected cells were then cultured in the presence of MCSF for another 24 hr prior to the
stimulation with RANKL. For MC3T3-E1 cells, viral-infected cells were selected with
puromycin (2 pg/ml) for 24 hr.

2.9. In vivo experiments

Eight week old C57BL/6 mice were obtained from The Jackson Laboratory. Mice were
treated according to the ethical guidelines for animal safety and experimentation.
Recombinant human RANKL was from R&D system. Models of osteoporosis induced by
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RANKL have been described previously [20]. In these models, more than 6 mice were
examined in each group. Salubrinal (1 mg/kg) or DMSO was injected intraperitoneally 24 hr
before the first RANKL injection, and the mice (n=6) subsequently received simultaneous
injections of salubrinal (1 mg/kg, IP) or DMSO and RANKL (0.5 mg/kg, IP) or PBS at 24 hr
intervals for 3 days.

2.10. Statistical analysis

3. Results

Values are presented as the meanzS.D. values from three or more experiments. Data were
analyzed with the Student’s #test or ANOVA test for comparisons between two mean
values. A value of £<0.05 was considered significant.

3.1. Salubrinal inhibits RANKL-induced osteoclast differentiation from BMM cells

In an attempt to determine the effect of salubrinal on osteoclast differentiation, bone marrow
macrophage (BMM) cells isolated from mice were treated with both MCSF-1 (30 ng/ml)
and RANKL (25 ng/ml) in the presence or absence of salubrinal and the appearance of
TRAP-positive, multinucleated cells was counted. Salubrinal significantly reduced
osteoclast differentiation in a dose-dependent manner (Fig. 1A and B), with no cell toxicity
even at the concentration of 50 wM (Fig. 1C). To see whether the differentiation inhibitory
effect of salubrinal is related with RANKL-induced early signaling pathways,
phosphorylation of INK, p38, ERK, c-jun as well as IxB-a was examined with or without
salubrinal. Although activation or phosphorylation of these kinases occurred within 5 min of
RANKL stimulation, salubrinal had no effect on these signaling molecules (Fig. 1D).

3.2. Time-dependent differential effect of salubrinal on RANKL-induced osteoclast
differentiation

Osteoclastic differentiation of BMM cells could be observed within 4 days of RANKL
treatment (data not shown). To determine the effective time the differentiation could be
blocked by salubrinal, BMM cells were challenged with salubrinal at various times after
RANKL treatment. It was found that the inhibitory effect of salubrinal on osteoclast
differentiation could be obtained only when BMM cells had been treated with the compound
within one day of RANKL stimulation (Fig. 2A and B). Salubrinal did not show
differentiation inhibition when treated at later times. Thus, it was necessary to identify the
proteins affected by salubrinal. In this regard, RANKL treatment induced orderly expression
of c-Fos and NFATc1 which are known to be involved in osteoclast differentiation (Fig.
2C). Interestingly, however, RANKL-induced mRNA expression was not (c-Fos) or only
modestly (NFATc1) affected by salubrinal (Fig. 2D), suggesting translational regulation of
the proteins after salubrinal treatment. Given that NFATcL is a positive feedback regulator
for its transcription [8], it seems that NFATc1 protein degradation precedes mRNA
reduction, partly explaining the slight reduction of NFATc1 mRNA by salubrinal as shown
in Fig. 2D. Salubrinal was reported to inhibit dephosphorylation of elF2a while maintaining
the attenuation of protein synthesis after ER-stress induction [15]. Thus, elF2a
phosphorylation was increased while NFATc1 was dramatically reduced by salubrianl (Fig.
2E). Given that phosphorylation of elF2a reduced global translation initiation and
polypeptide biosynthesis [21], cells were treated with salubrinal to examine its effect on
general protein synthesis. As shown in Fig. 2F, salubrinal significantly reduced global
protein synthesis, with a dramatic effect on NFATc1. Unexpectedly, however, the
expression of c-Fos was slightly reduced by salubrinal although the promoter region of
NFATc1 has c-Fos binding sites.
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3.3. Essential role of NFATc1 or elF2a in restoration of osteoclast differentiation

To investigate whether NFATCcL is a key molecule for the anti-osteoclastogenic function of
salubrinal, NFAc1 was transiently transfected into BMM cells using lentiviral vectors (Fig.
3A). Salubrinal inhibited RANKL-induced osteoclast differentiation as expected but showed
little inhibition when NFATc1 was overexpressed in cells (Fig. 3B). The number of
differentiated cells was also increased by exogenous NFATc1 expression (Fig. 3C). Based
upon the observations demonstrating that increased elF2a phosphorylation and decreased
NFATc1 expression could be achieved by salubrinal treatment to RANKL-induced BMM
cells (Fig. 2E and F), and that mutations abolishing elF2a phosphorylation by converting
serine 51 to alanine broadly reinitiate protein translation and affect stress resistance [22], the
phosphorylation resistant elF2a mutant (pLenti-elF2a.-S51A) was expressed in BMM cells.
As expected, BMM cells containing pLenti-elF2a-S51A were resistant to salubrinal in
reducing RANKL-induced osteoclast differentiation (Fig. 3B). The number of TRAP-
positive osteoclast cells was also increased by pLenti-elF2a.-S51A (Fig. 3C). In accordance
with its effect on osteoclast differentiation, pLenti-elF2a-S51A rescued NFATc1 expression
(Fig. 3D). RANKL-induced elF2a phosphorylation was also significantly reduced by
pLenti-elF2a-S51A (Fig. 3D), accompanied by the restored protein synthesis (Fig. 3E).

3.4. Induction of ATF4 dependent osteoblast differentiation and RANKL induction in
MC3T3-E1 cells by salubrinal

Because bone homeostasis could be balanced by the degree of bone resorption by osteoclasts
and bone formation by osteoblasts, the effect of salubrinal on MC3T3-E1 osteoblastic cells
was examined. ATF4 was reported to up-regulate osteoblast differentiation [23] and
salubrinal induced ATF4 expression via elF2a phosphorylation [24,25]. We examined if
salubrinal could induce osteoblastic mineralization through ATF4. Salubrinal increased
ATF4 expression in MC3T3-E1 cells (Fig. 4A) and significantly promoted calcium
accumulation (marker of bone nodule formation) in the cells as shown by alizarin red-S
staining (Fig. 4B). ATF4 depletion, however, noticeably diminished calcium accumulation
(Fig. 4B), suggesting the involvement of ATF4 in salubrinal-induced osteoblast
differentiation. In addition, salubrinal-induced expressions of alkaline phosphatase (ALP)
and RANKL, representative markers of osteoblast differentiation, were reduced by ATF4
knockdown (Fig. 4C).

Osteoclast differentiation can often be regulated directly or indirectly by environmental
cells, such as osteoblasts or stromal cells producing osteoclastogenic factors including
RANKL [6]. Given the complicated results showing that salubrinal reduced RANKL-
induced NFATc1 expression in osteoclast cells (Fig. 2E) while increasing RANKL level in
osteoblast cells (Fig. 4C), it could be speculated that a factor, like RANKL, secreted from
osteoblast cells in the presence of salubrinal could induce the differentiation of osteoclast
cells. Thus, mouse BMMs cells were co-cultured with differentiating MC3T3-E1 osteoblast
cells pretreated with salubrinal. Medium from the differentiating cells MC3T3-E1 (DM) was
found to induce osteoclast differentiation of BMM cells (Fig. 4D). Salubrinal treatment,
however, blocked osteoclast differentiation as shown by the reduction of TRAP-positive
cells (Fig. 4D and E). These results suggested that osteoclast differentiation could be
induced by RANKL produced from activated osteoblast cells but be blocked by salubrinal
through the inhibition of NFATc1 expression.

3.5. Evaluation of salubrinal in the bone destruction model mice

Finally, to confirm the effect of salubrinal /n vivo, bone loss model mice were prepared by
RANKL injection [20]. Measurement of total femoral bone mineral density (BMD) using
Dual-emission X-ray absorptiometry (DEXA) revealed that salubrinal significantly reduced
RANKUL-induced osteoporotic bone loss (Fig. 5A). Furthermore, 2D micro-CT image also
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showed that RANKL-induced bone destruction was notably reduced by salubrinal treatment
(Fig. 5B and C).

4. Discussion

The endoplasmic reticulum (ER) is an organelle that has essential roles in multiple cellular
processes and occupies a unique position responsible for the control of protein quality [26].
A number of intracellular stressors induce ER-stress directly or indirectly, triggering an
evolutionarily conserved response termed the unfolded protein response (UPR). Among the
many factors in UPR signaling, elF2a and ATF4 are the focus in this study since elF2a is
the target of salubrinal and regulates the expression of ATF4 in ER-stress. Although the
involvement of elF2a in osteoclast differentiation and of ATF4 in osteoblast differentiation
was evaluated in this study, their roles in other cells remain to be determined. However,
regardless of their important contributions to osteoporosis, NFATc1 is expected to be critical
for proper regulation of osteoporosis based on the data obtained in our study.

A simplified summary of the intracellular mechanism of salubrinal is described in Fig. 6.
Upon ER-stress, activated PERK induces transient phosphorylation of elF2a. for attenuation
of new protein synthesis. Re-initiation of protein synthesis can be achieved by
dephosphorylation of elF2a by protein phosphatase activity of GADD34. Salubrinal blocks
elF2a. dephosphorylation, maintaining the phosphorylated status of elF2a. Although global
protein synthesis could be suppressed by elF2a phosphorylation, ATF4 was reported to be
increased by elF2a phosphorylation [24]. Thus, salubrinal is expected to increase ATF4
level, consequently leading to the induction of osteoblast differentiation and RANKL
expression. In contrast, elF2a phosphorylation in salubrinal-treated cells could also suppress
NFATc1 expression in response to RANKL and down-regulate osteoclast differentiation.

A prototypical bone disease osteoporosis that is characterized by reduced bone strength is
observed most frequently in postmenopausal women and in elderly men [27], but the
mechanism has not yet been elucidated in detail. Recent studies have demonstrated that ER-
stress proteins are associated with age-related disorders; elF2a. mutant mice survived 18 hr
after birth [22], PERK is essential for skeletal development [28], and sensitivity of UPR
system including elF2a. phosphorylation and ATF4 expression declines with age [29]. In
this regard, ER-stress regulation through elF2a and ATF4 could be a good system for anti-
osteoporosis. So far, there have been two classes of osteoporosis therapeutic agents; anti-
resorption drugs likely bisphosphonates targeting osteoclasts, and anabolic drugs against
bone formation likely parathyroid hormone (PTH) targeting osteoblasts. Although these
drugs are effective, most of them have drawbacks showing side-effects and incomplete
recovery, part of which due to single target application, either bone resorption or formation
[30]. In this respect, our study showed that salubrinal is a small molecule having dual
functions for both cell types, and hence it is strongly suggested that salubrinal could be
developed as a new type of anti-osteoporosis therapeutics affecting both osteoclast and
osteoblast differentiation. In addition, further exploitation of this salubrinal-elF2a-ATF4
connection would be valuable for identifying new generation of osteoporosis regulatory
proteins and small molecules.
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Fig. 1.

Salubrinal inhibits RANKL-induced osteoclast differentiation of BMM cells. (A and B)
Mouse bone marrow cells were cultured with MCSF (30 ng/ml) and RANKL (25 ng/ml) at
various concentrations of salubrinal. (A) After 4 days, cells were fixed and subjected to
TRAP staining, (B) and the number of TRAP-positive, multinucleated osteoclasts was
counted. All the bars show mean SE+from a representative triplicate experiment. The
significance was determined by Student’s #test (*/<0.5; **/<0.1). (C) BMM cells were
cultured for 3 days with MCSF-1 (30 ng/ml) and RANKL (25 ng/ml) at the indicated
concentrations of salubrinal. Cell viability was examined using CCK-8 solution kit as
described in Materials & Methods. All the bars are mean SE+from a representative triplicate
experiment. (D) BMM cells were pretreated with salubrinal (10 uM) or vehicle (DMSO) for
6 hr in the presence of MCSF (30 ng/ml) followed by stimulation with RANKL (50 ng/ml)
for the indicated times. The whole cell lysates were prepared and subjected to western blot
analysis with specific antibodies.
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Fig. 2.

Time-dependent differential effect of salubrinal on RANKL-induced osteoclast
differentiation. (A and B) After BMM cells were stimulated with RANKL (25 ng/ml),
salubrinal (10 wM) was treated to BMM cells at the indicated times. (A) Cells were cultured
for 4 days after RANKL treatment and subjected to TRAP staining, (B) and the number of
multinucleated osteoclasts was counted. All the bars represent mean SExfrom a
representative triplicate experiment. (C) BMM cells were stimulated with RANKL (25 ng/
ml) for indicated times and the total cell lysates were prepared for subjection to western blot
analysis with specific antibodies. (D and E) BMM cells after stimulation with RANKL (25
ng/ml) for 24 hr were further exposed to the indicated concentrations of salubrinal for
another 24 hr. (D) Total RNA was extracted and subjected to quantitative PCR analysis. All
the bars are mean SExfrom a representative triplicate experiment. (E) The whole cell lysates
prepared were subjected to western blot analysis with specific antibodies. (F) BMM cells
were incubated 24 hr with or without RANKL (25 ng/ml) followed by pulse labeling for 24
hr with 35S-labeled Pro-Mix. Salubrinal was added into the medium 1 hr after Pro-Mix
treatment. Whole cell lysate were prepared and immunoprecipitation was performed with
NFATc1 antibody for autoradiography after SDS-PAGE (top). Total protein synthesis was
analyzed (bottom). All the bars represent mean SE+from a representative triplicate
experiment. The significance was determined by Student’s #test (*/<0.5; **/<0.1).
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Fig. 3.

Essential role of NFATc1 or elF2a for restoration of osteoclast differentiation. (A-D)
BMMs were infected with lenti-viral vectors, pLenti (empty vector), pLenti-NFAT1 or
pLenti-elF2a-S51A. (A and D) BMM cells were infected with pLenti-NFATc1 or pLenti-
elF2a-S51A followed by stimulation with RANKL (50 ng/ml) 48 hr with or without
salubrinal (10 wM) pretreatment. Whole protein lysates were prepared and subjected to
western blot analysis with specific antibodies. (B and C) Infected BMM cells as in (A) were
stimulated with RANKL (25 ng/ml) in the presence or absence of salubrinal (10 wM). (B)
After 4 days, TRAP assay performed, (C) and the number of multinucleated osteoclasts was
counted. (E) BMM cells infected with pLenti-elF2a-S51A were stimulated with RANKL
(50 ng/ml) for 24 hr and pulsed with 35S-labeled Pro-Mix 1 hr before salubrinal (10 M)
treatment. After 24 hr, whole cell lysate was prepared for subjection to western blot analysis
and autoradiography. All the bars mean show SExfrom a representative triplicate
experiment. The significance was determined by Student’s #test (*/<0.5; **/<0.1).
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Fig. 4.

Induction of ATF4 dependent osteoblast differentiation and RANKL induction by salubrinal
in MC3T3-E1 cells. (A) MC3T3-E1 cells were infected with lentiviral ShATF4 and treated
with salubrinal (30 M, 24 hr). Total cell lysates were prepared for immunoblot blot
analysis. (B) Cells infected with sShATF4 were treated with varying concentrations of
salubrinal for 21 days and were subjected to alizalin staining for the measurement of
intracellular calcium accumulation. (C) Cells infected with shATF4 and treated with
salubrinal for 5 days were lysed and total RNA was extracted for quantitative PCR analysis.
(D and E) BMM and MC3T3-E1 cells were co-cultured in normal medium (NM) or
differentiation medium (DM) in the presence of varying concentration of salubrinal for 5
days. (D) TRAP staining was performed for the measurement of differentiated BMM cells,
(E) and the number of TRAP-positive multinucleated osteoclasts was counted. All the bars
represent mean SExfrom a representative triplicate experiment. The significance was
determined by Student’s #test (*/<0.5; **F<0.1).
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Fig. 5.

Evaluation of salubrinal in bone destruction model mice. (A) Salubrinal (1 mg/kg) was
injected intraperitoneally 24 hr before the first RANKL injection, and the mice (/=6)
subsequently received simultaneous injections of salubrinal (1 mg/kg, IP) and RANKL (0.5
mg/kg, IP) at 24 hr intervals for 3 days. Total femoral bone mineral density (BMD) was
measured using pDEXA X-ray bone densitometer. BMD was calculated using the bone
mineral content (BMC) in the measured area. (B) Distal femurs and tibiae from NC
(negative control), RANKL (positive control) and RANKL plus salubrinal mice were
examined by micro-CT. Two-dimensional reconstruction of tibiae and femurs revealed
increased bone mass in salubrinal treated mice compared with control littermates. (C)
Histograms representing the 2D trabecular structural parameters in tibiae and femurs; bone
volume per tissue volume (BV/TV), trabecular separation (Th. Ts), trabecular thickness (Tb.
Th) and trabecular number (Th. N). All the bars are mean SE+from a representative
triplicate experiment. The significance was determined by ANOVA test (*/<0.5; **/<0.1).
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Fig. 6.

Simplified model for anti-osteoporosis activity of salubrinal. Salubrinal inhibits
dephosphorylation of elF2a and maintains phosphorylated status of elF2a., up-regulating
ATF4 expression and osteoblast differentiation. On the other hand, osteoclast differentiation
by RANKL is suppressed by salubrinal. Reduction of NFATc1 expression seems to be
critical for the inhibitory effect of salubrinal on osteoclast differentiation.
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