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Abstract

Osteoclasts are unique bone remodeling cells derived from multinucleated myeloid progenitor
cells. They play homeostatic vital roles in skeletal modeling and remodeling but also destroy bone
masses in many pathological conditions such as osteoporosis and rheumatoid arthritis. Receptor
activation of NF-xB ligand (RANKL) is essential to osteoclastogenesis. In this study, we
investigated the effects of bromo-honaucin A (Br-H A)isolated from Leptolyngbya crossbyana
(cyanobacterium). To investigate the mechanism of the inhibitory effect of Br-H A on
osteoclastogenesis, we employed Br-H A in RANKL-treated murine monocyte/macrophage RAW
264.7 cells for osteoclastic differentiation in-vitro. The inhibitory effects on in-vitro
osteoclastogenesis was evaluated by counting the number of Tartarate resistant acid phospatase
(TRAP) positive multinucleated cells and by measuring the expression level of osteoclast-specific
genes like matrix metalloproteinase 9 (MMP9), cathepsin K (CATH K), GRB2-associated-binding
protein 2 (GAB2), c-terminal myc kinase (C-MYC), C-terminal Src kinase (C-SRC) and
Microphthalmia-associated transcription factor (MITF). Moreover, Br-H A blocked the resorbing
capacity of RAW 264.7 cells on calcium phosphate-coated plates. Finally, Br-H A clearly
decreased the expression of Akt and also decreased the activation of ERK. Thus, the study
identifies Br-H A as potent inhibitor potentialin the treatment of diseases involving abnormal bone
lysis such as osteoporosis, rheumatoid arthritis, and periodontal bone degradation.
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1. Introduction

Bone remodeling is a physiological process that involves the resorption of bone by
osteoclasts and formation of bone matrix by osteoblasts. Osteoclasts are multinucleated cells
that are responsible for bone resorption and derive from hematopoetic stem cells (Boyle et
al., 2003; Karsenty et al., 2002). An imbalance in bone remodeling that results in more bone
resorption than bone formation underlies such pathologic bone disorders such as
osteoporosis (Weitzmann and Pacifici., 2006) and rheumatoid arthritis (Durand et al., 2011;
Hirayama et al., 2002). Osteoclasts arise from precursor cells of the monocyte/macrophage
lineage and are the primary cells responsible for physiological and pathological bone
resorption. Therefore, these cells are identified targets for therapies designed to retard or
abolish metabolic bone loss, such as in osteoporosis. An inflamed state resulting in abnormal
levels of cytokines and growth factors in the bone marrow microenvironment contributes to
the pathological resorption of bone by osteoclasts (Mundy et al., 1995). Osteoclasts are
known to be formed by the fusion of hematopoietic cells of the monocyte macrophage
lineage during the early stage of the differentiation process (Mohamed et al., 2007). The
receptor activator of nuclear factor-kappa B ligand (RANKL) produced by osteoblasts plays
a key role in osteoclast differentiation and activation (Suda et al., 1999). Binding of RANKL
to RANK triggers downstream signaling events that lead to the induction of
osteoclastogenesis. The activation of molecular adaptor Grb-2-associated binder 2 (GAB2)
subsequently induces the activation of transcription factors, mitogen-activated protein
kinases (MAPKs), C-SRC, and AKT (Boyle et al., 2003). Hydrogen ions (H*) was secreted
by mature osteoclasts and proteinases such as cathepsin K and matrix metalloproteinase
(MMP)-9 from the ruffled border, and these dissolve the inorganic and organic components
of bone, respectively. Tartrate-resistant acid phosphatase (TRAP) has also been suggested to
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be involved in the bone resorptive activity of osteoclasts (Angel et al., 2000). Hydrogen ions
are produced via carbonic anhydrase Il (CAII) in the cytoplasm and are secreted
extracellularly by H*-ATPases (Vaananen and Laitala-Leinonen, 2008). Transcriptional
factor involved in osteoclast differentiation and dendritic cell-specific transmembrane
protein (DC-STAMP), an essential molecule for cell-cell fusion (Hartgers et al., 2000;
Kukita et al., 2004). The c-myc oncogene has been implicated in the control of cell
proliferation, differentiation, and programmed cell death as well as in neoplastic
transformation (Fuhrmann et al., 1999; Dang et al., 1999; Grandori et al., 2000). C-SRC
permits the receptor/kinase complex to organize the osteoclast cytoskeleton by activating the
cytoskeleton-organizing molecules (Teitelbaum 2011; Jurdic et al., 2006). RANKL signal in
osteoclast precursor cells evokes the activation of mitogen-activated protein kinases
(MAPKS), extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK) and
p38 (Lee et al., 2003). The phosphoinositide kinase-3/Akt pathway is also stimulated by
RANKL. These signaling pathways ultimately lead to induction and activation of the
transcription factors involved in expression of genes that characterize osteoclasts
differentiation and function.

Honaucin A was isolated from the cyanobacterium Leptolyngbya crossbyana that was found
on overgrowing corals in the Hawaiian coast (Choi et al., 2012). Marine cyanobacteria are
one of the richest sources of biologically active and structurally unique natural products
(Tidgewell et al., 2010) having many biological properties of potential utility in the
treatment of cancer, microbial infections, inflammation, or neurological diseases. Chronic
inflammatory disorders such as rheumatoid arthritis have pervasive impacts on human health
(Grivennikov et al., 2010; Tousoulis et al., 2011). Bone-resorbing osteoclasts are important
effector cells in inflammation-induced bone loss such as rheumatoid arthritis or periodontitis
(Jimi et al., 2004). We predicted that Br-H A might display a protective effect against bone
loss. So, we examined the anti-osteoclastogenic effect and signaling pathways of Br-H A
with RANKL stimulated macrophages. We demonstrate here for the first time that Br-H A
significantly suppressed RANKL-induced osteoclast differentiation by modulating
osteoclast-specific genes, transcription factors and signaling molecules.

2. Materials and methods

2.1. Materials

Cell culture medium, fetal bovine serum (FBS), and horse serum were obtained from
Invitrogen (Gaithersburg, MD, USA). RANKL was obtained from PeproTech (Rocky Hill,
NJ, USA). A commercially available BONE RESORPTION ASSAY KIT 48 for the
osteoclastic bone resorption assay was obtained from PG Research (TOKYO, JAPAN). All
other chemicals were purchased from Sigma.

2.2. Preparation of Honaucin A, Hex-Honaucin A, Br-Honaucin A and I-Honaucin A

Honaucin A is a natural product originally isolated from a cyanobacterium, Leptolyngbya
crosshyana, found overgrowing corals on the Hawaiian coast. Honaucin A and its synthetic
derivatives were prepared by previously reported synthetic scheme (Choi et al., 2012).
Honaucin A was synthesized by Steglich esterification with N,N’-dicyclohexylcarbodiimide
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between (S)-3-hydroxy-y-butyrolactone and 4-chlorocrotonic acid. Hex-honaucin A was also
prepared by 1-ethyl-3-(3 A was allaminopropyl) carbodiimide hydrochloride from (S)-3-
hydroxy-y-butyrolactone and (E)-4-chlorohex-2-enoic acid, which was obtained by
selenocatalyticallylic chlorination by PhSeCl from (E)-hex-3-enoic acid. Br-H A (Fig. 1A)
and I-honaucin A were produced from honaucin A by the treatment at 50°C for 5 days with
NaBr and Nal, respectively.

2.3. Cell viability

Cell viability was measured by conventional MTT assay. RAW264.7 cells (3 x 10%) were
seeded on 96-well plates and incubated for 24 h in media that was supplemented with 10%
FBS. Various concentration (0.01, 0.1, 0.5, 1) ug/ml of Honaucin A and Hex-Honaucin A,
Br-Honaucin A and I-Honaucin A were added to the cell. The cells were incubated for
additional 24 h at 37°C in 95% air and 5% CO, atmosphere incubator and then washed with
phosphate buffered-saline (PBS) and a medium containing 100 pg/ml of MTT [3-(4,5-
dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide] for 2 h at 37°C. The cells were
washed with PBS and dissolved in 200 pl of Dimethyl sulfoxide (DMSO). The resulting
intracellular purple formazan was quantified by measuring the absorbance at a wavelength
of 540 nm using spectrophotometer.

2.4. Cell culture and treatment

The murine monocyte/macrophage cell line RAW?264.7 was purchased from American Type
Culture Collection (Manasas, VA, USA) and grown in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% heat-inactivated FBS, penicillin (100 U/ml), and
streptomycin (100 pg/ml). All cells were grown in a humidified atmosphere containing 5%
CO, at 37°C. For osteoclastic differentiation, RAW264.7 cells were suspended in a-MEM
containing 10% FBS, 2 mM-glutamate, 100 ug/ml penicillin, and 100 pg/ml streptomycin
and then seeded at 2x10°2 cells/well in 96-well culture plates and cultured with 50 ng/ml
soluble RANKL for 4 days in osteoclastogenic medium. Cells were cytochemically stained
for tartrate-resistant acid phosphatase (TRAP), an osteoclast marker protein.

2.5. Tartrate-resistant acid phosphatase (TRAP) staining

For TRAP staining, cells were washed with PBS and fixed with 3.7% formaldehyde for 10
min. After washing with PBS, cells were incubated with 0.1% (v/v) Triton X-100 for 1 min
and then incubated for 40 min at 37 °C in dark with a mixture of solutions of Fast Garnet
GBC, sodium nitrite, naphthol AS-BI phosphoric acid, acetate, and tartrate on the Leukocyte
Acid Phosphatase Assay kit (Sigma) according to the manufacturer’s instructions. Cells
were washed with distilled water and TRAP-positive multinucleated cells containing three
or more nuclei were counted using a light microscope. Furthermore, 1C5y was calculated. To
calculate 1Csp, a scatter graph was made in MS EXCEL (where X axis is concentration and
Y axis is % activity) then a slope equation “Y=mx+c” is used (where Y=50, and value of m
and c is present in equation itself). Now, the equation is solved and the value of “X”
obtained will be 1C5q value for that graph.
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2.6. RT-PCR analysis

Total RNA was isolated from cultured cells using TRIzol (Invitrogen) and cDNA synthesis
was performed with Super Script 11 reverse transcriptase (Invitrogen) according to the
manufacturer’s protocol and stored at -80°C. All PCR primers were purchased from
Bioneer (Daejeon, Korea). Primer sequences and PCR conditions used in this study are
listed in Table 1. After initial denaturation at 94°C for 1 min, PCR was performed for
various cycles (30 s at 94°C, 1 min at annealing temperature and 2 min at 72°C) using Taq
polymerase (Promega, Madison, WI, USA). Reaction products were separated on a 1%
agarose gel, stained with ethidium bromide, and analyzed by densitometry using a
Phosphoimager and Quantity One software (Version 4.3.1) (Bio-Rad, Hercules, CA, USA).
Levels of each gene expression in all experimental groups were compared to the expression
levels of the control group.

2.7. Western blotting

Cells were harvested and lysed in lysis buffer [20 mM Tris—HCI (pH 7.5), 137 mM NacCl,
10% glycerol, 1% Triton X-100, 1 mM NazVOy,, 1 mM phenyl methyl sulfonyl fluoride
(PMSF), and 1 X protease inhibitor cocktail]. After centrifugation at 13,000 x g for 15 min,
supernatants were used as cell extracts and supernatants were stored at —70°C until use. Cell
extracts were separated by SDS-PAGE on 8-10% gels and then transferred to
polyvinylidenedifluoride (PVDF) membranes (Bio-Rad) with a glycine transfer buffer (192
mM glycine, 25 mM Tris—HCI [pH 8.8], 20% MeOH [v/v]). Membranes were blocked with
5% nonfat skim milk in Tris-buffered saline (TBS) containing 0.25% Tween-20 (TTBS) at
room temperature for 1 h and then incubated for 16 h at 4°C with rabbit anti-phospho-
ERKZ1/2 (Cell Signaling Technology Inc., Beverly, MA, USA), anti-phospho-JNK (Cell
Signaling Technology), anti-phospho-AKT (ser 473) (Cell Signaling Technology), or anti-p-
actin (Santa Cruz Biotechnology) antibodies diluted 1:1000 in 5% nonfat skim milk in
TTBS. Horseradish peroxidase-conjugated anti-rabbit or anti-mouse antibodies (Santa Cruz
Biotechnology) were used as secondary antibodies (1:5000-1:10,000 dilution in 5% nonfat
skim milk in TTBS, 1 h incubation at room temperature) and the antigen—antibody
complexes were visualized with an ECL Plus kit (Amersham Biosciences, Piscataway, NJ,
USA). Protein expression of osteoclast markers P-Akt, P-JNK and P-ERK are divided by
Akt, INK and ERK respectively.

2.8. Pit formation assay

RAW 264.7 cells were suspended in phenol a-MEM containing 10% FBS and plated at a
concentration of 5x103 cells/well on calcium phosphate (CaP)-coated 48 well plate. Binding
of Fluoresceinamine —labeled chondroitin sulfate (FACS) to CaP-coated plate and cell
culture was performed in aseptic conditions. 0.25 ml of bone resorption assay facs was
added on BONE RESORPTION ASSAY PLATE 48 (Code#: CSR-BRA-48KIT), and the
plate was covered with lid and incubated at 37°C for 1-2 h in light-shielded conditions.
After, incubation the plate was washed twice with 0.5 ml of 1x PBS, and 0.5 ml of culture
medium (without phenol-red) was added. FACS-labeled CaP-coated plate was kept in light-
shielded conditions during cell proliferation. The media was removed from the plate and
RAW264.7 cells were inoculated into each well in the culture medium (phenol red-free
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aMEM containing 10% FBS), in the presence or absence of 100 ng/ml RANKL and Br-H A
for 6 days without changing medium. Multinuclear osteoclast cells are observed in 6 days.
On day 6, 100 pl of the conditioned medium was transferred from each well into the wells of
a 96-well plate (black plate for fluorescence measurement). Then, 50 ul of BONE
RESORPTION ASSAY BUFFER was added to each well and mixed using a plate shaker.
Fluorescence intensity was measured using an excitation wavelength of 485 nm and an
emission wavelength of 535 nm. To measure the pit area, the plate was then treated with 5%
sodium hypochlorite for 5 min to remove the cells. Then the plate was washed with water
and dried. Finally, the regions in each well are photographed using a microscope, and the pit
area was measured with image J software.

2.9. Statistics analysis

3. Results

All of the experimental data shown are expressed as means + S.D. and all experiments were
repeated at least three times, unless otherwise indicated. Statistical analyses were performed
by Dunnett’s multiple comparison test using SPSS ver. 12.0 software and P-values less than
0.05 were considered significant.

3.1 Effects of Honaucin derivatives on cell viability

We evaluated four honaucin-type compounds effects on cell growth. RAW?264.7 cells were
treated with honaucin A or its derivatives at different concentrations (0.01 ug/ml, 0.1 ug/ml,
0.5 pg/ml and 1 pg/ml) for 24 h and cell growth was measured by MTT assay. Honaucin A
and its derivatives at 0.01 pug/ml, 0.1 ug/ml concentrations exhibited no cytotoxic effects in
cells. Furthermore, of all the derivatives at 0.5 pg/ml, and 1 pg/ml concentrations, Hex- H A
at 1 ug/ml showed high toxicity, only 71.6% cell viability was observed. While Honaucin A,
Br-H A and I-H A did not showed any toxicity compared to the control cells that had
received no treatment (Fig. 1B).

3.2 Effects of Honaucin derivatives on cell viability, TRAP activity and ICgq in RANKL-
induced Osteoclastogenesis

Next, we evaluated the inhibitory activity of 0.1 pg/ml and 0.5ug/ml honaucin A and its
derivatives to 50 ng/ml RANKL-induced osteoclastogenesis in RAW 264.7 cells. We found
TRAP activity was decreased by Br-honaucin A > I-honaucin A >hex-honaucin A
>honaucin A, respectively (Table 2). 0.1 ug/ml Br-H A caused 50% more inhibition of
RANKUL-induced osteoclastogenesis than did I-honaucinA, hex-honaucin A and honaucin A,
as determined by measuring the cellular TRAP activity (Table 2). Their anti-
osteoclastogenic effects were not attributed to cellular toxicity as confirmed by MTT cell
viability assay of cells treated with TRAP and honaucin A or its derivatives at 0.5 ug/ml. Br-
H A did not affect the cell growth rate of RAW264.7 cells at the 1 and 3 day time-points but
did reduce the number of TRAP-positive multinucleated cells to 40.58 + 1.8% compared to
control. Of the four honaucin derivatives, Br-H A was the most potent inhibitor of RANKL-
induced osteoclastogenesis with an 1Csq value of approximately 0.54 + 0.06 ug/ml compared
to RANKL treatment as 100% activity (Table 2). Next, we examined whether Br-H A has an
effect on multinucleated osteoclast-like cell formation in RANKL-stimulated RAW264.7
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cells. Br- Honaucin A markedly inhibited the RANKL stimulated multinucleated osteoclast-
like cell formation in RAW264.7 cells in a dose-dependent manner (Fig. 2A and 2B).

3.3 Effect of Br-H A on mRNA expression of osteoclastic marker genes in RANKL
stimulated RAW 264.7 cells

We then monitored the expression levels of the biomarkers and specific transcription factors
involved in osteoclastogenesis. Osteoclast differentiation is associated with up-regulation of
specific genes in response to RANKL (Miyauchi et al., 2011). To determine if the inhibitory
effect of Br-H A corresponded with the expression of osteoclast specific genes, total RNA
was prepared from treated RAW 264.7 cells and analyzed by RT-PCR. While RANKL (100
ng/ml) significantly induced the expression of cathepsin K, MMP 9, matrix
metalloproteinase 2 (MMP 2) and TRAP in RAW264.7 cells. The expression of cathepsin K
and MMP9 increased in a low concentration of Br- H A and significantly reduced in a high
concentration of Br-H A. Whereas Br-H A did not show much effect on TRAP and MMP 2
gene (Fig. 3A and 3B). Thus, results show that Br-H A has a specific effect on the regulation
of some genes induced during osteoclast differentiation.

Similarly, RANKL (100 ng/ml) significantly induced the expression of purine rich 1 (PU 1),
Microphthalmia-associated transcription factor (MITF), C-SRC, C-MYC, dendritic cell-
specific transmembrane protein (DC-STAMP), GAB2 and carbonic anhydrase 11 (CAII). Br-
H A reduced RANKL-induced expression of PU 1 in day 1 and didn’t effect on day 2 and 3.
In case of MITF, C-SRC, C-MYC, GAB2 and DC-stamp the RANKL induced expression is
significantly reduced in day 2 and day 3 rather than in day 1. Finally, the RANKL-induced
expression of CA Il is reduced significantly only in day 2 and it didn’t effect in day 1 and 3
(Fig. 3C and 3D) and also did not affect the expression of the housekeeping gene j-actin.
These results show that Br-H A has specific effect on the regulation of specific genes in
different time intervals during osteoclast differentiation.

3.4 Suppression of RANKL- stimulated pit formation by Br-H A

We further examined whether Br-H A had an effect on the ability of mature osteoclasts to
resorb bone. RAW264.7 cells were stimulated with (100 ng/ml) RANKL to induce the
differentiation of mature osteoclasts with bone-resorbing capacity and plated on calcium
phosphate-coated culture plates. RANKL-stimulated cells formed a number of pits on the
bottom of the plate, suggesting that the bone resorption activity of RANKL-treated
RAW264.7 cells made them functionally active as osteoclasts (Fig. 4A). Furthermore,
treatment with Br-H A significantly reduced the fluorescence intensity in a dose dependent
manner and also the number and overall area of resorption pits in a concentration-dependent
manner as compared to treatment with RANKL alone (Fig. 4B and 4C).

3.5 Effect on MAPK and Akt in RANKL stimulated RAW 264.7 cells

Families of (MAPKS) JNK, ERK, have been shown to be activated in response to RANKL
in osteoclast precursor cells (Lee et al., 2002) and RAW 264.7 cells (Mozar et al., 2008). To
determine the intracellular mechanism of Br-H A, we investigated the activation of MAPKs
and Akt involved in the RANKL-signaling pathway using the RAW264.7 cells. The JNK,
ERK1/2 and Akt activation states were determined by Western blot analysis using
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antibodies specifically directed against the phosphorylated forms of these kinases, and
compared to data obtained with antibodies directed against their un-phosphorylated states.
RANKL (100 ng/ml) markedly induced the activation of MAPKs within 10 min of treatment
in RAW 264.7 cells. However, the phosphorylation of ERK1/2 appeared to be inhibited by
the treatment with Br-H A at 10 and 30 min, again the activation of JNK was not inhibited
by the treatment with Br-H A at 10 and 30 min. Likewise RANKL (100 ng/ml) also induced
the activation of Akt (ser 473) within 10 min of treatment. This RANKL-mediated
activation of Akt appeared to be inhibited by treatment with Br-H A at 10 and 30 min (Fig.
5A and 5B).

4. Discussion

Honaucin A is a marine natural product found originally in a Hawaiian marine
cyanobacterium. As a synthetically tractable compound, various, halogen atoms (Br, 1) could
be attached to the primary site of the crotonic acid residue. In this study, we tried to screen
Honaucin A and its derivatives and select the most potent drug. So, we performed MTT
assay and TRAP activity. Hex- H A didn’t showed toxic effect on dayl but showed toxic
effect on day 3 in MTT assay so we didn’t choose Hex-H A. Honaucin A didn’t showed
toxic effect in MTT assay and has good effect in TRAP activity. But concentration of
Honaucin A was doubled than Br-H A so we choose Br-H A. While I-honaucin A was a
very active compound, it was found to be quite labile. Therefore, Br-honaucin A was chosen
as the most effective drug for further study (Choi et al., 2012).

Osteoclasts are tissue-specific multinucleated cells generated from the differentiation of
monocyte/macrophage precursors (Boyle et al., 2003). Excessive bone resorption plays a
vital role in the formation of age-related osteoporosis (Cummings et al., 2002). In this study,
we determined that Br-H A is a potent inhibitor of osteoclastogenesis in RANKL-stimulated
RAW 264.7 cells. Br-H A inhibited RANKL-induced formation of osteoclasts from
precursor cells without cytotoxicity. Br-H A also led to the decrease of osteoclast-specific
genes like cathepsin K, MMP9, PU-1, MITF, C-SRC, C-MYC, GAB2, DC-stamp and CA
I1. Moreover, Br-H A inhibited the resorbing capacity of RAW 264.7 cells on calcium
phosphate-coated plates. Br-H A has inhibitory effects on the activation of ERK, JNK and
Akt.

Over expression of cathepsin K causes excessive bone loss (Siddiqi et al., 2015; Zhuoet al.,
2014). In this study, we found that Br-H A reduced the RANKL-induced expression of
cathepsin K. TRAP is an iron-binding protein that is highly expressed in osteoclasts and also
induced in differentiation of osteoclasts (Reddy et al., 1995). In our study, Br-H A did not
reduce the RANKL-induced expression of TRAP. Over expression of MMP9 increased
osteoclast differentiation (Park et al., 2014). In this study we found that Br-H A reduced the
RANKUL-induced expression of MMP9. Bone matrix degradation is also associated with the
expression of MMP2 (Kang et al., 2003). But our study shows that Br-H A did not reduce
the RANKL-induced expression of MMP2. MITF regulates the development and function of
several cell lineages, including osteoclasts (Lu et al., 2010). The genetic and physical
interactions between MITF and PU 1 are necessary for osteoclast gene expression and
differentiation (Lucin et al., 2001). In this study, we examined whether MITF and PU 1
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regulate osteoclast. We found Br-H A reduced the RANKL-induced expression of MITF and
PU 1. Furthermore, c-myc is a downstream target of RANKL and its expression is required
for RANKL-induced osteoclastogenesis (Takeshita et al., 2002). In our study, we found Br-
H A dramatically reduced the RANKL-induced expression of c-myc. Likewise, c-src play
important roles in regulating bone resorption of osteoclasts by mediating their migration
(Zou et al., 2007). In our study, Br-H A reduced the RANKL-induced expression of c-src.
GAB2 is the target of several receptor and non-receptor tyrosine kinases as well as to be
modified by other receptors known to be expressed on the osteoclast or its precursors
including Fc (Sarmay et al., 2006). Our study showed that Br-H A reduced the RANKL-
induced expression of GAB 2. In addition, DC-STAMP is not only involved in cell-cell
fusion during osteoclastogenesis but also participates in osteoclast differentiation (Ya-Hui et
al., 2012). In this study, Br-H A reduced the RANKL-induced expression of DC-STAMP.
CA Il is essential in bone resorption and also in osteoclast differentiation (Lehenkaril et al.,
1998) and appears in osteoclasts at an early stage of differentiation (Laitala et al., 1993). In
our study, Br-H A reduced the RANKL-induced expression of CA 1l.

Br-H A also had inhibitory effects on the activation of MAPKSs and Akt. Osteoclastogenesis
is stimulated by inflammatory cytokines, leading to the resorption of bone typical of
osteoporosis (Yoon et al., 2013). RANKL binds to RANK in osteoclast precursor and
differentiating osteoclasts cells, resulting in activation of various intracellular signaling
pathways involving p38, INK, ERK and Akt (Boyle et al., 2003; Lee et al., 2003). RANKL-
mediated activation of Akt is dependent on TRAF6-Src-PI 3-kinase interaction (Wong et al.,
1999). Akt primarily plays a role in promoting osteoclast survival (Lee et al., 2001). Br-H A
displayed a potent inhibitory effect on osteoclast differentiation due to Akt inhibition.
Similarly, JNK and ERK play a functional role in osteoclast differentiation (Lee et al., 2002;
Yu etal., 2014). In our study, Br-H A suppressed the activation of INK and ERK in
response to RANKL in a dose dependent manner. An intricate interplay of these pathways
determines the specific changes in gene expression and cytoskeletal reorganization for
differentiation, function, and survival of osteoclasts.

In summary, the present study demonstrated that Br-H A inhibits osteoclastogenesis from
macrophage cell line in vitro. Br-H A reduced the RANKL-induced expression of
osteoclast-associated genes MMP9, Cath K, GAB2, C-MYC, C-SRC, MITF, PU 1 and DC-
STAMP. In addition, Br-H A attenuated the RANKL-induced expression of ERK and Akt
activation. Although additional experiments are needed to confirm the efficacy of Br-H A in
vivo, our results indicate that it may have potential as a therapeutic drug for disorders
associated with bone loss.
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Fig. 1.
Effects of Honaucin derivatives on cell viability in RAW264.7 cells. (A) Chemical structure

of bromo-honaucin A (Br-H A). (B) The effect of Honaucin A and it’s derivatives on cell
viability was measured using the MTT assay. Values are expressed as means + S.D. of
triplicate experiments.*P < 0.05 indicates significant differences compared to the control.
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Fig. 2A
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Fig. 2.
Inhibitory effects on osteoclast differentiation in RANKL-stimulated RAW264.7 cells. (A)

RAW264.7 cells were cultured with 0.1 ug/ml and 0.5 pg/ml concentration of Br-H A in the
presence of 50 ag/ml RANKL. (B) The histogram represents the number of TRAP (+)
multinucleated cells compared with RANKL treated as a control. Values are expressed as
means + S.D. of triplicate experiments. *P < 0.05 indicates significant differences from the
RANKL-stimulated group.
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Fig. 3.
Effect of Br-H A on mRNA expression of osteoclastic marker genes in RANKL stimulated

RAW264.7 cells. (A) RAW 264.7 cells (3.0 x 10° cells/mL) were pre-incubated for 16 h,
and the cells were stimulated with RANKL (100 ng/mL) in the presence of Br-H A (0.1 and
0.5 pg/ml) for 4 days. The expressions of mMRNA osteoclastogenic marker genes were
determined using RT-PCR. (B) The histogram represents the levels of the mMRNA expression
(%) compared with that of the control. Values are expressed as means + S.D. of triplicate
experiments. *P < 0.05 indicates significant differences from the RANKL-stimulated group.
(C) RAW264.7 cells (3.0 x 10° cells/ml) were pre-incubated for 16 h, and the cells were
stimulated with RANKL (100 ng/ml) in the presence of Br-Honaucin A 0.5 pg/ml for 1, 2, 3
days. mRNA expressions of osteoclastogenic marker genes were determined using RT-PCR.
(D) The histogram represents the levels of the mMRNA expression (%) compared with that of
the control. Values are expressed as means * S.D. of triplicate experiments. *P < 0.05 and
**P < 0.001 indicate significant differences from the RANKL-stimulated group.
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RAW?264.7 cells were plated on to Bone Resorption Assay Kit 48 plates and cultured in
differentiation medium without (control) or with Br-H A (0.1 and 0.5 pg/ml) for 6 days. (A)
A microscopic photograph of a CaP coated plate (on day 6), without RANKL, with RANKL
only (100 ng/ml), and with RANKL and Br-H A (0.1 and 0.5 pg/ml) respectively. (B) The
inhibitory effects of Br-H A on the resorption of CaP induced by RANKL (100 ng/ml) were
evaluated by fluorescence intensity. (C) The histogram represents the relative pit area (%)
compared with that of the control (#). The results are expressed as mean + S.D. of triplicate
experiments. *P<0.05 indicates significant differences from the RANKL stimulated group.
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Fig. 5 A
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Fig. 5.

Effect on MAPK and Akt. (A) MAPK protein level in RANKL-stimulated RAW264.7 cells.
RAW264.7 cells (1.0 x 108 cells/mL) were cultured for 16 h, pre-incubated with 0.5 pg/ml
of Br-H A for 30 min, and stimulated with RANKL (100 ng/ml) for the indicated times. Cell
extracts were analyzed by Western blot using antibodies specifically directed against the
phosphorylated forms of the enzymes, compared to data obtained with antibodies directed
against the unphosphorylated states of the kinases. Equal amounts of protein were loaded in
each lane as calibrated by the level of f-actin. (B) The histogram represents the percent
relative density of the MAPK compared with that of the control. Values are expressed as
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mean £ S.D. of triplicate experiments. *P<0.05 and **P<0.001 indicate significant
differences from the RANKL
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Table 1

Primer sequences and conditions for RT-PCR

5’-ctcatagctcttctccaggg-3

Target genes (Accession number) | Primer (Forward, Reverse) Anneling Tm(°C) | PCR cycles

TRAP (NM_007388) 5/-ctgctgggcctacaaatcat-3’ 54 30
5/-ggtagtaagggctggggaag-3’

RANK (NM_009399) 5’-aaaccttggaccaactgcac-3’ 53.7 30
5’-accatcttctcctcccgagt-3/

MMP9 (NM_013599) 5’-cgtcgtgatccccacttact-3/ 57.5 36
5/-agagtactgcttgcccagga-3’

Cathepsin K NM_007802) 5’-aggcggctatatgaccactg-3’ 57.5 26
5/-ccgagccaagagagcatatc-3/

MMP2 (NM_008610) 5/-ggctggaacactaggac-3’ 60 36
5’-cgatgccatcaaagacaatg-3’

CAII (K00811) 5’ ttggctgttttgggctatttt-3 52 35
5’- cgctttgatctttctattctt -3/

DC-STAMP (AY517483) 5/- ctaaggagaagaaacccttg-3’ 54 35
5/- cagcatagaagacaacaatcc -3’

PU.1 (M_32370) 5/- cttcccttatcaaaccttgtc-3’ 54 35
5’- aggtgagcttcttcttgactt -3

MITF (NM_008601) 5’- agacctgacatgtacgacaac-3’ 56 35
5/- tatgcagggctactgataag -3’

c-src (U01149) 5/- tccaggctgaggagtggtactttgg-3/ 64 35
5/- atacggtagtgaggcggtgacacag -3’

c-myc (AB040746) 5’- caccagcagcgactctgaagaagag-3’ | 64 35
5’- agaggtgagcttgtgctegtctge -3’

GAB2 (AB018414) 5’- ctggacaagaaccacaatgc-3/ 56 30
5’- agtctttcctggaggttcag -3/

fB-actin (NM_007393) 5/-ttctacaatgagctgegtgt-3’ 50 26
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