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Abstract

Because of the poor response to chemotherapy and radiation therapy, new treatment approaches
by immune-based therapy involving activated T cells are required for melanoma. We previously
reported that the uncarboxylated form of osteocalcin (GIuOC), derived from osteoblasts,
potentially suppresses human prostate cancer cell proliferation by direct suppression of cell
growth. However, the mechanisms in vivo have not been elucidated. In this study, we found that
GIuOC suppressed tumor growth of B16 mouse melanoma transplants in C57BI/6N wild-type
mice. Our data demonstrated that GIuOC suppressed cell growth by downregulating
phosphorylation levels of receptor tyrosine kinases and inducing apoptosis in vitro. Additionally,
stimulation of primary mouse splenocytes with concanavalin A, a polyclonal T-cell mitogen, in the
presence of GIuOC increased T cell proliferation and their interferon-y production. Taken
together, we demonstrate that GluOC exerts multiple antitumor effects not only in vitro, but also
in vivo through cellular immunostimulatory effects against Bl 6 mouse melanoma cells.

Introduction

Melanoma is one of the most severe forms of
malignant diseases (1). Although recent therapeutic

pathological conditions including cancer bone
metastasis (4), and during normal bone turnover. OC

agents for melanoma have prolonged patient survival,
their prognosis remains poor. In recent years, some
epochal strategies against melanoma have been
proposed, focusing on immunostimulatory therapy
(2), because cellular immunity, especially interferon
(IFN)-vy released from cytotoxic T lymphocytes (CTLs)
is essential to reject bulky melanoma tumors (3).
Serum osteocalcin (OC), a noncollagenous bone
matrix protein secreted by osteoblasts, in serum has
been correlated with bone remodeling under

in serum exits as two types, y-carboxylated OC
(GlaOC) and lower- (or un-)y-carboxylated OC
(GluOC) (5-8). We have reported that GluOC, but not
GlaOC, improves glucose metabolism (5-8), which is
consistent with a previous report (9). These results
indicate that each OC type might play a different role
in various pathophysiological conditions. In terms of
cancer, our recent study revealed that GlaOC and
GluOC have completely opposite effects on the
growth of human prostate cancer cells in vitro (10),
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that is, GluOC suppresses cancer cell growth, whereas
GlaOC accelerates it.

In the present study, we investigated anticancer
mechanisms of exogenous GluOC using a mouse
melanoma cell line, B16. There is an intimate crosstalk
between bone lineage cells and immune cells (11), and
OC has been reported to be regulated by
proinflammatory cytokines (12) and decreases in a
weakened immune system (13). Therefore, we
investigated the immunological aspect of GluOC in
cancer progression, as well as its direct antitumor
effects.

Materials and Methods

Materials

Recombinant GluOC was prepared as described
previously (6). GlaOC was purchased from AnaSpec
(Fremont, CA, USA).

Cells

The mouse melanoma cell line, B16, was
obtained from RIKEN BioResource Center. The cells
were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum
(Thermo Fisher Scientificc, Waltham, MA, USA),
penicillin (100 U/ml), and streptomycin (0.1 mg/ml)
at 37°C in humidified air containing 5% CO..

Measurement of cell viability

Cell viability was determined with a WST8 assay
(Cell Count Reagent SF, Nacalai Tesque, Kyoto,
Japan) and a BrdU wuptake assay (BrdU Cell
Proliferation ELISA Kit, Exalpha Biologicals, Shirley,
MA, USA), as reported previously (10). Each cell
seeding density was optimized before experiments
(GluOC: 1 x 10* cells/ well, GlaOC: 5 x 103 cells/
well).

Receptor tyrosine kinase (RTK)
phosphorylation antibody array

The RTK phosphorylation antibody array was
emploved a Mouse Phospho-RTK Array Kit (R&D
Systems, Minneapolis, MN, USA), as reported
previously (10). After precultured for 24 h, B16 cells
were treated with GluOC (10 ng/ml) or GlaOC (10
ng/ml) for 6 h. Cells were lysed in lysis buffer 17
(R&D Systems) including 10 pg/ml aprotinin, 10
pg/ml leupeptin, and 10 pg/ml pepstatin. Cell lysate
(57 pg protein) was applied to the array.

Animals

Female C57BI/6N mice (Charles River
Laboratories, Yokohama, Japan) were maintained
under specific pathogen-free conditions. All animal
experiments and a part of experiments were approved

by the Animal Ethics Committees of Kyushu
University and Fukuoka University, respectively.

Determination of tumor growth in B16
transplants of C57BI/6N mice

A micro-osmotic pump (ALZET, model 1004;
DURECT, Cupertino, CA, USA) was used to
administer saline, GluOC at a high dose (7.5
pg/mouse/day), or GluOC at a low dose (1.5
pug/mouse/day) by sustained release into the left
flank. After 1 week, B16 cells (1x10¢cells) in 0.1 ml of
PBS were injected subcutaneously into the right flank
of the 9-week-old female C57Bl/6N mice (n=8-10) a
week later. Tumor size was measured with calipers
every 3 or 4 days. Tumor volume was calculated as
ab?/2, where a and b are the largest and smallest
central cross-sectional dimensions, respectively. At 20
days after tumor transplantation, tumors were
extracted after euthanasia.

Immunohistochemistry

Tissue was fixed with 4% paraformaldehyde,
embedded in paraffin, and sectioned at a thickness of
4-6 pm. Following routine procedures including
quenching of endogenous peroxidase and antigen
retrieval, the sections were incubated with rabbit
polyclonal antibodies against osteocalcin (1:100
dilution, ab93876; Abcam, Cambridge, UK), CD3
(1:100 dilution, 17A2; Biolegend, San Diego, CA,
USA), or IFN-y (1:100 dilution, bs-0480R; Bioss,
Woburn, MA, USA). After washing, the sections were
incubated for 30 min with biotin-conjugated goat
anti-rabbit  (1:500  dilution, BA-1000; Vector,
Burlingame, CA, USA) or mouse IgG (1:500 dilution,
BA-9200; Vector, Burlingame, CA, USA). Tissue

sections were visualized using and
avidin-horseradish peroxidase (HRP) and
3,3'-diaminobenzidine (DAB), followed by

counterstaining with hematoxylin.
acquired under a microscope.

Images were

Primary splenocyte culture

Splenocytes were prepared as described
previously (14). Briefly, spleens were disrupted in
RPMI-1640 (Sigma-Aldrich, St. Louis, MO, USA) with
10% fetal calf serum (Life Technologies Japan, Tokyo,
Japan). After erythrocytes were lysed by treatment
with 0.83% ammonium chloride, the remaining
splenocytes were washed twice in RPMI-1640 with
10% fetal calf serum. Splenocytes were seeded at a cell
density of 1 x 10¢ cells/ well in a 96-well culture plate.
The cells were stimulated with 5 pg/ml concanavalin
A (ConA) (Sigma-Aldrich) in the presence or absence
of GluOC or GlaOC. For mitogen-induced
lymphocyte proliferation assays, we used Cell Count
Reagent SF (Nacalai Tesque) was used. The culture
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supernatants of lymphocytes were collected at 15, 45,
65 h after stimulation to measure -cytokine
concentrations by ELISAs.

Enzyme-immuno assay (EIA) and
enzyme-linked immunosorbent assays
(ELISAs)

To measure IFN-y and IL-6 concentrations in
mouse serum or splenocyte culture supernatants,
anti-IFN-y antibody (Affymetrix, San Diego, CA,
USA) or anti-IL-6 antibodies (Affymetrix) were
pre-coated onto 96-well plates (Nunc-Immuno
Module; Nunc A/S, Roskilde, Denmark) at 4°C
overnight. After blocking with ELISA Diluent
Solution (eBioscience, San Diego, CA, USA) for 1 h,
samples were incubated in the wells at room
temperature for 1 h. After washing three times,
biotin-anti-mouse IFN-y (Biolegend, San Diego, CA,
USA) or biotin-anti-mouse IL-6 (Biolegend) antibodies
were added, followed by incubation at room
temperature for 1 h. HRP-streptavidin and
tetramethylbenzidine substrate were applied each for
1 h each. Then, absorbance was measured using a
microplate reader at 450 nm (655 nm reference). For
measurement of serum GluOC concentrations, we
used a mouse Glu-osteocalcin high sensitive EIA kit
(Takara Bio, Shiga, Japan) was used.

Immunoblot analysis

B16 cells were lysed in 20 mM phosphate buffer,
containing 5 mM EDTA, 1% Triton X-100, pepstatin A
(2.5 pg/ml), leupeptin (5 pg/ml), 4-(2-aminoethyl)
benzenesulfonyl fluoride hydrochloride (25 pg/ml),
and aprotinin (1.7 pg/ml). The lysates were
centrifuged at 12,000 xg for 30 min at 4 °C. The protein
concentration of the resulting supernatants was
determined with a Protein Assay Rapid Kit (Wako,
Osaka, Japan). Protein samples (10 pg) were
fractionated by polyacrylamide gel electrophoresis on
8-15% polyacrylamide gels containing 0.1% sodium
dodecyl sulfate. The separated proteins were
transferred to a polyvinylidene difluoride membrane
(Merck-Millipore, Darmstadt, Germany), that was
then exposed to Blocking One (Nacalai Tesque) at 4°C
overnight. After incubation with anti-cleaved
Caspase-3 (Cell Signaling Technology, Danvers, MA,
USA) or anti-p-actin (Sigma-Aldrich) antibodies at 4
°C overnight, immune complexes were detected with
HRP-conjugated secondary antibodies and a
chemiluminescence substrate kit (GE Healthcare,
Buckinghamshire, England).

Fluorimetric caspase 3/7 assay

An Amplite™ Fluorimetric Caspase 3/7 assay
kit (AAT Bioquest®, Sunnyvale, CA, USA) was used to

determine caspase 3/7 proteolytic activities according
to the manufacturer’s protocol. Precultured B16 cells
for 24 h in 100 pl medium/well were treated with the
vehicle, GluOC (10 ng/ml), or GlaOC (10 ng/ml) for 6
h in 96-well culture plates. Caspase assay solution
(100 pl/well) was then applied at room temperature
for 1 hin the presence or absence of Ac-DEVD-CHO, a
caspase 3/7 inhibitor. For measurement, the
fluorescence increase at 350/450 nm (Ex/Em) was
monitored.

Statistical analysis

The student's t-test or Dunnett’'s test were
performed for statistical analysis as appropriate. P
values of less than 0.05 were considered to be
statistically significant. Results are expressed as the
mean * standard error of the mean (SEM).

Results and Discussion

Antitumor effects of GIuOC in vivo

We first investigated the effect of GluOC on B16
melanoma isografts in vivo using C57Bl/6N wild-type
mice (Fig. 1A). As a result, B16 tumor growth was
significantly attenuated by GluOC administration (7.5
pg/mouse/ day) (Fig. 1B-C). GluOC administrated by
a micro-osmotic pump was detected in the tumor
mass and tumor-bearing mouse serum in a
dose-dependent manner (Fig. 1D-E). These results
indicated that GluOC administrated through a
subcutaneous micro-osmotic pump was
hematogenously delivered to the isografts to directly
exert antitumor effects on B16 melanoma cells.

We next examined serum IFN-y levels in serum
and tumors and T cell population in tumors, because
recent studies focusing on biological therapy of
malignant melanoma have shown the effectiveness of
IFN-vy in cellular immunity, especially CTL-mediated
immunity, as an adjuvant treatment (3, 15-25). In
addition, we observed that the growth of B16
melanoma cells was inhibited with recombinant
IFN-y in vitro as the previous study demonstrated
(data not shown) (3). As a result, GluOC
administration at 7.5 pg/mouse/day significantly
increased serum IFN-y levels both in serum and
tumor mass compared with saline administration
(Fig. 1F-G), and CD3-popsitive T cell population was
greater in GluOC-treated mouse tumors than in
control ones (Fig. 1H). IFN-y, a type II interferon and
pleiotropic cytokine that has diverse biological
functions (26), is secreted by CTLs and activated
natural killer (NK) cells to increase antitumor activity
by enhancing antigen presentation and promoting the
proliferation, expansion and survival of CD8*T cells
(27, 28). It also binds to cognate receptors at the cell
surface and activates the JAK (Janus kinase)-STAT
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(signal transducer and activator of transcription)
pathway (29). We observed that Statl was activated in
response to recombinant IFN-y in vitro (data not
shown), which satisfied with the previous report (30).
Take these results into consideration, JAK-STAT
pathway was potentially activated in B16 melanoma
cells treated with GluOC.

We also found that similar GluOC
administration using athymic Balb/c nu/nu mice did
not show an antitumor activity against human
prostate cancer cells in vivo and serum IFN-y
concentrations in those mice were not increased (data
not shown), even though GIluOC has significantly
suppressed the growth of the same cancer cells by
reducing phosphorylation of RTKSs in vitro (10).

Considering these data, we speculated that
cell-mediated immunity, especially T cell-mediated
production of IFN-y, is essential for GluOC to show
an antitumor activity in vivo.

Effects of GluOC on ConA-specific lymphocyte
proliferation and cytokine production

We next tested the effects of GluOC on
ConA-stimulated lymphocyte proliferative
(blastogenesis) activation and cytokine production.
Splenocytes from mice, which were administrated
with GluOC (7.5 pg/mouse/day) via a subcutaneous
micro-osmotic pump for 3 weeks, showed an
increased proliferative response at 15, 45, and 65 h
after ConA stimulation compared with those from
saline-treated mice (Fig. 2A). In addition, splenocytes
of GluOC-treated mice produced significantly higher
amounts of IFN-y following ConA stimulation
compared with the control (Fig. 2B), while the amount
of the interleukin (IL)-6, another proinflammatory
cytokine (31), was unaffected by GluOC treatment
(Fig. 2C).

Next, we examined whether these results were
reflected by the direct effects of GluOC on
splenocytes. Splenocytes from C57Bl/6N mice were
treated with ConA in the presence or absence of
GluOC at 0, 125, 25, 50 ng/ml in wvitro.
ConA-stimulated proliferative response of T cells (Fig.
2D) and IFN-y production (Fig. 2F) were increased by
in vitro administration of GluOC at 65 h after
stimulation, as well as in vivo GluOC administration.
In addition, the level of IL-6 in the supernatant was
unaltered (Fig. 2E). Both IFN-y and IL-6 are regarded
as proinflammatory cytokines that regulate immune
responses, cell proliferation, and tumor development
and progression (3, 31, 32). However, these cytokines
frequently have functionally different roles. IFN-y is a
major Thl cytokine associated with the cellular
response (3, 32), while IL-6 is a Th2 cytokines

associated with the humoral response to extracellular
pathogens (31). Although it is currently unknown
whether GluOC contributes to the predominance of
the Th1 response in cancer, there is the possibility that
GluOC might regulate the Thl/Th2 paradigm in
several pathophysiological processes including
cancer.

It has been reported that GPRC6A, a receptor for
GluOC, is highly expressed not only in organs where
it is involved in glycolipid metabolism (33-35), but
also in the spleen (34, 35). Although its function in the
spleen is unknown, recent reports suggested that the
receptor is associated with immune responses (36, 37).
Our immunological experiments also showed the
expression of GPRC6A in mouse spleen and
splenocytes (data not shown), that include a variety of
immune cell populations. It could not be concluded
without further detailed analysis, but there is a
possibility that GluOC increased IFN-y secretion via
GPRC6A expression in certain splenic immune cells.
Because IFN-y is produced by CTLs and NK cells
(26-29), we examined whether NK cells were needed
for GluOC to perform immunopotentiative functions
under ConA stimulation. GluOC did not increase
lymphocyte proliferation or IFN-y production of NK
cell-depleted splenocytes treated with ConA (Fig.
S1A, B). This result indicates that not only T cell but
also NK cells are essential for the strong
GluOC-mediated immunostimulation. In addition,
such immunostimulating effects were specific to
GluOC, because mno changes occurred in
ConA-stimulated splenocytes treated with GlaOC
(Fig. S2A, B). These results indicate that GluOC
suppresses cancer cell growth in vivo by upregulating
the anticancer effect of cellular immunity, especially
increased secretion of IFN-y.

Direct effects of GluOC and GlaOC on B16 cell
viability in vitro

We have reported that GluOC directly
suppresses, while GlaOC promotes, human prostate
cancer cell growth in wvitro (10). We therefore
investigated the effect of each OC type on B16 cell
viability in vitro. WST-8 and BrdU uptake assays
showed that GluOC significantly suppressed B16 cell
viability (Fig. 3A). In contrast, GlaOC increased B16
cell viability in the WST-8 assay, although there were
no significant differences in the BrdU uptake assay
(Fig. 3B). These results indicate a functional difference
between GlaOC and GluOC in B16 mouse melanoma
cell growth, and that GluOC or GlaOC has
suppressing or promoting effects on these cells,
respectively, which is consistent with our previous
report (10).
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Figure 1. GIuOC attenuates B16 tumor growth in syngenic C57BI/6N mice in vivo. (A) Experimental protocol. (B) Tumor volume in wild-type female mice
administrated saline (closed circle), GluOC at 7.5 pg/mouse/day (open square), or GluOC at 1.5 pg/mouse/day (open circle). (C) Tumor weight at the end point. (D)
Immunohistochemical analysis of OC (brown) in B16 transplants. (E) EIA of serum GIuOC. (F) ELISA of serum IFN-y. Immunohistochemical analysis of IFN-y (G) and
CD3 (H) (brown) and in B16 transplants. All IHC sections were counterstained with hematoxylin. Data represent the mean + SEM. *P < 0.05, **P < 0.01 and ***P <
0.001 versus the control (n=8-10).
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Figure 2. Effects of GluOC on ConA-stimulated splenocytes of C57BL/6 mice ex vivo (A—C) and in vitro (D—F). For ex vivo experiments, splenocytes were collected
from C57BI/6N female mice administrated saline or GIuOC (7.5 pg/mouse/day) through an osmotic pump for 3 weeks. A lymphocyte blast transformation assay (A)
and ELISAs of IFN-y (B) and IL-6 (C) in culture supernatants were performed at 15 h (white columns), 45 h (gray columns), and 65 h (black columns) after ConA
stimulation. For in vitro experiments, splenocytes collected from C57BI/6N female mice were stimulated by ConA in the presence or absence of GluOC (12.5, 25, or
50 ng/ml) for 15 h, 45 h, and 65 h. A lymphocyte blast transformation assay (D) and ELISAs of IFN-y (E) and IL-6 (F) in culture supernatants were performed at 15,
45, and 65 h after stimulation. Each experiment was repeated three times. Data represent the mean + SEM. *P < 0.05 and ***P < 0.001 versus the control (n=8-9).

We next subjected B16 mouse melanoma cells to
phospho-RTK arrays. RTKs are a family of cell surface
receptors that mediate key signaling pathways
involved in cell proliferation (38). As shown in Fig.
3C, GluOC reduced phosphorylation levels of many
kinds of RTKs including epidermal growth factor
receptor (EGFR), ErbB2, ErbB3, ErbB4, fibroblast
growth factor receptor (FGFR) 3, FGFR4, InR
(insulin-like receptor), insulin-like growth factor 1
receptor, Axl, platelet-derived growth factor receptor
(PDGEFR) a, PDGFR, Flt-3 (fms-like tyrosine kinase),
c-Ret, tyrosine kinase with immunoglobulin-like and
EGF-like domains (Tie)-1, Tie-2, tropomyosin receptor
kinase C (TrkC), and vascular endothelial growth
factor receptor 3 (VEGFR3). These results indicate that
GluOC directly suppresses melanoma cell growth by
reducing RTK activation as shown in human prostate
cancer cells (10). In contrast, GlaOC enhanced the
phosphorylation levels of many kinds of RTKs,
particularly EGEFR, ErbB2, ErbB3, ErbB4,
macrophage-stimulating protein receptor, PDGFRa,

PDGFRp, TrkC, and VEGFR3. These nine RTKs are
growth factors belonging to the families of EGFR (39),
MET proto-oncogene (40), PDGFR (41, 42), Trk (43),
and VEGFR (44), which are closely related to tumor
progression of melanoma (38, 43, 45-51). These data
were consistent with the results of proliferation
assays, although whether the phosphorylation is a
direct effect or a secondary effect has not been
established. A multi-kinase inhibitor, which inhibits
many growth factors, has been greatly focused on in
clinical cancer therapy (45), and some RTK
multi-inhibitors have already been used in clinical
pathology (46-49, 52-54). However, they also have the
risk of side effects by downregulating kinase activity
required in normal physiological functions.
Considered that administration of GluOC did not
result in any observable toxic effects on normal tissues
or cells of the treated mice in vivo or in vitro (10),
GluOC might be a promising multi-targeted inhibitor
of RTKSs in cancer therapy.
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Figure 3. GluOC, but not GlaOC, suppresses B16 cell growth in vitro. B16 cells were incubated with GluOC (A) or GlaOC (B) for 24 h, followed by WST-8 (left
panels) and BrdU uptake (right panels) assays. Mean data are expressed as the ratio to the control. Each experiment was repeated three times. Data represent the
mean * SEM. *P < 0.05 and **P < 0.01 versus the control. (C) Phospho-RTK array. After B16 cells were treated with the vehicle, GIluOC, or GlaOC for 6 h, the cell
lysate was applied to the array. Each pair of kinase dots that increased (red) or decreased (blue) compared with the controls is enclosed by a square. Quantitation of
the dot densities of phospho-RTKs was performed using scanned images and ImageQuant LAS 4000 software (GE Healthcare). (D) Fluorimetric assay of caspase-3
and -7 activities detected in B16 cells treated with the vehicle, GIuOC, or GlaOC for 6 h. Fluorescence was monitored in the presence or absence of DEVD-CHO.
Each experiment was repeated three times. (E) Immunoblot analysis of cleaved caspase-3 after stimulation with GluOC or GlaOC for 6 h in B16 cells. B-actin was used
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We also analyzed another molecular mechanism
of the inhibitory effect on cell growth by GluOC. In a
caspase-3/7 fluorescence assay, GluOC, but not
GlaOC, elevated the proteolytic activity of caspase-3
and -7, which was inhibited by Ac-DEVD-CHO, an
inhibitor of caspase-3 and -7 (Fig. 3D). This result was
also supported by immunoblot analysis in which
cleaved caspase-3 was visualized in GluOC-treated
B16 cell lysates in a dose-dependent manner, but not
in GlaOC-treated B16 cell lysates (Fig. 3E). These
results indicate that GluOC suppresses B16 cell
growth in  wvitro, which directly involves
downregulating phosphorylation of multiple RTKSs as
well as promotion of apoptosis.

Conclusion

In summary, we propose a new therapeutic
strategy using GluOC, which is not only a
multi-kinase inhibitor and apoptosis-inducer, but also
an adjuvant in tumor immunotherapy. Although
further studies are needed to elucidate the potential
molecular mechanism of GluOC in cancer
progression, studies are now in progress to evaluate
the applied dosage and an effective method for
clinical application.

Supplementary Material

Supplementary figures.
http:/ /www jcancer.org/v08p2478s1.pdf
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