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Osteolytic bone diseases are characterized by excessive osteoclast formation and activation. Protein kinase C (PKC)-dependent pathways
regulate cell growth, differentiation and apoptosis in many cellular systems, and have been implicated in cancer development and osteoclast

formation. A number of PKC inhibitors with anti-cancer properties have been developed, but whether they might also influence osteolysis
(a common complication of bone invading cancers) is unclear. We studied the effects of the PKC inhibitor compound, GF109203X on
osteoclast formation and activity, processes driven by receptor activator of NFkB ligand (RANKL). We found that GF109203X strongly

and dose dependently suppresses osteoclastogenesis and osteoclast activity in RANKL-treated primary mouse bone marrow cells.
Consistent with this GF109203X reduced expression of key osteoclastic genes, including cathepsin K, calcitonin receptor, tartrate
resistant acid phosphatase (TRAP) and the proton pump subunit V-ATPase-d2 in RANKL-treated primary mouse bone marrow cells.

Expression of these proteins is dependent upon RANKL-induced NF-kB and NFAT transcription factor actions; both were reduced in
osteoclast progenitor populations by GF109203X treatment, notably NFATc| levels. Furthermore, we showed that GF109203X inhibits

RANKL-induced calcium oscillation. Together, this study shows GF109203X may block osteoclast functions, suggesting that
pharmacological blockade of PKC-dependent pathways has therapeutic potential in osteolytic diseases.
J. Cell. Physiol. 230: 1235-1242, 2015. © 2014 Wiley Periodicals, Inc.

Excessive osteoclastic bone resorption is a major hallmark of
common pathological bone disorders including osteoporosis,
Paget’s disease of bone and metastatic breast cancer invasion of
bone. RANKL is the key TNF-related factor required for
osteoclast differentiation and activity (Lacey et al., 1998; Kong
et al, 1999) produced in membrane-bound form by local
osteoblasts and soluble form by other cell types such as
lymphocytes. Understanding the signaling pathways elicited by
RANKL upon binding its cognate receptor (RANK) are critical
both for determining the mechanisms underlying the excessive
osteoclast-associated bone disorders and for designing anti-
osteolytic therapies.

The rapid activation of PKC enzymes forms part of the signal
transduction pathways elicited by many hormones, and their
phosphorylation of target proteins leads to a variety of cellular
responses that include cell proliferation, differentiation and
apoptosis (Nakashima, 2002; Diaz-Meco and Moscat, 2012).
PKC-dependent intracellular signal transduction pathways
significantly influence the progress of inflammation, cancer and
metabolic diseases (Nakashima, 2002; Diaz-Meco and Moscat,
2012). PKC enzymes have also been suggested to play a role in
bone homeostasis, and specifically in osteoclastic bone
resorption, but the involvement of PKC in osteoclastogenesis
remains unclear. It is complicated by the existence of over 12
common isozymes of PKC, which are categorized into three
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classes based on their structure and co-factor requirement
for activation. These include the conventional PKCs (c, BI, BlI,
and ) which require phosphorylation plus Ca*, diacylglycerol
(DAG) and phosphatidylserine as cofactors; the novel PKCs
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(3, & 1, W, and 6) which required DAG but not Ca**; and the
atypical PKCs (A, , and {) which are independent of both Ca*"
and DAG cofactors (Knopf et al., 1986; Nishizuka, 1986;
Dekker and Parker, 1994; Newton, 1995; Keenan and Kelleher,
1998). Bone marrow macrophages and macrophage-like
RAW264.7 cells, which form osteoclasts with RANKL
treatment, and osteoclasts themselves, all express eight

PKC isoforms, namely conventional PKCu, {31, Bll, novel
PKCS, ¢, w, and atypical PKCA and ¢ (Lin and Chen, 1998;
Larsen et al., 2000; Khor et al., 2013).

An important approach used to study the role of PKC in
cellular responses is to block the PKC activity by specific
inhibitors, which requires cell permeable, potent and selective
compounds. GF109203X, or bisindolylmaleimide | (illustrated
in Fig. 1A) is a compound structurally related to the potent
PKC inhibitor staurosporine (Toullec et al., 1991).
GF109203X inhibits «, B3I, Bll, and y subtypes of PKC with
similar potency at an ICso of 20 nM. While staurosporine is
suggested to be the most potent inhibitor of PKC, it shows
strong effects on other protein kinases. In contrast,
GF109203X has been shown to display high selectivity for PKC,
and is a competitive inhibitor of PKC ATP-binding sites
(Toullec et al., 1991). GF109203X selectively inhibits PKC
activities in human platelet and Swiss 3T3 fibroblasts (Toullec

differentiation and function, and in RANKL-mediated signalling,
is largely unclear.

In this study, we investigated the effects and the underlying
mechanisms of GF109203X in osteoclast formation and
function, and RANKL signaling pathways. We observed that
GF109203X potently inhibited osteoclast formation and
activity, likely resulting from its inhibition of RANKL-dependent
NF-kB and NFAT activities, which are critical for osteoclastic
functions. This suggests that GF109203X and related
compounds may have potential therapeutic use for bone lytic
disorders by reducing RANKL-dependent effects on osteoclast
formation in addition to its effects on bone resorption.

Materials and Methods
Reagents

GF109203X was purchased from Sigma (Castle Hill, New South
Wales, Australia), and dissolved in dimethyl sulfoxide (DMSO).
RAW?264.7 cells were obtained from the American Type
Culture Collection (Rockville, MD). Alpha modified Eagles
Medium (-MEM) and fetal bovine serum (FBS) were purchased
from TRACE (Sydney, Australia). Anti-NFATc| anti-IkBa, and
anti-B-actin antibodies were purchased from Santa Cruz
Biotechnology (California) and V-ATPase-d2 was generated as

et al.,, 1991) but the effect of GF109203X on osteoclast previously described (Feng et al., 2009). The luciferase assay
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Fig. . GF109203X inhibits RANKL-induced osteoclastogenesis. A: Structure of GF 109203X. B: BMM cells were cultured in the presence of

RANKL and M-CSF to stimulate osteoclast formation; these cultures were treated with GF109203X as indicated. After 5 days, the cells were
fixed and histochemically stained for TRAP activity. Light microscope images depicting the dose-dependent effect of GF109203X on
RANKL-induced osteoclast formation at 100x magnification (scale bars, 100 nM). C: Representative image showing the culture plate
containing cells stimulated as in B, to indicate the level of TRAP histochemical staining. D: Quantification of the effect of GF109203X on the
number of TRAP" MNCs, counted as osteoclasts. (n = 3). (E) GF109203X did not affect BMM cell viability or proliferation. BMM cells
stimulated with M-CSF were incubated with GF109203X for 48 h and then incubated with MTS/PMS mixture for 2 h, then absorbance at
490 nm (proportional to viable cell number) was measured. (n=3). *P <0.05, **P <0.01, ***P < 0.001 relative to vehicle control,

RANKL-treated controls.
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system and MTS assay system were obtained from Promega
(Sydney, Australia). Recombinant GST-rRANKL protein was
expressed and purified as previously described (Xu et al., 2000)
and recombinant macrophage colony stimulating factor (M-CSF,
R&D Systems) was used as previously described (Liu et al., 2013).

In vitro osteoclastogenesis

Freshly isolated bone marrow macrophages (BMM) were cultured
in complete a-MEM with M-CSF. BMM cells were seeded on to
96-well plate (6 x 10°) and cultured with GF109203X in the
presence of 100 ng/ml RANKL and 25 ng/ml M-CSF. Medium was
changed every 2 days. After 6—7 days of culture, the cells were
fixed with 2.5% glutaraldehyde and histochemically stained to
detect TRAP. TRAP positive multinucleated cells with more than
three nuclei were counted as osteoclasts.

MTS assay for cell proliferation and viability

The effects of compounds on BMM cell proliferation were
examined using MTS assay. The MTS assay was performed
according to manufacturer’s introduction (Promega, Sydney,
Australia). Briefly, 6 x 10> BMM cells per well were seeded onto a
96-well plate, followed by overnight incubation. Cells were
incubated with GF109203X for 48 h. MTS/PMS mixture was then
added and cells incubated for a further 2 h. MTS stain was
measured by spectrophotometric absorbance at 490 nm using an
ELISA plate reader (BMG, Germany).

NF-kB and NFAT luciferase reporter gene assays

RAW264.7 cells stably transfected with an NF-kB luciferase
reporter construct (Wang et al., 2003) or an NFAT luciferase
reporter construct (van der Kraan et al., 2013) were seeded onto a
48-well plate at a density of 1.5 x 10° cells per well. Cells were
pre-treated with GF109203X for | h prior to RANKL stimulation.
Cells were incubated for 6 h (NF-kB luciferase reporter gene
assays) or 24 h (NFAT luciferase reporter gene assays), and then
lysed for measurement of luciferase activity using Promega
luciferase kit and a BMG Polar Star Optima luminescence reader
(BMG, Germany).

Analysis of osteoclast activity

BMM-derived osteoclasts were generated on a 30 mm diameter
collagen-coated culture plate at the density of | x 10° cells/well.
Cells were differentiated with 100 ng/ml RANKL and M-CSF until
osteoclasts were evident at 5 days incubation. Osteoclasts were
then dissociated from the collagen plate using | ml/well cell
dissociation solution (Sigma) and the same number of cells was
cultured in each well of a hydroxyapatite-coated plate. Osteoclasts
were cultured in the presence or absence of GF109203X for

48 h with 100 ng/ml RANKL (n = 6). Then, half of the wells were
fixed with 2.5% glutaraldehyde and histochemically stained for
TRAP and osteoclasts counted as above. The rest of the wells were
bleached with 10% bleach solution. The areas of hydroxyapatite
resorption were observed by light microscopy and analysed using
Image ] software.

Reverse transcription (RT)-PCR analysis of gene
expression

BMM cells were seeded in 30 mm diameter culture wells at the
density of | x 10°/well. Cells were cultured with RANKL in the
presence or absence of GF109203X for 5 days. RNA was
extracted using Trizol® (Life Technologies, Mulgrave, Australia) in
accordance with the manufacturer’s protocol. For RT-PCR,
single-stranded cDNA was reverse transcribed from | p.g total
RNA using reverse transcriptase with an oligo-dT primer. All PCR
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reactions were carried out using | il cDNA using cycling
parameters as follows: 94°C for 5 min, followed by 30 cycles

of 94°C (40 sec), 60°C, (40 sec); 72°C (40 sec), followed by a
elongation step of 5 min at 72°C. PCR reactions used specific
primers for detecting and quantifying the following genes:
Cathepsin K (forward: 5-GGGAGAAAAACCTGAAGC-3;
reverse: 5-ATTCTGGGGACTCAGAGC-3'), calcitonin receptor
(forward: 5-TGGTTGAGGTTGTGCCCA-3'; reverse:
5-CTCGTGGGTTTGCCTCATC-3'), TRAP (forward:
5-TGTGGCCATCTTTATGCT-3'; reverse:5’-
GTCATTTCTTTGGGGCTT-3'), PKC delta (forward:
5-CAGACCAAGGACCACCTGTT-3; reverse:
5-CGTCCCTGTCTAGCATCACA-3'), and 18sec RNA
(forward: 5-ACCATAGATGCCGACT-3'; reverse:
5-TGTCAATCCTGTCCGTGTC-3'. PCR reaction products
were visualized by electrophoresis in a 1.5% agarose gel in TBS,
stained by SybrSafe DNA gel stain (Life Technologies). DNA bands
were visualised on an Imagequant LAS 4000 (GE Healthcare,
Australia) and quantified using Image ).

Western blot assays

BMM cells were stimulated with RANKL and M-CSF as above, in the
presence or absence of GF109203X. Cells were lysed in RIPA buffer
for protein extraction. SDS-PAGE electrophoresis was then
performed, followed by protein transfer to a nitrocellulose
membrane. The membrane was blocked by immersion in a 5% dry
skim milk in TBS-Tween solution for | h. After washing with
TBS-Tween solution, specific antibodies were used. The immu-
noreactivity was visualized using Enhanced Chemiluminescence
(ECL) reagents (Amersham) according to manufacturer’s instruc-
tions and images acquired on an Imagequant LAS 4000.

Measurement of intracellular Ca?" oscillation

A total of 2.5 x 10* BMM cells were seeded on the bottom of a
48-well plate and cultured with RANKL (100 ng/ml) in the
presence of M-CSF for 24 h. Treatment cells were pre-treated
with 10 wM GF109203X for | h prior to stimulation with
RANKL, control cells received M-CSF only. Cells were then
incubated in the presence of 5 wM fluo-4 AM, and 0.05% pluronic
F-127 (Invitrogen) for 30 min at 37°C in Hank’s Balanced Salt
Solution (HBSS) supplemented with 1% FCS/ImM probenecid
(Assay buffer). Cells were washed twice with Assay buffer and
incubated at room temperature for 20 min. The cells were
washed again with Assay buffer and then viewed on an inverted
fluorescent microscope (Nikon) at an excitation wavelength of
488 nm. Images were captured at 2 sec intervals for 3 min at
400x magnification. Oscillating cells (at least 2 oscillations
observed) were analyzed for average peak height (maximum
peak intensity minus baseline intensity) per cell, for a minimum of
20 cells per well, and triplicate wells per treatment using Nikon
Basic Research Software.

Statistical analysis

Quantitative data was analysed using ANOVA and Tukey’s post hoc
test. All data was pooled from at least 3 independent experiments
and is shown as mean = standard error.

Results
GF109203X inhibits RANKL-induced osteoclastogenesis

Cultured BMM cells were used to examine the effect of
GF109203X on RANKL-induced osteoclast differentiation.
100 ng/ml RANKL-stimulated BMM cells were treated for

5 days with a range of concentrations (I, 2, 5, and 10 uM) of
GF109203X. As shown in Figure | (B-D), GF109203X
significantly inhibited the RANKL-induced osteoclast
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formation at concentrations of 2 wWM or greater. To exclude
the possibility of cytotoxic effects of GF109203X in this
concentration range, MTS assays were employed to test the
effect of GF109203X on proliferating BMM cells. This showed
that [, 2,5, 10 wM GF109203X did not affect BMM cell viability
or proliferation (Fig. 1E), and BMM cells treated with RANKL
(Supplementary Figure SI).

GF109203X impairs osteoclastic activity

Since GF109203X reduced RANKL-dependent osteoclast
formation, we investigated whether osteoclast activity

was also affected. For this we assessed the capacity of
RANKL-treated osteoclasts to resorb hydroxyapatite
substrate in the presence of GF109203X. The same number
of osteoclasts was cultured in each hydroxyapatite-coated
culture well; after 48 h culture it was evident that treatment
with GF109203X at a concentration of 2 uM led to an
approximately 50% reduction in osteoclast numbers on
hydroxyapatite (Fig. 2A and B), and approximately 80%
reduction in resorptive capacity per osteoclast (Fig. 2A and
C). These results suggest that GF109203X inhibits osteoclast
activity as well as attenuating osteoclast formation. They also
indicate that at 2 uM GF109203X is selectively causing the
death of mature osteoclasts, whilst having no apparent effect
on precursor survival or proliferation as shown in the MTS
assay. Considering that PKC delta is a major isoform
expressed in osteoclast and plays a key role in bone
resorption (Khor et al., 2013), we also assess the effect of
GF109203X on PKC delta gene expression. We found that
treatment of GF109203X did not alter the PKC delta gene
expression (Supplementary Figure S2).

GF109203X inhibits RANKL-induced gene expression

To further characterize the actions of GF109203X in
osteoclast differentiation, we examined the effects of

GF 2uM

GF109203X treatment on osteoclast marker gene expression
in cultured BMM cells. The BMM cells were thus treated with
M-CSF and RANKL in the absence or presence of GF109203X
at 2 wM for 5 days, followed by lysis and RNA extraction. Our
results showed that GF109203X reduced the gene expression
of RANKL-induced osteoclastic gene markers in these cells;
this included expression of cathepsin K, calcitonin receptor,
and TRAP (Fig. 3).

GF109203X suppresses RANKL-induced NF-«kB
activation

To gain insights into the molecular mechanism underlying its
inhibitory actions on osteoclast differentiation and activity, the
effect of GF109203X on RANKL-induced signalling
transduction pathways was examined. To this end, the effect of
GF109203X on RANKL-induced NF-kB activity in osteoclast
precursors was determined. RAW264.7 cells stably
transfected with an NF-kB luciferase reporter construct were
pre-treated with various doses of GF109203X ranging from

| to 10uM for | h before stimulating them with 100 ng/ml
RANKL for another 6 h. Luciferase activity was then measured;
RANKL induced a 10-fold increase in the NF-kB dependent
luciferase activity compared to the unstimulated cells.
GF109203X had only a modest effect on this signal induction,
with 2 WM showing approximately 10% reduction and 10 uM
showing approximately 35% reduction in signal (Fig. 4A).
Further examination by Western blot showed that, in BMM
treated with RANKL, 2 wM GF109203X treatment did not
obviously affect IkBa degradation (Fig. 4B).

GF109203X suppresses RANKL-induced NFAT activity,
NFATCcI protein levels and calcium oscillations

The effect of GF109203X on RANKL-induced NFAT
transcription was also examined by a luciferase reporter assay.
RAW?264.7 cells stably transfected with an NFAT luciferase
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Fig. 2. GF109203X reduces hydroxyapatite resorption by osteoclasts. A: Representative images of osteoclastic resorption and TRAP
staining on hydroxyapatite coated surfaces (scale bars, 500 uM). B: Quantification of the effect of GF109203X on the number of TRAP"
MNCs, counted as osteoclasts. (n=3). C: Percentage of the area of hydroxyapatite surface resorbed per osteoclast. (n =3).

*P < 0.05, **P < 0.01, ***P < 0.00] relative to vehicle control, RANKL-treated cultures.
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Fig. 3. GF109203X reduces RANKL-induced gene expression in

BMM cells treated with RANKL (100 ng/ml) and M-CSF for 5 days.
Cellular RNA was extracted and RT-PCR analysis performed using
specific primers to analyse gene expression. A: Representative gel
showing Cathepsin K, calcitonin receptor, TRAP and 18sec
expression. B: The level of gene expression is shown as the ratio of
cathepsin K, calcitonin receptor, and TRAP, relative to 18S. (n=3).
*P < 0.05, **P < 0.01 relative to GF109203X untreated control
cultures.

reporter construct were pre-treated with various
concentrations of GF109203X ranging from | to 10 uMfor | h
before stimulating them with 100 ng/ml RANKL for a further
24 h, then luciferase activity measured. RANKL induced a
10-fold increase in the NFAT activity compared to the
unstimulated cells and GF109203X significantly decreased the
NFAT activity at 2 uM (Fig. 5A).

The transcriptional activity of NFATc| cannot be distinguished
from that of NFATc2, but NFATc| is the critical factor induced by
RANKL and both autoamplifies its own transcription and that of
NFATc2 during RANKL-induced osteoclastogenesis (Asagiri
et al,, 2005). To further examine the effect of GF109203X on
NFATc| protein expression we stimulated the BMM cells for [, 3,
and 5 days with 100 ng/ml RANKL in the presence or absence of
GF109203X (2 uM). Western blot analyses showed that
GF109203X at 2 wM very strongly reduced RANKL-induced
NFATcI levels at day 5 (Fig. 5B). As NFATc| activity is critical for
the induction of protein expression of V-ATPase-d2 (Feng et al.,
2009), and since this protein (in addition to its role in acidification)
is required for osteoclast cell fusion that is key to
osteoclastogenesis (Lee et al., 2006; Kim et al., 2008) we also
investigated the effect of GF109203X treatment on this protein.
Consistent with NFATcI effects, induction of V-ATPase-d2
protein expression was also suppressed by GF109203X (Fig. 5B).

Finally, we examined the effect of GF109203X on calcium
oscillation, an NFATc!| upstream pathway as described in

JOURNAL OF CELLULAR PHYSIOLOGY

materials and methods. The results showed that the intensity of
calcium oscillations following RANKL stimulation was
significantly reduced in GF109203X treated BMM cells as
compared to untreated BMM cells (Fig. 6), consistent with the
inhibitory effect of GF109203X on NFATcI activity.

Discussion

In this study, we have found that GF109203X suppresses
osteoclastogenesis and bone resorption in vitro and consistent
with this reduces the RANKL-induced expression of osteoclast
marker genes cathepsin K, calcitonin receptor and TRAP.
Furthermore, GF109203X inhibited RANKL-induced NFAT
activity and, to a lesser extent, NF-«kB activity, indicating a
possible mechanism of action and suggesting that GF109203X
has potential for use as a treatment for osteolytic bone
diseases, particularly those such as metastatic bone disease
where GF109203X may also have a clinically useful effect on the
underlying tumour.

PKC-dependent pathways are involved in RANKL-induced
osteoclast differentiation and the expression of osteoclast-
specific genes (Wang et al., 2003), and play a physiological role
in osteoclast function (Moonga and Dempster, 1998). More
recently, it has been suggested that GF109203X inhibited acid
secretion, indicating that acid secretion regulated by PKC
might be important for osteoclastic bone resorption. The
results presented in this study extend these previous findings
and provide further evidence for a significant effect of PKC
inhibitor GF109203X in the modulation of osteoclast
differentiation and function.

GF109203X is a broad spectrum PKC inhibitor with a highly
selective inhibition of PKC isozymes «, B, y, 9, and ¢ in vitro
(Toullec et al,, 1991; Gekeler et al., 1996). The compound also
displays only weak anatogonist effects on protein kinase A
(PKA), however, PKA has not been found to play a direct role in
RANKL-induced osteoclast formation. In the osteoclast lineage,
the PKCBI and Il gene expression is slightly increased during
osteoclastogenesis and may have a functional role in osteoclast
differentiation and fusion (Lee etal., 2003). The inhibitory effects
of GF109203X on osteoclast differentiation and activity thus
might be due to its inhibition of PKCf3, but an influence exerted
through other isoforms is also possible. We have previously
found that novel-type PKCS3, is a major isoform expressed in
osteoclasts and plays an important role in bone resorption
(Khor etal., 2013); however, the gene expression of this isoform
is not affected by GF109203X. This illustrates the important role
that individual PKC enzymes clearly play in aspects of osteoclast
biology although the large number of isoforms and their
overlapping actions and regulatory interactions make study of
individual isoforms difficult in osteoclast lineage cells.

In RANKL-induced signalling pathways, NF-kB activation is
critical for osteoclastogenesis (Xu et al., 2009). NF-kB is activated
by RANKL both in RAW?264.7 cells and monocytes (Wong et al.,
1997; Lacey et al., 1998; Hsu et al., 1999; Jimi et al., 1999), and is
required for osteoclast formation (Franzoso et al.,, 1997). Our
previous study demonstrated that RANKL activation induced the
DNA binding of NF-kB complexes consisting of C-Rel, NF-kBI
(p50), and Rel-A (p65) (Wang et al., 2003). While earlier studies
have demonstrated that the inhibitor of PKC, GF109203X,
prevents NF-kB dependent transcription, NF-kB DNA binding is
unaffected in pulmonary A549 cells (Catley et al., 2004). In this
study, GF109203X was found to slightly attenuate the RANKL-
induced NF-kB transcription activity, although GF109203X had
little effect on IkBa degradation. This suggests that the effect of
GF109203X on RANKL-mediated NF-kB activity may be
independent from IkBa degradation, or could simply reflect a
weak action on NF-kB activity in these cells. This may also be due
to the secondary effect of GF109203X on signalling pathways
or other unknown regulatory functions that have an impact on
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Fig. 6. GF109203X suppresses RANKL-induced calcium oscillation. Representative images showing (A) calcium oscillation pattern in BMM
cells stimulated with RANKL (100 ng/ml) (Pos. group), (B) cells pre-treated with GF109203X for | h prior to stimulation with RANKL (GF
group), and (C) control cells received M-CSF only (Neg. group). Quantitative analysis of oscillating cells (maximum peak intensity minus
baseline intensity, n =20,) is presented (D). **P < 0.001 relative to RANKL-treated cells.

NF-kB. We also demonstrated reduced mRNA expression of
osteoclast marker genes following treatment with GF109203X,
which are downstream targets of NF-kB activation. The inhibition
of RANKL-mediated NF-kB activation by GF109203X might
partly explain the inhibitory effect of GF109203X on
osteoclastogenesis, however, is unlikely to be the predominant
mechanism.

NFATcI is a critical transcription factor for
osteoclastogenesis whose overexpression can drive
osteoclast formation independently of RANKL; it is also highly
regulated and many osteoclastogenesis inhibitors affect
NFATcI levels (Takayanagi, 2005). Indeed, we observed that
GF109203X abrogated RANKL-induced NFATcI levels and
NFAT activity, which is highly suggestive of an inhibitory
action upon osteoclast commitment. NFATcI levels are
regulated by transcriptional control and by the actions of
the Ca”"-dependent phosphatase calcineurin, which stabilises
the protein and allows its nuclear transportation and
transcriptional activity. Previous studies have found that
NFATc!| can auto-amplify transcription of NFATc| itself and
NFATc2 with which it cooperates to bind NFAT response
elements in gene promoters (Asagiri et al., 2005) such as
V-ATPase-d2, cathepsin K and 33 integrin. It should be noted
that such NFAT activity requires coordinating with other
transcription factors such as MITF, PU.I, NFkB, and AP-1
during RANKL-induced osteoclastogenesis (Crotti et al., 2008;
Balkan et al., 2009; Feng et al., 2009). We demonstrated that
GF109203X could decrease NFATc| protein expression, as
well as that of the NFATc| downstream target V-ATPase-d2.
This indicates that GF109203X inhibits osteoclastogenesis via
an NFATc|-mediated pathway. Since NF-kB and NFATc|I
coordinate to promote expression of most osteoclast marker
genes, GF109203X is able to suppress the transcription of
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osteoclast-specific genes such as TRAP and cathepsin K,
contributing to the inhibitory effect of GF109203X on
osteoclast formation and function. Consistent with a report
that GF109203X reduces intracellular Ca*" levels in DDTI
MF-2 cells (Sipma et al., 1996), our results further demonstrate
that GF109203X suppresses RANKL-induced calcium
oscillations in BMM, indicating that GF109203X is preventing
upregulation of NFATc| in response to RANKL stimulation by
inhibiting calcium dependent NFAT activation.

PKC inhibitors have been tested for their inhibitory effects
on a wide range of cancer cells, such as pancreatic cancer cells,
non-small cell lung cancer cells, and breast cancer cells (El etal.,
2007; Tekle et al., 2008; Wu et al., 2010). GF109203X also
inhibited the differentiation of SH-SY5Y human neuroblastoma
cells induced by phorbol ester (Heikkila et al., 1993). Our data
indicate that GF109203X could also inhibit osteoclastogenesis
and bone resorption by regulation of RANKL-induced signaling
pathways. Thus, the dual properties of GF109203X as an anti-
cancer and anti-osteoclast agent might be useful for treatment
of breast cancer-induced osteoclast activation in bone
microenvironments. It should be noted, however, that
GF109203X has not been investigated for its influence on other
bone cells such as osteoblasts in vivo. It is also likely that any
action to reduce osteoclast number in vivo, if confirmed, is
likely to cause a concomitant reduction in bone formation due
to the coupling between osteoclast and subsequent osteoblast
action in bone remodelling. This is less a consideration with
rapid pathological osteolysis than with slower progressing
conditions such as osteoporosis. Future study will examine the
role of GF109203X in vivo using mouse bone metastasis model
(Yoneda et al., 2001).

In summary, these results suggest that PKC-dependent
pathways play an important role in osteoclast differentiation
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and activity which is probably exerted through influences on

the RANKL-induced NFAT signalling pathway. PKC inhibitors,
namely GF109203X, might be potential therapeutics for bone
lytic disorders. Moreover, our study suggests that GF109203X
or similar compounds might be an effective agent for inhibiting
the osteolysis caused by cancer cells.

Acknowledgments

This work was funded by the National Health and Medical
Research Council of Australia, Western Australia Medical &
Health Research Infrastructure Fund, UWA Research
Development Award Scheme, Arthritis Australia, and a Grant
from the National Natural Science Foundation of China (NSFC,
No. 81228013). Drs. Jun Yao, Jia Li, and Jianwen Cheng were
visiting research scholars to the School of Pathology and
Laboratory Medicine, the University of Western Australia
between 2012 and 2014. Prof. Jiake Xu was a visiting Professor
to the Research Centre for Regenerative Medicine, Guangxi
Medical University in 2013.

Literature Cited

Asagiri M, Sato K, Usami T, Ochi S, Nishina H, Yoshida H, Morita |, Wagner EF, Mak TW,
Serfling E, Takayanagi H. 2005. Autoamplification of NFATc| expression determines its
essential role in bone homeostasis. | Exp Med 202:1261-1269.

Balkan W, Martinez AF, Fernandez |, Rodriguez MA, Pang M, Troen BR. 2009. Identification
of NFAT binding sites that mediate stimulation of cathepsin K promoter activity by RANK
ligand. Gene 446:90-98.

Catley MC, Cambridge LM, Nasuhara Y, Ito K, Chivers JE, Beaton A, Holden NS, Bergmann
MW, Barnes PJ, Newton R. 2004. Inhibitors of protein kinase C (PKC) prevent activated
transcription: Role of events downstream of NF-kappaB DNA binding. | Biol Chem
279:18457-18466.

Crotti TN, Sharma SM, Fleming JD, Flannery MR, Ostrowski MC, Goldring SR, McHugh KP.
2008. PU.I and NFATc| mediate osteoclastic induction of the mouse beta3 integrin
promoter. | Cell Physiol 215:636—-644.

Dekker LV, Parker PJ. 1994. Protein kinase C—a question of specificity. Trends Biochem Sci
19:73-77.

Diaz-Meco MT, Moscat . 2012. The atypical PKCs in inflammation: NF-kappaB and beyond.
Immunol Rev 246:154-167.

El Fitori, SuJ, Buchler Y, Ludwig P, Giese R, Buchler NA, Quentmeier MW, Hines H, Herr O},
Friess I. 2007. PKC 412 small-molecule tyrosine kinase inhibitor: Single-compound
therapy for pancreatic cancer. Cancer |10:1457—-1468.

Feng H, Cheng T, Steer JH, Joyce DA, Pavlos NJ, Leong C, Kular J, Liu J, Feng X, Zheng MH,
Xu . 2009. Myocyte enhancer factor 2 and microphthalmia-associated transcription factor
cooperate with NFATcI to transactivate the V-ATPase d2 promoter during RANKL-
induced osteoclastogenesis. | Biol Chem 284:14667-14676.

Franzoso G, Carlson L, Xing L, Poljak L, Shores EW, Brown KD, Leonardi A, Tran T, Boyce
BF, Siebenlist U. 1997. Requirement for NF-kappaB in osteoclast and B-cell development.
Genes Dev | 1:3482-3496.

Gekeler V, Boer R, Uberall F, Ise W, Schubert C, Utz |, Hofmann J, Sanders KH, Schachtele C,
Klemm K, Grunicke H. 1996. Effects of the selective bisindolylmaleimide protein kinase C
inhibitor GF 109203X on P-glycoprotein-mediated multidrug resistance. Br |
Cancer:74897-905.

Heikkila J, Jalava A, Eriksson K. 1993. The selective protein kinase C inhibitor GF 109203X
inhibits phorbol ester-induced morphological and functional differentiation of SH-SY5Y
human neuroblastoma cells. Biochem Biophys Res Commun 197:1185-1193.

Hsu H, Lacey DL, Dunstan CR, Solovyev |, Colombero A, Timms E, Tan HL, Elliott G, Kelley
M), Sarosi |, Wang L, Xia XZ, Elliott R, Chiu L, Black T, Scully S, Capparelli C, Morony S,
Shimamoto G, Bass MB, Boyle WJ. 1999. Tumor necrosis factor receptor family member
RANK mediates osteoclast differentiation and activation induced by osteoprotegerin
ligand. Proc Natl Acad Sci U S A 96:3540-3545.

Jimi E, Akiyama S, Tsurukai T, Okahashi N, Kobayashi K, Udagawa N, Nishihara T, Takahashi
N, Suda T. 1999. Osteoclast differentiation factor acts as a multifunctional regulator in
murine osteoclast differentiation and function. ] Immunol 163:434—442.

Keenan C, Kelleher D. 1998. Protein kinase C and the cytoskeleton. Cell Signal 10:225-232.

Khor EC, Abel T, Tickner |, Chim SM, Wang C, Cheng T, Ng B, Ng PY, Teguh DA, Kenny J,
Yang X, Chen H, Nakayama KI, Nakayama K, Pavlos N, Zheng MH, Xu J. 2013. Loss of

JOURNAL OF CELLULAR PHYSIOLOGY

protein kinase C-delta protects against LPS-induced osteolysis owing to an intrinsic defect
in osteoclastic bone resorption. PLoS One 8:e70815.

Kim K, Lee SH, Ha Kim, Choi J, Kim Y. 2008. NFATc| induces osteoclast fusion via
up-regulation of Atpév0d2 and the dendritic cell-specific transmembrane protein
(DC-STAMP). Mol Endocrinol 22:176—185.

Knopf JL, Lee MH, Sultzman LA, Kriz RW, Loomis CR, Hewick RM, Bell RM. 1986. Cloning
and expression of multiple protein kinase C cDNAs. Cell 46:491-502.

Kong YY, Boyle W/, Penninger JM. 1999. Osteoprotegerin ligand: A common link between
osteoclastogenesis, lymph node formation and lymphocyte development. Immunol Cell
Biol 77:188-193.

Lacey DL, Timms E, Tan HL, Kelley MJ, Dunstan CR, Burgess T, Elliott R, Colombero A,
Elliott G, Scully S, Hsu H, Sullivan J, Hawkins N, Davy E, Capparelli C, Eli A, Qian YX,
Kaufman S, Sarosi |, Shalhoub V, Senaldi G, Guo J, Delaney |, Boyle WJ. 1998.
Osteoprotegerin ligand is a cytokine that regulates osteoclast differentiation and
activation. Cell 93:165-176.

Larsen EC, DiGennaro JA, Saito N, Mehta S, Loegering D), Mazurkiewicz JE, Lennartz MR.
2000. Differential requirement for classic and novel PKC isoforms in respiratory burst and
phagocytosis in RAW 264.7cells. ] Immunol 165:2809-2817.

Lee SW, Kwak HB, Chung W/, Cheong H, Kim HH, Lee ZH. 2003. Participation of protein
kinase C beta in osteoclast differentiation and function. Bone 32:217-227.

Lee SH, Rho J, Jeong D, Sul )Y, Kim T, Kim N, Kang JS, Miyamoto T, Suda T, Lee SK, Pignolo
RJ, Koczon-Jaremko B, Lorenzo J, Choi Y. 2006. V-ATPase VO subunit d2-deficient mice
exhibit impaired osteoclast fusion and increased bone formation. Nat Med 12:1403-1409.

Lin WW, Chen BC. 1998. Distinct PKC isoforms mediate the activation of cPLA2 and
adenylyl cyclase by phorbol ester in RAW264.7 macrophages. Br ] Pharmacol 125:1601—
1609.

Liu Q, Wu H, Chim SM, Zhou L, Zhao J, Feng H, Wei Q, Wang Q, Zheng MH, Tan RX, Gu Q,
Xu J, Pavlos N, Tickner J. 2013. SC-514, a selective inhibitor of IKKbeta attenuates
RANKL-induced osteoclastogenesis and NF-kappaB activation. Biochem Pharmacol
86:1775-1783.

Moonga BS, Dempster DW. 1998. Effects of peptide fragments of protein kinase C on
isolated rat osteoclasts. Exp Physiol 83:717-725.

Nakashima S. 2002. Protein kinase C alpha (PKC alpha): Regulation and biological function.
Biochem 132:669-675.

Newton AC. 1995. Protein kinase C. Seeing two domains. Curr Biol 5:973-976.

Nishizuka Y. 1986. Studies and perspectives of protein kinase C. Science 233:305-312.

Sipma H, van der Zee L, van den Akker J, den Hertog A, Nelemans A. 1996. The effect of the
PKC inhibitor GF109203X on the release of Ca2+ from internal stores and Ca2+ entry in
DDTI MF-2 cells. Br | Pharmacol |19:730-736.

Takayanagi H. 2005. Mechanistic insight into osteoclast differentiation in osteoimmunology. ]
Mol Med (Berl) 83:170-179.

Tekle C, Giovannetti E, Sigmond J, Graff JR, Smid K, Peters GJ. 2008. Molecular
pathways involved in the synergistic interaction of the PKC beta inhibitor enzastaurin
with the antifolate pemetrexed in non-small cell lung cancer cells. Br ] Cancer 99:
750-759.

Toullec D, Pianetti P, Coste H, Bellevergue P, Grand-Perret T, Ajakane M, Baudet V, Boissin
P, Boursier E, Loriolle F, Duhamel L, Charon D, Kirilovsky J. 1991. The
bisindolylmaleimide GF 109203X is a potent and selective inhibitor of protein kinase C. ]
Biol Chem 266:15771-15781.

van der Kraan AG, Chai RC, Singh PP, Lang BJ, Xu J, Gillespie MT, Price JT, Quinn JM. 2013.
HSP90 inhibitors enhance differentiation and MITF (microphthalmia transcription factor)
activity in osteoclast progenitors. Biochem | 451:235-244.

Wang C, Steer JH, Joyce DA, Yip KH, Zheng MH, Xu J. 2003. 12-O-tetradecanoylphorbol-
|3-acetate (TPA) inhibits osteoclastogenesis by suppressing RANKL-induced NF-kappaB
activation. ] Bone Miner Res 18:2159-2168.

Wong BR, Josien R, Lee SY, Sauter B, Li HL, Steinman RM, Choi Y. 1997. TRANCE (tumor
necrosis factor [TNF]-related activation-induced cytokine), a new TNF family member
predominantly expressed in T cells, is a dendritic cell-specific survival factor. ] Exp Med
186:2075-2080.

Wau J, Zhang B, Wu M, Li H, Niu R, Ying G, Zhang N. 2010. Screening of a PKC zeta-specific
kinase inhibitor PKCzI257.3 which inhibits EGF-induced breast cancer cell chemotaxis.
Invest New Drugs 28:268-275.

Xu J, Tan JW, Huang L, Gao XH, Laird R, Liu D, Wysocki S, Zheng MH. 2000. Cloning,
sequencing, and functional characterization of the rat homologue of receptor activator of
NF-kappaB ligand. ] Bone Miner Res 15:2178-2186.

XuJ, Wu HF, AngES, Yip K, Woloszyn M, Zheng MH, Tan RX. 2009. NF-kappaB modulators
in osteolytic bone diseases. Cytokine Growth Factor Rev 20:7-17.

Yoneda T, Williams PJ, Hiraga T, Niewolna M, Nishimura R. 2001. A bone-seeking
clone exhibits different biological properties from the MDA-MB-23| parental human
breast cancer cells and a brain-seeking clone in vivo and in vitro. | Bone Miner Res
16:1486—1495.

Supporting Information

Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site.



