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BACKGROUND AND PURPOSE

We previously reported that adenosine, acting at adenosine A, receptors (Az2aR), inhibits osteoclast (OC) differentiation in vitro
(AzaR activation OC formation reduces by half) and in vivo. For a better understanding how adenosine Az4R stimulation
regulates OC differentiation, we dissected the signalling pathways involved in AR signalling.

EXPERIMENTAL APPROACH

OC differentiation was studied as TRAP+ multinucleated cells following M-CSF/RANKL stimulation of either primary murine
bone marrow cells or the murine macrophage line, RAW264.7, in presence/absence of the AR agonist CGS21680, the AR
antagonist ZM241385, PKA activators (8-CI-cAMP 100 nM, 6-Bnz-cAMP) and the PKA inhibitor (PKI). CAMP was quantitated
by EIA and PKA activity assays were carried out. Signalling events were studied in PKA knockdown (lentiviral ShRNA for PKA)
RAW264.7 cells (scrambled shRNA as control). OC marker expression was studied by RT-PCR.

KEY RESULTS

AzaR stimulation increased cAMP and PKA activity which and were reversed by addition of ZM241385. The direct PKA stimuli
8-Cl-cAMP and 6-Bnz-cAMP inhibited OC maturation whereas PKI increased OC differentiation. AR stimulation inhibited
p50/p105 NFxB nuclear translocation in control but not in PKA KO cells. AR stimulation activated ERK1/2 by a
PKA-dependent mechanism, an effect reversed by ZM241385, but not p38 and JNK activation. AR stimulation inhibited OC
expression of differentiation markers by a PKA-mechanism.

CONCLUSIONS AND IMPLICATIONS

Az4R activation inhibits OC differentiation and regulates bone turnover via PKA-dependent inhibition of NFxB nuclear
translocation, suggesting a mechanism by which adenosine could target bone destruction in inflammatory diseases like
Rheumatoid Arthritis.

Abbreviations
A»R, adenosine Az, receptor; C + Z, CGS21680 + ZM241385; shRNA PKA, shRNA against PKA catalytic alpha subunit

Introduction conditions, degrade bone to initiate normal bone re-

modelling and mediate bone loss in pathologic condi-
Osteoclasts are multinucleated giant cells (MNCs) derived tions by increasing their resorptive activity. Osteoclasts
from myeloid precursors that, under normal homeostatic secrete hydrochloric acid and proteases [cathepsin K and
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tartrate-resistant acid phosphatase (TRAP) among others]
into discrete loci on the surface of the bone (Vaananen
etal., 2000). Osteoclast differentiation in vitro depends
on the combination of macrophage colony-stimulating
factor (M-CSF) and receptor for activation of nuclear
factor kappa B ligand (RANKL/TRANCE). RANKL binds
to its receptor RANK (Receptor activator of NFkB) and
M-CSF binds to its receptor, c-fms, resulting in the
recruitment of TNF receptor associated factors (TRAF), fol-
lowed by activation signalling through MAPK, NF«xB, c-Fos,
phospholipase Cy and nuclear factor of activated T cells c1
(NFATcl) (Wei et al., 2002; Boyce et al., 2009; Hirata et al.,
2010).

Adenosine, the metabolic product of adenine nucleotide
dephosphorylation, is generated during oxidative stress,
ischaemia and hypoxia. It is generated both intracellularly
and extracellularly and exerts its physiologic and pharma-
cologic effects extracellularly via activation of specific cell
surface G protein coupled receptors (A;, Azx, Az and Asj),
each of which has a unique pharmacological profile
(Fredholm et al., 2011). Classically, adenosine receptors were
subdivided on the basis of their effects on adenylyl cyclase
activity, inhibition (A, and A; receptor) and stimulation (A,
and Ay receptors) (van Calker etal., 1979; Londos etal.,
1980; Verzijl and Ijzerman, 2011). Both A,s and A recep-
tors stimulate the formation of cAMP and, depending on
the cell type, increase intracellular calcium levels and phos-
pholipase C mobilization (Fredholm et al., 2001; Jacobson
and Gao, 2006). Adenosine receptors have been reported to
activate MAPKs in a variety of cells, which further mediate
downstream signalling events (Verzijl and Ijzerman, 2011).
Thus, for example, we have previously reported that the
adenosine A,, receptor stimulates hepatic stellate cells to
produce collagen 1 via a signalling pathway that includes
ERK1/2 but promotes collagen 3 expression via a p38MAPK-
dependent pathway (Hirano et al., 1996; Sexl et al., 1997).
Interestingly, adenosine A; and A, receptors (A;R and A;R)
have opposing functional effects (Schulte and Fredholm,
2003). For example, during inflammation, adenosine A;R
promotes multinucleated giant cell formation from human
peripheral blood monocytes whereas the A;R inhibits
multinucleated giant cell formation (Merrill et al., 1997).
Similarly, A, receptor blockade or deletion leads to diminish
in vitro osteoclast formation and A,, stimulation diminishes
osteoclast formation.

Previously, we have reported that A,, receptors inhibit
M-CSF/RANKL-stimulated osteoclast differentiation and
function (Mediero etal.,, 2012b) and the selective AR
agonist CGS21680 reduced in vivo wear particle-induced
bone pitting and porosity, increasing cortical bone and
bone volume compared to control mice (Mediero etal.,
2012a). Similarly, methotrexate, the gold standard drug in
the treatment of rheumatoid arthritis, mediates many
of its anti-inflammatory effects by increasing release of
adenosine which stimulates A,, and A; receptors to
diminish inflammation and bony erosions (Chan and
Cronstein, 2010). To better understand the role of adeno-
sine and its receptors in the suppression of inflammatory
bone resorption, we determined which intracellular path-
ways are involved in A, R-mediated regulation of osteoclast
differentiation.

Az4R inhibits osteoclast differentiation via cAMP

Methods

Reagents

RAW264.7 cells were from ATCC (Manassas, VA, USA). Recom-
binant mouse M-CSF and recombinant mouse RANKL were
from R&D Systems (Minneapolis, MN, USA). AR specific
agonist CGS21680 and AR specific antagonist ZM241385
were from Tocris (Ellisville, MO, USA). o-MEM, FBS and
penicillin/streptomycin were from Invitrogen (Life Technolo-
gies, Grand Island, NY, USA). Sodium acetate, glacial acetic
acid, Naphtol AS MX phosphate disodium salt, fast red violet
LB, RIPA buffer, protease inhibitor cocktail, phosphatase
inhibitor cocktail, hexadimethrine bromide, lentivirus
packing particles [scrambled and protein kinase A (PKA)
catalytic alpha subunit] and puromycin selection marker
were from Sigma-Aldrich (St. Louis, MO, USA). Sodium
Tartrate was from Fisher Scientific (Pittsburgh, PA, USA).
8-Bromoadenosine-3’,5’-cyclic monophosphate (8-Br-cAMP)
and N¢®Benzoyladenosine-3’,5’-cyclic monophosphate (6-
Bnz-cAMP) were from BIOLOG Life Science Institute (San
Diego, CA, USA). The PKA inhibitor (TTYADFIASGRTGRR
NAIHD) (PKI) was from Promega (Madison, WI, USA). Rabbit
polyclonal anti-PKA catalytic, mouse monoclonal anti-
Phospho-ERK1/2, mouse monoclonal anti-ERK2, mouse
monoclonal anti-Phospho-JNK, mouse monoclonal anti-JNK,
rabbit polyclonal anti-actin, goat anti-rabbit-AP and goat anti-
mouse-AP were from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Mouse monoclonal anti-p-p38 was from Promega.
Mouse monoclonal anti-p38 was from Cell Signaling Technol-
ogy (Boston, MA, USA). Rabbit polyclonal anti-NFxB p50/
p10S, rabbit polyclonal anti-IxB alpha, rabbit polyclonal anti-
p-IxB alpha and mouse monoclonal anti-nuclear matrix
protein p84 were from Abcam (Cambridge, MA, USA). cAMP
Biotrak Enzymeimmunoassay system was from Amersham
(GE Healthcare, Pittsburgh, PA, USA). Pep-Tag® assay for non-
radioactive detection of cAMP-dependent protein kinase was
purchase from Promega. The MEK inhibitor (U0126), p38
inhibitor (SB203580) and JNK inhibitor II (SP600125) were
from Calbiochem (EMD Millipore Chemicals, Philadelphia,
PA, USA). NE-PER nuclear and cytoplasmic extraction reagents
kit and BCA Protein Assay Reagent were from Thermo Scien-
tific (Pierce Protein Research Products, IL, Rockford, USA).
NFkB (p65) transcription factor assay kit was purchase from
Cayman Chemical Company (Miami, FL, USA).

Osteoclast differentiation

The New York University School of Medicine Institutional
Animal Care and Use Committee approved all protocols
related to animals. Bone marrow cells (BMCs) were isolated
from 6-8-week-old female C57BL/6 mice as previously
described (Mediero et al., 2012b). Briefly, marrow cavity was
flushed out with a-MEM from femora and tibiae aseptically
removed, and bone marrow was incubated overnight in
o-MEM containing 10% FBS and 1% penicillin/streptomycin
(aMEM) to obtain a single-cell suspension. About 200 000
non-adherent cells were collected and seeded in a-MEM with
30 ng-mL~'M-CSF for 2 days. At day 3 (day O of differentia-
tion), 30 ng-mL™" RANKL was added to the culture together
with CGS21680 1 uM alone or in the presence of ZM241385
1 uM and in the presence PKA activators 8-Cl-cAMP and
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6-Bnz-cAMP 100 nM each and the PKA inhibitor PKI
10 ug-mL™ (n = 6 each assay). Cultures were fed every third
day by replacing the culture medium with fresh medium and
reagents. Five thousand RAW264.7 cells were differentiated
with 50 ng-mL™~" RANKL together with CGS21680 1 uM alone
or in the presence of ZM241385 1 uM, 8-Cl-cAMP, 6-Bnz-
CcAMP 100 nM each and PKI 10 ug-mL™ (n = 5 each assay).
After incubation for 7 (BMCs) or 3 days (RAW264.7 cells),
cells were prepared for TRAP staining for osteoclast quantifi-
cation (Mediero et al., 2012a,b). The number of TRAP-positive
MNCs containing >3 nuclei/cell were scored (Yasuda et al.,
1999). In all experiments, DMSO is added to control in the
same concentration, as it is present in conditions containing
various agonists and antagonists.

Transfection protocol

RAW264.7 cells (15 000 cells-mL-") were plated and 24 h later,
cells were incubated in the presence of Hexadimethrine
Bromide (4 pg-mL™") and 108 lentiviral transduction particles
corresponding to mouse PKA catalytic alpha subunit shRNA
(SHCLNV-NM_008854), with puromycin selection marker, for
another 24 h to allow transfection. Media was then replaced
with oMEM containing puromycin (1 ug-mL™), changing the
media every 3 days until selected clones formed. These clones
were isolated and expanded until confluence. Scrambled
shRNA (SHCO002V) is used as control. Permanently silenced
clones are kept in culture under puromycin selection.

CAMP measurements

Intracellular cAMP was measured with the Amersham cAMP
Biotrak Enzymeimmunoassay system using the non-
acetylation EIA procedure following protocol. Briefly, 10°
RAW264.7 cells were plated and incubated with 50 ng-mL™
RANKL together with CGS21680 1 uM alone or in the pres-
ence of ZM241385 1 uM (30 min pre-incubation) for different
time points (n = 6 each) and the recommended protocol was
followed. Optical density was read at 450 nm and results were
calculated as described by the manufacturer.

PKA activation during

osteoclast differentiation

Pep-Tag® assay for non-radioactive detection of cAMP-
dependent protein kinase was used following recommenda-
tions. The PepTag Assay uses a brightly, coloured, fluorescent
peptide substrate that is highly specific for PKA. Phosphoryla-
tion by PKA of its specific substrate alters the peptide’s
net charge from +1 to —1. This change in the net charge of the
substrate allows the phosphorylated and non-phosphorylated
versions of the substrate to be rapidly separated on an agarose
gel. The phosphorylated species migrates towards the positive
electrode, while the non-phosphorylated substrate migrates
towards the negative electrode. The amino acid sequence of
the PKA-specific peptide substrate, PepTagR Al Peptide, is
L-R-R-A-S-L-G (Kemptide). Briefly, 2.5 x 10° RAW264.7 cells or
BMCs derived osteoclasts from A, receptor knockout (A;1KO)
mice (a gift of Dr. Jiang Fan Chen, Boston University School of
Medicine, Boston, MA, USA) (Chen et al., 1999) were incu-
bated with 50 ng-mL™" RANKL (and 50 ng-mL™" MCS-F in the
case of primary BMCs derived osteoclasts) together with
CGS21680 1 uM alone or in the presence of ZM241385 1 uM
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(30 min pre-incubation) for 15 min (n = 4) were homogenized
in cold PKA extraction buffer and 10 uL of the resultant
samples were analysed following the protocol. A spectropho-
tometric method was used to quantitate kinase activity.
Optical density was read at 570 nm, and activity was calcu-
lated following protocol recommendations.

Western blot

For Western blot analysis of PKA, pERK1/2, p-p38, pJNK
expression and NFkB nuclear translocation, PKA catalytic
alpha subunit shRNA transfected RAW264.7 cells (ShRNA PKA)
(or scrambled shRNA as control) and primary bone marrow-
derived cells (from wild type and A,,KO mice) were activated
with 50 ng-mL™ of RANKL (and 50 ng-mL™" MCS-F in the case
of primary BMCs) and challenged with CGS21680 1 uM (alone
or in the presence of ZM241385 1 uM) and U0126, SB253085
or SP600125 10 uM each (30 min pretreatment) (n = 4 each)
were collected at different time points and lysed with RIPA
buffer containing protease/phosphatase inhibitors to extract
total cell protein content. Cytoplasmic and nuclear fraction
protein extraction was performed using NE-PER nuclear and
cytoplasmic extraction reagents kit. Protein concentration was
determined by BCA. Four or 10 ug of protein was subjected to
7.5 or 10% SDS-PAGE and transferred to a nitrocellulose mem-
brane. To block non-specific binding, membranes were treated
in TBS/Tween-20 0.05% with 5% skimmed milk 1 h at room
temperature, and membranes where incubated overnight
4°C with primary antibodies against PKA catalytic 1:1000,
pERK1/2 1:1000, p-p38 1:1000, pJNK 1:500, p5S0/p105 NF«xB
1:5000, IxB alpha 1:500 and p-IxB alpha 1:500. After washing
with TBS/Tween-20 0.05%, membranes were incubated with
goat-anti-rabbit-AP 1:2000 or goat-anti-mouse-AP 1:3000.
Proteins were visualized by enhanced chemiluminescence
detection (GE Healthcare) in Typhoon Trio equipment. Blots
were reprobed with ERK2, p38, JNK or actin diluted 1:1000, to
check that all lanes were loaded with the same amount of
protein. Specific nuclear signal was detected using mouse
monoclonal anti-nuclear matrix protein p84 diluted 1:1000.
Intensities of the respective band are examined by densitomet-
ric analysis using the KODAK Gel Logic 2000 and KODAK
Molecular Imaging Software.

To quantify Western blot analysis digital densitometric
band analysis was performed and band intensities were
expressed relative to ERK2, p38, JNK, actin or p84, as appro-
priate. Variations in intensity were expressed as % of control
and expressed as mean + SEM. All results were calculated as a
percentage of non-stimulated controls to minimize the
intrinsic variation among different experiments. Statistical
analysis was performed by one-way aNovAa and Bonferroni
post-test and the levels of significance were indicated in the
figure legends.

NFxB (p65) transcription factor assay

NFk«B (p635) transcription factor assay was carried out follow-
ing the manufacturers’ instructions. Cayman’s NFkB (p65)
transcription factor assay is a non-radioactive, sensitive
method (ELISA method) for detecting specific transcription
factor DNA binding activity in nuclear extracts and whole cell
lysates. A specific double stranded DNA (dsDNA) sequence
containing the NFxB response element is immobilized to the



wells. NFkB contained in a nuclear extract, binds specifically
to the NFxB response element, and NFkB (p65) is detected by
addition of specific antibodies. Briefly, 10’ RAW264.7 cells
were plated and incubated with 50 ng-mL~" RANKL together
with CGS21680 1 uM alone or in the presence of ZM241385
1 uM (30 min pre-incubation) for different time points (n =5
each). Nuclear extracts were purified following the protocol
and the specific transcription factor DNA binding activity was
measured following the protocol. Optical density was read
at 450 nm and results were calculated as described by the
manufacturer.

Quantitative real-time RT-PCR

To confirm the activation of PKA in A,4R osteoclast differen-
tiation modulation, we measured the activation of the two
osteoclast differentiation markers, cathepsin K and NFATc1,
and osteopontin, an extracellular structural protein that ini-
tiates the development of osteoclast ruffled borders, in PKA
catalytic alpha subunit shRNA transfected RAW264.7 cells
(and scrambled shRNA for control) activated with 50 ng-mL™"
of RANKL and challenge with CGS21680 1 uM (alone or in
the presence of ZM241385 1 uM) (n = 4 each assay) by quan-
titative RT-PCR (QRT-PCR). Cells were collected during the 3
days of differentiation and total RNA was extracted using
RNeasy Mini Kit (Qiagen, Invitrogen) including sample
homogenization with QIAshredder columns. Oncolumn
DNA digestion was performed to avoid genomic DNA con-
tamination. 0.5 ug of total RNA was retrotranscribed using
MuLV Reverse transcriptase PCR kit (Applied Biosystems,
Foster City, CA, USA) at 2.5U/uL, including in the same reac-
tion RNase inhibitor 1 U/uL, random hexamers 2.5U/uLm
MgCl, 5 mM, PCR buffer IT 1X and dNTPs 1 mM. RT-PCR was
used to relative quantification of gene expression using a
Stratagene Mx3005P (Agilent Technologies, La Jolla, CA, USA)
with Brilliant Fast SYBR Green Kit QPCR Master Mix (Strata-
gene). The following primers were used: Cathepsin K Forward:
5’- GCTGAACTCAGGACCTCTGG-3’ and Reverse: 5'- GAAA
AGGGAGGCATGAATGA-3’; NFATcl Forward: 5'- TCATCC
TGTCCAACACCAAA-3’" and Reverse: 5’- TCACCCTGGTGT
TCTTCCTC -3’; Osteopontin Forward: 5’-TCTGATGAGACCG
TCACTGC-3’ and Reverse: 5’- TCTCCTGGCTCTCTTTGG
AA-3’ and GAPDH Forward: 5’'-CTACACTGAGGACCAGGTT
GTCT-3' and Reverse: 5'- GGTCTGGGATGGAAATTGTG-3’
(Mediero et al., 2012a). The Pfaffl method (Pfaffl, 2001) was
used for relative quantification of Cathepsin K, NFATc1 and
Osteopontin.

Statistical analysis

Statistical significance for differences between groups was
determined by use of one-way ANovA and Bonferroni post-test.
All statistics were calculated using GraphPad® software
(GraphPad, San Diego, CA, USA).

Results

Adenosine A;4R activation stimulates an
increase in cellular cAMP levels as well as
PKA activation

When RAW264.7 cells were stimulated with 50 ng-mL™
RANKL, intracellular cAMP levels were not significantly

Az4R inhibits osteoclast differentiation via cAMP

increased (0.14 + 0.02 pmol/10° cells after 10 min stimulation
vs. 0.08 £ 0.02 pmol/10° cells basal levels, P = NS, n = 6)
(Figure 1A), but stimulation of these cells with the A,, agonist
CGS21680 1 uM, increased cAMP values nearly threefold
(0.35 + 0.03 pmol/10° cells for CGS21680, P < 0.001 vs.
control, n = 6) (Figure 1A). Pretreatment of RAW264.7 cells
with the selective AR antagonist ZM241385 (1 uM) com-
pletely blocked the effect of the A,, agonist (0.13 £0.01 pmol/
10° cells, P = NS vs. control, n = 6) (Figure 1A).

Adenosine AR activation inhibits osteoclast
formation via activation of protein kinase

A (PKA)

Because cAMP signals within the cell proceed via activation of
two different pathways following intracellular activation of
two main sensor proteins PKA and exchange protein directly
activated by cAMP (Epac) we sought to determine which
pathway was responsible for the effects of A,4 receptor stimu-
lation on osteoclast differentiation. To answer this question,
we tested the effect of direct activation of PKA with the cAMP
analogues 8-Cl-cAMP and 6-Bzn-cAMP or inhibition of its
activity with the inhibitor (PKI) on M-CSF/RANKL-stimulated
osteoclast formation by RAW264.7 cells. As previously
described for primary murine BMCs (Mediero et al., 2012b),
CGS21680 1 uM inhibited osteoclast differentiation (41 + 9%
maximal inhibition, P < 0.001, n = 6), an effect completely
blocked by ZM241385 1 uM pretreatment (106 + 3% of
control, P < 0.001, n = 6) (Figure 1B). Both PKA-selective
cAMP analogues 8-Cl-cAMP and 6-Bnz-cAMP (100 nM) inhib-
ited osteoclast differentiation to the same extent as the AR
agonist (40 £ 9% and 39 = 9% inhibition, respectively,
P < 0.001, n = 6) whereas the selective PKA inhibitor (PKI)
increased osteoclast differentiation in the presence of
CGS21680 (106 + 7% of control, P < 0.001, n = 6) (Figure 1B).
We studied the effects of the same agents on primary
murine BMCs and found substantially identical results
(Figure 1C). Because the effects of these signalling pathway
agents were identical in the cell line and primary cells we
carried out the remainder of these studies with the RAW264.7
cell line.

To confirm that the effects of the PKA activators and
inhibitor on osteoclast differentiation were directly related to
the effects of these agents on PKA we determined PKA activity
in cell lysates directly using a specific fluorescent peptide
substrate for PKA. Treatment with RANKL alone (Control)
does not affect PKA activity (2.7 + 0.2 unit/2.5 x 10° cells vs.
3.1 £ 0.2 unit/2.5 x 10° cells basal, P = NS, n = 4) but A;,R
stimulation nearly doubles the cellular activity (from 3.1 +
0.2 units/2.5 x 10° cells to 4.96 + 0.2 units/2.5 x 10° cells, P <
0.001, n = 4) (Figure 1D), an effect completely blocked by
treatment of the cells with the A,y receptor antagonist
ZM241385 (3.4 + 0.3 units/2.5 x 10° cells, P = NS vs. control,
n = 4) (Figure 1D). Interestingly, stimulation of the A,R by
CGS21680 1 uM increased PKA expression after 8 h stimula-
tion (147 £ 4% of control, P < 0.001, n = 4) (Figure 1E), an
effect completely blocked by the pharmacologic antagonist
ZM241385.

We also studied PKA activity in cell lysates from osteo-
clasts differentiated from primary marrow cells from A;,KO
mice (Supporting Information Figure S2A). As observed in the
RAW cells, RANKL alone (Control) did not affect PKA activity
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Figure 1

Adenosine AR activation increased cAMP production and increased PKA activation. BMCs and RAW264.7 cells were treated with 50 ng-mL™'
RANKL together with CGS21680 1 uM (CGS) alone or in the presence of ZM241385 1 uM (C + Z), 8-Cl-cAMP and 6-Bnz-cAMP 100 nM each and
PKI 10 pg-mL™". (A) Intracellular cCAMP levels were measured after 10 min stimulation. cCAMP values are expressed as the mean + SEM pmol/
10° cells (n= 6). (B) Primary bone marrow cell-derived osteoclasts were fixed and stained for TRAP. TRAP+ cells containing three or more nuclei were
counted as osteoclasts. The results were expressed as the mean + SEM (n = 6) (C) RAW264.7 derived osteoclast were fixed and stained for TRAP
following the same conditions as primary cells. TRAP+ cells containing three or more nuclei were counted as osteoclasts. The results were expressed
as the mean £ SEM (n= 6). PKI + CGS216580 TRAP+ cells are expressed as % of PKl-treated cells alone. (D) PKA activity was calculated 15 min after
RAW264.7 cells stimulation. Gel image reflect separation of phosphorylated/non-phosphorylated peptide migration. Data were express as the mean
+ SEM in units/2.5 x 10° cells considering the relation of phosphorylated Peptide A1 and PKA activity according to manufacturer’s indication
(n=4). + indicate positive control and — indicate negative control. (E) PKA expression was analysed 8 h after RAW264.7 cell stimulation by Western
blot. To normalize for protein loading, the membranes were reprobed with actin and results were normalized to the density of the actin bands. The

results were expressed as the mean + SEM of four independent experiments. ***P < 0.001 versus non-stimulated control.

Pl

<«

(3.3 £ 0.1unit/2.5 x 10° cells vs. 2.5 + 0.2 unit/2.5 x 10° cells
basal, P = NS, n = 3), and neither pretreatment with
CGS21680 nor ZM241385 affected PKA activity (3.4 + 0.2
unit/2.5 x 10° cells and 2.9 + 0.1 unit/2.5 x 10° cells respec-
tively, P = NS, n = 3).

Silencing of PKA blocks the effect of AR
activation on osteoclast differentiation

In order to determine the involvement of PKA in the A\R-
mediated inhibition of osteoclast maturation, we knocked
down the PKA catalytic alpha subunit by infecting RAW264.7
cells with lentiviral particles containing shRNA for PKA cata-
lytic alpha subunit and selected the relevant infected cells
with puromycin. As control, we infected cells with vector
containing scrambled shRNA. As noted in Figure 24, silenc-
ing of the PKA catalytic alpha subunit abrogated the inhibi-
tion of osteoclast differentiation due to A,4R activation (116.2
+ 2.5% of control, P < 0.01, n = 4). To confirm that the PKA
knockdown blocked A,\R-mediated inhibition of osteoclast
differentiation, we determined the effect of the A,, agonist on
expression of mRNA for markers of osteoclast differentiation.
As we have previously observed in primary cells (Mediero
et al., 2012b), we noted that both RANKL alone (Control) or
ZM241385 1 uM pretreatment in RAW264.7 scrambled cells
increased the expression of mRNA for Cathepsin K (by up to
4+ 0.7 fold change on day 3, P < 0.001, n = 4) and treatment
with CGS21680 (1 uM) reduced this increase by half (2 £
0.05-fold decrease, P < 0.001, n = 4), an effect that was com-
pletely lost in shRNA PKA cells (Figure 2B). Interestingly,
NFATc1 mRNA expression was up-regulated during osteoclast
differentiation under all conditions studied both in the
scrambled shRNA infected cells and in the shRNA PKA cells
(up to 2 £ 0.6-fold on day 3 of differentiation, P < 0.001, n =
4, Figure 2C). Finally, mRNA expression for osteopontin was
also increased in the RANKL-stimulated RAW264.7 cells
(scrambled cells) alone (Control) or after pretreatment with
ZM241385 (1 uM, by up to 3 £ 0.1-fold change on day 3, P <
0.001, n = 4). In contrast, treatment with CGS21680 pre-
vented the RANKL-mediated increase in mRNA levels and this
effect was lost in the shRNA PKA cells (Figure 2D).

Az4R activation inhibits osteoclast
differentiation by activation of ERK1/2

Prior work demonstrates that stimulation of cAMP-PKA sig-
nalling lead to activation of the MAPK cascade and activation

of ERK1/2, p38 and JNK are well-established signalling inter-
mediates in osteoclast differentiation. For that reason, we
studied the involvement of these proteins in the A;R inhi-
bition of osteoclast differentiation. As observed in Figure 3A,
when RAW264.7 cells were incubated with RANKL (Control)
we observed an increased in ERK1/2 phosphorylation 10 min
after stimulation and this effect was significantly increased in
the presence of CGS21680 (170 + 6% of control for CGS21680
vs. 143 £ 5% of control for control, P < 0.001, n = 4), an effect
that was blocked by the A,,R antagonist ZM241385. Thus, as
we have previously reported for hepatic stellate cells (Che
et al., 2007) ERK1/2 is activated by A,4R and signalling for this
activation step proceeds via a PKA-dependent mechanism.
Similarly, RANKL activated p38MAPK (125 + 1% of control,
P < 0.001, n = 4), but neither CGS21680 alone nor in the
presence of ZM241385 affected this activation (Figure 3B)
and there was no effect of PKA knockdown either. Similar to
activation of p38MAPK, RANKL stimulation led to JNK acti-
vation and A,\R stimulation and PKA knockdown did not
affect JNK activation induced by RANKL (Figure 3C).

Similar results were obtained in osteoclasts derived from
primary BMCs (Supporting Information Figure S1A, Support-
ing Information Table S1). When BMCs cells were incubated
with RANKL (Control), we observed an increase in ERK1/2
phosphorylation 10 min after stimulation and this effect was
significantly increased in the presence of CGS21680 (182 +
5% of control for CGS21680 vs. 163 £ 9% of control for
control, P < 0.001, n = 4), an effect that was blocked by the
AR antagonist ZM241385. Similarly, RANKL activated
p38MAPK and JNK, but neither CGS21680 alone or in the
presence of ZM241385 affected this activation.

When we analysed MAPK expression in osteoclasts
derived from A,KO BMCs (Supporting Information
Figure S2B, Supporting Information Table S2), we observed
that RANKL activated ERK1/2, p38 and JNK in a similar way
as RANKL stimulation in wild type cells (195 = 7%, 158 +
5%***155 £ 5%*** respectively, P < 0.001, n = 30) and, as
expected, CGS21680 (alone or with ZM241385) did not affect
activation of these MAPKs.

Az4R signals for inhibition of NFxB p50/p105
nuclear translocation via PKA

When RANKL binds to its receptor RANK NF«xB is activated
and translocated to the nucleus by either the canonical or
alternative pathways (Franzoso et al., 1997). In the canonical
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Figure 2

Expression of osteoclast differentiation markers mRNA in PKA catalytic alpha subunit knockdown cells. (A) RAW264.7 cells were permanently
transfected with scrambled or PKA catalytic alpha subunit shRNA, and treated with 50 ng-mL™" RANKL together with CGS21680 (1 uM).
TRAP-positive cells containing three or more nuclei were counted as osteoclasts. The results were expressed as the means of four different assays
in duplicate. The y axis have been expanded to show the difference more clearly. (B) Changes in Cathepsin K mRNA in osteoclasts during the
osteoclast differentiation process in the presence of CGS21680 1 uM (CGS) alone or with ZM241385 1 uM (C + Z) in PKA catalytic alpha subunit
shRNA RAW264.7 cells compared to scrambled shRNA. (C) NFATcT mRNA fold change in RANKL derived osteoclast during the three days
osteoclast differentiation process in the presence of 1 pM (CGS) alone or with ZM241385 1 uM (C + Z) in PKA catalytic alpha subunit sShRNA
RAW264.7 cells compared to scrambled shRNA infected cells. (D) Changes in Osteopontin mRNA in RANKL derived osteoclast during the three
days osteoclast differentiation process in the presence of CGS21680 1 uM (CGS) alone or with ZM241385 1 uM (C + Z) in PKA catalytic alpha
subunit ShRNA RAW264.7 cells compared to scrambled shRNA infected cells. ***P < 0.001, **P < 0.01, *P < 0.5 versus non-stimulated control.
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MAPKs are activated during osteoclast differentiation in a PKA dependent mechanism. RAW264.7 cells were permanently transfected with
scrambled or PKA catalytic alpha subunit shRNA, and treated with 50 ng-mL™" RANKL together with CGS21680 1 uM (CGS) alone or in the
presence of ZM241385 1 uM (C + Z). (A) ERK1/2 phosphorylation was analysed 10 min after stimulation by Western blot. (B) p38 phosphorylation
was analysed 10 min after stimulation by Western blot. (C) JNK phosphorylation was analysed 2 h after stimulation by Western blot. To normalize
for protein loading, the membranes were reprobed with ERK2, p38 or JNK respectively and results normalized appropriately. The results were
expressed as the means of four independent experiments. ***P < 0.001, *P < 0.5 versus non-stimulated control. In all cases, the y axis has been
expanded to show the difference more clearly.

pathway, phosphorylation of IxB leads to the translocation of
the classic NFkB dimer consisting of p50 and p65/RelA, an
event required for osteoclast differentiation. We therefore
determined the effect of A;sR stimulation on p105/p50 NF«xB
nuclear translocation. After activation of RAW264.7 cells with
RANKL (Control), we observed, as expected, a rapid (15 min)

and significant increase in p50/p105 NF«kB nuclear transloca-
tion (128.3 £ 0.5% of control, P < 0.5, n = 4), concomitant
with a decrease in cytoplasmic p50/p105 NF«kB (20.8 + 0.4%
decreased, P < 0.001, n = 4) (Figure 4A). We also found a
decrease in cellular IxB alpha (66.7 £ 4% decrease, P < 0.001,
n = 4) with an increase in phosphorylated IxB alpha (197.8 +
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Aza receptor activation inhibits p50/p105 NFxB nuclear translocation in a PKA-dependent mechanism. RAW264.7 cells were permanently
transfected with scrambled or PKA catalytic alpha subunit shRNA, and treated with 50 ng-mL™' RANKL together with CGS21680 1 uM (CGS) alone
or in the presence of ZM241385 1 uM (C + Z). (A) p50/p105 NFkB was analysed by Western blot both in the cytoplasmic and nuclear cell fraction
15 min after stimulation. In data not shown, actin was not found in the nuclear fraction ruling out cytoplasmic contamination of the preparation.
(B) IkB alpha and p-lkB alpha were analysed in the cytoplasmic cell fraction 5 min after stimulation by Western blot. To normalize for protein
loading, the membranes were reprobed with actin in the cytoplasmic fraction and the specific nuclear membrane protein p84 in the nuclear
fraction. The results were expressed as the means of four independent experiments. ***P < 0.001, **P < 0.01, *P < 0.5 versus non-stimulated

Basal Control CGS21680 C+Z

[ Scambled
Il shRNAFPKA

RANKL
kg Basal Ct CGS C+Z

actin

ced

actin

—ih.

xxx
wxx
30
20
10
0

Basal Control CGSZ1BBU C+Z

) Scrambled
W PKA-KO

RANKL
Basal Ct CGS C+Z ypup nucleus
105 [ —
shRNA scrambled
I I [384
shRNAPKA

I.‘----I p84

14017 xEx  EEE s e
— 1304 3
T 120+
§ 1104
% 100+
B'E w. XXX
o 80+
@ 704
Z 60+
%0-=Emsal —Control CGS21680 T+
[ Scambled
Bl shRNA FKA
RANKL
+
pIKB Basal Ct CGS C+Z
actin
BrTT RS
210 Txx "
- 190 iy ik
o
£
g 150
5 130
;‘2 110 2
2 g
a 7
50

Basal Control CGS21680 C+Z

control. In all cases, the y axis has been expanded to show the difference more clearly.

1380 British Journal of Pharmacology (2013) 169 1372-1388

[ Scrambled
Hl FKA-KO



2.5+
-e== Control
£ 201 - CGS
ﬁ‘g - C+7Z
L 1.5
=
2%
I.ZI- g 1.0+ A
& 0.5+
0.0

L] L) L] 1 L] L] LI L] L] 1
0h 5 10" 15" 30" 1h 2h 4h 8h 12h
time

Figure 5

NFkB (p65) transcription factor DNA binding activity is decreased by
activation of the A;R. RAW264.7 cells were treated with 50 ng-mL™
RANKL together with CGS21680 1 uM (CGS) alone or in the pres-
ence of ZM241385 1 uM (C + Z) and NF«B (p65) transcription factor
DNA binding activity was calculated and normalized to non-
stimulated control. Activity was measured for up to 12 h and NFxB
(p65) transcription factor DNA binding activity is expressed as the
mean = SEM of five different assays. ***P < 0.001, versus non-
stimulated control.

7% of control, P < 0.01, n = 4) (Figure 4B) 5 min after stimu-
lation. Treatment with CGS21680 blocked NF«B transloca-
tion, with an increase in cytoplasmic p50/p105 NF«xB (121.8
+ 1.2% of control, P < 0.001, n = 4), a decrease in nuclear
p50/p105S NFxB (22.2 + 1.2% decreased, P < 0.001 n = 4)
(Figure 4A), concomitant with an increase in cellular IxB
alpha (108.9 + 8% activation compared 66.7 + 4% for control,
P < 0.001, n = 4) and a decrease in p-IxB alpha (105.6 £ 6%
activation compared 197.8 + 7% for control, P < 0.001, n = 4)
(Figure 4B), all reverted to control when cells were pretreated
with ZM241385 1 uM. Moreover, A,, receptor stimulation did
not affect NFxB translocation in shRNA PKA cells (118.8 +
1.9% of control, P < 0.001, n = 4).

These results correlate with a concomitant decrease in
NFxB (p65) transcription factor DNA binding activity after
CGS21680 treatment. NFxB (p65) transcription factor DNA
binding activity increased in the presence of RANKL alone
(Control) starting 5 min after stimulation (1.9 £+ 0.03 related
to 1.0 £ 0 in non stimulated cells, P < 0.001) and was stable up
to 30 min after stimulation (Figure 5); CGS21680 inhibited
the stimulated increase at 5 min (0.6 £ 0.02 vs. 1.9 £ 0.03 for
control, P < 0.001) and at all time points tested (Figure 5).
Pretreatment with ZM241385 reversed CGS21680-mediated
inhibition of NF«B (p65) transcription factor DNA binding
activity (Figure 5).

Similar results were obtained for osteoclasts derived from
primary BMCs (Supporting Information Figure S1C, Support-
ing Information Table S1). After activation of RAW264.7 cells
with RANKL (Control), we observed a rapid (15 min) and
significant increase in p50/p105 NF«B nuclear translocation
(130 £ 3% of control, P < 0.001, n = 4), concomitant with a
decrease in cytoplasmic p50/p105 NF«xB (35 + 2% decreased,
P <0.001, n =4) and a decrease in cellular IxB alpha (78 £+ 4%
decrease, P < 0.001, n = 4) with an increase in phosphorylated
IxB alpha (153 £ 4% of control, P < 0.01, n = 4) 5 min after
stimulation. Treatment with CGS21680 blocked NFxB trans-
location, with an increase in cytoplasmic p50/p105 NFxB

Az4R inhibits osteoclast differentiation via cAMP

(110 £ 5% of control, P < 0.001, n = 4), a decrease in nuclear
p50/p105 NFxB (14 £ 4% decreased, P < 0.001 n = 4), con-
comitant with an increase in cellular IxB alpha (107 £ 4% of
control, P < 0.001, n = 4) and a decrease in p-IxB alpha (92 +
3% decreased, P < 0.001, n = 4). All of these changes were
abrogated by pretreatment with ZM241385 1 uM.

When we analysed p50/p105 NF«kB nuclear translocation
in osteoclasts derived from A2AKO BMCs (Supporting Infor-
mation Figure S2C, Supporting Information Table S2), we
observed an increase in p50/p105 NF«B in the nuclear frac-
tion (153 *+ 4% for control, 166 = 8% for CGS21680 and 149
+ 4% for CGS21680 + ZM241385, P < 0.001, n = 3) concomi-
tant with a decrease in the cytoplasmic fraction 15 min after
activation (45 £ 5% of control for RANKL, 39 + 5% of control
for CGS21680 and S5 + 5% of control forCGs21680 +
ZM241385, P < 0.001, n = 3).

Activation of ERK1/2 by AR

stimulation mediates inhibition of

osteoclast differentiation

To understand if there was a relation between MAPK activa-
tion and p50/p105 NF«xB nuclear translocation inhibition by
AR activation, we studied both osteoclast differentiation by
TRAP staining and p50/p105 NFkB nuclear translocation in
the presence of several MAPK inhibitors. Inhibition of
MEK1/2 with UO0126 (10 uM) blocks the A, R-mediated
inhibition of osteoclast differentiation by RAW264.7 cells
infected with scrambled shRNA without affecting osteoclast
differentiation in the shRNA PKA cells (Figure 6A). Interest-
ingly, the p38MAPK inhibitor SB203580 completely blocked
osteoclast differentiation in control and PKA knockdown
cells and the JNK inhibitor SP600125 inhibits osteoclast for-
mation in scrambled shRNA infected cells but not in PKA
knockdown cells neither diminished osteoclast differentia-
tion nor affected the capacity of A,sR stimulation to diminish
osteoclast differentiation (Figure 6A).

Similar to the effects on osteoclast differentiation, inhibi-
tion of ERK1/2 activation by UO126 reversed the effect of
AR stimulation of NFkB translocation in a PKA-dependent
fashion (Figure 6B, Tables 1 and 2). The p38MAPK inhibi-
tor SB203580 blocked NFxB translocation, as expected
(Figure 6C, Tables 1 and 2) and the JNK inhibitor had no
effect on NFkB translocation in cells infected with scrambled
shRNA or PKA knockdown cells (Figure 6D, Tables 1 and 2).

Discussion and conclusions

In this work, we have dissected signalling pathways for A,
receptor-mediated regulation of osteoclast differentiation. We
found, using both selective knockdowns and pharmacologic
stimuli/inhibitors of signalling intermediates, that adenosine
A;xRs signal for inhibition of NFkB translocation to the
nucleus and inhibit osteoclast differentiation by a mecha-
nism that involves cAMP-PKA-ERK1/2 signalling (Figure 7).
In prior, work we have demonstrated that blockade or dele-
tion of adenosine A;Rs diminishes osteoclast differentiation
via inhibition of NFxB translocation to the nucleus by a
different mechanism, accelerated ubiquitination and prote-
olysis of TRAF6 and diminished TAK1 signalling (Kara et al.,
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Figure 6

Az4R activation inhibits NFkB p50/p105 nuclear translocation by a PKA-ERK1/2 mechanism. (A) PKA catalytic alpha subunit and scrambled silenced
RAW264.7-derived osteoclasts were fixed and stained for TRAP after being cultured in the presence of CGS21680 1 uM (CGS) alone or in the
presence of U0126, SB203580 and SP600125 (10 uM each). TRAP-positive cells containing three or more nuclei were counted as osteoclasts. The
results are expressed as the means of six different assays carried out in duplicate. (B) p50/p105 NFkB expression in the cytoplasmic and nuclear
cell fractions and IxB alpha and p-lxB alpha expression after stimulation in the presence of U0126 10 uM by Western blot in scrambled cells. (C)
p50/p105 NFkB expression in the cytoplasmic and nuclear cell fraction and IxB alpha and p-lkB alpha expression after stimulation in the presence
of SB203580 (1 uM) by Western blot in scrambled cells. (D) p50/p105 NFxB expression in the cytoplasmic and nuclear cell fraction and 1xB alpha
and p-IxB alpha expression after stimulation in the presence of SP600125 (10 uM) by Western blot in scrambled cells. The results were expressed

as the means of four independent experiments. ***P < 0.001, **P < 0.01, *P < 0.5 versus non-stimulated control.
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Table 1

NFxB cytoplasmic and nuclear expression and IkB phosphorylation in scrambled cells in the presence of MAPK inhibitors

p50/p105 NFxB

p50/p105 NFB

Treatment cytoplasmic fraction nuclear fraction
uo126
Basal 100 + 0% 100 £ 0% 100 + 0% 100 £ 0%*
Control 79.3 £ 3.4%*** 130.1 £ 1.6%*** 86.9 £ 1.1%*** 109.1 £ 3.9%*
CGS21680 81.2 £ 4.6%*** 132.3 £ 2.4%*** 86.4 £ 0.5%*** 110.3 £0.9%*
CGS21680 + ZM241385 80.2 £ 5.1%*** 129.5 £ 1.4%*** 88.3 £ 1.9%*** 108.4 + 4.9%*
SB203580
Basal 100 + 0% 100 £ 0% 100 + 0% 100 + 0%
Control 159.3 £ 4.2%*** 49.5 + 2.8%*** 141.2 £ 2.3%** 74.8 + 3.3%***
CGS21680 168.5 £ 5.5%*** 44.6 + 2.2%*** 165.8 £ 4.4%** 78.5 + 6%***
CGS21680 + ZM241385 164.1 £ 6.3%*** 36.3 £ 6.3%*** 158.1 £ 5.2%** 79.5 £ 2.9%***
SP600125
Basal 100 + 0% 100 £ 0% 100 + 0% 100 + 0%
Control 90.1 +1.1%** 110.5 £ 3.3%** 85.6 + 1%*** 108.8 £ 1.5%**
CGS21680 92.1 £ 0.9%* 106.1 £ 1.6%* 90.1 + 5.2%* 105.3 £ 3.8%*
CGS21680 + ZM241385 89.4 +£1.5%** 110.4 + 4.4%** 86.6 + 3%*** 109.4 £ 1%**

Quantification of p50/p105 NF«xB cytoplasmic and nuclear signal, IxB alpha and p-IxB alpha signal in the presence of MEK inhibitor U0126,
p38 inhibitor SB203580 and |NK inhibitor Il (SP600125) 10 uM each in scrambled cells. The results were expressed as the means of four

independent experiments.

***p < 0.001, *P < 0.01 *P < 0.5 versus non-stimulated control (basal).

Table 2

NFkB cytoplasmic and nuclear expression and IkB phosphorylation in PKA catalytic alpha subunit knockdown cells in the presence of MAPK

inhibitors

p50/p105 NFxB

p50/p105 NFxB

Treatment cytoplasmic fraction nuclear fraction
uo126
Basal 100 + 0% 100 + 0% 100 £ 0% 100 + 0%***
Control 74.3 £ 2.14%*** 142.3 £ 3.1%*** 83.6 £ 2.1%*** 129.1 £ 3.9%***
CGS21680 76.2 £ 2.9%*** 139.3 £ 2.9%*** 85.4 £ 3.5%*** 131.8 £ 2%***
CGS21680 + ZM241385 75.8 £ 2.8%*** 141.5 £ 2.6%*** 83.7 £1.7%*** 1308.5 + 3.8%***
SB203580
Basal 100 + 0% 100 + 0% 100 £ 0% 100 + 0%
Control 144.8 £ 2.3%*** 69.5 £ 1.3%*** 115.9 £ 4.1%** 79.6 £ 1.8%**
CGS21680 145.6 £ 1.5%*** 64.8 £ 1.9%*** 121.5 £ 5.9%*** 81.8 £ 1.9%***
CGS21680 + ZM241385 149.5 £ 3.3%*** 66.7 £ 0.6%*** 117.8 £3.1%** 82.3 +£3.2%**
SP600125
Basal 100 £ 0% 100 £ 0% 100 £ 0% 100 + 0%
Control 80.3 £ 2%** 121.5 £ 1.6%*** 81.5 £ 1%*** 119.4 £ 0.7%***
CGS21680 78.8 £1.4%** 125.6 £ 1.8%*** 83.1 £ 5.2%** 121.9 £ 2.4%***
CGS21680 + ZM241385 79.3 £ 3.1%** 129.7 £ 3.2%*** 79.8 + 3%*** 115.9 £ 3.9%**

Quantification of p50/p105 NF«xB cytoplasmic and nuclear signal, IxB alpha and p-IxB alpha signal in the presence of MEK inhibitor U0126,
p38 inhibitor SB203580 and JNK inhibitor Il (SP600125) 10 uM each in PKA catalytic alpha subunit knockdown cells. The results were

expressed as the means of four independent experiments.
***P < 0.001, **P < 0.01 versus non-stimulated control (basal).
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Extracellular adenosine activates adenosine A;sR and inhibits osteoclast differentiation by inhibiting p50/p105 NFxB nuclear translocation.
Adenosine release into the extracellular space by adenosine transporters (ENT) produces an increase in adenosine concentration that activates the
adenosine AR resulting in an activation of adenylate cyclase and increased cAMP levels which further activate PKA producing ERK1/2
phosphorylation and the concomitant inhibition of p50/p105 NFkB nuclear translocation. These events result in inhibition of osteoclast

differentiation.

2010a,b; He and Cronstein, 2012). Thus, adenosine receptor
signalling plays a critical role in regulating osteoclast differ-
entiation and the common final pathway for both A; and A;,
receptors is inhibition of NFxB translocation to the nucleus.

Under homeostatic conditions osteoclast differentiation
and function is tightly coupled to osteoblasts; osteoblasts
express RANKL on their surface and release soluble RANKL
which binds to RANK on osteoclast precursors to stimulate
their differentiation into osteoclasts. Distal events involved
in RANKL-RANK signalling include activation of various MAP
kinases including ERK1/2, p38MAPK and JNK, as well as acti-
vation and translocation of the NFkB complex to the nucleus
where it regulates transcription of genes involved in osteo-
clast differentiation (Blair et al., 2005). Activation of NFkB is
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a critical step in osteoclast differentiation and survival. Thus,
mice lacking the p50 subunit of NFkB do not generate osteo-
clasts, and double knockout mice derived from p50 and p52
knockouts have shortened long bones, the incisors fail to
erupt into the oral cavity and there are no TRAP+ osteoclasts
in bone (Franzoso et al., 1997). In this work, we have dem-
onstrated that stimulation of A,sRs inhibits pS0 nuclear trans-
location, leading to an increase of p50 and its precursor p105
in the cytoplasmic fraction. The cytoplasmic sequestration of
p10S is most likely due to diminished phosphorylation of IxB
due to A,sR ligation and the subsequent ubiquitination and
proteolysis of this chaperone protein. Interestingly, TNFo and
IL-1B, two pro-inflammatory cytokines that can act as auxil-
iary stimuli for osteoclast differentiation, are induced by



NFxB and we have previously demonstrated that AR stimu-
lation diminishes TNFo and IL-1B secretion; addition of these
inflammatory cytokines to the culture reverses the effect of
AR stimulation on osteoclast generation (Mediero efal.,
2012b). It is likely that the inhibition in NFxB nuclear trans-
location that we observed here forms the link between AR
and inhibition of osteoclast differentiation. Moreover, this
finding may help to explain the inhibition of osteoclast for-
mation and bone resorption in inflammatory diseases result-
ing from methotrexate therapy, the anti-inflammatory effects
of which are mediated by adenosine acting via its receptors
(Chan and Cronstein, 2010) in rheumatoid arthritis.

As described above, the involvement of MAPKs in RANKL-
RANK activation during osteoclastogenesis is well known
(Blair et al., 2005). Among the key regulators of osteoclast
differentiation is p38MAPK. Inhibition of p38MAPK activa-
tion strongly inhibits osteoclast differentiation not only in
co-cultures with osteoblasts, but also in primary bone marrow
cultures (Li et al., 2002). Consistent with these in vitro find-
ings, inhibition of p38MAPK diminishes bone loss in animal
models of inflammatory arthritis (Bohm et al., 2009). Our
results revealed that neither adenosine A,,R stimulation nor
blockade of A,sR signalling by PKA catalytic subunit knock-
down affected p38MAPK activation but inhibition of
p38MAPK by the selective inhibitor SB203580 inhibited NF«B
nuclear translocation and osteoclast differentiation. Thus,
p38MAPK is not a target for AR signalling although activa-
tion of this signalling molecule is clearly not sufficient to
stimulate osteoclast differentiation in the absence of NFkB
signalling.

The role of JNK in osteoclastogenesis has also previously
been described (Cheng et al., 2012; Kharkwal et al., 2012).
However, as with p38MAPK, intracellular signalling via this
protein is secondary in our model; pJNK is activated at late
time points (24 h) (see Supporting Information Figure S1B)
and neither A;sR activation/inhibition nor PKA silencing
affected pJNK activation. One explanation for these findings
is that both p38 and JNK are constitutively activated in these
cells and when ERK signalling is no longer active, JNK and
p38 signalling can substitute during osteoclast differentiation
(Hotokezaka et al., 2002). Moreover, this hypothesis could
explain why CGS21680 does not completely inhibit osteo-
clast formation. Constitutive activation of p38 may also
explain our observation that when ERK1/2 or JNK are inhib-
ited by their specific inhibitors we do not see the expected
inhibition in osteoclast differentiation.

Of the three MAPKs studied here, only ERK1/2 is a target for
adenosine A,, receptor regulation. Although ERK1/2 plays a
role in osteoclast survival (Miyazaki et al., 2000) and differen-
tiation (Saulnier et al., 2012) our results remain controversial
because prior reports document that different treatments such
as bisphosphonates and statins (Tsubaki et al., 2012) or ormel-
oxifene (Kharkwal et al., 2012) exert their inhibitory action
through inhibition of this MAPK. In contrast, we found that
the AR ligation both stimulated ERK 1/2 activation and
inhibited osteoclast differentiation in a PKA-dependent
fashion. The paradoxical role of ERK1/2 in osteoclast differen-
tiation and function has been observed previously. Saulnier
et al. observed that deletion of ERK1 diminishes in vitro osteo-
clastogenesis whereas in these same mice there is an increase
in the number of osteoclasts observed in vivo (Saulnier et al.,

Az4R inhibits osteoclast differentiation via cAMP

2012). Saulnier et al. suggested that these observations could
be explained by enhanced production of osteoclasts in vivo as
compensation for diminished osteoclast function, a hypoth-
esis propounded by He et al. (2011). Nonetheless, we were
surprised to find that A;,R stimulation no longer activated
ERK1/2 in the absence of PKA (and no longer inhibited osteo-
clast differentiation either). It has been shown in liver cysts
(PC2 defective mice) that cAMP/PKA is able to activate ERK1/2
in a fashion dependent upon activation of Rat/MEK/ERK all of
which was inhibited in the presence of a PKA inhibitor (Spirli
et al., 2012), and artificial activation of Go,-AC by forskolin
can induce ERK activation through a AC/cAMP/PKA pathway
in LBT2 cells (Son et al., 2012).

Our results are clearly consistent with the hypothesis that
adenosine AR suppresses osteoclast differentiation via Ges-
mediated activation of adenylate cyclase/PKA/ERK1/2 signal-
ling for inhibition of NFxB translocation to the nucleus.
Nonetheless, the role of adenylate cyclase/cAMP in regulating
osteoclast differentiation remains controversial. Recent data
suggests that PKA and increased cAMP activate (Kondo et al.,
2002) and inhibit osteoclastogenesis and root resorption by
odontoclasts (Takada et al., 2004; Yoon et al., 2011). Others
reported that although increases in cAMP inhibited osteoclast
formation PKA was not involved in this process (Yang et al.,
2008). It is difficult to resolve these disparate and contradic-
tory findings and this may reflect differences in the pharma-
cologic stimuli and inhibitors employed in the different
studies.

Moreover, as we have previously reported, CGS21680 does
not change NFATc1l mRNA expression during osteoclast dif-
ferentiation both in scrambled shRNA infected cells and in the
shRNA PKA cells (Mediero et al., 2012b). Although we have
not directly determined whether CGS21680 directly regulates
NFAT phosphorylation/activity, the observation that there is
no change in NFATc1 gene expression suggests that we are not
likely to find a change in phosphorylation/activity. NFATc1 is
induced selectively and potently by RANKL and its activation
is mediated by a specific phosphatase, calcineurin, which is
activated by calcium/calmodulin signalling following activa-
tion of osteoclast-associated receptor (OSCAR). Our finding
that A,4 receptor stimulation regulates cellular signalling in a
selective manner and the expression of NFATc1 is unaffected
by either the A, agonist or its antagonist supports the
hypothesis that A,, receptor activation selectively regulates
cellular function and does not act as a general transcriptional
inhibitor or cellular toxin.

It is generally accepted that adenosine and its receptors,
primarily A,y and A; receptors, are anti-inflammatory and
therefore may be targets for control of inflammatory diseases
like rheumatoid arthritis (Hasko et al., 2008). Indeed, there is
strong evidence that adenosine, generated as a result of
methotrexate polyglutamate-mediated inhibition of phos-
phoribosylaminoimidazolecarboxamide  formyltransferase
transformylase mediates the anti-inflammatory effects of
methotrexate (Cronstein et al., 1993; Morabito et al., 1998;
Montesinos et al., 2003; Chan and Cronstein, 2010). Recent
support for the role of A, receptors in suppression of bone
destruction during inflammatory arthritis was provided by
Mazzon et al. (2011) who reported that the selective A;\R
agonist CGS21680 ameliorates the tissue damage associated
with Murine Type II Collagen-induced Arthritis.
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In conclusion, adenosine, acting at AR, inhibits osteo-
clast differentiation and regulates bone turnover via activa-
tion of PKA and inhibition of NFxB nuclear translocation,
observations that suggest a mechanism by which adenosine
mediates the anti-inflammatory effects to inhibit bone
erosion in rheumatoid arthritis.
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Supporting information

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

Figure S1 A,, receptor activation promotes ERK1/2 phos-
phorylation and inhibits p50/p105 NFxB nuclear transloca-
tion in primary BMCs cells. Primary BMCs cells were treated
with 50 ng-mL™" M’CSF and 50 ng-mL™" RANKL together with
CGS21680 1 pM (CGS) alone or in the presence of ZM241385
1 uM (C + Z). (A) ERK1/2, p38 and JNK phosphorylation was
analysed 10 min or 2 h after stimulation by Western blot. To
normalize for protein loading, the membranes were reprobed
with ERK2, p38 or JNK respectively and results normalized
appropriately. (B) JNK time course activation. To normalize
for protein loading, the membranes were reprobed with JNK
and results normalized appropriately. (C) p50/p105 NF«xB was
analysed by Western blot both in the cytoplasmic and nuclear
cell fraction 15 min after stimulation. IxB alpha and p-IxB
alpha were analysed in the cytoplasmic cell fraction 5 min
after stimulation by Western blot. To normalize for protein
loading, the membranes were reprobed with actin in the
cytoplasmic fraction and the specific nuclear membrane
protein p84 in the nuclear fraction.

Figure $2 Effects of CGS21680 in relation to PKA activity,
ERK1/2 phosphorylation and p50/p105 NF«kB nuclear trans-
location are lost in A,,KO mice. (A) PKA activity was calcu-
lated 15 min after RAW264.7 cells stimulation. Gel image
reflect separation of phosphorylated/non-phosphorylated

British Journal of Pharmacology (2013) 169 1372-1388 1387



A Mediero et al.

peptide migration. Data were express as the mean + SEM in
units/2.5 x 10° cells considering the relation of phos-
phorylated Peptide Al and PKA activity according to
manufacturer’s indication (n = 3). + indicate positive control
and - indicate negative control. (B) ERK1/2, p38 and JNK
phosphorylation was analysed 10 min after stimulation by
Western blot. To normalize for protein loading, the mem-
branes were reprobed with ERK2, p38 or JNK respectively and
results normalized appropriately. (C) pSO/p105 NFkB was
analysed by Western blot both in the cytoplasmic and nuclear
cell fraction 15 min after stimulation. IxB alpha and p-IxB
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alpha were analysed in the cytoplasmic cell fraction 5 min
after stimulation by Western blot. To normalize for protein
loading, the membranes were re-probed with actin in the
cytoplasmic fraction and the specific nuclear membrane
protein p84 in the nuclear fraction.

Table S1 A,, receptor activation promotes ERK1/2 phospho-
rylation and inhibits p50/p105 NF«xB nuclear translocation in
primary BMCs cells.

Table $2 Effects of CGS21680 in relation to ERK1/2 phos-
phorylation and p50/p105 NFxB nuclear translocation are
lost in A,,KO mice.



