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Activation of EPAC1 /2 is essential for osteoclast
formation by modulating NFkB nuclear translocation
and actin cytoskeleton rearrangements
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ABSTRACT Bisphosphonates inhibit osteoclast dif-
ferentiation/function via inhibition of RaplA isopreny-
lation. As Rapl is the effector of exchange protein
directly activated by cAMP (EPAC) proteins, we deter-
mined the role of EPAC in osteoclast differentiation.
We examined osteoclast differentiation as the number
of primary murine/human bone-marrow precursors
that differentiated into multinucleated TRAP-positive
cells in the presence of EPAC-selective stimulus (8-
pCTP-2'-O-Me-cAMP, 100 puM; 8-pCTP-2'-O-Me-cAMP-
AM, 1 pM) or inhibitor brefeldin A (BFA), ESI-05, and
ESI-09 (10 pM each). Rapl activity was assessed, and
signaling events, as well as differentiation in EPAC1/2-
knockdown RAW264.7 cells, were studied. Direct
EPAC1/2 stimulation significantly increased osteoclast
differentiation, whereas EPAC1/2 inhibition dimin-
ished differentiation (113+6%, P<0.05, and 42+10%,
P<0.001, of basal, respectively). Rapl activation was
maximal 15 min after RANKL stimulation (147+9% of
basal, P<0.001), whereas silencing of EPAC1/2 dimin-
ished activated Rapl (43%13 and 20=15% of control,
P<0.001) and NFkB nuclear translocation. TRAP-stain-
ing revealed no osteoclast differentiation in EPAC1/
2-KO cells. Cathepsin K, NFATcl, and osteopontin
mRNA expression decreased in EPAC1/2-KO cells
when compared to control. RhoA, cdc42, Racl, and
FAK were activated in an EPAC1/2-dependent manner,
and there was diminished cytoskeletal assembly in
EPAC1/2-KO cells. In summary, EPAC1 and EPAC2
are critical signaling intermediates in osteoclast differ-
entiation that permit RANKL-stimulated NFKkB nuclear
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translocation and actin rearrangements. Targeting this
signaling intermediate may diminish bone destruction
in inflammatory arthritis.—Mediero, A., Perez-Aso, M.,
Cronstein, B. N. Activation of EPAC1/2 is essential for
osteoclast formation by modulating NFkB nuclear

translocation and actin cytoskeleton rearrangements.
FASEB J. 28, 4901-4913 (2014). www.fasebj.org
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OSTEOCLASTS, MULTINUCLEATED GIANT cells derived
from myeloid precursors belonging to the monocyte/
macrophage family (1, 2), resorb bone during normal
bone remodeling and, by increasing in number and
resorptive capacity, mediate pathological bone loss, as
well. Osteoclasts adhere to bone and form a sealing
zone into which they secrete HCI and proteases, such as
collagenases, cathepsin K, and tartrate-resistant acid
phosphatase (TRAP), which dissolve the mineral and
matrix components of bone (3). Myeloid precursors
differentiate into osteoclasts after stimulation by mac-
rophage colony-stimulating factor 1 (M-CSF), which
acts via its receptor CSF-1R. After interaction with
M-CSF, differentiation and activation of osteoclasts is
mediated by a complex network of regulatory factors
(systemic hormones and locally produced cytokines)
and cell-cell and cell-matrix interactions that are
required for transition of the osteoclast precursor into
a multinucleated and fully activated osteoclast (4, 5).
Among these factors, receptor activator of nuclear
factor k-B ligand (RANKL) is a critical extracellular
regulator of osteoclast differentiation and activation
(6-10). RANKL binds to its receptor, RANK, on the
surface of osteoclast precursors (OCPs), resulting in
the recruitment of TNF receptor associated factors
(TRAFs), which activate nuclear factor kB (NFkB),
c-Fos, phospholipase Cy (PLCy), and nuclear factor of
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activated T cells c1 (NFATc1) to induce differentiation
of OCPs into osteoclasts (5).

One of the major messenger pathways involved in
regulating osteoclast formation is adenylate cyclase/
cAMP. cAMP signals by activating protein kinase A
(PKA) and exchange proteins activated by cAMP
(EPAC), a family of proteins that comprises EPACI and
EPAC2 (11). The role of PKA in osteoclast differentia-
tion has been extensively studied, but the precise role
of PKA activation in osteoclast differentiation remains
uncertain. Recent data suggest that PKA and increased
cAMP activate (12) osteoclastogenesis. cAMP analogs
mimicked the effect of PGE2 (13), where osteoclast
differentiation occurs in combination with 1,25-
(OH)1D3, and is induced via cAMP-dependent PKA
(14). Moreover, it has been reported that RANKL-
induced degradation of IkBa and phosphorylation of
p38 MAPK and c-Jun N-terminal kinase in RAW264.7
cells are up-regulated by PGE, in a cAMP/PKA-depen-
dent fashion (15). In addition, estrogens suppress
PTH-stimulated osteoclast-like cell formation by block-
ing both the cAMP-dependent PKA pathway and the
PLC-coupled calcium/PKC pathway (16). In contrast,
several reports described the inhibitory effect of PKA
activation on osteoclastogenesis and root resorption by
odontoclasts (17, 18). Pretreatment with adenosine
3’,5'-cyclic monophosphothioate Rp diastereomer (Rp-
cAMPS), a PKA inhibitor, suppressed the calcitonin-
induced inhibition of actin-ring formation. Moreover,
calcitonin, through cAMP/PKA/EPAC cascades, inhib-
its osteoclast formation, an effect that is not associated
with decreased transcription of genes known to be
important for osteoclast progenitor cell differentiation,
fusion or function (19). Inhibition of PKA exerts its
antiresorptive effects on osteoclasts, in part by reducing
lysosomal pools of catalytically active cathepsin K (20)
and therefore reducing processing and maturation in
osteoclasts. Finally, we have recently reported that
adenosine A,, receptors signal for inhibition of NFkB
translocation to the nucleus and inhibit osteoclast
differentiation by a mechanism that involves cAMP-
PKA-ERKI1/2 signaling (21).

Although EPAC signaling is also downstream of
adenylate cyclase/cAMP generation, little has been
reported on the role of EPAC in osteoclast differentia-
tion. Zou et al. (22) have shown that Rapl is critical for
resorptive function, and its selective inhibition in ma-
ture osteoclasts retards pathological bone loss (22).
Previous work has demonstrated that one mechanism
by which bisphosphonates inhibit osteoclast differenti-
ation and function is via inhibition of RaplA (an
effector of the cAMP-binding EPAC protein) isopreny-
lation and function (23-25). Inhibition of osteoclast
differentiation by calcitonin was mimicked not only by
compounds activating cAMP and PKA but also by a
cAMP analog activating the EPAC pathway (19).

To better understand the role of EPACI/2 in sup-
pression or stimulation of osteoclast differentiation, we
examined the effect of RANKL-induced osteoclast dif-
ferentiation on EPAC1/2 activation and the down-
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stream effects of this stimulation on critical signaling
steps in osteoclast differentiation.

MATERIALS AND METHODS

Reagents

RAW264.7 cells were from American Type Culture Collection
(ATCC; Manassas, VA, USA). Recombinant mouse M-CSF and
recombinant mouse RANKL were from R&D Systems (Min-
neapolis, MN, USA). o-MEM, FBS, penicillin/streptomycin
and Alexa Fluor 555 phalloidin were from Invitrogen (Life
Technologies, NY, USA). Sodium acetate, glacial acetic acid,
naphthol AS MX phosphate disodium salt, fast red violet LB,
RIPA buffer, protease inhibitor cocktail, phosphatase inhibi-
tor cocktail, hexadimethrine bromide, brefeldin A (BFA),
lentivirus packing particles (scrambled, EPACI and EPAC2),
puromycin selection marker, and Fluoroshield with DAPI
mounting medium were from Sigma-Aldrich (St. Louis, MO,
USA). Sodium tartrate was from Fisher Scientific (Pittsburgh,
PA, USA). 8-(4-chlorophenylthio)-2'-O-methyladenosine-
3",5'-cyclic monophosphate (8-pCTP-2'-O-Me-cAMP), 8-(4-
chlorophenylthio)-2'-O-methyladenosine-3',5"-cyclic mono-
phosphate acetoxymethyl ester (8-pCTP-2’-O-Me-cAMP-AM),
4-methylphenyl-2,4,6-trimethylphenylsulfone (ESI-05), and
3-[5-(tertbutyl)isoxazol-3-yl]-2-[ 2-(3-chlorophenyl) hydrazono]-
3-oxopropanenitrile (ESI-09) were from Biolog Life Science
Institute (San Diego CA, USA). Rabbit polyclonal anti-actin
(sc-130656), rabbit polyclonal anti-p-RhoA (sc-32954), mouse
monoclonal anti-RhoA (sc-418), rabbit polyclonal anti-Racl
(sc-217), and rabbit polyclonal anti-cdc42 (sc-87) were from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rabbit
polyclonal anti-NFkB p50/p105 (ab32360), rabbit polyclonal
anti-IkBa (ab32518), rabbit polyclonal anti-p-IkBa
(ab93141), rabbit polyclonal anti-focal adhesion kinase (FAK;
ab4803), and mouse monoclonal anti-nuclear matrix protein
p84 (ab487) were from Abcam (Cambridge, MA, USA).
NE-PER nuclear and cytoplasmic extraction reagents kit and
BCA Protein Assay Reagent were from Thermo Scientific
(Pierce Protein Research Products, Rockford, IL, USA). Rapl
activation assay kit was from Millipore (EMD Millipore Chem-
icals, Philadelphia, PA, USA). CellTiter96 aqueous nonradio-
active cell proliferation assay and CytoTox96 nonradioactive
cytotoxicity assay were from Promega (Madison, WI, USA).

Transfection protocol

EPACI1 and EPAC2 shRNA transfection was performed as
described previously (21). Briefly, 15,000 RAW264.7 cells
were plated, and 24 h later, cells were incubated in the
presence of hexadimethrine bromide (4 pg/ml) and 10°
lentiviral transduction particles corresponding to mouse
EPAC1 (RAPGEF3, SHCLNV-NM_144850, 5-CCGGAGGT-
GTTGGTGAAGGTCAATTCTCGAGAATTGACCTTCAC-
CAACACCTTTTTTG-3") and EPAC2 (RAPGEF4, SHCLNV-
NM_019688, 5-CCGGGAGTTATGTACGGCAATTAAACTC-
GAGTTTAATTGCCGTACATAACTCTTTTTTG-3'), with pu-
romycin selection marker, for another 24 h to allow transfec-
tion. Medium was then replaced with aMEM containing
puromycin (1 pg/ml), changing the medium every 3 d until
selected clones formed. These clones were isolated and
expanded until confluent. Scrambled shRNA (SHC002V) was
used as a control. Permanently silenced clones are kept in
culture under puromycin selection.
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Osteoclast differentiation

The New York University School of Medicine Institutional
Animal Care and Use Committee (IACUC) approved all
protocols related to animals. Bone marrow cells (BMCs) were
isolated from 6—8 wk old female C57BL/6 mice as described
previously (26). Briefly, the marrow cavity was flushed out
with o-MEM from femora and tibiae that was aseptically
removed, and bone marrow was incubated overnight in
a-MEM containing 10% FBS and 1% penicillin/streptomycin
(-MEM) to obtain a single-cell suspension. Next, 200,000
nonadherent cells were collected and seeded in a 48-well
plate in a-MEM with 30 ng/ml M-CSF for 2 d. Atd 3 (d 0 of
differentiation), 30 ng/ml RANKL was added to the culture
in the presence of EPAC activators 8-pCTP-2'-O-Me-cAMP
(100 uM) and 8-pCTP-2’-O-Me-cAMP-AM (1 pM), and the
inhibitors BFA (10 uM), ESI-05 (10 pM), and ESI-09 (10 uM)
(n=6/assay). Cultures were fed every third day by replacing
the culture medium with fresh medium and reagents. Next,
5000 EPACI- and EPAC2-transfected RAW264.7 cells (shRNA
EPACI, shRNA EPACZ2; or scrambled shRNA as control) were
differentiated in a 48-well plate in with 50 ng/ml RANKL
(n=>b/assay). Human bone marrow myeloid precursors were
separated by Ficoll density gradient using Histopaque-1077
according to the manufacturer’s instructions, and 200,000
cells were seeded in in a 48-well plate in o-MEM with 30
ng/ml M-CSF for 2 d. Atd 3 (d 0 of differentiation), 30 ng/ml
RANKL was added to the culture in the presence of 8-pCTP-
2'-O-Me-cAMP (100 pM) or BFA (10 puM) (n=4 each assay).
RAW264.7 cells were used before the sixth passage.

After incubation of mouse and human BMCs for 7 or 3 d
(RAW264.7 cells), cells were prepared for TRAP staining for
osteoclast quantification (21, 26). The number of TRAP-
positive MNCs containing =3 nuclei/cell was scored (27). All
cell counts were carried out by individuals who were blinded
to the sample identity. In all experiments, DMSO is added to
the control at the same concentration, as it is present in
conditions containing various agonists and antagonists.

To assay resorption activity, 5000 shRNA EPACI and
shRNA EPAC2 RAW264.7 cells (or scrambled shRNA as
control) were seeded on dentine slides (Immunodiagnostic
Systems, Scottsdale, AZ, USA) in o«-MEM with 50 ng/ml
RANKL (n=4/assay). After 3 d of differentiation, resorption
was assayed by staining the dentine slides with 1% toluidine
blue in 0.5% sodium tetraborate solution, following the
manufacturer’s recommendations. The pits developed blue
to purple color. Numbers of pits are expressed as means = sp.

Osteoclast proliferation assay

CellTiter96 aqueous nonradioactive cell proliferation assay
kit was used to study cell proliferation in primary cultures in
the presence of 8-pCTP-2-O-Me-cAMP (100 pM) or BFA
inhibitor, and in shRNA EPAC1 and EPAC2 cells (n=6 each).
A 96-well plate was seeded with 5000 cells, and the cells were
treated with 30 ng/ml RANKL (or 50 ng/ml for the shRNA
cells) for 48 h alone or in the presence of 8-pCTP-2"-O-Me-
cAMP (100 pM) or BFA (10 wM). Proliferation was analyzed
following the manufacturer’s protocol.

Osteoclast cytotoxicity assay

CytoTox96 nonradioactive cytotoxicity assay kit was used to
study 8-pCTP-2'-O-Me-cAMP and BFA cytotoxicity. For this,
5000 primary cells and shRNA EPACI and EPAC2 cells were
seeded in a 96-well plate and treated with 30 ng/ml RANKL
(or 50 ng/ml for the shRNA cells) for 48 h alone or in the
presence of 8-pCTP-2"-O-Me-cAMP (100 uM) or BFA (10 pM)
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(n=6 each). Cytotoxicity was analyzed following the manufac-
turer’s protocol.

Morphological characterization of cultured osteoclasts

Osteoclasts were generated from shRNA EPACI and
shRNA EPAC2 RAW264.7 cells (or scrambled shRNA as
control). To differentiate osteoclasts, transfected RAW264.7
cells were plated at 7500 cells/ml on fibronectin-coated
glass coverslips (Lab-Tek II chamber slide, 8-well; Nalge
Nunc International, Penfield, NY, USA) in a-MEM contain-
ing 50 ng/ml RANKL (n=4/assay). After 3 d in culture,
cells were fixed with 4% paraformaldehyde in PBS, blocked
with PBS 1% BSA 0.1% Triton X-100 for 30 min, stained
fluorescently with Alexa Fluor 555 Phalloidin for 30 min
and counterstained with DAPT as described previously (28).
To evaluate osteoclast morphology, averages of 400 oste-
oclasts were examined in each sample using confocal
microscopy (Leica SP5 confocal system; Leica Microsys-
tems, Wetzlar, Germany).

cAMP measurements

Intracellular cAMP was measured with the Amersham
cAMP Biotrak enzyme immunoassay system (Amersham,
Arlington Heights, IL, USA) using the nonacetylation EIA
procedure, following the protocol. Briefly, 100,000
RAW264.7 cells were plated in a 96-well plate and incu-
bated with 50 ng/ml RANKL for different time points (n=6
each) and the recommended protocol was followed. Opti-
cal density was read at 450 nm, and results were calculated
as described by the manufacturer.

Rapl activation assay

Ninety percent confluent shRNA EPACI and shRNA EPAC2
RAW264.7 cells (or scrambled shRNA as control) in 100 mm
culture wells were stimulated for 15 min with 50 ng/ml
RANKL. Rapl activation assays using a GST-tagged fusion
protein corresponding to aa 788-884 of the human Ral-GDS-
Rap binding domain bound to glutathione agarose (Ral
GDS-RBD agarose) were performed using a Rapl activation
assay kit (Millipore) according to the manufacturer’s direc-
tions (n=4). After lysing cells in Rapl activation lysis buffer,
one sample (scrambled cells) was incubated with GTPyS as a
positive control, and the other sample (scrambled cells also)
was incubated with GDP as a negative control. Rapl was
pulled down in all samples using Ral GDS-RBD slurry, and
Rapl was detected by SDS-PAGE and Western blot analysis.
Total Rapl was used as a control.

Western blot analysis

For Western blot analysis of NFkB nuclear translocation
and actin cytoskeleton, EPAC1 and EPAC2 shRNA-trans-
fected RAW264.7 cells (shRNA EPAC1 and shRNA EPAC2;
or scrambled shRNA as control) were activated with 50
ng/ml of RANKL (n=4 each), 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 extrac-
tion reagent kits (Thermo Scientific). Protein concentra-
tion was determined by BCA. Next, 4 pg of protein was
subjected to 7.5 or 10% SDS-PAGE and transferred to a
nitrocellulose membrane. To block nonspecific binding,
membranes were treated in TBS/0.05% Tween-20 with 5%
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skim milk for 1 h at room temperature, and were incubated
overnight at 4°C with primary antibodies against p50/p105
NFkB (1:5000), IkBa (1:500), and p-IkBa (1:500), pRhoA
(1:1000), FAK (1:1000), cdc42 (1:1000), and Racl (1:
1000). After washing with TBS/0.05%Tween-20, mem-
branes were incubated with goat anti-rabbit IRDye 800CW
(1:10000) and goat anti-mouse IRDye 680 RD (1:10,000)
(Li-Cor Biosciences, Lincoln, NE, USA) for 1 h at room
temperature in the dark. Proteins were visualized by Li-Cor
Odyssey equipment where near-infrared fluorescent signals
were detected, as each secondary antibody emits a signal in
a different spectrum. The blots were then reprobed with
actin or RhoA (to check that all lanes were loaded with the
same amount of protein) at the same time as the primary
antibody incubation. Specific nuclear signal was detected
using mouse monoclonal antinuclear matrix protein p84
(diluted 1:1000). Intensities of the respective band were
quantitated by densitometric analysis using the Image
Studio 2.0.38 software (Li-Cor Biosciences).

To quantify the Western blots, digital densitometric band
analysis was performed, and band intensities were expressed
relative to actin, RhoA, or p84, as appropriate. Variations in
intensity were expressed as percentage of control and are
reported as means * sp. All results were calculated as a
percentage of nonstimulated controls to minimize the intrin-
sic variation among different experiments. Statistical analysis
was performed by 1-way ANOVA and Bonferroni posttest.
Levels of significance are indicated in the figure legends.

Real-time quantitative reverse transcriptase-polymerase
chain reaction (QRT-PCR)

To confirm the function of EPAC1 and EPAC2 in osteoclast
differentiation modulation, we measured the activation of
the two osteoclast differentiation markers, cathepsin K and
NFATcl, and osteopontin, an extracellular structural pro-
tein that initiates the development of osteoclast ruffled
borders, in EPACl1 and EPAC2 shRNA-transfected
RAW264.7 cells (and scrambled shRNA for control) acti-
vated with 50 ng/ml of RANKL (n=4/assay) by qRT-PCR as
described previously (26). Briefly, cells were collected
during the 3 d of differentiation and total RNA was
extracted using RNeasy Mini Kit (Qiagen, Invitrogen)
including sample homogenization with QIAshredder col-
umns. On-column DNA digestion was performed to avoid
genomic DNA contamination. Total RNA (0.5 pg) was
retrotranscribed using the MuLV RT-PCR kit (Applied
Biosystems, Foster City, CA, USA) at 2.5 U/pl, including in
the same reaction Rnase inhibitor (1 U/pl), random
hexamers (2.5 U/plm), MgCl, (5 mM), PCR buffer II 1X,
and dANTPs (1 mM). Real-time PCR was used for relative
quantification of gene expression using a Stratagene Mx3005P
(Agilent Technologies, La Jolla, CA, USA) with Brilliant Fast SYBR
Green Kit qPCR Master Mix (Stratagene). The following primers
were used: cathepsin K, forward 5'-GCTGAACTCAGGAC-
CTCTGG-3’, reverse 5'-GAAAAGGGAGGCATGAATGA-3';
NFATcl, forward 5-TCATCCTGTCCAACACCAAA-3', reverse 5'-
TCACCCTGGTGTTCTTCCTC-3'; osteopontin, forward 5'-
tctgatgagaccgtcactge-3’, reverse bH'-tctcctggetctetttggaa-3'; and
GAPDH, forward 5-CTACACTGAGGACCAGGTTGTCT-3', re-
verse 5'-GGTCTGGGATGGAAATTGTG-3'. The Pfaffl method
(29) was used for relative quantification of cathepsin K, NFATc1,
and osteopontin.

Statistical analysis

Statistical significance for differences between groups was
determined by use of l-way ANOVA and the Bonferroni
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posttest. All statistics were calculated using GraphPad soft-
ware (GraphPad, San Diego, CA, USA).

RESULTS

RANKL stimulates EPAC activation

As previously reported (12, 13, 21), when osteoclast
precursor cells are stimulated with 50 ng/ml RANKL,
there is a time-dependent increase in intracellular
cAMP levels, reaching a maximum 5-10 min after
RANKL stimulation (Fig. 14). Previously, we have dem-
onstrated that both PKA-selective cAMP analogues 8-CI-
cAMP and 6-Bnz-cAMP (100 nM) inhibited osteoclast
differentiation, whereas the selective PKA inhibitor
(PKI) increased osteoclast differentiation (21). Because
cAMP signals via activation of both PKA and EPAC, we
sought to determine the role of direct EPAC activation
in osteoclast differentiation.

The EPAC-selective cAMP analog, 8-pCTP-2'-O-Me-
cAMP (100 pM), enhanced osteoclast differentiation
induced by RANKL alone in primary murine BMCs
cells (118+6% of basal, P<0.05, n=6), whereas the
EPAC inhibitor BFA diminished osteoclast differentia-
tion (42+10% of basal, P<0.001, n=6) (Fig. 1A). We
studied the effects of the same agents on primary
human BMCs and found substantially identical results
(Fig. 1B); 8-pCTP-2'-O-Me-cAMP increased the number
of TRAP positive cells when compared to RANKL alone
(117%£8% of basal, P<0.05, n=6), whereas BFA inhib-
ited osteoclast differentiation (35+11% of basal,
P<0.001, n=6). Moreover, we observed the same re-
sults in osteoclast differentiation in RAW264.7 cells for
8-pCTP-2'-O-Me-cAMP and BFA (Supplemental Fig.
S1A). Because the effects of these signaling pathway
agents were identical in both the murine cell line and
primary cells, we carried out the remainder of these
studies with the RAW264.7 cell line.

Due to the possibility that 8-pCTP-2"-O-Me-cAMP
may not penetrate cells fully, and to further confirm the
role of EPAC in osteoclast differentiation, we studied
osteoclast differentiation in the presence of the AM-
ester form of 8pCTP-2'-O-Me-cAMP, and the newly
reported inhibitors of EPAC activation (ESI-05 and
ESI-09). As shown in Supplemental Fig. S1B, the AM-
ester increased osteoclast differentiation by 20%
(P<0.05, n=6). Both ESI-05 and ESI-09 completely
blocked RANKL-induced osteoclast differentiation
(Supplemental Fig. S1B). Moreover, a partial rescue in
osteoclast differentiation was observed when stably
transduced cells lacking (10% of control) EPACI and
EPAC2 expression were challenged with 8-pCTP-2"-O-
Me-cAMP-AM (Supplemental Fig. S1B).

To confirm the pharmacologic evidence for involve-
ment of EPAC in osteoclast differentiation, we knocked
down both members of the EPAC family, EPACI and
EPAC2, by infecting RAW264.7 cells with lentiviral
particles containing shRNA for EPAC1 or EPAC2, and
selected the relevant infected cells with puromycin. As
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a control, we infected cells with vector containing
scrambled shRNA. Both EPACI and EPAC2 protein
and mRNA expression were knocked down by 80 to
90% (Supplemental Fig. S2). As observed in Fig. 1D,
silencing of either EPAC1 or EPAC2 prevents RANKL-
induced osteoclast differentiation (5*+3 and 3+5% of
control osteoclast formation, respectively; P<<0.001,
n=4). 8-pCTP-2"-O-Me-cAMP-AM (1 uM) partially res-
cued osteoclast differentiation in the EPACI- and
EPAC2-knockdown cells (Supplemental Fig. S1B).

We further investigated the involvement of EPAC1/2
in bone resorption in vitro. Morphometric measure-
ment of toluidine blue-stained dentine slides clearly
demonstrated a marked reduction in number of pits
formed by RANKL when EPACI1 or EPAC2 was knocked
down (11£5 for shRNA EPACI, 12%£6 for shRNA
EPAC2, compared to 148*15 for scrambled shRNA;
P<0.001, n=4; Fig. 1F).

To confirm that neither 8-CPT-cAMP, BFA, EPAC1
silencing, nor EPAC2 silencing had any effect on cell
proliferation or were cytotoxic, both proliferation (Fig.
1F) and cytotoxicity (Fig. 1G) were analyzed. As we can
observe, 48 h after primary cells were challenged with
RANKL in the presence of 8-CPT-cAMP or BFA, no
changes in proliferation were observed when compared
to RANKL alone or nonactivated cells (Fig. 1F). Neither
silence of EPAC1 or EPAC2 affected cell proliferation
when compared to scrambled shRNA-infected RAW
264.7 cell proliferation (Fig. 1F). Neither 8-CPT-cAMP,
BFA, EPACI silencing, nor EPAC2 silencing were cyto-
toxic when compared to untreated cells (Fig. 1G).

To confirm that EPACI and EPAC2 knockdown
inhibits osteoclast differentiation, we determined the
expression of mRNA for markers of osteoclast differen-
tiation in these cells. As shown in Fig. 1H, treatment of
RAW264.7 cells infected with scrambled shRNA with 50
ng/ml RANKL increased the expression of mRNA for
cathepsin K (by up to 4.6*2-fold change on d 3;
P<0.001, n=4), an effect that was abrogated in EPACI
and EPAC2 shRNA-expressing cells (Fig. 1H). The
same behavior was found for NFATcl mRNA expres-
sion: RANKL increased NFATcl mRNA expression to
up 3 * 1.2-fold on d 3 of differentiation (P<0.01; n=4;
Fig. 1D), and this up-regulation was lost when either
EPACI or EPAC2 were knocked down. Finally, mRNA
expression for osteopontin was also increased in the
RANKL-stimulated RAW264.7 cells (scrambled cells) by
up to 3 £ 0.7-fold change on d 3 (P<0.001, n=4), and
knockdown of both EPACI and EPAC2 prevented the
RANKI-mediated increase in mRNA levels (Fig. 1H).

RANKL mediated EPAC activation mediates the
activation of the Ras-like small GTPase Rapl

To determine whether the osteoclast activation of
EPAC1/2 by RANKL proceeded wvia activation of the
Raslike small GTPase Rapl, we directly studied Rapl
activation in both shRNA EPAC1 and EPAC2 RAW264.7
cells (and scrambled shRNA cells as control). As shown in
Fig. 2, RANKL treatment increased Rapl activation, with
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maximal change observed 15 min after stimulation
(147+9% of basal; P<0.001, n=4). The increase in Rapl
activation is diminished in cells in which either EPACI or
EPAC 2 was knocked down (43*13 and 20*15% of
control, respectively; P<<0.001, n=4; Fig. 2).

EPAC activation mediates osteoclast differentiation
by NFkB nuclear translocation

Activation and translocation of NFkB to the nucleus are
required steps in osteoclast differentiation (21, 30) so
we therefore determined whether EPAC signaling is
required for p105/p50 NFkB nuclear translocation. As
shown in Fig. 3, and as described previously, RANKL
stimulates a rapid (15 min) and significant increase in
p50/p105 NFkB nuclear translocation (135=9% of
control; P<0.001, n=4), concomitant with a decrease
in cytoplasmic p50/p105 NFkB (31%=8% decreased;
P<0.001, n=4) in scrambled RAW264.7 cells. We also
found a decrease in cellular IkBa (63+9% decrease;
P<0.001, n=4) with an increase in phosphorylated
IkBa (177+12% of control; P<0.01, n=4) 5 min after
stimulation. Silencing of both EPAClI and EPAC2
blocked NFkB translocation, with an increase in cyto-
plasmic p50/p105 NFkB (120%9 and 150%115% of
control, respectively; P<<0.001, n=4), a decrease in
nuclear p50/p105 NF«kB (53%7 and 35+9% of control,
respectively; P<<0.001, n=4) (Fig. 4), concomitant with
an increase in cellular IkBa (115%=8 and 1556+11% of
control, respectively; P<0.05 and P<0.001, respectively,
n=4) and a decrease in p-IkBa (83*+4 and 95+4% of
control, respectively; P<0.05 and not significant, re-
spectively, n=4) (Fig. 3).

EPAC activation mediates osteoclast differentiation
by modulation of actin cytoskeleton rearrangements

During osteoclast maturation, there is rearrangement
of the actin cytoskeleton that is required for osteoclast
differentiation and function (26, 28). As previously
shown, osteoclasts cultured on glass show 3 distinct
morphologies (Fig. 4A and ref. 26): an early stage of
least mature osteoclasts (small with centrally located
nuclei surrounded by a ring of F-actin and absent of
podosomes; Fig. 4A, (arrow A); an intermediate stage of
maturing osteoclasts (variable in size, dendritic shaped,
and contain >5 nuclei with podosomes in patches and
connected with other maturing cells through cytoplas-
mic bridges; Fig. 4A, arrow B); and the late stage of
mature osteoclasts (large multinucleated with a periph-
eral podosome belt; Fig. 44, arrow C). In culture,
RANKL stimulates a marked increase in the number of
mature osteoclasts when compared to maturing and
least mature osteoclasts in scrambled shRNA RAW264.7
cells (749, 12+3, and 17+4% of total osteoclasts at
each stage, respectively; P<0.001, n=4; Fig. 4B, C).
When EPAC]1 was knocked down, the differentiation of
mature osteoclasts was almost completely blocked
(699% least mature, 35+4% maturing, and 2*+1%
mature of total osteoclasts, respectively; P<0.001, n=4),
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and similar results were observed when EPAC2 was
knocked down (76*+6% least mature, 28+3% matur-
ing, and 1=1% mature of total osteoclasts, respectively;
P<0.001, n=4) (Fig. 4B, C).

Because EPAC proteins and their downstream medi-
ator, Rapl, are involved in cytoskeleton assembly, we
examined the role of EPAC proteins in actin cytoskel-
eton changes. We studied changes in phosphorylation
of RhoA (regulates the actin cytoskeleton in the forma-
tion of stress fibers) along with activation of cdc42
(regulates actin polymerization to induce the assembly
of filopodia), Racl (drives actin polymerization and
formation of lamellipodia and promotes cell-cell adhe-
sion) and FAK (involved in cellular adhesion), as these
proteins play important roles in osteoclast morphology
and function by regulating the cytoskeleton (31). As
shown in Fig. 5A, and as described previously, RhoA

Figure 2. RANKL-mediated EPAC activation
mediates the expression of the Ras-like small
GTPase Rapl. RAW264.7 cells were stably trans-
duced with scrambled or EPACI and EPAC2
shRNA and treated with 50 ng/ml RANKL. At
15 min after stimulation, Rapl pulldown assay
was performed, as described in Materials and
Methods. Representative Western blots of acti-
vated and corresponding total Rapl protein are
shown. Summary data are expressed as mean *
sD percentage of activated Rapl (percentage of
nonstimulated cells; n=4). + indicates positive
control; — indicates negative control. *¥*P <
0.01, #*#*P < 0.001 vs. nonstimulated control.

RANKL

RANKL

phosphorylation is increased by RANKL in scrambled
shRNA control cells (160+10% of basal; P<0.001,
n=4), an effect completely abrogated when both
EPAC1 and EPAC2 were knocked down (90£13 and
100£8% of basal, respectively; not significant, n=4).
Similar results were found for cdc42; RANKL stimu-
lated an increase in cdc42 expression (120+£9% of
basal; P<0.05, n=4) in control cells but not in cells in
which EPAC2 was knocked down (102+6% of basal;
not significant, n=4) (Fig. 5B). cdc42 expression was
diminished when EPAC1 was knocked down (65%£10%
of basal; P<0.01, n=4; Fig. 5B). RANKL increased Racl
expression (120£7% of basal; P<0.01, n=4) and this
increase was inhibited when both EPAC1 and EPAC2
were knocked down (756*11 and 70+8% of basal,
respectively; P<0.05, n=4) (Fig. 5C). Finally, FAK acti-
vation was increased in control cells after stimulation

as osteoclasts. C) Primary human BMC-derived osteoclasts were fixed and stained for TRAP following the same conditions as
primary cells. D) RAW264.7 cells were stably transduced with scrambled or EPACI and EPAC2 shRNA, and the number of
RANKI-induced osteoclasts was studied by TRAP staining. £) RAW264.7 cells were stably transduced with scrambled or EPAC1
and EPAC2 shRNA and treated with 50 ng/ml RANKL. Toluidine blue staining was performed to assay osteoclast activity. Results
are expressed as mean * sp number of pits formed. F) Primary cells were challenged with 30 ng/ml RANKL in the presence
of 8-pCTP-2'-O-Me-cAMP or BFA, and proliferation was analyzed 48 h later. EPACI- and EPAC2-knockdown cells were
challenged for 48 h with 50 ng/ml RANKL, and proliferation was analyzed. Results are expressed as percentage of basal levels.
G) Primary cells were challenged with 30 ng/ml RANKL in the presence of 8-pCTP-2'-O-Me-cAMP or BFA, and cytotoxicity was
analyzed 48 h later. EPACI- and EPAC2- knockdown cells were challenged for 48 h with 50 ng/ml RANKL, and cytotoxicity was
analyzed. Results are expressed as percentage of basal levels. H) RAW264.7 cells were stably transduced with scrambled or
EPACI and EPAC2 shRNA and treated with 50 ng/ml RANKL. Changes in cathepsin K, NFATc1, and osteopontin mRNA during
the 3 d osteoclast differentiation process in EPAC1 and EPAC2 shRNA RAWZ264.7 cells were compared to scrambled
shRNA-infected cells. All results are expressed as means = sp (n=6). *P < 0.05, **P < 0.01, ***P < 0.001 vs. nonstimulated
control.

EPAC1/2 ACTIVATION IN OSTEOCLAST DIFFERENTIATION 4907



shRNA
Scrambled

shRNA
EPAC1

shRNA
EPAC2

NFKB cytoplasm

Basal RANKL
- 105
= 50
S = 105
o 50
— = | 105
50

70+
60+
50

ontrol)
-— b -

Il shRNA Scrambled
[ shRNAEPAC1
[ shRNA EPAC2

O 140-

f

-
w
?

120
110+
100
90
80
70
60
50

NFkB cytoplasm (% o

il |

NFkB nucleus
Basal RANKL

s

*k%k

*%

105

kB
Basal RANKL

IkB

plkB
Basal RANKL

plkB

[— ] cii

50 Actin

p84

105 kB

plkB

Actin
50

p84

[ S Actin

plkB

50 Actin

p84

*kk

180+
170+
160+

Basal

NFkB nucleus (% of control)

RANKL

*k%k

*k%k
*k%k

Basal

RANKL

150+
140+
1304 *
120
110+
100+
90+
80

Al

*k%k

[I_|

IKB (% of control)

70+
60+

Basal RANKL

*kk

plkB (% of control)
N
<

| |L‘

Basal RANKL

Figure 3. EPAC activation promotes NFkB p50/p105 nuclear translocation. EPAC1, EPAC2, and scrambled silenced RAW264.7
cells were treated with 50 ng/ml of RANKL and p50/p105 NFkB in the cytoplasmic and nuclear cell fractions, IkBa and p-IkBa
were studied by Western blot. Results are expressed as means * sp of 4 independent experiments. To normalize for protein
loading, the membranes were reprobed for actin or p84, respectively, and results normalized appropriately. Y axis has been
expanded to show the differences more clearly. *P < 0.05, ***P < 0.001 vs. nonstimulated control.

with RANKL (149+13% of basal; P<0.001, n=4) but
not in EPACI-knockdown cells (101=5% of basal; not
significant, n=4) (Fig. 6B). FAK activation was inhib-
ited when EPAC2 was knocked down (76=9% of basal;
P<0.05, n=4; Fig. 5D).
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As a result, we can conclude that direct activation of
EPAC1/2 is required for RhoA phosphorylation and is
essential for cdc42 activation. Also, direct activation of
Racl and FAK is necessary for actin cytoskeleton rear-
rangements during osteoclast differentiation (Fig. 6).
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Figure 4. Morphological characterization of osteoclast cultures. A) F-actin was detected by Alexa 555-Phalloidin staining.
Osteoclasts cultured on glass show 3 distinct morphologies: early stage of least mature osteoclasts (arrow A); an intermediate
stage of maturing osteoclasts (arrow B), and the late stage of mature osteoclasts (arrow C). B) RAW264.7 cells stably transduced
with EPACI, EPAC2, or scrambled shRNA were treated with 50 ng/ml of RANKL for 3 d. Cells were plated in fibronectin-coated
glass coverslips, and quantitative evaluation of number of least mature, maturing, and mature osteoclasts in osteoclast cultures
in EPAC1, EPAC2, and scrambled silenced RAW264.7 cells was performed. Results are expressed as means * sp of 4
independent experiments. C) F-actin was detected by Alexa 555-phalloidin staining. Images were taken at an original view of
X63. *P < 0.05, **P < 0.01, ***P < 0.001 vs. scrambled cells.

DISCUSSION

The involvement of c(AMP and PKA in osteoclast differ-
entiation has been extensively studied, although the
roles of these signaling intermediates in osteoclast
differentiation remain controversial. Some studies sug-
gest that cAMP formation and PKA activation by PTH
activate osteoclastogenesis (12), and that cAMP analogs
mimicked the effect of PGE2 in osteoclast differentia-
tion (13-16). In contrast, others report that PKA acti-
vation exerts an inhibitory effect on osteoclastogenesis
and root resorption by odontoclasts (17-21, 32). Our
results suggest that these divergent results may result
from activation of EPAC] and EPAC2 as well as PKA by
cAMP. EPACI and EPAC2 are expressed in many
tissues, such as the brain, blood vessels, kidney, adrenal
gland, and pancreas (14) where they play a role in
signaling for a variety of cellular functions and pro-
cesses, such as neuronal signaling or vascular permea-
bility, cell proliferation, and insulin secretion (33).
Because investigation into the roles of EPAC1/2 began
much more recently, it is likely that many discrepant
results in the field of cAMP signaling can now be
explained by unexpected effects of EPAC1/2.

EPAC1/2 ACTIVATION IN OSTEOCLAST DIFFERENTIATION

Previous work has demonstrated that bisphospho-
nates inhibit osteoclast differentiation and function by
inhibition of RaplA (effector of the cAMP-binding
EPAC protein) isoprenylation and function (34). In the
prior literature, there was no direct demonstration that
EPAC1/2 played a role in osteoclast differentiation;
however, Granholm (19) reported that an EPAC-selec-
tive cAMP analog mimics the inhibitory effects of
calcitonin and other compounds that activate cAMP in
osteoclast differentiation. Interestingly, these com-
pounds did not affect transcription of genes known to
be important for osteoclast differentiation. One possi-
ble explanation for the discrepancy between these
previously published results and those reported here is
that the EPAC-selective analogues are not completely
selective for EPAC, and because high concentrations of
these compounds are required to achieve a pharmaco-
logic effect, there may be other off-target effects, as
well. In our studies, we demonstrated a direct effect of
EPACI1/2 stimulation by 2 different cAMP analogues,
inhibition of EPACI/2 by 3 different EPAC1/2 inhibi-
tors, and lentiviral shRNA-mediated knockdown on
osteoclast differentiation associated with activation of
genes known to be important for osteoclast differenti-
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Figure 5. EPAC activation promotes RhoA phosphorylation and cdc42 activation. RAW264.7 cells stably transduced with shRNA
for EPAC1, EPAC2, or scrambled were treated with 50 ng/ml of RANKL for 15 min. Western blots are representative. A) RhoA
phosphorylation was analyzed by Western blot. B) cdc42 activation was studied by Western blot. C) Racl activation was analyzed
by Western blot. D) FAK activation was studied by Western blot. Results are expressed as mean * sp of 4 independent
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*P < 0.05, *¥**P < (0.001 vs. nonstimulated control.

ation, and we found an important role for EPAC1/2 in We were surprised to find that RANKL stimulation
osteoclast differentiation and activation of important  leads to an increase in cAMP generation that is suffi-
pathways for osteoclast differentiation and function. cient to activate EPAC1/2. This finding suggests the
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p50/p105 NFkB nuclear translocation and the actin cytoskeleton. These events result in promotion of osteoclast differentiation.

following signaling pathway for promotion of osteoclast
differentiation by RANKL: cAMP stimulates EPACI and
EPAC2, which activate a guanine nucleotide exchange
factor (GEF) for the Ras-like small GTPase Rapl (13),
which, in turn, activates MAPKinases and NFkB nuclear
translocation and induces assembly of the actin cyto-
skeleton, leading to osteoclast differentiation (Fig. 6).

As described previously, the classical NFkB pathway is
critical for osteoclast differentiation and function (16,
32, 35, 36). Thus, mice lacking the p50 subunit of NFkB
do not generate osteoclasts, and p50 and p52 double-
knockout (KO) mice have shortened long bones, and
there are no TRAP-positive osteoclasts in bone (30).
Moreover, the NBD peptide (inhibitor of the classical

EPAC1/2 ACTIVATION IN OSTEOCLAST DIFFERENTIATION

NFkB pathway) blocks the bone-resorbing activity of
osteoclasts by reducing area, volume, and depths of
pits, reducing TRAP activity, disrupting actin rings, and
preventing osteoclast migration (36). In this work, we
have demonstrated that direct activation of EPAC1/2
promotes p50 NFkB nuclear translocation, an effect
that is abrogated when either of the EPAC proteins is
knocked down. This may indicate that both EPAC
proteins may be activated in order to promote p50
NFkB nuclear translocation.

Osteoclasts exhibit two different actin cytoskeleton
organizations according to their substratum. On non-
mineralized substrates, they form podosomes, and on
mineralized extracellular matrices, they form a sealing
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zone. Dynamic actin remodeling is a critical step during
osteoclast differentiation (26, 28, 31, 37), and we have
found that knockdown of both EPAC1 and EPAC2
prevents direct activation of RhoA, cdc42, Racl, and
FAK proteins by EPAC1/2, as well as actin remodeling.
This observation may indicate that RhoA, cdc42, Racl,
and FAK are necessary for actin cytoskeleton rearrange-
ments during osteoclast differentiation activation by
EPAC1/2 (Fig. 6). Our results correlate with previous
results in which cdc42 mediates bone resorption prin-
cipally by stimulating osteoclastogenesis, although in
that report Rac meaningfully affects the differentiation
of osteoclasts, as Racl and Rac2 are mutually compen-
satory (38). Others have observed that inhibition or
activation of Rho and Rac activities leads to complete
disorganization of fibrillar actin structures, including
podosomes, as these are extremely unstable structures,
and any changes of Rho or Rac activity result in their
dissociation (39). Moreover, loss of FAK results in
reduced bone resorption by osteoclasts in vitro, coinci-
dent with impaired signaling through the CSF-1R (40).
Our results also correlate with previous results that
indicate a direct effect in actin rearrangements and
cAMP activation. It has been reported that the calci-
tonin-induced inhibition of osteoclast function is due
to disruption of cytoskeletal organization and disap-
pearance of the cellular polarity of osteoclasts in a
cAMP-PKA- and Ca®"-PKC-dependent mechanism
(41). A relation between cAMP/PKA/EPAC and actin
cytoskeleton has also been found in other systems, for
example, activation with 8-Br-cAMP stimulates ["*Cl-a-
methyl-pD-glucopyranoside uptake via EPAC and PKA-
dependent sodium-glucose cotransporter expression
and trafficking through caveolin-1 and F-actin in renal
proximal tubule cells (42). Activation of EPAC by
G-coupled receptors alters actin dynamics and the
microtubule network in lung cells, thereby modulating
diverse processes, including cell migration, cell divi-
sion, cell adhesion, and cell proliferation (43).

In summary, EPAC1/2 is a critical intermediate in
osteoclast differentiation that permits NFkB nuclear
translocation and actin rearrangements. Targeting this
signaling intermediate may diminish bone destruction
in inflammatory arthritis.
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