1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

" NIH Public Access
éf};‘ Author Manuscript

2 HEpst

o WATIG,

Published in final edited form as:
J Orthop Res 2008 December ; 26(12): 1577-1584. doi:10.1002/jor.20714.

NFAT2 IS AN ESSENTIAL MEDIATOR OF ORTHOPEDIC
PARTICLE-INDUCED OSTEOCLASTOGENESIS

Y. Yamanakal:3, W. Abu-Amer?, D. Foglial, J. Oterol, JC. Clohisy?, and Y. Abu-Amerl2
1Department of Orthopaedics, Washington University School of Medicine, St. Louis, Missouri

?Department of Cell Biology & Physiology, Washington University School of Medicine, St. Louis,
Missouri

3Department of Orthopaedics, Asahikawa Medical College, Asahikawa, JAPAN

Summary

Particle-induced peri-prosthetic osteolysis is the major cause for orthopedic implant failure. This
failure is mediated mainly by the action of osteoclasts, the principal cells responsible for bone
resorption and osteolysis. Therapeutic interventions to alleviate osteolysis have been focused on
understanding and targeting mechanisms of osteoclastogenesis. The nuclear transcription factor
NFAT is an essential terminal differentiation factor of osteoclastogenesis. This transcription factor
is known to cooperate with c-jun/AP-1 in mediating RANKL-induced osteoclastogenesis. We
have previously determined that RANKL is an essential cytokine mediator of particle-induced
osteoclastogenesis, and that PMMA particles activate JNK and c-jun/AP-1 in bone marrow
macrophages (osteoclast precursors). In the current study, we investigated the effect of PMMA
particles on the NFAT signaling pathway in osteoclast precursor cells. Our findings point out that
PMMA particles stimulate nuclear translocation of NFAT2 in wild type osteoclast precursors
which is associated with increased osteoclastogenesis. More importantly, induction of
osteoclastogenesis was selectively blocked in a dose-dependent fashion by the calcineurin
inhibitors, Cyclosporine-A and FK506. Further, this activation was also blocked in a time-
dependent fashion by the NFAT inhibitor VIVIT. Finally, we provide novel evidence that PMMA
particles induce binding of NFAT2 and AP-1 proteins. Thus our findings demonstrate that
activation of the NFAT pathway in conjunction with MAP kinases is essential for basal and
PMMA-stimulated osteoclastogenesis.
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Introduction

Understanding the mechanisms underlying inflammatory osteolysis is crucial for the design
of appropriate therapies. Particle-induced peri-prosthetic osteolysis is the major cause for
orthopedic implant failure [1,2]. Wear particulates, such as polymethylmethacrylate
(PMMA), polyethylene (PE) and metals provoke a chronic inflammatory response at the
prosthetic-bone interface [3]. The inflammatory response is evident by recruitment of
macrophages/phagocytes that ingest debris and this response is further cultivated by
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secretion of pro-inflammatory cytokines, which in turn lead to recruitment and activation of
osteoclasts [4].

The role of elevated levels of cytokines and their contribution to inflammatory osteolysis in
response to particulate debris has been well established in vitro and in vivo [2,5,6]. As
predicted, cytokines that dominate the inflammatory response feed into the osteolytic
process aiding differentiation and activation of osteoclast precursors and mature osteoclasts.
The presence of osteoclastogenic cytokines, primarily RANK ligand and TNF which are
secreted by osteoblasts and activated T lymphocytes, has been documented in healthy and
diseased tissues [7-9]. For example, RANKL has been detected in sites of bone erosion,
supporting the theme that inflammatory sites attract osteoclasts and their precursors
[5,10,11].

The biologic response of accessory cells to the inflammatory microenvironment involves
secretion and elevation of pro-inflammatory mediators in the circulation [5,10,11]. These
events further heighten the inflammatory response and favor conditions of tissue breakdown
and bone erosion. The latter event is primarily mediated by bone resorbing osteoclasts.
Osteoclasts are multi-nucleated cells formed by fusion monocytes/macrophages in response
to RANK ligand [12,13]. Differentiation and activation of these cells is further enhanced by
circulating pro-inflammatory factors such as TNF, bacterial endotoxins, interleukin-1, E2
prostaglandins, and more [14,15]. Osteoclastogenesis entails activation of key signaling
pathways in the precursor cells in response to RANKL and pro-osteoclastogenic stimuli.
Determination of this differentiation process is under the aegis of the transcription factors
NF-xB, NFATc1 (also termed NFAT2) and their products [15-17].

In this regard, our recent work has shown that the transcription factor NF-kB is an essential
mediator of both inflammatory and osteolytic responses [18-21]. Indeed, application of a
dominant-negative form of the NF-xB inhibitory protein, IxB, which retains NF-«xB in the
cytoplasm, was sufficient to block osteoclast formation and activity. Moreover, blocking
activation of the upstream IKK complex that is responsible for phosphorylation of 1xB and
subsequent activation of NF-xB, using a small peptide that perturbs assembly of the IKK
complex and attenuates NF-«B activation [22], was sufficient to inhibit particle-induced
osteolysis in vitro and in vivo [23].

Similar to NF-kB, the transcription factor NFAT2 (also known as NFATc1) is critical for
osteoclast commitment [16]. Recent studies have shown that NFAT2 expression is
dependent upon RANKL-stimulation of TRAF6 and c-Fos pathways [16,17]. Further,
activation of NFAT?2 is sustained via the calcium oscillation-dependent calcineurin pathway
[24]. NFAT transcription factors can act as transcriptional activators or inhibitors based on
the cellular context. For example, binding to AP1 components activates lymphocyte
machinery, whereas association with HDAC results with negative regulation of gene
activity.

Our previous studies have shown that PMMA particles activate key signaling pathways
including NF-xB and MAPK cascades and cooperate with RANKL-induced signaling in
osteolysis [2,19,23,25]. In the current study, we investigated the role of NFAT2 as a
fundamental osteoclast intracellular signaling mechanism which maybe activated by PMMA
particles. Our findings point out that expression of the transcription factor NFAT2 is
regulated by PMMA particles. NFAT2 translocation to nuclei of osteoclast precursors is
evident after one hour and maximal within 24 hours of exposure to PMMA particles. More
importantly, our data provide evidence that inhibitors of the NFAT2 activation pathway
inhibit PMMA-induced osteoclastogenesis. Finally, we show for the first time that PMMA
particles induce NFAT2 binding to c-Jun and c-Fos.
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Materials and Methods

Reagents

Recombinant TNF-a and M-CSF were purchased from R&D industries (Minneapolis, MN).
Soluble RANKL was from PEPROTECH (Rocky Hill, NJ). Cyclosporine-A (CsA), FK506
and NFAT inhibitor VIVIT were from Calbiochem (San Diego, CA). Chemicals are from
Sigma (St. Louis, MO) unless otherwise indicated.

Polymethylmethacrylate particles

Animals

Spherical PMMA particles (Polysciences, Inc., Warrington, PA) 1-10 pm in diameter (6.0
pm mean diameter, 95%<10um) were used for all experiments as previously reported.
Particles were rinsed in ethanol four times, sterilized in ethanol overnight and then rinsed 4
times with PBS. Particles were resuspended in serum-free MEM and stored at —20°C. All
particle preparations tested negative for endotoxin contamination with a Limulus
Amebocyte Lysate assay (BioWhittaker, Inc.). For cell culture experiments the optimal
particle concentration (0.5mg/ml) represents 2.6x107 particles per 5x10° plated cells.

C57BI/6 3—4 week old male mice were purchased from Jackson labs and housed at the
Washington University School of Medicine barrier facility. Approval was obtained from
Institutional Animal Care and Use Committee prior to performing this study.

Cell isolation and purification

Bone marrow macrophages (osteoclast precursors) were isolated from whole bone marrow
of 4-6 wk old mice, purified over Ficoll-Hypaque gradient and cultured with 10ng/ml M-
CSF and 10% heat-inactivated fetal bovine serum.

Osteoclast generation

Osteoclasts were generated by culturing purified precursor cells in the presence of M-CSF
and soluble RANKL (10 ng/ml each) for 4 days. Bona fide osteoclasts develop on days 3—4
of culture and cells are then fixed and TRAP-stained or subjected to further treatments such
as exposure to NFAT inhibitors and stimulation with PMMA.. These TRAP-positive (purple
color) multinucleated cells (> 3 nuclei/cell) are bona fide osteoclast-like cells capable of
resorbing bone wafers. Cells are counted per surface area under light microscope.

Immunoblotting

Total cell lysates were boiled in the presence of 2xSDS-sample buffer (0.5 M Tris-HCI [pH
6.8], 10% (w/v) SDS, 10% glycerol, 0.05% (w/v) bromophenol blue, distilled water) for 5
min and subjected to electrophoresis on 8-12% SDS-PAGE. Proteins were transferred to
nitrocellulose membranes using a semi-dry blotter (Bio-Rad, Richmond, CA) and incubated
in blocking solution (10% skim milk prepared in PBS containing 0.05% Tween-20), to
reduce non-specific binding. Membranes were washed with PBS/Tween buffer and exposed
to primary antibodies (1 hr at room temperature), washed again four times and incubated
with the respective secondary HRP-conjugated antibodies (1 hr at room temperature).
Membranes were washed extensively (5 x 15 min), and an ECL detection assay (Pierce,
Rockford, IL) was performed following manufacturer’s directions.

Electrophoretic mobility shift assay (EMSA) for NFAT DNA binding activity

Nuclear fractions were prepared as previously described [26]. In brief, cells were washed
twice with ice-cold phosphate-buffered saline. Cells were then lifted from the dish by
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treating with 5 mM EDTA and 5 mM EGTA in PBS, resuspended in hypotonic lysis buffer
A (10 mM HEPES (pH 7.8) 10 mM KCI, 1.5 mM MgCl, 0.5 mM dithiothreitol 0.5 mM
AEBSF, 5 pg/ml Leupeptin) and incubated on ice for 15 min. NP-40 was added to a final
concentration of 0.64% and samples were vortexed. Nuclei were pelleted and the cytosolic
fraction was carefully removed. The nuclei were then resuspended in nuclear extraction
buffer B (20 mM HEPES (pH 7.8), 420 mM NaCl, 1.2 mM MgCl, 0.2 mM EDTA 25%
glycerol, 0.5 mM dithiothreitol, 0.5 mM 4-(2-aminoethyl) benzenesulfonyl fluoride
(AEBSF), 5 mg/ml Pepstatin A, 5 pg/ml Leupeptin), vortexed for 30s and rotated for 30 min
in 4°C. The samples were then centrifuged and the nuclear proteins in the supernatant were
transferred to fresh tubes and protein content was measured using standard BCA kit (Pierce,
Rockford, IL). Nuclear extracts (10 pg) were incubated with an end-labeled double stranded
oligonucleotide probe commercially available from Promega (Madison, WI) containing the
sequence 5-CAACGCCCTGACCACCGATAG-3'. The reaction was performed in a total of
20 pl of binding buffer (20 mM HEPES (pH 7.8), 100 mM NaCl, 0.5 mM dithiothreitol, 1
pg poly dI-dC, and 10% glycerol) for 15-20 min at room temperature. After incubation with
the labeled probe for 30 min, samples were fractionated on a 4% polyacrylamide gel and
visualized by exposing dried gel to film.

All results are representative of at least three independent experiments with similar findings.
Treatment conditions are compared to control conditions with a Student t-test in appropriate
experiments.

PMMA particles stimulate accumulation, nuclear translocation and activation of NFAT2

PMMA and other inducers/mediators of osteolysis utilize complex signaling cascades. We
have established that PMMA particles activate NF-kB, JNK and c-jun/AP-1 in osteoclast
precursors. In the current experiments we examined activation of the NFAT2 pathway in
osteoclast precursors by PMMA particles. Our data show that protein (1LA) expression levels
of NFAT are progressively enhanced following treatment of osteoclast precursors with
PMMA particles for one day. More importantly, PMMA particles induce nuclear
translocation of NFAT2. The data indicate that NFAT2 levels were marginally increased in
the nuclei after 1 hour treatment with PMMA and robustly after 24 hour treatment in
response to 0.5mg/ml and higher doses of PMMA particles (figure 1A). We further
examined activation of the transcription factor. Electrophoretic mobility shift assay indicates
that similar to RANKL, PMMA particles induce DNA-binding activity of NFAT in nuclei of
osteoclast progenitors (figure 1B). Activation with PMMA particles was maximal at 24
hours post exposure (figure 1B).

Cyclosporine-A (CsA), FK506, and VIVIT block PMMA particle-stimulated
osteoclastogenesis

NFAT?2 activation is regulated by the phosphatase calcineurin which dephosphorylates
multiple phosphoserines on NFAT2 leading to its nuclear translocation and activation. The
immunosuppressive drugs cyclosporine-A (CsA) and FK506 inhibit calcineurin activity.
Thus, we asked whether selective inhibition of calcineurin impacts PMMA-induced
osteoclastogenesis. To this end, osteoclasts were generated in vitro with RANKL (10ng /ml
for 3 days) and then treated for an additional 24 hours with PMMA in the absence or
presence of increasing doses of CsA or FK506. In some experiments, media was refreshed
following 24 hour incubation with inhibitors to examine possible cytotoxicity. The data
indicate that whereas PMMA mounts a strong osteoclastogenic response, as measured by
number of TRAP-positive osteoclasts (4-5 fold increase, p<0.001), inclusion of calcineurin
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inhibitor significantly and dose-dependently reduced this response. Specifically, CsA at 0.5
M and higher concentrations (1, 2 uM) reduced PMMA-induced osteoclastogenesis (figure
2A-B). CsA blocked TNF-a-induced osteoclastogenesis at the concentration of 0.1uM and
higher (0.5, 1, 2 puM) (figure 2B). FK506 blocked osteoclast formation significantly at the
concentration of 100, 500nM under both TNF-a and PMMA particle-induced
osteoclastogenesis (figure 3A-B). To exclude non-specific or cytotoxic effects of the
chemical compound, one half of the control and inhibitor-treated cultures were replenished
with fresh media and stimulated with PMMA particles for an additional 48 hours. The data
confirm that osteoclastogenesis resumes following removal of the inhibitor (figure 3C-D).
Osteoclast recovery was measured at approximately 80% of the control (PMMA-treated)
levels (figure 3D). Thus, we provide evidence that inhibition of PMMA-induced
osteoclastogenesis by calcineurin inhibitor is specific and reversible thereby precluding non-
specific or cytotoxic effects.

Finally, we show that VIVIT, a NFAT inhibitor, blocks PMMA particle-stimulated
osteoclastogenesis. Under similar experimental conditions described above, VIVIT (500nM)
was added on day 0 and 2 or day 2 or day3. Duplicate cultures were treated with PMMA
particles on day 3 for an additional day. VIVIT blocked osteoclast formation in a time
dependent manner (figure 4). Efficiency of blockade of osteoclastogenesis was high when
VIVIT was added at early stages of osteoclastogenesis (up to 2 days) and decreased
thereafter, indicating that NFAT2 is essential for the early determination stages of
osteoclastogenesis. Similar to FK506, osteoclastogenesis resumed following withdrawal of
VIVIT (not shown), suggesting that the effect of this peptide is reversible.

CsA and FK506 inhibit NFAT DNA binding activity

To further establish that the inhibition of PMMA-induced osteoclastogenesis by these
inhibitors is NFAT-specific event, we examined NFAT-DNA binding activity following
PMMA stimulation of osteoclast precursor cells. The data depicted in figure 5 demonstrates
that CsA and FK506 inhibit NFAT binding activity to DNA when used at the lowest
concentration (100nM) shown to have an impact on osteoclastogenesis (see figure 2, figure
3). These observations provide direct evidence that CsA and FK506 inhibit PMMA-induced
NFAT and subsequent osteoclastogenesis.

PMMA particles induce NFAT2 associates with MAP kinase components

We have shown previously that PMMA particles activate several MAP kinase pathways
[27], and that the AP1/JINK MAP kinase pathway is an essential mediator of PMMA-
induced inflammatory osteoclastogenesis and in vivo osteolysis. Thus, we tested whether
PMMA particles induce binding of NFAT2 to components of the AP1/JNK pathway. Co-
immunoprecipitation studies show that c-Jun and c-Fos both bind to NFAT2 following
exposure of osteoclast precursors to PMMA particles (figure 6).

Discussion

Several studies have described the effect of orthopedic particles on osteoclast differentiation
and activation [2,28-31]. These studies provided an initial understanding of possible
mechanisms that may facilitate the action of orthopedic particles in osteolysis. However, the
mechanisms by which particles regulate osteoclastogenesis and osteolysis have not been
fully clarified. It has been reported that PMMA particles exert a pathological effect in part
via intermediate pro-inflammatory molecules [2]. In this regard, we have reported that TNF
family members, especially RANKL and TNF are essential mediators of particle osteolysis
[18,32]. Furthermore, we have reported that the transcription factor NF-xB appears to be
central to particle induction of osteolysis [19,20]. Specifically, we have established that
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PMMA particles activate NF-xB and that introduction of NF-«B inhibitors arrest PMMA-
induced osteoclastogenesis and in vivo osteolysis. We further reported that the Map kinase
JNK mediates PMMA induction of osteoclasts. Blockade of c-jun/AP-1 signaling pathway
by SP600125 abolished activation of JINK and c-jun/AP-1, and inhibited differentiation of
macrophages into osteoclasts [25,27].

Similar to NF-xB and JNK/c-jun pathway, the NFAT pathway is also considered as an
important participant in osteoclastogenesis. Initially identified in T cells, NFAT has become
an important determinant of osteoclast commitment and plays an essential role in regulating
osteoclastogenesis and bone homeostasis [16,17,24,33]. Recent studies have demonstrated
that RANKL induces NFAT2 expression in bone marrow macrophages and showed that
NFAT?2 is an essential factor in osteoclastogenesis in vitro. Further, introduction of NFAT2
promoted the differentiation of bone marrow macrophages into TRAP-expressing osteoclast-
like cells [16,33]. These findings established a key role for NFAT, like RANKL, as an
essential mediator of osteoclastogenesis.

In this study, we demonstrate that PMMA particles induce expression and activation of
NFAT2 (Fig 1A-B). Further, we find that PMMA particles stimulate nuclear translocation
of NFAT2. The data indicates that NFAT2 levels were marginally increased in the nuclei
and after 1 hour with PMMA and significantly after 24 hours (Fig. 1A). Nuclear
translocation was further confirmed by electrophoretic mobility shift assay (Fig. 1B). In the
absence of clear understanding of how PMMA particles transmit cellular signals, the
mechanisms underlying PMMA-induction of NFAT2 remain unclear. However, it is likely
that cellular mediators intercede the effect of PMMA particles. We then tested specificity of
PMMA’s response on induction of NFAT2 and osteoclastogenesis using appropriate
inhibitors. NFAT activation is controlled by calcineurin [24]. Calcineurin deposphorylates
NFAT and induces its translocation to nuclei. When present, the calcineurin/NFAT
inhibitors, cyclosporine-A (CsA) and FK506, blocked PMMA-particle stimulated
osteoclastogenesis in a dose dependent manner (Fig. 2, fig 3). CsA blocked TNF-induced
osteoclast formation significantly at the concentration of 0.1, 1, 2 uM. However, five fold
concentration of CsA was required to block PMMA-induced osteoclast formation (at least
0.5 uM and higher) (Fig. 2). This observation suggests the possibility of different signaling
pathway between TNF and PMMA at least mediated by calcineurin/NFAT. The relatively
higher dose (5 fold) of CsA required for inhibiting PMMA-induced NFAT further suggests
that PMMA-induced signals are more complex and may involve several additive or
synergistic pathways leading to a more potent activation and amplification of the NFAT
pathway.

We further provide direct evidence by using the NFAT specific inhibitor VIVIT. VIVIT
peptide has been developed as an optimized peptide that inhibits the NFAT family. VIVIT
does not affect phosphatase activity of calcineurin and is a more specific inhibitor for NFAT
than cyclosporine-A or FK506 [34]. Interestingly, VIVIT blocked osteoclast formation in a
time-dependent manner. The peptide significantly blocked osteoclastogenesis when added at
early stages of the culture (days 0, 2) (Fig. 4), suggesting an important role at the osteoclast
determination phase.

The specificity of the inhibitory effect of NFAT inhibitors on PMMA-induced
osteoclastogenesis was further verified using two approaches. First, we demonstrate that
following withdrawal of the inhibitors from cultures, osteoclastogenesis resumes and
reaches significant levels (80% compared with control), excluding toxic or non-specific
effects. Second, administration of NFAT inhibitors abolishes PMMA-induced NFAT DNA
binding activity (Fig. 5). Of the three NFAT inhibitors tested, the effect of FK506 and
VIVIT were significantly reversed, whereas no definitive conclusion was reached regarding
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CsA. The reason for these differences is unclear, nonetheless our finding suggest that using
specific and selective NFAT2 inhibitors such as FK506 and VIVT may benefit PMMA-
induced osteolysis.

Recently, molecular signaling studies have demonstrated that c-jun/AP-1 may have a critical
role in osteoclastogenesis by directly interacting with NFAT2. Over expression of dominant
negative c-jun indicates that c-jun impacts the transcription regulatory role of NFAT2 [35].
Similar to interplay between JNK/c-jun/AP-1 and NF-xB [36,37], regulation of NFAT2 by
AP-1 components (JNK/c-Jun/c-Fos) may not be isolated or incidental. It has been reported
that AP-1 and NFAT2 interaction is crucial for RANKL regulation of osteoclastogenesis
[35]. Further, it has been suggested that NFAT forms ternary complex with c-jun and c-fos
in response to RANKL and activates the transcriptional machinery [38-40]. In this regard, it
is plausible to suggest that these transcription factors may cooperate in mediating orthopedic
particle induced osteoclastogenesis and osteolysis. Indeed, we provide initial and novel
evidence demonstrating PMMA-induced binding of NFAT, c-Jun and c-Fos. This finding
underscores the possible mechanism by which PMMA particles may contribute to auto-
amplification of the NFAT pathway leading to heightened inflammatory and osteolytic
responses. Further effort is underway to establish the significance of this interaction in
osteolysis. In support of this cooperative scheme typical to complex signaling pathways, we
have unpublished evidence that selective inhibitors of certain MAP kinases partially block
particle-induced NF-«xB activation. Future studies will elucidate the molecular interaction
between the various signaling pathways in particle-induced osteoclastogenesis and in vivo
osteolysis.

In summary, our observations demonstrate a major function of NFAT2 during orthopedic
particle - induced osteolysis. The fact that inhibition of calcineurin/NFAT and direct
blockade of NFAT abolishes PMMA-induced osteoclastogenesis in vitro, presents the
NFAT2 activation pathway as a potential target for intervening in particle-induced
osteolysis. More importantly, our findings suggest that PMMA particles co-stimulate major
signaling pathways including NFAT2, NF-xB and MAP kinases, the integration of which
appears to be essential for stimulation of inflammatory osteolysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cytosolic induction and nuclear accumulation and activation of NFAT in response to

PMMA particles

A) Cytosolic and nuclear protein extracts were isolated from bone marrow macrophages
after treatment with the control media or PMMA (0.1mg/ml) for the time points indicated.

Equal amounts of extract protein were electrophoresed, transferred to a nitrocellulose

membrane and analyzed by immunoblotting with anti-NFAT2, beta-actin, and histone-1
antibodies. B) Osteoclast precursor cells were cultured and treated with control and PMMA

(0.2mg/ml). Cells were lysed 1 hour and 24 hours after PMMA treatment and were
subjected to electrophoretic mobility shift assay (EMSA) using radiolabeled NFAT

consensus oligonucleotide.
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Figure 2. CsA dose-dependently inhibits PMMA-induced osteoclastogenesis

Osteoclast precursor cells were isolated and maintained for three days in media
supplemented with M-CSF (10ng/ml) and RANKL (10ng/ml). A) Cultures were then treated
with control media or PMMA (0.1mg/ml) in the presence or absence of CsA (500nM) for 24
hours. B) CsA treatment with the concentrations indicated (0.01uM, 0.1uM, 0.5uM, 1pM
and 2uM) started 30 minutes prior to TNF (10 ng/ml) or PMMA exposure (both TNF and
PMMA were added on day 3 post RANKL treatment). All conditions were run in
quadruplicate. Significance compared to control is * p<0.001 and compared to TNF or
PMMA alone is **p<0.05. CsA blocked osteoclast formation significantly at the
concentration of 0.1, 1, 2 uM on TNF and 0.1, 0.5, 1, 2 uM on PMMA.
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Figure 3. FK506 dose-dependently inhibits PMMA-induced osteoclastogenesis in a reversible
manner

Osteoclast precursor cells were isolated and maintained for three days in media
supplemented with M-CSF (10ng/ml) and RANKL (10ng/ml). A) Cultures were then treated
with control media or PMMA (0.1mg/ml) with or without FK506 (NFAT inhibitor) for 24
hours. Arrows point to osteoclasts. B) Cells were treated with concentrations indicated
(1nM, 10nM, 100nM, and 500nM) starting 30 minutes prior to TNF or PMMA exposure.
All conditions were run in quadruplicate. C) Similar conditions to those shown in part B
were used. FK506 was washed out after 24 hours and cell cultures (all conditions) were
supplemented with fresh media with RANKL and M-CSF for 2 additional days. Arrows
point to osteoclasts. All conditions were run in quadruplicate. Significance compared to
control * p<0.001 and compared to TNF or PMMA alone **p<0.05. D) Quantification of
osteoclast counts from panel C. Asterisk represents p<0.01 (FK506 compared with PMMA
and FK506-withdrawn compared with FK506 treated conditions). FK506 blocked osteoclast
formation significantly at the concentration of 100, 500nM both TNF and PMMA.
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Figure 4. VIVIT inhibits basal and PMMA-induced osteoclastogenesis at early stages
Osteoclast precursor cells were isolated and maintained for three days in media
supplemented with M-CSF (10ng/ml) and RANKL (10ng/ml). The NFAT inhibitor VIVIT
(500nM) was added at the indicated time points of the culture. Cultures were then treated
with control media or PMMA (0.1mg/ml) on day 3 as shown. All conditions were run in
quadruplicates. Significance compared to control ** p<0.01. # reflects p<0.05 compared
with PMMA treated conditions. VIVIT blocked osteoclast formation by a time-dependent
manner (VIVIT added on d0, 2 significantly blocked osteoclastogenesis).
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Figure 5. CsA and FK506 inhibit PMMA-induced NFAT activity

Osteoclast precursors were treated with RANKL (24hr), PMMA (24hr), or PMMA in the
presence of CsA and FK506 as indicated. NFAT inhibitors were added to cells 30 minutes
prior to stimulation with PMMA particles. Nuclear extracts were then prepared and
subjected for EMSA using radiolabeled NFAT consensus oligonucleotide. Specificity of the
shifted band was confirmed using a competition study with excess unlabeled probe
(compare second lane with far right lane).
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Figure 6. PMMA particles induce binding of NFAT to c-Jun and c-Fos proteins

Osteoclast precursors were treated with PMMA particles (0.1 mg/ml) for the time points
indicated. Cells were then lysed and reciprocal immunoprecipitations were carried out with
anti-NFAT2. Co-immunoprecipitations were detected with immunoblots using appropriate
antibodies (as shown). All samples were pre-incubated with non-immune IgG as a negative
control (not-shown). Beta-actin expression was detected in cell lysates obtained from
various treatment conditions prior to immunoprecipitation and serves as a control.
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