AMCB

Journals.ASM.org

Cot Kinase Promotes Ca”" Oscillation/Calcineurin-Independent
Osteoclastogenesis by Stabilizing NFATc1 Protein
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Osteoclasts are multinuclear bone-resorbing cells formed by the fusion of monocyte/macrophage-lineage precursor cells. Activa-
tion of the transcription factor NFATc1 (nuclear factor of activated T cells c1) by the receptor activator of NF-kB ligand
(RANKL) is critical for osteoclast differentiation. In our previous report (Y. Kuroda, C. Hisatsune, T. Nakamura, K. Matsuo, and
K. Mikoshiba. Proc. Natl. Acad. Sci. U. S. A. 105:8643, 2008), we demonstrated that osteoblasts induce osteoclast differentiation
via Ca’* oscillation/calcineurin-dependent and -independent NFATc1 activation pathways; however, the mechanism underlying
the latter remained unclear. Here we show that Cot, a serine/threonine kinase also known as tumor progression locus 2 (Tpl-2),
directly phosphorylates all Ca*>*/calcineurin-regulated NFAT family members (NFATcI through NFATc4) and increases their
protein levels. Moreover, Cot activity in osteoclasts was enhanced via cell-cell interaction with osteoblasts, and Cot promoted
Ca’* oscillation/calcineurin-independent osteoclastogenesis by increasing NFATcI stability through phosphorylation. We pro-
pose that NFAT activation in vivo occurs via phosphorylation-induced protein stabilization, even in the absence of Ca>* oscilla-

tion and calcineurin activity.

aintenance of bone homeostasis is achieved by a continuous

bone remodeling that involves two opposing processes,
bone resorption by osteoclasts and bone formation by osteoblasts.
Interaction between these two cell types is important for proper
bone remodeling (23). Accumulating data indicate that the bone
destruction caused by osteoclast abnormalities occurs under var-
ious pathological conditions, such as postmenopausal osteoporo-
sis, osteoarthritis, and bone metastasis of cancer (37), but the
precise molecular mechanisms by which excessive osteoclast dif-
ferentiation and activation are induced under these conditions
remain unknown.

Mature osteoclasts are multinucleated cells derived from the
monocyte/macrophage lineage that exhibit bone resorption activ-
ity. Macrophage colony-stimulating factor (M-CSF) and the re-
ceptor activator of NF-«B ligand (RANKL) are two indispensable
cytokines that induce osteoclast differentiation from bone mar-
row-derived monocyte/macrophage precursor cells (BMMs).
RANKL in particular contributes to osteoclast differentiation by
activating the transcription factor NFATc1, a master regulator of
osteoclast terminal differentiation (22, 35). NFATc1 upregulates
genes important for osteoclast differentiation and function, such
as those encoding the dendritic cell-specific transmembrane pro-
tein (DC-STAMP) and the vacuolar proton pump subunit
Atp6v0d2, both of which are important for cell-cell fusion (15, 17,
41); the protease cathepsin K, which is secreted into resorption
lacunae (21); and B3 integrin, which regulates sealing ring forma-
tion (6). NFATc1 activation is essential for osteoclastogenesis, as
evidenced by the fact that NFATc1-deficient embryonic stem cells
fail to differentiate into osteoclasts (35).

The canonical mechanism of NFATc] activation is through
dephosphorylation by calcineurin, a Ca®"/calmodulin-dependent
phosphatase, and subsequent nuclear translocation. The NFAT
family consists of five members: NFATc1 through NFATc4, which
are regulated by Ca®*/calcineurin-signaling, and NFAT5, which is
activated by osmotic stress. All four Ca**/calcineurin-regulated

2954 mcb.asm.org

Molecular and Cellular Biology p. 2954-2963

isoforms exhibit two conserved domains: the NFAT homology
region (NHR) in the N-terminal half and the Rel homology region
(RHR), including the DNA binding domain, in the C-terminal
half (20, 12). The NHR contains the transactivation domain and a
regulatory domain exhibiting numerous serine residues. In gen-
eral, NFAT activation is initiated by calcineurin-mediated de-
phosphorylation of the regulatory domain. However, we previ-
ously reported that NFATcI expressed in osteoclast precursors is
activated even in the presence of the calcineurin inhibitor FK506,
when cells are cocultured with osteoblasts, promoting differenti-
ation of precursors into multinuclear osteoclasts. We also showed
that osteoblasts induce differentiation of inositol 1,4,5-trisphos-
phate receptor type 2 and type 3 double knockout (IP;R2/3KO)
BMM s into osteoclasts without detectable RANKL-induced Ca**
oscillation (16). These findings strongly suggest the existence
ofaCa*>" oscillation/calcineurin-independent NFATc] activation
pathway for osteoclastogenesis.

Cot (cancer Osaka thyroid), a serine/threonine kinase gene also
known as tumor progression locus 2 (Tpl-2), was initially identi-
fied in a screen for transforming genes expressed by a human
thyroid carcinoma cell line (24). The endogenous Cot gene en-
codes a protein of the mitogen-activated protein kinase kinase
kinase (MAPKKK) family. Overexpressed Cot activates the MAPK
extracellular signal-regulated kinase (ERK), JNK, and p38 (5, 28,
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32). Cot is also critical for upregulation of an inflammatory cyto-
kine, tumor necrosis factor alpha (TNF-«), in macrophages in
response to lipopolysaccharide (LPS) stimulation (8). Macro-
phages derived from Cot-deficient mice show defects in LPS-in-
duced ERK phosphorylation but not in JNK, p38, or NF-kB acti-
vation, demonstrating that Cot physiologically functions as a
MAPKKK selective for ERK in these cells. Exogenously overex-
pressed Cot in cultured cell lines also reportedly stimulates activity
of transcription factors such as NFAT, NF-«kB, and AP-1 (1, 2, 5,
18, 39). Cot can also induce calcineurin-independent NFAT
transactivation via the NFAT N terminus (7). Thus, Cot poten-
tially stimulates the Ca®* oscillation/calcineurin-independent
NFAT activation pathway during osteoclast differentiation.

In this study, we demonstrate that Cot stimulated via oste-
oclast-osteoblast interaction promotes Ca®" oscillation/calcineu-
rin-independent osteoclastogenesis. We also show that Cot in-
creases NFATcl protein stability through phosphorylation of
residues distinct from those required for cytoplasmic-nuclear
shuttling, thereby enhancing NFATc1 activation in a Ca*>* oscil-
lation/calcineurin-independent manner. Collectively, our data
provide novel mechanistic insight into how osteoblasts promote
osteoclastogenesis through Ca’* oscillation/calcineurin-inde-
pendent NFATcI activation.

MATERIALS AND METHODS

Mice and bone analysis. Generation of IP;R2KO and CotKO mice has
been described (9, 13). IP;R2/CotKO mice were generated by crossing
IP,R2KO and CotKO mice in a 129/Sv] and C57BL/6 hybrid background.
Mice showed no abnormality in growth rate or body weight. Histological
experiments and histomorphometric analysis (27) were performed by
Kureha Special Laboratory (Tokyo, Japan). The left tibia was fixed in
70% ethanol, and the undecalcified bone was embedded in glycol
methacrylate. Sections 3 pum thick were cut longitudinally in the prox-
imal region of the tibia and stained with toluidine blue and tartrate-
resistant acid phosphatase (TRAP). Histomorphometry was per-
formed with a semiautomatic image analyzing system (Osteoplan II;
Carl Zeiss, Thornwood, NY) linked to a light microscope. Histomor-
phometric measurements were made at X400 using a minimum of 21
optical fields in the secondary spongiosa. All animals were ethically
treated according to guidelines of the Animal Experiments Committee
of RIKEN Brain Science Institute.

In vitro osteoclastogenesis. The method used for in vitro osteoclasto-
genesis was previously described (16). Briefly, nonadherent bone marrow
cells were cultured with 10 ng/ml M-CSF (R&D Systems) for 3 days. Ad-
herent cells served as BMMs and were further cultured with 100 ng/ml
soluble RANKL (sRANKL) (PeproTech) and 10 ng/ml M-CSF. For im-
munocytochemistry, nonadherent bone marrow cells were cultured on
cover glasses (Matsunami) coated with vitronectin (Promega). To analyze
the effect of FK506 (Calbiochem and Fujisawa Pharmaceutical), inhibitor
was added simultaneously with sSRANKL. For coculture studies, bone
marrow cells were cultured together with ST2 cells in the presence of 108
M 1,25-dihydroxyvitamin D5 (Calbiochem) and 10”7 M dexamethasone
(Sigma) for 4 to 5 days. The medium was refreshed 3 days after RANKL
stimulation in the sSRANKL/M-CSF-induced osteoclast differentiation
system and every 2 days in the coculture system.

Construction of retroviral vectors and infection of primary oste-
oclasts. Mouse Cot cDNA in pBluescript was obtained from a FANTOM3
clones set (3). With Cot cDNA as the template, PCR was performed to
synthesize the truncated form of Cot (trCot). The primers used were as
follows: forward, CGC TCG AGA TGG AGT ACA TGA GCA, and reverse,
GGG AAT TCT CAG TTA ACT CGT GGC TGG TCC TCT CT. The PCR
fragment was then subcloned into the Xhol and EcoRI sites of the
pMSCV-GFP retroviral expression vector. pMSCV-HA-trCot-IRES-GFP
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was generated by inserting a hemagglutinin (HA) tag into the 5" end of
trCot. Recombinant retroviruses were produced by cotransfecting pM-
SCV-GFP, pMSCV-trCot-IRES-GFP, or pMSCV-HA-trCot-IRES-GFP
with pVSV-G (Clontech) into the GP2-293 packaging cell line (Clontech)
using Lipofectamine 2000 (Invitrogen). The medium was replaced 8 h
later, and viral supernatants were harvested 2 days posttransfection and
stored at —80°C. For viral infections, 5 X 10° cells were plated in each well
of a 24-well plate and cultured with 10 ng/ml M-CSF. After 2 days, me-
dium was replaced with 350 wl of viral supernatant containing 8.0 pg/ml
Polybrene (Sigma) and 10 ng/ml M-CSF. Twenty-four hours later, super-
natants were removed, and cells were further cultured with 10 ng/ml M-
CSF and 100 ng/ml RANKL for 3 to 4 days.

Bone resorption assay. Retrovirally infected cells were cultured on
bone slices for 8 days in the presence of RANKL/M-CSF. Resorption pits
on bone slices were visualized by wheat germ agglutinin (WGA) staining
as described previously (33). Total resorption area per bone slice was
quantified using Image] software (NIH).

DNA constructs and mutagenesis. To construct the mouse trCot ex-
pression vector (pME18S-trCot), the trCot fragment was excised from
pMSCV-trCot-IRES-GFP and inserted into the pME18S vector (36), and
an HA tag was inserted at the 5’ end. A Cot kinase-deficient mutant (KM-
Cot) was generated by introducing the K167M mutation (18) using a
QuikChange II site-directed mutagenesis kit (Stratagene) according to the
manufacturer’s instructions. Full-length NFATc1 (amino acids [aa] 1 to
716) was amplified by PCR using pSH160c as the template, and the prod-
uct was subcloned into pME18S. N-terminal (aa 1 to 418) and C-terminal
(aa 419 to 716) fragments of the wild type and an active form of NFATc1
were amplified by PCR using pSH160c or pMSCV-caNFATc1-IRES-GFP
as the template, and products were subcloned into the pGEX-4T-1 vector
(Amersham). Human NFATc2 ¢cDNA was a kind gift from Tim Hoey
(11). Mouse NFATc3 and NFATc4 cDNAs were obtained from a FAN-
TOMS3 clone set (3). Full-length NFATc2, NFATc3, and NFATc4 were
PCR amplified and subcloned into pcDNA3.1/myc-His (Invitrogen).
Full-length NFATc3 C-terminally tagged with the Myc epitope and 6His
was further subcloned into pMEI8S. The N-terminal fragment of
NFATc2 (aa 1to407), NFATc3 (aalto431),or NFATc4 (aalto 416) was
PCR amplified using pcDNA-myc-His-NFATc2, NFATc3, or NFATc4 as
the template, and products were subcloned into pGEX-4T-1 (Amer-
sham). Nucleotide sequences of all constructs were confirmed by DNA
sequencing.

Transfection and immunoprecipitation. HeLa, COS-7, or
RAW264.7 cells were transfected with various plasmids using TransIT-
LT1 (Mirus) or FuGENE (Roche), according to the manufacturer’s rec-
ommendations. HeLa cells were lysed with TNE buffer (10 mM Tris-HCl
[pH 7.5], 150 mM NaCl, 1.0% Nonidet P-40, 1 mM EDTA, 25 mM NaF),
and COS-7 and RAW264.7 cells were lysed with TNE buffer containing
0.1% sodium dodecyl sulfate (SDS) for 30 min at 4°C. Lysates were cen-
trifuged at 20,000 X g for 10 min. Then, 0.5 g of anti-HA antibody 3F10
(Roche) and 20 wl of protein G-Sepharose (GE Healthcare) were added to
the supernatants. After incubation for 3 h at 4°C, immunocomplexes were
washed five times with the same buffer. For immunoprecipitation of
RAW264.7 cells, cells were divided into three groups 24 h after transfec-
tion and further cultured for 24 h with medium containing 0.5% serum
under control, SRANKL treatment, or ST2 cell coculture conditions.

Immunoblotting and immunocytochemistry. Methods for immu-
noblotting and immunocytochemistry were previously described (16).
For immunocytochemistry of transfected HeLa cells, normal growth me-
dium was replaced with serum-free medium 16 h after transfection, and
cells were incubated another 4 h with or without 1 uM FK506. The pri-
mary antibodies used were anti-NFATcl MAb 7A6 (Santa Cruz Biotech-
nology), anti-Cot antibody M-20 (Santa Cruz Biotechnology), anti-phos-
pho-Tpl2 Ser400 (Cell Signaling), anti-B-tubulin clone TUB 2.1 (Sigma),
anti-B-actin MAb AC-15 (Sigma), anti-HA antibody 3F10 (Roche), and
anti-PKCa antibody (Sigma). Membranes were scanned with an
LAS-4000 luminescent image analyzer (Fujifilm) or by using the Odyssey
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infrared imaging system (Li-Cor Biosciences, Lincoln, NE). Immunore-
acted coverslips were examined with a confocal laser scanning microscope
(FV10i; Olympus). The mean signal intensity and integral intensity in the
entire cell or nucleus were measured by freechand region of interest (ROI)
surrounding areas of interest using ImageJ software (NIH) to quantify
NFATc1 expression levels in HeLa cells (32 to 37 cells).

Luciferase reporter assay. The calcitonin receptor promoter-lucifer-
ase reporter plasmid (pCTR-luc) (35) was transfected into RAW264.7
cells. RANKL was added 2 h after transfection, and luciferase activity was
measured 24 h after RANKL treatment using a dual-luciferase reporter
assay system (Promega).

Kinase assay. COS-7 cells transfected with a vector encoding HA-
tagged trCot or KMCot were lysed with TNE buffer containing 0.1% SDS.
Recombinant proteins purified from Escherichia coli expressing GST-
fused full-length NFATc1 (aa 1 to 716), GST-N-terminal NFATc1 (aa I to
418), GST-C-terminal NFATc1 (aa 419 to 716), GST-caNFATc1 (aa 1 to
418), GST-N-terminal NFATc2 (aa 1 to 407), GST-N-terminal NFATc3
(aa 1 to 431), or GST-N-terminal NFATc4 (aa 1 to 416) were added to
immunoprecipitated Cot in kinase buffer (40 mM HEPES [pH 7.4], 10
mM MgCl,, 3 mM MnCl,, 2 mM dithiothreitol [DTT], and 5 mM NaF)
containing 200 mM [y-**P]ATP (Amersham Biosciences) for 20 min at
30°C. Phosphorylated NFATcl fusion proteins were separated by SDS-
polyacrylamide gel electrophoresis (PAGE), and radioactivity was quan-
tified using the BAS 5000 system (Fujifilm).

Subcellular fractionation. At 16 h after transfection of cells, growth
medium was changed to serum-depleted medium for 4 h, and subcellular
fractionation was performed as described previously (31). Briefly, HeLa
cells resuspended in buffer (10 mM Tris-Cl [pH 7.5], 10 mM NaCl, 3 mM
MgCl,, 0.5 mM DTT, 0.1 mM EGTA, 0.05% Nonidet P-40, and a protease
inhibitor cocktail [Roche]) were centrifuged at 650 X g to pellet nuclei.

Alkaline phosphatase treatment. Lysates of transfected HeLa cells
were prepared in buffer containing 20 mM Tris-HCI [pH 7.5], 2 mM
EDTA, 0.5% Triton X-100, 0.1% SDS, 25 mM NaF, and a protease inhib-
itor cocktail (Roche). Lysates were incubated with calf intestine alkaline
phosphatase (TaKaRa) (10 U/50 l) in the presence of 5 mM MgCl, for 30
min at 37°C.

Reverse transcriptase PCR. Total RNAs were isolated using TRIzol
reagent (Invitrogen). First-strand cDNA was produced from total RNA
using SuperScript II (Invitrogen) reverse transcriptase and oligo(dT)
primers. Primer sequences were as follows: NFATcI forward, CTG AAT
TCA TGC CAA GCA CCA GCT TTC C; NFATclI reverse, ATC TCG AGT
TAG CCC TCC TCG GGG TCC GTG G; glyceraldehyde-3-phosphate
dehydrogenase (Gapdh) forward, ATG GTG AAG GTC GGT GTG AAC
G; and Gapdh reverse, AAA CAT GGG GGC ATC GGC AGA A. A total of
20 or 25 cycles were used to amplify NFATcI, and 25 cycles were used to
amplify Gapdh.

Cycloheximide (CHX) chase assay. Transfected HeLa cells were in-
cubated in serum-depleted medium for 4 h and treated with 50 pg/ml
CHX (Wako). Cocultured osteoclasts were pretreated with 1 uM FK506
for 2 h and then with 10 pg/ml CHX in the presence of FK506. Total
proteins were collected at different time points and immunoblotted. Den-
sitometric analysis was performed using Image] software (NIH) to quan-
tify NFATcl expression. NFATc1 band intensity was normalized to 3-ac-
tin and then normalized to that at time zero.

Statistical analysis. Statistical analysis was performed using Student’s
t test.

RESULTS

Cot induces Ca** oscillation/calcineurin-independent oste-
oclastogenesis and NFATc] activation. We previously demon-
strated that osteoblasts induce Ca>* oscillation/calcineurin-inde-
pendent NFATcl activation in osteoclast precursors via
osteoclast-osteoblast interaction (16). To examine the molecular
mechanisms underlying this activity, we focused on the serine/
threonine protein kinase Cot, since it reportedly enhances NFAT
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activity via a calcineurin-independent pathway in other cell types
(1,7,40). We first ectopically expressed a truncated, constitutively
active form of Cot (trCot) (4) in IP;R2/3KO BMMs, in which
Ca®" oscillation-triggered NFATc1 activation is defective and
SRANKL/M-CSF-induced osteoclastogenesis is impaired. Re-
markably, IP;R2/3KO BMM:s overexpressing trCot differentiated
into tartrate-resistant acid phosphatase (TRAP)-positive multi-
nuclear osteoclasts upon sSRANKL/M-CSF treatment, while con-
trol cells expressing GFP alone did not (Fig. 1A). trCot-expressing
IP,R2/3KO osteoclasts exhibited a number of nuclei similar to
that seen in GFP-overexpressing wild-type (WT) osteoclasts (see
Fig. S1 in the supplemental material) and resorbed bone to an
extent similar to that of control WT osteoclasts (Fig. 1B). trCot
overexpression in WT BMMs also enhanced sRANKL/M-CSF-
induced osteoclastogenesis (Fig. 1A, graph), similar to the effect
seen following expression of constitutively active NFATcl
(caNFATcl) (16). Treatment of cells with the calcineurin inhibi-
tor FK506 did not inhibit trCot-induced osteoclastogenesis of WT
or IP;R2/3KO BMMs, further demonstrating that osteoclastogen-
esis induced by trCot is independent of Ca*" oscillation/calcineu-
rin (Fig. 1A). We next examined whether NFATc1 transcriptional
activity was enhanced by Cot kinase in RAW264.7 monocytes/
macrophages, which differentiate into osteoclasts in response to
sRANKL. Luciferase assays with the calcitonin receptor promoter,
a direct NFATc] target during osteoclast differentiation (32),
showed that NFATc1-dependent transcriptional activity was en-
hanced by trCot but not by kinase-deficient mutant KMCot (18).
This effect was not inhibited by FK506 treatment (Fig. 1C), sug-
gesting that Cot induces NFATc] transcriptional activity in a cal-
cineurin-independent manner. NFATc1 is reportedly subject to
positive autoamplification during osteoclastogenesis (12, 35).
Thus, if trCot induces NFATcI activation, NFATc1 upregulation
should be observed in osteoclasts. Indeed, trCot expression signif-
icantly increased NFATc1 protein levels in primary osteoclasts
(Fig. 1D, left). This effect was also seen in cells treated with FK506
(Fig. 1D, right), consistent with the finding that trCot induces
BMM osteoclastogenesis, even in the presence of FK506 (Fig. 1A).
Notably, FK506 treatment inhibited calcineurin activity, as judged
by a single, slow-migrating band of phosphorylated NFATc1
seen on SDS-PAGE (Fig. 1D, right), as opposed to multiple
faster-migrating NFATc1 bands indicative of dephosphoryla-
tion by calcineurin (Fig. 1D, left). Canonical NFATcI activa-
tion occurs through dephosphorylation by calcineurin and
subsequent nuclear translocation. Since a dephosphorylated
form of NFATcl was not evident in trCot-expressing cells
treated with FK506 (Fig. 1C), we asked whether NFATcI was
translocated into nuclei in these cells. In WT cells infected with
control or trCot virus, NFATcI nuclear translocation was ob-
served in differentiated multinuclear osteoclasts (Fig. 1E). In
IP;R2/3KO or FK506-treated cells infected with control virus,
NFATcl expression levels were low and NFATc1 was cytoplas-
mic in mononuclear cells (Fig. 1E). In contrast, infection with
trCot virus promoted NFATc1 nuclear translocation in IP;R2/
3KO and FK506-treated cells (Fig. 1E). Since dephosphory-
lated forms of NFATcl were not seen in cells treated with
FK506, trCot likely activates NFATcl via a noncanonical
mechanism. Misexpressed trCot protein was cytoplasmic, and
levels of cytoplasmic NFATc] increased in trCot-expressing
cells compared with control cells (Fig. 1E), suggesting that Cot
kinase interacts with NFATc1 in the cytoplasm.
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FIG 1 Cot induces Ca*" oscillation/calcineurin-independent osteoclastogenesis. (A) (Left) TRAP staining of wild-type (WT) and IP;R2/3KO (2/3KO) BMMs
infected with retroviruses encoding either an active form of Cot plus GFP (trCot) or GFP alone (—) in the absence or presence of FK506. Bar, 50 wm. (Right)
Percentage of TRAP-positive multinuclear osteoclasts (MNCs). Values are means * standard deviations (SD); n = 4 for each group. (B) Bone resorption assay.
Arrows show bone resorption pits. Bars, 200 pm. (C) NFATcI transcriptional activity based on luciferase reporter assays in RAW264.7 cells following overex-
pression of an active form of Cot (trCot), a kinase-deficient mutant of Cot (KMCot) or empty vector (vec.) in the absence or presence of FK506. Values are
means = SD; n = 3 for each group. **, P < 0.01. (D) The expression levels of NFATc1 protein in BMMs infected with retroviruses encoding either an active form
of Cot plus GFP (tr) or GFP alone (—) in the presence or absence of FK506. 3-Tubulin signal served as an internal control. (E) Expression and localization of
NFATCcI (red) in WT and 2/3KO osteoclasts infected with retroviruses encoding HA-tagged trCot plus GFP (HA-trCot, dark blue) or GFP alone (—) in the
absence or presence of FK506. Nuclei are stained with DAPI (light blue). Bar, 50 pm.

Cot knockout BMMs show impaired Ca*>* oscillation/cal-
cineurin-independent osteoclastogenesis. We next used Cot
knockout (CotKO) mice (8, 13) to determine whether Cot loss of
function alters osteoclast differentiation. Lack of expression of
Cot in these cells was confirmed by Western blotting (Fig. 2A). We
hypothesized that if Cot was responsible for the Ca®* oscillation/
calcineurin-independent pathway, treatment of CotKO BMMs
with FK506 should strongly inhibit osteoblast-induced osteoclas-
togenesis. When we employed an in vitro osteoclastogenesis pro-
tocol using SRANKL and M-CSF, we observed that CotKO BMMs
differentiated normally into TRAP-positive multinuclear oste-
oclasts (Fig. 2B). FK506 treatment of CotKO BMM:s blocked dif-
ferentiation, as it did in WT BMMs (Fig. 2B), indicating that
SRANKL-induced differentiation occurs through a Ca** oscilla-
tion/calcineurin-dependent pathway. When osteoclastogenesis
was induced by coculture with mouse stromal ST2 cells, CotKO
BMMs differentiated into osteoclasts to the same extent as did WT
BMMs (Fig. 2C). Remarkably, in the presence of FK506, osteoclast
differentiation of CotKO BMMs was much more strongly inhib-
ited than that seen in WT BMMs (Fig. 2C). Conditional knockout
of the regulatory subunit of calcineurin (CnB) in osteoblasts re-
portedly impairs osteoclastogenesis due to decreased RANKL ex-
pression and increased expression of osteoprotegerin (OPG), a
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decoy receptor for RANKL in osteoblasts (42). Thus, our findings
might be a consequence of the effect of FK506 on osteoblasts. To
exclude this possibility, we examined the effect of FK506 treat-
ment on RANKL and OPG expression in ST2 cells by quantitative
PCR. RANKL expression, which was induced in ST2 cells by treat-
ment with 1,25-dihydroxyvitamin D5 and dexamethasone (Dex),
was not significantly reduced by treatment with FK506 at concen-
trations up to 5 pM (see Fig. S2A in the supplemental material).
OPG expression was slightly increased by FK506 treatment (see
Fig. S2B); however, RANKL expression remained much higher
than OPG expression (see Fig. S2), indicating that strong inhibi-
tion of osteoclastogenesis seen in CotKO BMM:s following FK506
treatment was not due to decreased RANKL expression in ST2
cells.

Next, we asked whether osteoblasts stimulate Cot kinase activ-
ity in osteoclasts via cell-cell interaction. Since ST2 cells also ex-
press Cot (data not shown), we expressed HA-tagged wild-type
Cot (wtCot) in RAW264.7 cells and assessed kinase activity and
protein levels of Cot purified from control, SRANKL-treated,
and ST2-cocultured cells. Cot is activated by upstream kinases,
and phosphorylation on Ser400 is required for Cot kinase activity
in macrophages (30). If Cot is activated by interaction with ST2
cells, levels of Ser400-phosphorylated Cot should increase. We
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FIG 2 Cot mediates osteoblast-induced Ca’>" oscillation/calcineurin-inde-
pendent osteoclastogenesis. (A) Cot expression in wild-type (WT) and Cot
knockout (CotKO) primary osteoclasts, as detected by Western blotting. (B
and C) Effect of FK506 on SRANKL/M-CSF-induced (B) and ST2 cell-induced
(C) osteoclastogenesis of WT and CotKO BMMs. Note that the number of
TRAP-positive MNCs in FK506-treated CotKO BMMs was significantly de-

found that levels of Cot kinase protein were dramatically in-
creased after coculture with ST2 cells but not following treatment
with sSRANKL (Fig. 2D, bottom) and that increased Cot protein
was phosphorylated on Ser400 (Fig. 2D, top). These findings sug-
gest that activated Cot is increased in osteoclast precursors via
interaction with osteoblasts and functions in Ca** oscillation/cal-
cineurin-independent NFATcI activation during osteoclastogen-
esis.

Cot stimulated by osteoclast-osteoblast interaction phos-
phorylates NFATc1 and enhances its levels. To gain mechanistic
insight into how Cot activates NFATc1, we asked whether Cot
phosphorylates NFATc1. First, we coexpressed NFATc] and ei-
ther HA-tagged wtCot, trCot, or KMCot in HeLa cells and exam-
ined potential interactions between Cot and NFATc1 by coimmu-
noprecipitation. We found that all three forms of Cot interacted
with NFATc1, indicating that the Cot kinase activity is not re-
quired for interaction (Fig. 3A). Interestingly, we observed that
coexpression of trCot, but not wtCot or KMCot, significantly in-
creased NFATc1 protein levels and reduced NFATc1 mobility on
SDS-PAGE (Fig. 3B), suggesting that activated Cot alters both
NFATCcI protein levels and posttranslational modification. When
HeLa cell lysates were treated with alkaline phosphatase (AP), the
band mobility of NFATc1 coexpressed with trCot shifted down-
ward to that seen in KMCot-coexpressing cells (Fig. 3C). These
results strongly suggest that Cot forms a complex with NFATc1

and that its kinase activity induces NFATc1 phosphorylation. To
determine whether Cot directly phosphorylates NFATc1, we next
performed an in vitro kinase assay using immunopurified Cot and
glutathione S-transferase (GST) fusions of full-length NFATc1 or

creased compared with that seen in FK506-treated WT BMMs (C, right). Val-
ues are means = SD; n = 6 for each group. **, P < 0.01. Bar, 50 pm. (D)
Phosphorylation of Ser400 and expression levels of HA-Cot in RAW264.7 cells
under control (—), sSRANKL-treated (+sRANKL), and ST2 cell coculture
(+ST2) conditions. *, antibody IgG band.
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FIG 3 Cotbinds to and directly phosphorylates NFATc]1. (A) Interaction of wild-type (wt), active (tr), and kinase-deficient (KM) forms of HA-tagged Cot with NFATc1
(c1) in HeLa cells by immunoprecipitation (IP) assay. In, input; IB, immunoblotting. (B) Increased expression and slower migration of NFATc] in HeLa cells
cotransfected with trCot, as revealed by comparison with the input lanes in panel A (detected by short exposure time). (C) NFATcl is hyperphosphorylated in HeLa cells
coexpressing trCot but not in cells expressing KMCot. Alkaline phosphatase (AP) treatment increased mobility of NFATc1, presumably through removal of Cot-induced
phosphate groups. (D) Schematic representation of the structure of various GST fusion fragments of NFATc1. SRD, serine-rich domain. SP1, SP2, and SP3 are highly
conserved Ser-Pro (SP) repeat motifs reportedly responsible for nuclear localization. NHR, NFAT homology region; RHR, Rel homology region; ca, constitutively active
form. (E) Cot directly phosphorylates NFATc1. (Top) Cot phosphorylates the full-length (left, arrowhead) and the N-terminal region (right, arrowhead), but not the
C-terminal region of NFATCcI, as detected by autoradiography. (Bottom) Coomassie brilliant blue (CBB) staining. Closed arrowhead, full-length (left) or N-terminal
region (right) of NFATc1. Open arrowhead, C-terminal region of NFATcI. (F) The N-terminal region of a constitutively active form (ca) of NFATc1 is also phosphor-
ylated by Cot. Arrow, autophosphorylated trCot. (G) Cot directly phosphorylates the N-terminal region of Ca>*/calcineurin-regulated NFAT family proteins. (Top)
trCot phosphorylates the N-terminal regions of NFATc2, NFATc3, and NFATc4 as detected by autoradiography. (Bottom) Coomassie brilliant blue (CBB) staining. (H)
Increased protein levels of indicated Ca*"/calcineurin-regulated NFAT family proteins in HeLa cells cotransfected with trCot.
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FIG 4 Cotincreases NFATc1 expression level through protein stabilization. (A) Subcellular fractionation of NFATc1 in HeLa cells overexpressing NFATc1 alone
(lanes 1 and 4), NFATc1 and trCot (lanes 2 and 5), or NFATcl and KMCot (lanes 3 and 6). HeLa cells were treated without (lanes 1 to 3) or with (lanes 4 to 6)
2.5 uM ionomycin (iono) for 10 min. Note that the amount loaded of the nuclear fraction is 16-fold that of the cytosol fraction. (B) NFATc]1 localization in HeLa
cells coexpressing trCot or KMCot in the absence (left) or presence (right) of FK506. Bar, 50 pm. (C) NFATc1 signal intensity in the entire cell (left) and in the
nucleus (middle) and the ratio between the nucleus and the entire cell (right). Shown are means = standard errors of the means derived from analysis of 32 to
37 cells. *, P < 0.05; **, P < 0.01. N.S., difference was not significant. (D) NFATc1 and GAPDH mRNA levels in HeLa cells, as detected by RT-PCR. (E) Increased
expression levels and hyperphosphorylation of NFATc1 (arrowhead) in HeLa cells cotransfected with trCot, detected with the Odyssey system. These samples
were used for the degradation assay whose results are shown in panel F. (F) NFATcI protein degradation dynamics in HeLa cells treated with cycloheximide
(CHX). (Left) NFATc1 levels in cells after CHX treatment. 3-Actin was used for protein normalization. (Right) Relative amounts of NFATc1 protein. NFATc1
coexpressed with trCot showed a decreased degradation rate compared to protein coexpressed with KMCot or alone. n = 4 for each group. Values are means =
SD. *, P < 0.05. (G) NFATcl protein degradation dynamics in primary WT and CotKO osteoclasts cocultured with ST2 cells and treated with CHX. The
experimental procedure is depicted in the left upper panel. Note that the CHX chase assay was performed in the presence of FK506. (Bottom left) NFATcI protein
levels in osteoclasts after CHX treatment. (Right) Relative amounts of NFATc1. NFATcI in CotKO osteoclasts showed a decreased degradation rate compared
to protein in WT osteoclasts. n = 3 for each group. Values are means = SD. *, P < 0.05.

the N-terminal or C-terminal half as the substrates (Fig. 3D).
trCot directly phosphorylated full-length and N-terminal
NFATcI protein but not the C-terminal half (Fig. 3E, top), mod-
ifications that were not induced by KMCot. Interestingly, when
assayed with a mutant form of the NFATc1 N terminus in which
21 Ser residues are replaced with Ala residues, mimicking a de-
phosphorylated active state (25) (see Fig. S3 in the supplemental
material), Cot phosphorylated mutant NFATc1 to the same extent
as it did wild-type NFATc1 (Fig. 3F). These findings suggest that
Cot phosphorylates amino acid residues different from those re-
quired for cytoplasmic-nuclear shuttling. The N-terminal halves
of NFATc2, NFATc3, and NFATc4 (termed the NFAT homology
region [NHR]) are homologous to that of NFATc1 (Fig. 3D).
Thus, we asked whether Cot phosphorylates these other Ca®*/
calcineurin-regulated NFAT family proteins. Similarly to
NFATcl, the N termini of other NFATSs were also directly phos-
phorylated by trCot, as revealed by an in vitro kinase assay (Fig.
3G). Levels of each NFAT were drastically increased when pro-
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teins were coexpressed with trCot in HeLa cells (Fig. 3H), indicat-
ing that NFAT family proteins employ a common regulatory
mechanism involving Cot-induced phosphorylation to enhance
protein levels.

Cot enhances NFATc1 protein stability through phosphory-
lation. Our findings suggest that Cot-induced phosphorylation
positively regulates NFATc1 activity. To determine if this is the
case, we first examined the effect of Cot on NFATc1 subcellular
localization in a heterologous expression system using HeLa cells.
These studies confirmed that the canonical NFATc1 activation
pathway functions in HeLa cells: treatment of HeLa cells overex-
pressing NFATc1 with ionomycin induced NFATc1 dephosphor-
ylation presumably via calcineurin, as judged by a downward mo-
bility shift of NFATcl and increased levels of NFATcl in the
nuclear fraction (Fig. 4A, compare lanes 1 and 4). Coexpression of
NFATc1 with trCot drastically increased NFATc1 protein levels,
and additive phosphorylation of NFATc1 was observed, as evi-
denced by an upward mobility shift (Fig. 4A, lane 2). In trCot

mcb.asm.org 2959


http://mcb.asm.org

Kuroda et al.

coexpressing cells, NFATc1 protein was mostly cytoplasmic; how-
ever, nuclear NFATc1 protein levels were also increased, irrespec-
tive of ionomycin treatment (Fig. 4A, right, lanes 2 and 5). KMCot
coexpression did not alter NFATc1 protein level or localization
(Fig. 4A, lanes 1 and 3 and lanes 4 and 6), suggesting that the Cot
kinase activity is required for enhanced levels of NFATcI in the
whole-cell and nuclear fractions.

Immunofluorescence analysis of HeLa cells further revealed
that NFATc1 protein levels were clearly increased by coexpression
of NFATcl with trCot but not KMCot and that overexpressed
NFATCcI localized primarily to the cytoplasm (Fig. 4B, left, and C),
suggesting that Cot contributes to enhanced protein levels rather
than to nuclear translocation. In trCot-coexpressing RAW 264.7
cells, overexpressed NFATc1 was also primarily cytoplasmic and
RANKL stimulation partly enhanced NFATc1 translocation to the
nucleus (see Fig. S4A in the supplemental material). In contrast,
less abundant endogenous NFATc1 was predominantly nuclear in
multinuclear osteoclasts in the presence of trCot (Fig. 1E). When
NFATcl1 and trCot were coexpressed in HelLa cells, the nuclear
intensity of NFATcI staining increased; however, the ratio of nu-
clear to whole-cell NFATcI intensity did not (Fig. 4C). These data
suggest that trCot contributes primarily to enhanced NFATcl
protein levels in the cytoplasm, leading to a subsequent increase in
nuclear NFATcI.

The NFATc1 expression vector lacked both the authentic pro-
moter and the 3" untranslated region, which potentially affects
mRNA stability, making it unlikely that Cot increased NFATc1
mRNA expression. Indeed, we observed that NFATc1 mRNA lev-
els were comparable among cells expressing NFATcl alone,
NFATcI plus trCot, and NFATc1 plus KMCot (Fig. 4D). Overall,
these observations suggest that Cot regulates NFATc1 protein
stability. Therefore, we examined NFATc1 protein stability by
quantitative Western blotting using the Odyssey system. We
again observed that NFATc] levels were increased by trCot
coexpression, and we also detected hyperphosphorylated
NFATCc1, particularly in trCot-coexpressing cells (Fig. 4E, ar-
rowhead). To quantify stability changes, we treated HeLa cells
with cycloheximide (CHX) and examined the NFATc1 degra-
dation rate. At 2 to 3 h after CHX treatment, NFATcI protein
stability in trCot coexpressing cells increased about 2.5-fold
compared to that in cells expressing NFATc1 alone or NFATc1
together with KMCot (Fig. 4F). These results indicate that ob-
served increases in NFATcI protein levels are due to enhanced
protein stability mediated by Cot, which likely leads to nuclear
localization and activation of NFATcI.

We next performed a CHX chase assay using primary oste-
oclasts to determine whether endogenous Cot stabilized endoge-
nous NFATcl protein (Fig. 4G), as exogenous trCot did in HeLa
cells (Fig. 4F). As noted, we had observed significant differences in
efficiency of osteoclastogenesis between CotKO and WT BMMs
cocultured with ST2 cells in the presence of FK506 (Fig. 2C).
Based on these observations, we first induced osteoclastogenesis in
the absence of FK506 to accumulate equivalent levels of NFATc1
in both WT and CotKO cells. We then treated cells with FK506
prior to CHX treatment (Fig. 4G, top left). NFATc1 protein levels
were comparable between WT and CotKO osteoclasts before CHX
treatment; however, NFATc1 was more rapidly degraded in CotKO
than WT osteoclasts by 1 h after CHX treatment (Fig. 4G). These
results suggest that Cot activated in osteoclasts via interaction with
osteoblasts functions in part by stabilizing NFATc1 protein.
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FIG 5 Cot contributes to osteoclastogenesis through Ca”>* oscillation/cal-
cineurin-independent osteoclast differentiation in vivo. (A) The number of
TRAP-positive MNCs lacking both IP;R2 and Cot kinase (IP;R2/CotKO) was
significantly decreased compared to those in WT and IP;R2KO mice in a
coculture system. n = 3 for each group. Values are means * SD. **, P < 0.01.
Bar, 100 wm. (B) Histology (TRAP and toluidine blue staining) of the tibias of
IP;R2KO and IP;R2/CotKO mice at 10 weeks of age. Bars, 100 pm. (C) His-
tomorphometric parameters of osteoclastic bone resorption and bone volume
in the tibias of IP;R2KO and IP;R2/CotKO mice at 10 weeks of age. Values are
means * SD. **, P < 0.01. N.S,, difference was not significant. n = 4 for each

group.

Cot-mediated NFATCcl1 activation contributes to osteoclasto-
genesis in vivo. To determine the physiological significance of the
Ca** oscillation/calcineurin-independent osteoclast differentia-
tion pathway, we generated mice lacking both IP;R2 and Cot
(IP;R2/CotKO mice). As shown in Fig. 5A, IP;R2/CotKO BMMs,
in which both the Ca®*/calcineurin-dependent and -independent
osteoclast differentiation pathways are altered, showed signifi-
cantly decreased numbers of TRAP-positive multinuclear oste-
oclasts when cocultured with ST2 cells, compared with the BMMs
from WT or IP;R2KO mice (Fig. 5A). Although IP;R2KO BMMs
also showed decreased TRAP-positive cell numbers in the cocul-
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ture system compared with WT BMMs, IP;R2KO mice did not
exhibit differences in osteoclast parameters and bone volume
compared to WT mice (see Fig. S5 in the supplemental material)
(16), suggesting that the Ca>* oscillation/calcineurin-indepen-
dent pathway compensates for the loss of the Ca®" oscillation/
calcineurin-dependent one in vivo. The number of osteoclasts,
osteoclast surface area, and eroded surface area were significantly
decreased in the tibias of IP;R2/CotKO mice compared with val-
ues seen in IP;R2KO mice (Fig. 5B and C), suggesting aberrant
osteoclast differentiation in IP;R2/CotKO mice. Despite these
changes, the IP;R2/CotKO mice did not exhibit increased bone
volume (Fig. 5C). We next examined in vitro osteoblastogenesis of
WT, IP;R2KO, and IP;R2/CotKO calvarial osteoblasts and ob-
served no significant difference in osteoblastogenesis among these
groups (see Fig. S6A in the supplemental material). We also ex-
amined in vivo osteoblastic parameters, namely, osteoblast sur-
face, osteoid surface, and bone formation rate, in WT, IP;R2KO,
and IP;R2/CotKO mice. Osteoblast and osteoid surfaces did not
differ significantly between groups, but the bone formation rate
was significantly decreased only in IP;R2/CotKO mice (see Fig.
S6B and C in the supplemental material). In IP;R2/CotKO mice,
both bone resorption and bone formation rates were reduced,
thereby maintaining bone volume.

DISCUSSION

In this study, we show that Cot promotes Ca>* oscillation/cal-
cineurin-independent osteoclastogenesis by increasing NFATc1
protein stability through phosphorylation and that osteoclasto-
genesis is impaired in IP;R2/CotKO mice. We also demonstrate
that Cot directly phosphorylates NFATc1 in vitro and that Cot
activation in osteoclasts is regulated by cell-cell interaction with
osteoblasts. These results reveal the molecular mechanism of Ca®"
oscillation/calcineurin-independent NFATcl1 activation by Cot
and a physiological role for Cot in osteoclastogenesis.

Induction of Ca’>* oscillation/calcineurin-independent
NFATCcI activation by Cot. Transcriptional activity of Ca**-de-
pendent isoforms of NFATc] to -c4 is canonically regulated by
calcineurin via dephosphorylation of their N-terminal regulatory
domains in the NHR. In addition to calcineurin, several Ser/Thr
kinases, such as the MAPKs p38 and JNK, GSK3f3, PKA, and CK1,
regulate NFAT transcriptional activity by promoting nuclear ex-
port or inhibiting nuclear import (12). While in most cases phos-
phorylation is postulated to inhibit NFAT activation, increasing
evidence indicates that phosphorylation can also positively regu-
late NFAT activation. PMA (phorbol 12-myristate 13-acetate)/
ionomycin stimulation-induced phosphorylation of the N-termi-
nal transactivation domain has been observed in NFATc2, and
mutation of modified Ser residues reportedly impairs transcrip-
tional activity (26). Pim-1, a Ser/Thr kinase, potentially activates
NFATc1 (29). Although it is not known how Pim-1 induces NFAT
activity, Pim-1 also directly phosphorylates the NFATc1 N-termi-
nal half in vitro and enhances its transcriptional activity without
altering its subcellular localization (29). We demonstrate here that
Cot increases NFATc1 protein stability through phosphorylation,
resulting in Ca®>" oscillation/calcineurin-independent NFATcI
activation. We found that a hyperphosphorylated form of
NFATcI seen in the presence of coexpressed trCot shows en-
hanced resistance to degradation (Fig. 4E and F) and that Cot
induces increases in NFATcl protein levels (Fig. 1D and 4A). Nu-
clear translocation of Cot-phosphorylated NFATc1 is more easily
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observed in osteoclasts than in HeLa cells (Fig. 1E and 4B) and is
efficiently induced by RANKL stimulation in RAW264.7 cells (see
Fig. S4A in the supplemental material). These data suggest that
osteoclasts harbor a mechanism for inducing nuclear NFATc1 by
increasing its total levels, as well as through inducing calcineurin-
dependent nuclear translocation. Both mechanisms are likely ac-
tivated during osteoclastogenesis. An in vitro kinase assay showed
that Cot directly phosphorylates sites other than the 21 Ser resi-
dues previously identified as phosphorylation sites critical for cy-
toplasmic retention (Fig. 3F), implying that direct phosphoryla-
tion by Cot may regulate NFATcI stability via a mechanism
distinct from that previously identified to modulate its subcellular
distribution, DNA binding affinity, or transcriptional activity.
Furthermore, this Cot-induced positive regulation was common
to all Ca**/calcineurin-dependent NFAT family proteins (Fig. 3G
and H), strongly suggesting that Cot-induced NFAT activation
contributes to activities besides osteoclastogenesis.

Recently, it was reported that Pim-1 enhances osteoclastogen-
esis in a phosphorylation-dependent manner (14). At present,
osteoblast-derived molecules that activate Cot kinase in osteoclast
precursors are not known. Our preliminary data showing that
sonicated ST2 cell membrane fragments can induce osteoclasto-
genesis of [P;R2KO BMMs strongly suggest that a membrane-
bound molecule(s) is a plausible candidate as a Cot kinase activa-
tor (our unpublished data). Overall, our findings indicate that
NFATcl phosphorylation by protein kinases, such as Cot and
Pim-1, contributes to NFATc1 activation in cooperation with cal-
cineurin-induced dephosphorylation during osteoclast differenti-
ation.

Physiological role of Cot in osteoclastogenesis. In this study,
we demonstrated that CotKO BMMs exhibit severely impaired
osteoclastogenesis when cocultured with ST2 cells in the presence
of FK506 (Fig. 2B and C) and that activated Cot is increased in
osteoclast precursors interacting with ST2 cells (Fig. 2D). These
findings are consistent with the idea that Ca** oscillation/cal-
cineurin-independent NFATcl activation requires osteoblasts
(16). Hirata et al. also reported a function for Cot in osteoclast
differentiation (10). However, in contrast to our findings, they
used a Cot inhibitor to show that Cot acts downstream of SRANKL
signaling (10). The discrepancy is likely due to differences in ex-
perimental strategy, such as the use of genetic versus pharmaco-
logical inhibition. The higher concentrations of the inhibitor re-
quired to block osteoclastogenesis than to block ERK activity in
BMM:s could potentially affect signaling other than the Cot-ERK
pathway. We also cannot rule out the possibility that expression
patterns of additional factors are altered in Cot knockout mice.

Although osteoclast formation by IP;R2/CotKO BMMs was
substantially impaired (Fig. 5A and C), IP;R2/CotKO mice exhib-
ited normal bone density (Fig. 5C). The most likely explanation
for the discrepancy between in vitro and in vivo phenotypes is that
bone formation is also impaired in IP;R2/CotKO mice (see Fig.
S5C in the supplemental material). This may not be an osteoblast
cell-autonomous effect because differentiation of IP;R2/CotKO
calvarial osteoblasts in vitro did not differ from that of WT or
IP;R2KO cells (see Fig. 5A in the supplemental material), even
though Cot is also expressed in osteoblasts (13). This view is fur-
ther supported by the normal osteoblast and osteoid surfaces seen
in IP;R2/CotKO mice in vivo. Thus, it is tempting to speculate that
reduced bone formation is due to impaired osteoclast function in
coupling of bone resorption and formation (23). Analysis of oste-
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oclast-specific Cot knockout mice is necessary to further analyze
the role of Cot in coupling.

In addition to Cot kinase, another unidentified molecule(s)
may function in Ca®* oscillation/calcineurin-independent oste-
oclastogenesis. Indeed, some IP;R2/CotKO BMM:s were still able
to differentiate into multinuclear osteoclasts (Fig. 5A). We are
currently searching for such molecules that function in this path-
way. Cot-mediated signaling might be activated under patholog-
ical situations associated with excess osteoclastic bone resorption.
For example, osteoclast abnormalities induce bone destruction in
an inflammation locus (37). In the case of periodontitis, LPS re-
portedly induces excessive osteoclast formation and bone resorp-
tion through intercellular communication between T cells or os-
teoblasts and osteoclasts (13, 38). Since Toll-like receptor 4
(TLR4), the LPS receptor, is expressed in osteoclasts (34), Cot is
activated by LPS stimulation (8), and LPS promotes osteoclasto-
genesis of RANKL-treated osteoclast precursors (19, 34), oste-
oclast abnormalities in periodontitis could be partially explained
by our finding that Cot mediates NFATcI activation. Our results
encourage further investigation of the molecular mechanism for
osteoclastogenesis in various situations, including normal devel-
opmental and pathological conditions, in order to understand
bone homeostasis in vivo and develop new therapies for skeletal
disease.
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