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The Notch signaling pathway plays a crucial role in the regulation of cell fate decision, and is also a key
regulator of cell differentiation, including bone homeostasis, in a variety of contexts. However, the role of
Notch1 signaling in osteoclast differentiation is still controversial. In this study, we show that Receptor activator
of nuclear factor kappa-B ligand (RANKL)-induced osteoclast differentiation is promoted by the Notch1 intracel-
lular domain (Notch1-IC) and Ca2+/Calmodulin dependent protein kinase IV (CaMKIV) signaling. Notch1-IC pro-
tein level was augmented by CaMKIV through escape fromubiquitin dependent protein degradation. In addition,
CaMKIV remarkably increased Notch1-IC stability, and the kinase activity of CaMKIVwas essential for facilitating
Notch1 signaling. CaMKIV directly interactedwith Notch1-IC and phosphorylates Notch1-IC, thereby decreasing
proteasomal protein degradation through F-box and WD repeat domain-containing 7 (Fbw7). We also found
that Notch1-IC prevented inhibition of osteoclast differentiation by KN-93 but not the phosphorylation deficient
formofNotch1-IC. These results suggest that phosphorylatedNotch1-IC byCaMKIV increasesNotch1-IC stability,
which enhances osteoclast differentiation.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Receptor activator of NF-κB ligand (RANKL) stimulates osteoclast
differentiation in uncommitted cells of the monocyte-macrophage
lineage by interacting with its cell-surface receptor, Receptor activa-
tor of NF-κB (RANK) [1,2]. RANKL-RANK signaling is essential for os-
teoclast differentiation because both RANKL−/− and RANK−/− mice
do not develop osteoclasts [3,4]. The RANKL-RANK signaling pathway
activates transcription factors NF-κB, Fos, AP-1, and Nuclear factor of
activated T cells (NFATc1) [5–11]. The activity of these transcription
factors leads to the induction of osteoclast-specific genes, such as
tartrate-resistant acid phosphatase (TRAP), cathepsin-K, MMP9 and
calcitonin receptor [12–14]. RANKL induced CaMKIV activation is
required for the induction of NF-kB, c-Fos and NFATc1, which leads
to induction of osteoclast differentiation [15–17]. Intracellular Ca2+

signaling plays a critical role in a broad array of cell functions, includ-
ing transcription, cell cycle, apoptosis, exocytosis, and motility, and
often has multiple roles in cells [18]. Calcium regulates many func-
tions by forming a complex with calmodulin (CaM), upon the binding
of Ca2+/CaM increases its affinity for its targets, which include the
Ca2+/CaM dependent Ser-Thr kinase (CaMK) family [19,20]. These ki-
nases have the general consensus phosphorylation sequence R-X-X-S/T,
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Phosphorylation of CaMKIV by CaMKK increases CaMKIV kinase activity,
and activated CaMKIV translocates to the nucleus [18]. Nuclear CaMKIV
triggers the disruption of subnuclear domains containing class II histone
deacetylases (HDACs) and acts as a silencing mediator of retinoic acid
and thyroid hormone receptors (SMRT), a broad-specificity co-repressor
which represses nuclear hormone receptors and CBF1 [21]. These data
suggest the possibility that CaMKIV enhances Notch signaling [21].
Some studies have recently demonstrated that after RANKL stimula-
tion, mRNA and protein expression of Hes1 were up-regulated in
Raw264.7 cells [22–24]. Notch signaling in bone metabolism has
been shown to play a role in somitogenesis during skeletal devel-
opment, because several Notch family deficient mice die during embryo-
genesis before bone formation [25–28]. Notch1 deficiency promotes
osteoclastogenesis indirectly by enhancing the ability of osteoblast line-
age cells to stimulate osteoclastogenesis. This is achieved by decreasing
the osteoprotegerin/RANKL expression ratio [29].

Notch, a highly conserved transmembrane protein, plays an essen-
tial role in the regulation of cell fate determination including bone
homeostasis [30–32]. Several downstream targets of Notch signaling
also have been identified, including the Enhancer of split [E(spl)]
complex genes and the mammalian homologues of the Hairy and
E(spl) genes, Hes1, Hes5, Hes7, Hey1, Hey2, and HeyL [33–42]. Asagiri
group demonstrated the requirement for NFATc1 in the generation of
osteoclasts in vivo by transferring NFATc1-deficient hematopoietic stem
cells into c-Fos-deficient mice [43]. Induction of Notch signaling by Jag-
ged1 or by ectopic expression of intracellular domain enhances NFATc1
promoter activity and expression and promotes osteoclastogenesis [23].
Multiple lines of evidence have indicated thatNotch signalingdysfunction

http://dx.doi.org/10.1016/j.bbamcr.2012.10.018
mailto:mykim31002@jnu.ac.kr
mailto:proteome@jnu.ac.kr
http://dx.doi.org/10.1016/j.bbamcr.2012.10.018
http://www.sciencedirect.com/science/journal/01674889


70 Y.-H. Choi et al. / Biochimica et Biophysica Acta 1833 (2013) 69–79
results in bone disease. For example, presenilin 1-deficient mice and
Delta3 mutant mice (Pudgy) exhibit axial skeletal defects [44–46].
Notch activation by Delta1 reduces the surface levels of the Macrophage
colony-stimulating factor (M-CSF) receptor, c-Fms, in osteoclast precur-
sor cells and enhances the expression of osteoprotegerin (OPG) in stromal
cells, resulting in the downregulation of osteoclast differentiation [47].
Despite these observations, the precise mechanisms underlying the con-
nection between Notch signaling and the RANKL-CaMKIV mediated
osteoclastogenesis pathways are still largely unknown.

In this study, we demonstrate that Notch1-IC is regulated by
CaMKIV during osteoclast differentiation. The transcriptional activity
and the protein level of Notch1-IC were increased by CaMKIV via
inhibition of Notch1-IC proteasomal degradation through Fbw7. We
also determined that the up-regulated Notch1-IC by CaMKIV accelerates
osteoclast differentiation. Collectively, our finding suggests that CaMKIV
is crucial for the regulation of Notch1-IC in osteoclast differentiation.
2. Materials and methods

2.1. Cell culture and transfection

Human embryonic kidney (HEK) 293 cells (ATCC No. CRL-1573)
were maintained in Dulbecco's modified Eagle's medium (DMEM,
Gibco-BRL) supplemented with 7% fetal bovine serum (FBS, Gibco-BRL)
and 1% penicillin/streptomycin (Gibco-BRL), Presenilin 1/2 double-
positive (PS1/2+/+), and Presenilin 1/2 double-negative (PS1/2−/−)
cells were maintained in DMEM supplemented with 10% FBS and 1%
penicillin/streptomycin in a humidified incubator with an atmosphere
containing 5% CO2. The mouse macrophage-like cell line Raw264.7
cells (ATCC No. TIB-71) were cultured in DMEM supplemented with
10% FBS and 1% penicillin/streptomycin in a humidified incubator with
an atmosphere containing 5% CO2. For plasmid DNA transfection, cells
were plated at a density of 2×106 cells/100-mm-diameter dish (SPL),
grown overnight, and transfected with the appropriate expression vec-
tors in the presence of the indicated combinations of plasmid DNAs by
using the calcium phosphate method or Lipofectamine (Invitrogen)
[17,48].
2.2. Osteoclast differentiation and TRAP staining

RAW264.7 cells were plated at 1×105 cells/well in 96-well plates in
DMEMwith 10% FBS and were incubated overnight in a humidified in-
cubator. The medium was then replaced with α-minimal essential
medium (α -MEM, Gibco-RBL) containing 10% FBS and 20 ng/ml RANKL
(R&D systems) or RANKL plus either 5 μM KN93 (Sigma), or 5 μM DAPT
(Sigma). Culture media were replaced at least every second day with
fresh media containing the RANKL and appropriate concentrations of
CaMK inhibitor. After 4–5 days, cells were fixed with fixative solution
(Sigma) for 5 min, and thenwashed three times with PBS, and incubated
withmixtures containing naphthol AS-BI phosphate (Sigma), Fast Garnet
GBC Base Solution (Sigma), and Sodium Nitrite Solution (Sigma) in pres-
ence of Tartrate (Sigma) (Leukocyte Acid Phosphatase Assay Kit, Sigma).
TRAP-positive multinucleated cells containing three or more nuclei
were recorded by light microscopy [16,49].
2.3. Site-directed mutagenesis

Site-directedmutagenesis of Notch1-IC cDNAwas performed using a
QuikChange kit (Stratagene), and the mutagenic primers were S2063A
(5′ CGCCCGTGAGGGCgcCTATGAGACTGCC-3′, S2173A (5′-CACGGAGG
AAGAAGgCC CAGGATGGCAAG-3′) (mismatches with the Notch1-IC
cDNA template are indicated by lowercase letters). The mutations
were verified by automatic DNA sequencing [48].
2.4. Luciferase Reporter assay

The HEK293 cells, PS1/2+/+, and PS2−/− cells were cotransfected
with 4XCSL, Hes1, and Hes5-Luc and β-galactosidase together with
the indicated vector constructs. The cells were lysed in chemilumi-
nescent lysis buffer (18.3% of 1 M K2HPO4, 1.7% 1 M KH2PO4, 1 mM
phenylmethylsulfonyl fluoride [PMSF], and 1 mM dithiothreitol [DTT])
and assayed for luciferase activity using a luciferase assay kit (Promega).
The activity of the luciferase reporter protein in the transfected cells was
normalized in reference to the β-galactosidase activity in the same cells
[50]. The data are expressed as the means±S.D. of triplicates from one
of three independent experiments. All of these results are representative
of at least three independent experiments.

2.5. GST-pull down assay

The recombinant GST-Notch1-IC protein was expressed in the E. coli
BL21 strain using the pGEX system, as indicated. The GST fusion protein
was then purified with GSH–agarose beads (Sigma) in accordance with
the manufacturer's instructions. An equal amount of GST or GST–
Notch1-IC fusion protein was incubated with the lysates of the HEK293
cells, which had been transfected for 4 h with combinations of expres-
sion vectors at 4 °C, with rotation. After incubation, the beads were
washed three times in ice-cold phosphate-buffered saline (PBS, pH 7.4)
and boiled with 20 μl of Laemmli sample buffer. The precipitates were
then separated via SDS-PAGE, and the pull-downproteinswere detected
via immunoblotting with specific antibodies [48].

2.6. Immunoblot analysis

After 48 h of transfection, the cultured HEK293 cells were
harvested and lysed in RIPA buffer [50 mM Tris–HCl (pH 7.5),
150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1%
SDS, 1 mMphenylmethylsulfonyl fluoride (PMSF), 1 mMdithiothreitol
(DTT) and 2 g/ml each of leupeptin and aprotinin] for 30 minutes at
4 °C. The cell lysates were subjected to 20 minutes of centrifugation at
12,000 g and 4 °C. The resultant soluble fraction was boiled in Laemmli
buffer and subjected to SDS-PAGE. After gel electrophoresis, the sepa-
rated proteins were transferred via electroblotting onto polyvinylidene
difluoride (PVDF) membranes (Millipore). The membranes were
blocked with Tris-buffered saline solution (pH 7.4) containing 0.1%
Tween 20 and 5% nonfat milk. The blotted proteins were then probed
with anti-Myc antibody (9E10), anti-HA (12CA5) antibody, or anti-
FLAG M2 antibody (Sigma), and β-actin (Santa Cruz) followed by incu-
bation with anti-mouse horseradish peroxidase-conjugated secondary
antibodies (Amersham Biosciences). Membranes were also probed
with anti-Notch1-IC (Santa Cruz), anti-CaMKIV (Abcam) followed by
incubationwith anti-rabbit horseradish peroxidase-conjugated second-
ary antibodies (Santa Cruz). The blots were developed using enhanced
chemiluminescence (Anigene).

2.7. Protein stability assay

In the protein stability assay, cells were seeded at a density of
50–60% confluence and incubated overnight. The cells were treated
with 0.1 mM cycloheximide for 0, 1, 2, 4 or 8 h to block the synthesis
of new proteins. Cells were collected at each time point and the total
lysates were then lysed in RIPA or Laemmli buffer. Protein levels of
Notch1 were determined by immunoblotting with anti-Myc at dilu-
tions of 1:3000 [51].

2.8. Coimmunoprecipitation assays

The cells were lysed in 1 ml of radioimmunoprecipitation Assay
(RIPA) buffer for 30 min at 4 °C. After centrifugation at 12,000 ×g for
20 min, supernatants were subjected to immunoprecipitation with the
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appropriate antibodies coupled to protein A-agarose beads. The resulting
immunoprecipitates were washed three times with phosphate-buffered
saline (PBS; pH 7.4). Laemmli sample buffer was then added to the
immunoprecipitated pellets. The pellets were heated at 95 °C for 5 min
and then analyzed by sodiumdodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE).Westernblottingwasperformedwith the indicated
antibodies [52].

2.9. Immunocomplex kinase assay

To analyze the kinase activity, confluent cells were harvested and
lysed in lysis buffer. Cell lysates were then subjected to 10 min of cen-
trifugation at 12,000 ×g and 4 °C. The soluble fraction was incubated
for 1 h with appropriate antibodies against the indicated protein ki-
nases at 4 °C. The immunocomplexes were then coupled to protein
G-agarose during an additional 1 h of incubation at 4 °C, after which
they were pelleted by centrifugation. The immunopellets were rinsed
three times with lysis buffer and then twice with 20 mM HEPES, at a
pHof 7.4. Immunocomplex kinase assayswere conducted by incubation
of the immunopellets for 30 min at 30 °C with 2 μg of substrate pro-
teins in 20 μl reaction buffer containing 0.2 mM sodium orthovanadate,
10 mMMgCl2, 2 μCi [γ32P] ATP, 20 mMHEPES (pH 7.4). Phosphorylat-
ed substrates were then visualized by SDS-PAGE and quantified using a
Fuji FLA 7000 phosphorimager [50].

2.10. Immunofluorescence staining

Assays were conducted as previously described with HEK293 cells
plated at a density of 1×105 cells per well onto coverslips (Fisher)
[48]. The cultured cells were fixed with 4% paraformaldehyde (Sigma)
in phosphate-buffered saline (PBS), and then permeabilized with 0.1%
Triton X-100 in PBS. Cells were blocked in 1% BSA in PBS. anti-Myc an-
tibody and anti-FlagM2 antibody (Sigma) were used as the primary an-
tibodies at a dilution of 1:100 and the cells were washed three times in
PBS. Mouse secondary antibodies conjugated to Alexa Fluor 488, and
Alexa Fluor 532 (Invitrogen) was added and the DNA dye ToPro3 was
used for nuclear localization. The stained cells were evaluated for local-
ization using confocalmicroscopy (Leica TCS SPE). For each experiment,
at least 300 cells were examined, and the images shown here represent
the typical staining pattern observed for a majority of cells.

2.11. Cloning and preparation of recombinant proteins

A full-length mouse CaMKIV gene, a mouse Notch1 gene, and dele-
tion mutants were constructed via PCR and inserted into either the
mammalian expression vector p3XFlag-CMV (Sigma) or the bacterial
expression vector pGEX4T-3 (Amersham Pharmacia). The Notch1-IC
deletion mutants constructed for the present study were Notch1-IC-
RAM-ANK (amino acid residues 1744 to 2110), Notch1-IC-RAM (amino
acid residues 1744 to 1870), Notch1-IC-OPA (amino acid residues 2076
to 2369), and Notch1-IC-PEST (amino acid residues 2369 to 2531).
The Myc-tagged Notch1-IC (pCS2-Myc-Notch1-IC), 4xCSL-Luc, Hes1-
Luc and Hes5-Luc were a kind gifts from Raphael Kopan (Washington
University, St. Louis, MO). Expression of the recombinant glutathione
S-transferase (GST) fusion proteins within the transformed bacteria
was induced using 1 mM isopropyl-β-D-thiogalactopyranoside (Sigma).
GST fusion proteins were purified with glutathione (GSH)-agarose
beads (Sigma), in accordance with the manufacturer's instructions.

3. Results

3.1. CaMKIV and Notch1 are required for RANKL-induced
osteoclast differentiation

RANKL is a ligand for osteoprotegerin and functions as a key factor for
osteoblast differentiation and activation. To confirm the effect of RANKL
on osteoclast differentiation, Raw264.7 cells were stimulated with
recombinant RANKL. The number of large multinucleated tartrate-
resistant acid phosphatase (TRAP)-positive osteoclasts increased after
RANKL treatment, suggesting that RANKL was sufficient to promote os-
teoclast differentiation (Fig. 1A). The CaMKIV protein is expressed in
osteoclast precursor cells and activated after RANKL stimulation and
thereby crucial for osteoblast differentiation and function [15]. To clarify
the role of endogenous CaMKIV in the regulation of RANKL induced
osteoclastogenesis, we assessed the effects of the CaMKIV inhibitor on
the RANKL induced osteoclast differentiation. Coincident with previous
report, inhibition of CaMKIV by the general CaMKs inhibitor KN-93
suppressed the formation of TRAP-positive multinucleated osteoclast
(Fig. 1B). The role of endogenousNotch1 in theRANKL-inducedosteoclast
differentiation was further evaluated by the knockdown of Notch1 using
N-[N-(3,5-difluorophenylacetyl-l-alanyl)]-S-phenylglycine t-butylester
(DAPT), which is a gamma-secretase inhibitor. DAPT was shown to effi-
ciently block the presenilin/gamma-secretase complex [53] and, conse-
quently, it efficiently prevents activation of the Notch response [54,55].
We then assessedwhether DAPT regulates RANKL-induced osteoclast dif-
ferentiation. Inhibition of Notch1-IC generation using DAPT suppressed
the formation of TRAP-positive multinucleated osteoclast (Fig. 1B). The
role of endogenous Notch1 in RANKL-induced osteoclast differentiation
was further evaluated by the knockdown of Notch1 using short interfer-
ence Notch1. Unlike what was observed in the control short interference
plasmid-transfected cells, the cells transfected with short interference
Notch1 showed low expression levels of Notch1 (data not shown).
TRAP-positive multinucleated cells, which were stimulated by RANKL,
were down regulated through the knock-down of Notch1 expression
(Fig. 1C). These results indicate that the level of CaMKIV and Notch1-IC
might affect RANKL-induced osteoclast differentiation.

3.2. CaMKIV increases the transcriptional activity of Notch1 target genes

To determine whether CaMKIV is involved in regulating the tran-
scriptional activation of Notch1 target genes, a reporter assay was
performed with HEK293 cells using luciferase reporter genes. In this
experiment, two types of luciferase reporter genes were evaluated
under the control of the Hes1 promoter (Hes1-Luc) and the artificial
four-time repeat of the CSL (4XCSL-Luc) binding sequence. We inves-
tigated the effect of CaMKIV on Notch1-IC transcriptional activity. The
HEK293 cells were transfected with 4XCSL-Luc and either Notch1-IC
or an empty vector. As expected, Notch1-IC-mediated transcriptional
activity was increased in these samples. The Notch1-IC induced
4XCSL luciferase reporter activity was increased by cotransfection
with CaMKIV in a dose-dependent manner (Fig. 2A). We also ob-
served similar results using the Hes1-Luc reporter systems (Fig. 2B).
To determine the effect of CaMKIV in the absence and presence of en-
dogenous Notch1-IC, a transcription reporter assay was performed
using PS1/2+/+ and PS1/2−/− MEF cells. The transcriptional activity
of Notch1-IC after CaMKIV treatment gradually increased in both
PS1/2+/+ and PS1/2−/− MEF cells. (Fig. 2C, D). These data demon-
strate that CaMKIV could activate Notch1 reporter activity despite
the absence of Notch1-IC generation, suggesting that CaMKIV, at least
in part, could regulate Notch1 target gene expression in a Notch1-IC in-
dependent manner. However, the absolute value of three reporter sys-
tems was higher in PS1/2+/+ MEF cells than PS1/2−/− MEF cells,
suggesting that Notch1-IC and CaMKIV has a synergic effect on
Notch1 reporter activity. To investigate whether the transcriptional ac-
tivation of endogenous Notch1 target genes by CaMKIV occurs through
a RBP-Jk dependent manner, a transcription reporter assay was per-
formed using the dominant negative form of RBP-Jk (RBP-Jk-DN). In
the luciferase reporter gene assay with PS1/2−/− cells, RBP-Jk DN was
co-transfected with CaMKIV, and the effect of this transfection on the
transcriptional activation of Notch1 target genes was then assessed
using 4XCSL-Luc, Hes1-Luc. The transcriptional activity of Notch1-IC
was increased by CaMKIV, and down-regulated by cotransfection with



Fig. 1. CaMKIV and Notch1 are required for RANKL-induced osteoclast differentiation. (A) Raw264.7 cells were plated in 96-well plates and cultured in complete medium in the
presence of 20 ng/ml of RANKL. (B) Raw264.7 cells were plated in 96-well plates and cultured in complete medium in the presence of 20 ng/ml of RANKL, 5 μM of KN93, and
5 μM of DAPT as indicated. (C) Raw264.7 cells were transfected with expression vectors for si-Control or si-Notch1 for 48 h and plated in 96-well plates and cultured in complete
medium in the presence of 20 ng/ml of RANKL. (A-C) After 4–6 days, the cells were fixed with 3.8% paraformaldehyde and osteoclasts were detected by staining for
Tartrate-resistant acid phosphatase (TRAP). All results were representative of at least three independent experiments.
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CaMKIV and RBP-Jk DN (Fig. 2E). Similar results were also observed
using theHes5-Luc reporter systems (data not shown). These results in-
dicated that the increase in the transcriptional activity of Notch1-IC by
CaMKIV was independent of Notch1-IC and dependent on RBP-Jk.

3.3. Notch1-IC interacts directly with CaMKIV in intact cells

Given that our results suggest that Notch1-IC is a target of CaMKIV,
we next investigated whether these two proteins interact physically
in intact cells. In the in vitro binding studies, purified GST and GST-
Notch1-IC proteins were immobilized on GSH-agarose. Cell lysates
expressing Flag-CaMKIV were incubated either with immobilized GST
or with GST-Notch1-IC on GSH-agarose. The interaction between GST-
Notch1-IC and CaMKIV was detected on bead complexes (Fig. 3A).
HEK293 cells were cotransfected with vectors encoding Flag-tagged
CaMKIV and Myc-tagged Notch1-IC and were then subjected to
coimmunoprecipitation analysis. Immunoblot analysis of Flag immuno-
precipitates from the transfected cells with an anti-Myc antibody re-
vealed that Flag-CaMKIV physically associated with Myc-Notch1-IC in
the cells (Fig. 3B). We examined whether endogenous CaMKIV and
Notch1-IC could interact in intact cells. Immunoblot analysis of the
CaMKIV immunoprecipitates using an anti-Notch1-IC antibody indicat-
ed that endogenous CaMKIV and Notch1-IC were physically associated
in intact cells (Fig. 3C).We also examinedwhether endogenous CaMKIV
and Notch1-IC could interact during RANKL-induced osteoclast differ-
entiation. Immunoblot analysis of the CaMKIV immunoprecipitates
using an anti-Notch1-IC antibody indicated that endogenous CaMKIV
and Notch1-IC were physically associated during RANKL-induced
osteoclast differentiation in Raw264.7 cells (Fig. 3D). Immunofluores-
cence staining was performed to verify the subcellular localization of
CaMKIV and Notch1-IC. HEK293 cells were transfected with vector
encoding Myc-tagged Notch1-IC, Flag-tagged CaMKIV. Notch1-IC is lo-
calized mainly in the nucleus, and CaMKIV is distributed in both the
nucleus and cytoplasm.We then attempted to assess the subcellular lo-
calization of CaMKIV within HEK293 cells in the presence of Notch1-IC.
When the cells were coexpressed with Notch1-IC, CaMKIV had slightly
accumulated in the nucleus (Fig. 3E). These data indicate that Notch1-IC
and CaMKIV may exist within the same compartment. Notch1-IC has
a CDC 10/Ankyrin domain that includes a RAM domain and seven
Ankyrin repeats, anOPAdomain and a PEST domainwithin its structure.
We investigatedwhich of these domainsmight be involved in the inter-
action between Notch1-IC and CaMKIV. We used a variety of Flag-
tagged Notch1 deletion mutant: Notch1-IC-N (CDC 10/ANK domain),
Notch1-IC-ΔNΔC (OPA domain), or Notch1-IC-C (PEST domain). We
performed coimmunoprecipitation using three Notch1-IC deletion mu-
tants and endogenous CaMKIV. Our results show that CaMKIV bound to
the Notch1-IC-N mutant that contained RAM-ANK but not to the mu-
tants that contained either the OPA or PEST domains (Fig. 3F). In these
experiments, we demonstrated that Notch1-IC physically interacts
with CaMKII via the N-terminal CDC 10/Ankyrin domain.

3.4. CaMKIV up-regulates the Notch1-IC protein stability

To observe the effects of CaMKIV on the molecular interactions be-
tween Notch1-IC and RBP-Jk, coimmunoprecipitation was performed
by cotransfection of Myc-Notch1-IC, HA-RBP-Jk, and Flag-CaMKIV.



Fig. 2. CaMKIV increases the transcriptional activity of Notch1 target genes. (A) HEK293 cells were transfected with expression vectors for 4xCSL-Luc and β-galactosidase, along
with Notch1-IC and CaMKIV, as indicated. (B) HEK293 cells were transfected with expression vectors for Hes1-Luc and β-galactosidase, along with Notch1-IC and CaMKIV, as in-
dicated. (C, D) PS1/2+/+ and PS1/2−/− MEF cells were transfected with expression vectors for 4xCSL-Luc and Hes1-Luc, and β-galactosidase, along with CaMKIV as indicated.
(E) PS1/2−/− cells were transfected with expression vectors for 4xCSL-Luc and Hes1-Luc, and β-galactosidase, along with CaMKIV and the dominant negative form of RBP-Jk
(RBP-Jk-DN). (A–E) After 48 h of transfection, the cells were lysed and the luciferase activity determined. ANOVA, *Pb0.001.
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Notch1-IC and RBP-Jk were coimmunoprecipitated, but when they
were cotransfected with CaMKIV, the band intensity corresponding to
the interaction between Notch1-IC and RBP-Jk was enhanced (Fig. 4A).
Immunoprecipitationwasperformed on cell lysates using an anti-HAan-
tibody and immunoblotting was performedwith the anti-Myc antibody.
Surprisingly, in the cell lysate immunoblot, the level of Notch1-IC protein
was up-regulated upon cotransfection with CaMKIV (Fig. 4A), which
shows that CaMKIV may regulate the steady state level of Notch1-IC
protein.

Next, HEK293 cells were subjected to western blot analysis to de-
termine whether CaMKIV plays a role in the regulation of the Notch1-
IC protein level. When HEK293 cells were cotransfected with Notch1-
IC and CaMKIV, the Notch1-IC protein level was found to be increased
by CaMKIV treatment in a dose-dependent manner (Fig. 4B). To de-
termine whether the kinase activity of CaMKIV plays a role in the
regulation of the Notch1-IC protein level, cells were cotransfected with
Myc-tagged Notch1-IC, Flag-tagged CaMKIV and Flag-tagged CaMKIV
K75E. The Notch1-IC protein level was shown to increase upon
cotransfection with CaMKIV but was decreased upon cotransfection
with the inactive form of CaMKIV (CaMKIV K75E) (Fig. 4C). This result
showed that the kinase activity of CaMKIV is essential for the regulation
of the Notch1-IC protein level. We determined the protein stability of
Notch1-IC using cycloheximide, an inhibitor of protein translation, in
the presence and absence of CaMKIV. After cycloheximide treatment,
the amount of Notch1-IC was analyzed by immunoblotting. The level
of Notch1-IC protein gradually decreased, where approximately half of
the protein was degraded after 1 h in the absence of CaMKIV (Fig. 4D).
Upon cycloheximide treatment, the level of Notch1-IC protein slowly
decreased, where approximately half of the protein was degraded after
more than 6 h in the presence of CaMKIV (Fig. 4D). This result dem-
onstrated that Notch1-IC was slowly turned over in the presence of
CaMKIV.

3.5. CaMKIV positively regulates Notch1 signaling through an E3 ligase,
Fbw7

Given that our data suggest that CaMKIV regulates Notch1-IC pro-
tein stability. We next investigated whether CaMKIV regulates Notch1
protein stability through Fbw7. HEK293 cells were cotransfected with
vectors coding for Myc-tagged Notch1-IC, Flag-tagged CaMKIV, and
His-tagged Ubiquitin, and were then subjected to ubiquitylation analy-
sis. Immunoblot analysis of the His immunoprecipitates from the
transfected cells using an anti-Myc antibody showed that CaMKIV re-
duces the ubiquitylation of Notch1-IC in a dose-dependent manner
(Fig. 5A). Generally, the ubiquitylation of proteins leads to their rapid
degradation, and Notch1-IC is degraded by the ubiquitin-proteasome
system in the nucleus. Notch1-IC is ubiquitinated by the F-box protein
Fbw7/Sel-10/hCdc4/Ago, which was first isolated during the genetic
screening of negative regulators of Notch in C. elegans [56].Weexpected
that CaMKIV might act as a mediator for the positive regulation of
Notch1-IC by Fbw7. When Fbw7 was cotransfected with Notch1-IC
and CaMKIV, the transcriptional activation of Notch1 was increased

image of Fig.�2


Fig. 3. Notch1-IC interacts directly with CaMKIV in intact cells. (A) The Flag-CaMKIV expressing cell lysates were subjected to GST pull-down experiments with immobilized GST,
GST-Notch1-IC. Proteins bound to GST, GST-Notch1-IC were analyzed via immunoblotting with anti-Flag antibody. (B) HEK293 cells were transfected for 48 h with expression vec-
tors encoding Myc-Notch1-IC and Flag-CaMKIV, as indicated. After transfection, the cell lysates were subjected to immunoprecipitation with anti-Flag antibody. The immunopre-
cipitates were then immunoblotted with anti-Myc antibody, respectively. (C) HEK293 cells were lysed and subjected to immunoprecipitation with IgG and anti-Notch1-IC
antibodies, as indicated. The immunoprecipitates were immunoblotted with anti-CaMKIV antibody. (D) Raw264.7 cells were cultured in complete medium in the presence of
20 ng/ml of RANKL. After 2 days, the cells were lysed and subjected to immunoprecipitation with IgG and anti-Notch1-IC antibodies, as indicated. The immunoprecipitates were
immunoblotted with anti-CaMKIV antibody. (E) The cells were fixed and CaMKIV and Notch1-IC were stained with Alexa Fluor 488 (green) and Alexa Fluor 555 (red) and examined
by confocal microscopy. White Scale bar, 25 μm. (F) HEK293 cells were transfected for 48 h with the indicated combinations of expression vectors for Flag-Notch1-IC,
Flag-Notch1-IC-N, Flag-Notch1-IC-ΔNΔC, Flag-Notch1-IC-C. The cell lysates then were subjected to immunoprecipitation with anti-Flag antibody, and the resulting precipitates
were subjected to immunoblotting analysis with anti-CaMKIV antibody.
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(Fig. 5B). These results revealed that CaMKIV contributed to Fbw7-
independent Notch1-IC degradation in Notch1-IC reporter activity
(Fig. 5B). To determine the effects of CaMKIV on the molecular interac-
tions between the constitutively active form of GFP-tagged Notch1
(ΔEN1-GFP) and Fbw7, coimmunoprecipitation was performed by
cotransfection of ΔEN1-GFP, Myc-Fbw7, and Flag-CaMKIV. Notch1-IC
and Fbw7 coimmunoprecipitated but when they were cotransfected
with CaMKIV, a band of Notch1-IC that interacted with Fbw7 decreased
(Fig. 5C). HEK293 cells were cotransfected with vectors coding for
Myc-tagged Notch1-IC, HA-tagged ubiquitin, GFP-tagged Fbw7, and
Flag-tagged CaMKIV, and were then subjected to ubiquitylation analy-
sis. Immunoblot analysis of the Myc immunoprecipitates from the
transfected cells with an anti-HA antibody showed that Fbw7 facilitated
the ubiquitylation of Notch1-IC, and CaMKIV decreases Fbw7-dependent
Notch1-IC ubiquitylation (Fig. 5D). These results suggest that CaMKIV
improves Notch1-IC protein stability by inhibiting the interaction be-
tween Fbw7 and Notch1-IC.
3.6. CaMKIV-mediated phosphorylation of Notch1-IC inhibits the
degradation of Notch1-IC

Given that our results suggest that Notch1 is a target of CaMKIV,
we next investigated whether CaMKIV phosphorylates Notch1-IC.
CaMKIV preferentially phosphorylates substrate protein serine and
threonine residues that lie in an R-X-X-S/T. We conducted a kinase
assay with Flag-CaMKIV and purified GST-Notch1-IC. The Flag-CaMKIV
immunocomplexes prepared from cells catalyzed the phosphorylation
of purified recombinant GST-Notch1-IC, but not GST-Fbw7 (Fig. 6A).
In silico studies have shown that the Notch1-IC contains possible con-
served serine residues in vertebrates; these serine residues are accessi-
ble and located in the Ankyrin domain, and in front of the C-terminus of
Notch1-IC. This motif is present at amino acids 2060–2063, and 2170–
2173 of Notch1-IC. Furthermore, via site-directed mutagenesis, we de-
termined that the replacement of serine 2063, serine 2173, and serine
2063/2173 of Notch1-IC with alanine, caused a reduction in the in
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Fig. 4. CaMKIV up-regulates the Notch1-IC protein stability. (A) HEK293 cells were transfected for 48 h with expression vectors encoding the indicated combinations of Myc-Notch1-IC,
HA-RBP-Jk, and Flag-CaMKIV. Cell lysates were subjected to immunoprecipitation with anti-HA antibody and the immunoprecipitates were immunoblotted with anti-Myc antibody. (B)
HEK293 cellswere transfected for 48 hwith expression vectors encoding the indicated combinations ofMyc-Notch1-IC and Flag-CaMKIV. (C) HEK293 cells were transfected for 48 hwith
expression vectors encoding the indicated combinations of Myc-Notch1-IC , Flag-CaMKIV, and Flag-CaMKIV K75E (catalytic inactive form). (D) HEK293 cells were transfected with
expression vectors encoding Myc-Notch1-IC and Flag-CaMKIV in the indicated combinations. HEK293 cells were treated with 100 μM cycloheximide (CHX) for the indicated periods
of time, and the cell lysates were immunoblotted with anti-Myc antibodies.
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vitro phosphorylation of the recombinant protein by the CaMKIV immu-
noprecipitates (Fig. 6B). Moreover, we demonstrated that the Notch1-IC
mutant (S2173A) is resistant to CaMKIV-induced inhibition of Notch1-IC
degradation, which implies that the CaMKIV-induced phosphorylation
Fig. 5. CaMKIV positively regulates Notch1 signaling via an E3 ligase, Fbw7. (A) HEK293 cell
His-Ub as indicated. After 48 h of transfection, the cell lysates were incubated with Ni2+−NT
noprecipitates were then immunoblotted with an anti-Myc antibody. (B) HEK293 cells wer
4×CSL-Luc reporter in the indicated combinations. After 48 h of transfection, the cells were
transfected for 48 h with expression vectors encoding the indicated combinations of ΔEN1-
itation with anti-Myc antibody, and the immunoprecipitates were immunoblotted with an
Myc-Notch1-IC, HA-Ub, GFP-Fbw7, and Flag-CaMKIV as indicated. After 42 h of transfectio
were subjected to immunoprecipitation with anti-Myc antibodies. The immunoprecipitates
of Notch1-IC is crucial for the inhibition of theNotch1 protein degradation
(Fig. 6C). We then attempted to characterize the involvement of phos-
phorylation in the poly-ubiquitylation of Notch1-IC by Fbw7. HEK293
cells were co-transfected with vectors coding for Myc-tagged Notch1-IC,
s were transfected with expression vectors encoding Myc-Notch1-IC, Flag-CaMKIV, and
A agarose beads to precipitate Histidinated (hence ubiquitinated) proteins. The immu-
e transfected with expression vectors encoding Notch1-IC, CaMKIV, and Fbw7 with the
lysed and the luciferase activity determined. ANOVA, *Pb0.001. (C) HEK293 cells were
GFP and Myc-RBP-Jk, and Flag-CaMKIV. Cell lysates were subjected to immunoprecip-
ti-GFP antibody. (D) HEK293 cells were transfected with expression vectors encoding
n, the cells were treated with MG132 (5 μM) for 6 h as indicated, and the cell lysates
were then immunoblotted with an anti-HA antibody.
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Fig. 6. CaMKIV-mediated phosphorylation of Notch1-IC inhibits the degradation of Notch1-IC. (A) HEK293 cells were transfected with expression vectors encoding Flag-CaMKIV as
indicated. After 48 h of transfection, the cell lysates were subjected to immunoprecipitation with an anti-Flag antibody, and the resulting precipitates were examined for CaMKIV
kinase activity by an immune complex kinase assay using GST-Notch1-IC. (B) HEK293 cells were transfected with expression vectors encoding Flag-CaMKIV as indicated. After 48 h
of transfection, the cell lysates were subjected to immunoprecipitation with an anti-Flag antibody, and the resulting precipitates were examined for CaMKIV kinase activity by an
immune complex kinase assay using GST-Notch1-IC, GST-Notch1-IC (S2063A), GST-Notch1-IC (S2173A), and GST-Notch1-IC (S2063A/S2173A). (C) HEK293 cells were transfected
with expression vectors encoding Myc-Notch1-IC, Myc-Notch1-IC (S2173A), and Flag-CaMKIV as indicated. After 48 h of transfection, the cell lysates were subjected to immuno-
blotting with an anti-Myc and anti-Flag antibody. (D) HEK293 cells were transfected with expression vectors encoding Myc-Notch1-IC, Myc-Notch1-IC (S2173A), HA-Ub,
GFP-Fbw7, and Flag-CaMKIV as indicated. After 42 h of transfection, the cells were treated with MG132 (5 μM) for 6 h as indicated, and the cell lysates were subjected to immu-
noprecipitation with anti-Myc antibodies. The immunoprecipitates were then immunoblotted with an anti-HA antibody. (E) Raw264.7 cells were transfected with expression vec-
tors for Notch1-IC, Notch1-IC (S2173A) and treated CaMKIV inhibitor KN-93 as indicated. After 24 h, cells were cultured in complete medium in the presence of 20 ng/ml of RANKL.
After 4–5 days, the cells were fixed with 3.8% paraformaldehyde and osteoclasts were detected by staining for Tartrate-resistant acid phosphatase (TRAP).
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Myc-tagged Notch1-IC (S2173A), HA-tagged Ubiquitin, GFP-tagged
Fbw7, and FLAG-tagged CaMKIV, and were then subjected to
ubiquitylation analysis. Immunoblot analysis of the anti-Myc anti-
body immunoprecipitates from the transfected cells with an anti-
HA antibody showed that CaMKIV and thewild type Notch1-IC reduced
the ubiquitylation of Notch1-IC and that mutant Notch1-IC increased
the ubiquitylation of Notch1-IC (Fig. 6D). These results showed that
the phosphorylation of Notch1-IC by CaMKIV is crucial to its augmenta-
tion of Notch1-IC stability. To determine the effect of phosphorylation of
Notch1-IC by CaMKIV on osteoclast differentiation, we performed TRAP
staining. RANKL-induced osteoclast differentiation was reduced by
KN93, and recovered by over-expression of Notch1-IC, but not recov-
ered by over-expression of Notch1-IC (S2173A) (Fig. 6E). These results
showed that phosphorylation of Notch1-IC by CaMKIV plays critical role
in the RANKL-induced osteoclast differentiation.

4. Discussion

RANKL stimulates osteoclast differentiation in uncommitted cells
of the monocyte-macrophage lineage by interacting with its cell-
surface receptor, receptor activator of NF-κB (RANK) [1,2]. Recent reports
have shown that the CaMKIV proteinwas expressed in osteoclast precur-
sor cells and activated after RANKL stimulation In addition CaMKIV, has
been shown to be crucial in regulating osteoclast differentiation and
acquisition of bone-resorbing activity [15–17]. Recent reports have
shown that RANKL induces mRNA and protein expression of Hes1,
a downstream target gene of the Notch1 signaling [22,24]. However,
themechanism behind this regulation has not been clearly established. In
this study, we demonstrated that RANKL-induced CaMKIV enhanced the
transcriptional activity of Notch1-IC, and the kinase activity of CaMKIV
was essential for this function. CaMKIV augmentedNotch1-IC protein sta-
bility by suppressing the proteasomal degradation of Notch1-IC proteins,
which induced osteoclast differentiation.

Although multiple lines of evidence indicate that Notch signaling
dysfunction results in bone disease, the specific role for Notch in regu-
lating osteoclastogenesis is still controversial. The possible involvement
of Notch signaling in osteoclastogenesis was examined through in vitro
and in vivo studies. Immobilized Delta-1 and constitutive active form of
Notch1 caused increased expression of RANKL and OPG genes and
strongly inhibited M-CSF gene expression, which negatively regulates
osteoclastogenesis [47]. Osteoblast specific deletion of both Notch1
and Notch2, and specific deletion of presenilin 1 and presenilin 2, re-
sults in the induction of RANKL expression and suppression of OPG
expression [57,58]. On the other hand, Notch 2, Jagged 1 and Hes 1
are up-regulated during RANKL-induced osteoclastogenesis [22–24].
Gamma-secretase inhibitor or Notch 2 short hairpin RNA suppresses
RANKL-induced osteoclastogenesis [23]. These results imply that
Notch signaling positively regulates osteoclastogenesis. Our results
demonstrated that a gamma-secretase inhibitor or Notch1 short hairpin
RNA suppressed RANKL-induced osteoclastogenesis, suggesting that
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Notch1 signaling may also be involved in the regulation of osteoclast
differentiation. We also found that the CaMKs inhibitor inhibits
RANKL-induced osteoclast differentiation. These results suggest that
CaMKIV and Notch1 signaling play a critical role in the regulation of
osteoclastogenesis.

Several recent studies have shown that ubiquitination mediated
protein degradation plays a role in the regulation of Notch1 signaling
through degradation of Notch1 ligands, Notch1 itself, and RBP-Jk
[48,51,59,60]. This study provides the first evidence that CAMKIV is
an endogenous positive regulator of the Notch signaling pathway by
preventing the degradation of the Notch1-IC proteins. When CAMKIV
activity was enhanced by RANKL, the Notch1 transcriptional activity
was significantly increased in HEK293 cells. On the other hand, when
CAMKIV was overexpressed, the Notch1 transcriptional activity was
markedly increased in a dose-dependent manner. Our findings provide
unequivocal evidence that CAMKIV is an endogenous signaling agent
that up-regulates Notch1-IC transcriptional activity. Our result showed
that in vivo and in vitro binding between CaMKIV and Notch1-IC, and
the N-terminal domain of Notch1-IC, was critical to the binding of
CaMKIV. When Notch1-IC interacts with RBP-Jk, co-repressors dissoci-
ated, and formed a transcriptional active complex that activated RBP-
Jk-dependent transcription [30]. Our result showed that interaction be-
tweenNotch1-IC andRBP-Jkwas enhanced by CaMKIV due to improved
Notch1-IC protein stability.

Our findings reveal that CaMKIV kinase activity plays a crucial role
in the proteasomal degradation of Notch1-IC. Notch1-IC and Fbw7
contain a conserved consensus site that can bind to CaMKIV, and
Notch1-IC is phosphorylated by CaMKIV. Furthermore, we demon-
strated that CaMKIV mediated Notch1-IC phosphorylation of serine
Fig. 7. Schematic diagram for regulation of osteoclast differentiation by CaMKIV and Notch1
domain (Notch1-IC), followed by its nuclear translocation. The nuclear translocation of No
genes. The stability of Notch1-IC is regulated through its PEST (polypeptide enriched in p
8 (CDK8) and other kinases phosphorylate the Notch1-IC and facilitate Fbw7 dependent ubi
with costimulatory receptors to trigger an increase in Ca2+ concentration. An increased intr
(CaMKIV). CaMKIV interacts with Notch1-IC and phosphorylates Notch1-IC. Notch signaling
[23]. Surprisingly, phosphorylation of Notch1-IC by CaMKIV protects against the degradatio
2173 resulted in an increase of the Notch1-IC protein level and de-
crease in the ubiquitylation of Notch1-IC. Therefore, phosphorylation
of Notch1-IC by CaMKIV is a possible mechanism that regulates
Notch1-IC signaling. However, in our earlier report, we showed that
phosphorylation on S2173 of Notch1-IC by ILK decreased the stability
of Notch1-IC through Fbw7 [48]. This raised the question of how does
the same phosphorylation site have two different functions? We as-
sumed that each signaling event occurred through different co-factors.
These different binding partners might have a different effect on the
same protein. This is still an unknown mechanism, and must be inten-
sively investigated. This study suggests a novel role of CaMKIV in increas-
ing Notch signaling. Because CaMKIV activation increases Notch1-IC
phosphorylation, it is expected to reduce Notch1-IC ubiquitylation and
degradation.

A recent report has shown that the CaMKIV protein was expressed
in osteoclast precursor cells and activated after RANKL stimulation. In
addition, CaMKIV was shown to be crucial in regulating osteoclast dif-
ferentiation, and acquisition of bone-resorbing activity [15,16]. We
have shown that RANKL induced osteoclast differentiationwas reduced
by KN93, DAPT. Notch signaling negatively or positively regulates oste-
oclast differentiation [22,23,29,44]. Especially, the Notch-dependent
Hes1 mRNA and protein expression level was increased in RANKL
stimulated osteoclast cells [22,23]. Our data demonstrated that RANKL
induced osteoclast differentiation was suppressed by KN93, and
recovered by Notch1-IC. However, the phosphorylation deficient form
of Notch1-IC could not rescue osteoclast differentiation, suggesting
that RANKL-induced CaMKIV mediated phosphorylation of Notch1-IC
is critical for osteoclast differentiation. Previous reports have shown
that activated Notch signaling enhance the expression of NFATc1
-IC. Notch1 proteins are activated by a series of cleavages that release its intracellular
tch1-IC recruits the transcription activator complex and drives transcription of target
roline, glutamate, serine and threonine) domain. Binding of cyclin-dependent kinase
quitylation and proteasomal degradation. After stimulation of RANKL, RANK cooperates
acellular Ca2+ concentration stimulates Ca2+/calmodulin-dependent protein kinase IV
enhances NFATc1 promoter activity and expression and promotes osteoclastogenesis
n of Notch1-IC via Fbw7 and thereby increases osteoclast differentiation.
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through RBP-Jk dependent mechanism [23]. These results suggest that
Notch1-IC acts as a positive regulator of osteoclast differentiation. There-
fore, our results demonstrated that CaMKIV increase RANKL-induced os-
teoclast differentiation by increasing Notch1-IC stability.

In summary, we have found that phosphorylation of Notch1-IC by
CaMKIV inhibits the proteasomal degradation of Notch1-IC through
Fbw7 (Fig. 7). The findings of this study indicate that up-regulated
Notch1-IC by CaMKIV accelerates osteoclast differentiation, and inhibi-
tors of CaMKIV and Notch1-IC could be therapeutic targets of bone dis-
eases, such as osteoporosis.
Acknowledgments

Wewould like to thankRaphael Kopan (WashingtonUniversityMed-
ical School) for the Notch-related constructs, Kwonseop Kim (Chonnam
National University) for proving GFP-ΔEN1. Kristen A. Anderson (Duke
University Medical Center) for providing us with the CaMKIV and
CaMKIV K75E constructs, and Bruce E. Clurman (Fred Hutchinson Cancer
Research Center) for the Fbw7 construct. This study was supported by a
grant of the KoreaHealthcare TechnologyR&DProject,Ministry of Health
& Welfare, Republic of Korea (A100455) (H.-S.P.) and by Basic Science
Research Program through the National Research Foundation of Korea
(NRF) funded by the Ministry of Education, Science and Technology
(2011-0014796) (M.-Y.K.).
References

[1] D.L. Lacey, E. Timms, H.L. Tan, M.J. Kelley, C.R. Dunstan, T. Burgess, R. Elliott, A.
Colombero, G. Elliott, S. Scully, H. Hsu, J. Sullivan, N. Hawkins, E. Davy, C.
Capparelli, A. Eli, Y.X. Qian, S. Kaufman, I. Sarosi, V. Shalhoub, G. Senaldi, J. Guo,
J. Delaney, W.J. Boyle, Osteoprotegerin ligand is a cytokine that regulates osteo-
clast differentiation and activation, Cell 93 (1998) 165–176.

[2] J. Li, I. Sarosi, X.Q. Yan, S. Morony, C. Capparelli, H.L. Tan, S. McCabe, R. Elliott, S.
Scully, G. Van, S. Kaufman, S.C. Juan, Y. Sun, J. Tarpley, L. Martin, K. Christensen, J.
McCabe, P. Kostenuik, H. Hsu, F. Fletcher, C.R. Dunstan, D.L. Lacey, W.J. Boyle, RANK
is the intrinsic hematopoietic cell surface receptor that controls osteoclastogenesis
and regulation of bone mass and calcium metabolism, Proc. Natl. Acad. Sci. U. S. A.
97 (2000) 1566–1571.

[3] W.C. Dougall, M. Glaccum, K. Charrier, K. Rohrbach, K. Brasel, T. De Smedt, E. Daro, J.
Smith, M.E. Tometsko, C.R. Maliszewski, A. Armstrong, V. Shen, S. Bain, D. Cosman,
D. Anderson, P.J. Morrissey, J.J. Peschon, J. Schuh, RANK is essential for osteoclast
and lymph node development, Genes Dev. 13 (1999) 2412–2424.

[4] Y.Y. Kong, H. Yoshida, I. Sarosi, H.L. Tan, E. Timms, C. Capparelli, S. Morony, A.J.
Oliveira-dos-Santos, G. Van, A. Itie, W. Khoo, A. Wakeham, C.R. Dunstan, D.L. Lacey,
T.W. Mak, W.J. Boyle, J.M. Penninger, OPGL is a key regulator of osteoclastogenesis,
lymphocyte development and lymph-node organogenesis, Nature 397 (1999)
315–323.

[5] W.J. Boyle, W.S. Simonet, D.L. Lacey, Osteoclast differentiation and activation,
Nature 423 (2003) 337–342.

[6] F. Verrecchia, C. Tacheau, E.F. Wagner, A. Mauviel, A central role for the JNK path-
way in mediating the antagonistic activity of pro-inflammatory cytokines against
transforming growth factor-beta-driven SMAD3/4-specific gene expression,
J. Biol. Chem. 278 (2003) 1585–1593.

[7] H. Huang, J. Ryu, J. Ha, E.J. Chang, H.J. Kim, H.M. Kim, T. Kitamura, Z.H. Lee, H.H. Kim,
Osteoclast differentiation requires TAK1 and MKK6 for NFATc1 induction and
NF-kappaB transactivation by RANKL, Cell Death Differ. 13 (2006) 1879–1891.

[8] Z.H. Lee, H.H. Kim, Signal transduction by receptor activator of nuclear factor
kappa B in osteoclasts, Biochem. Biophys. Res. Commun. 305 (2003) 211–214.

[9] M. Matsuoka, B. Wispriyono, H. Igisu, Increased cytotoxicity of cadmium in fibro-
blasts lacking c-fos, Biochem. Pharmacol. 59 (2000) 1573–1576.

[10] H. Takayanagi, S. Kim, K. Matsuo, H. Suzuki, T. Suzuki, K. Sato, T. Yokochi, H. Oda,
K. Nakamura, N. Ida, E.F. Wagner, T. Taniguchi, RANKL maintains bone homeosta-
sis through c-Fos-dependent induction of interferon-beta, Nature 416 (2002)
744–749.

[11] H. Takayanagi, S. Kim, T. Koga, H. Nishina, M. Isshiki, H. Yoshida, A. Saiura, M.
Isobe, T. Yokochi, J. Inoue, E.F. Wagner, T.W. Mak, T. Kodama, T. Taniguchi, Induc-
tion and activation of the transcription factor NFATc1 (NFAT2) integrate RANKL
signaling in terminal differentiation of osteoclasts, Dev. Cell 3 (2002) 889–901.

[12] F. Ikeda, R. Nishimura, T. Matsubara, S. Tanaka, J. Inoue, S.V. Reddy, K. Hata, K.
Yamashita, T. Hiraga, T. Watanabe, T. Kukita, K. Yoshioka, A. Rao, T. Yoneda, Crit-
ical roles of c-Jun signaling in regulation of NFAT family and RANKL-regulated os-
teoclast differentiation, J. Clin. Invest. 114 (2004) 475–484.

[13] K. Kim, J.H. Kim, J. Lee, H.M. Jin, S.H. Lee, D.E. Fisher, H. Kook, K.K. Kim, Y. Choi, N.
Kim, Nuclear factor of activated T cells c1 induces osteoclast-associated receptor
gene expression during tumor necrosis factor-related activation-induced cytokine-
mediated osteoclastogenesis, J. Biol. Chem. 280 (2005) 35209–35216.
[14] M. Matsumoto, M. Kogawa, S. Wada, H. Takayanagi, M. Tsujimoto, S. Katayama, K.
Hisatake, Y. Nogi, Essential role of p38 mitogen-activated protein kinase in ca-
thepsin K gene expression during osteoclastogenesis through association of
NFATc1 and PU.1, J. Biol. Chem. 279 (2004) 45969–45979.

[15] K. Sato, A. Suematsu, T. Nakashima, S. Takemoto-Kimura, K. Aoki, Y. Morishita,
H. Asahara, K. Ohya, A. Yamaguchi, T. Takai, T. Kodama, T.A. Chatila, H. Bito, H.
Takayanagi, Regulation of osteoclast differentiation and function by the
CaMK-CREB pathway, Nat. Med. 12 (2006) 1410–1416.

[16] E.S. Ang, P. Zhang, J.H. Steer, J.W. Tan, K. Yip, M.H. Zheng, D.A. Joyce, J. Xu,
Calcium/calmodulin-dependent kinase activity is required for efficient induction
of osteoclast differentiation and bone resorption by receptor activator of nuclear
factor kappa B ligand (RANKL), J. Cell. Physiol. 212 (2007) 787–795.

[17] E.J. Chang, J. Ha, H. Huang, H.J. Kim, J.H. Woo, Y. Lee, Z.H. Lee, J.H. Kim, H.H. Kim,
The JNK-dependent CaMK pathway restrains the reversion of committed cells
during osteoclast differentiation, J. Cell Sci. 121 (2008) 2555–2564.

[18] K.A. Anderson, C.D. Kane, Ca2+/calmodulin-dependent protein kinase IV and
calcium signaling, Biometals 11 (1998) 331–343.

[19] S.S. Hook, A.R. Means, Ca(2+)/CaM-dependent kinases: from activation to func-
tion, Annu. Rev. Pharmacol. Toxicol. 41 (2001) 471–505.

[20] T.R. Soderling, The Ca-calmodulin-dependent protein kinase cascade, Trends
Biochem. Sci. 24 (1999) 232–236.

[21] G.J. McKenzie, P. Stevenson, G. Ward, S. Papadia, H. Bading, S. Chawla, M. Privalsky,
G.E. Hardingham, Nuclear Ca2+ and CaM kinase IV specify hormonal- and Notch-
responsiveness, J. Neurochem. 93 (2005) 171–185.

[22] L. Duan, P. de Vos, M. Fan, Y. Ren, Notch is activated in RANKL-induced osteoclast
differentiation and resorption, Front. Biosci. 13 (2008) 7064–7071.

[23] H. Fukushima, A. Nakao, F. Okamoto, M. Shin, H. Kajiya, S. Sakano, A. Bigas, E. Jimi,
K. Okabe, The association of Notch2 and NF-kappaB accelerates RANKL-induced
osteoclastogenesis, Mol. Cell. Biol. 28 (2008) 6402–6412.

[24] L. Duan, P. de Vos, M. Fan, Y. Ren, IkappaBalpha regulates Hes1 in osteoclast dif-
ferentiation and resorption, Front. Biosci. (Elite Ed.) 2 (2010) 1065–1072.

[25] B. McCright, X. Gao, L. Shen, J. Lozier, Y. Lan, M. Maguire, D. Herzlinger, G.
Weinmaster, R. Jiang, T. Gridley, Defects in development of the kidney, heart
and eye vasculature in mice homozygous for a hypomorphic Notch2 mutation,
Development 128 (2001) 491–502.

[26] Y. Xue, X. Gao, C.E. Lindsell, C.R. Norton, B. Chang, C. Hicks, M. Gendron-Maguire,
E.B. Rand, G. Weinmaster, T. Gridley, Embryonic lethality and vascular defects in
mice lacking the Notch ligand Jagged1, Hum. Mol. Genet. 8 (1999) 723–730.

[27] P.J. Swiatek, C.E. Lindsell, F.F. del Amo, G. Weinmaster, T. Gridley, Notch1 is
essential for postimplantation development in mice, Genes Dev. 8 (1994)
707–719.

[28] M. Hrabe de Angelis, J. McIntyre II, A. Gossler, Maintenance of somite borders in
mice requires the Delta homologue DII1, Nature 386 (1997) 717–721.

[29] S. Bai, R. Kopan, W. Zou, M.J. Hilton, C.T. Ong, F. Long, F.P. Ross, S.L. Teitelbaum,
NOTCH1 regulates osteoclastogenesis directly in osteoclast precursors and indi-
rectly via osteoblast lineage cells, J. Biol. Chem. 283 (2008) 6509–6518.

[30] S.J. Bray, Notch signalling: a simple pathway becomes complex, Nat. Rev. Mol. Cell
Biol. 7 (2006) 678–689.

[31] J.M. Weber, L.M. Calvi, Notch signaling and the bone marrow hematopoietic stem
cell niche, Bone 46 (2010) 281–285.

[32] R. Kopan, M.X. Ilagan, The canonical Notch signaling pathway: unfolding the
activation mechanism, Cell 137 (2009) 216–233.

[33] R. Abu-Issa, S. Cavicchi, Genetic interactions among vestigial, hairy, and Notch
suggest a role of vestigial in the differentiation of epidermal and neural cells of
the wing and halter of Drosophila melanogaster, J. Neurogenet. 10 (1996) 239–246.

[34] Y. Bessho, G. Miyoshi, R. Sakata, R. Kageyama, Hes7: a bHLH-type repressor gene
regulated by Notch and expressed in the presomitic mesoderm, Genes Cells 6
(2001) 175–185.

[35] J.F. de Celis, J. de Celis, P. Ligoxygakis, A. Preiss, C. Delidakis, S. Bray, Functional
relationships between Notch, Su(H) and the bHLH genes of the E(spl) complex:
the E(spl) genes mediate only a subset of Notch activities during imaginal devel-
opment, Development 122 (1996) 2719–2728.

[36] A. Fischer, N. Schumacher, M. Maier, M. Sendtner, M. Gessler, The Notch target
genes Hey1 and Hey2 are required for embryonic vascular development, Genes
Dev. 18 (2004) 901–911.

[37] B. Jennings, A. Preiss, C. Delidakis, S. Bray, The Notch signalling pathway is re-
quired for Enhancer of split bHLH protein expression during neurogenesis in
the Drosophila embryo, Development 120 (1994) 3537–3548.

[38] C. Jouve, I. Palmeirim, D. Henrique, J. Beckers, A. Gossler, D. Ish-Horowicz, O.
Pourquie, Notch signalling is required for cyclic expression of the hairy-like
gene HES1 in the presomitic mesoderm, Development 127 (2000) 1421–1429.

[39] C. Leimeister, N. Schumacher, C. Steidl, M. Gessler, Analysis of HeyL expression
in wild-type and Notch pathway mutant mouse embryos, Mech. Dev. 98 (2000)
175–178.

[40] P. Ligoxygakis, S.Y. Yu, C. Delidakis, N.E. Baker, A subset of notch functions during
Drosophila eye development require Su(H) and the E(spl) gene complex, Devel-
opment 125 (1998) 2893–2900.

[41] M.M. Maier, M. Gessler, Comparative analysis of the human and mouse Hey1 pro-
moter: Hey genes are new Notch target genes, Biochem. Biophys. Res. Commun.
275 (2000) 652–660.

[42] T. Ohtsuka, M. Ishibashi, G. Gradwohl, S. Nakanishi, F. Guillemot, R. Kageyama,
Hes1 and Hes5 as notch effectors in mammalian neuronal differentiation, EMBO
J. 18 (1999) 2196–2207.

[43] M. Asagiri, K. Sato, T. Usami, S. Ochi, H. Nishina, H. Yoshida, I. Morita, E.F. Wagner,
T.W. Mak, E. Serfling, H. Takayanagi, Autoamplification of NFATc1 expression deter-
mines its essential role in bone homeostasis, J. Exp. Med. 202 (2005) 1261–1269.



79Y.-H. Choi et al. / Biochimica et Biophysica Acta 1833 (2013) 69–79
[44] M.P. Bulman, K. Kusumi, T.M. Frayling, C. McKeown, C. Garrett, E.S. Lander, R.
Krumlauf, A.T. Hattersley, S. Ellard, P.D. Turnpenny, Mutations in the human
delta homologue, DLL3, cause axial skeletal defects in spondylocostal dysostosis,
Nat. Genet. 24 (2000) 438–441.

[45] K. Kusumi, E.S. Sun, A.W. Kerrebrock, R.T. Bronson, D.C. Chi, M.S. Bulotsky, J.B.
Spencer, B.W. Birren, W.N. Frankel, E.S. Lander, The mouse pudgy mutation dis-
rupts Delta homologue Dll3 and initiation of early somite boundaries, Nat.
Genet. 19 (1998) 274–278.

[46] P. Mastrangelo, P.M. Mathews, M.A. Chishti, S.D. Schmidt, Y. Gu, J. Yang, M.J.
Mazzella, J. Coomaraswamy, P. Horne, B. Strome, H. Pelly, G. Levesque, C. Ebeling,
Y. Jiang, R.A. Nixon, R. Rozmahel, P.E. Fraser, P. St George-Hyslop, G.A. Carlson, D.
Westaway, Dissociated phenotypes in presenilin transgenic mice define functional-
ly distinct gamma-secretases, Proc. Natl. Acad. Sci. U. S. A. 102 (2005) 8972–8977.

[47] T. Yamada, H. Yamazaki, T. Yamane, M. Yoshino, H. Okuyama, M. Tsuneto, T.
Kurino, S. Hayashi, S. Sakano, Regulation of osteoclast development by Notch sig-
naling directed to osteoclast precursors and through stromal cells, Blood 101
(2003) 2227–2234.

[48] J.S. Mo, M.Y. Kim, S.O. Han, I.S. Kim, E.J. Ann, K.S. Lee, M.S. Seo, J.Y. Kim, S.C. Lee,
J.W. Park, E.J. Choi, J.Y. Seong, C.O. Joe, R. Faessler, H.S. Park, Integrin-linked kinase
controls Notch1 signaling by down-regulation of protein stability through Fbw7
ubiquitin ligase, Mol. Cell. Biol. 27 (2007) 5565–5574.

[49] C. Vincent, M. Kogawa, D.M. Findlay, G.J. Atkins, The generation of osteoclasts
from RAW 264.7 precursors in defined, serum-free conditions, J. Bone Miner.
Metab. 27 (2009) 114–119.

[50] M.Y. Kim, E.J. Ann, J.S. Mo, F. Dajas-Bailador, M.S. Seo, J.A. Hong, J. Jung, Y.H. Choi,
J.H. Yoon, S.M. Kim, E.J. Choi, H.S. Hoe, A.J. Whitmarsh, H.S. Park, JIP1 binding to
RBP-Jk mediates cross-talk between the Notch1 and JIP1-JNK signaling pathway,
Cell Death Differ. 17 (2010) 1728–1738.

[51] J.S. Mo, E.J. Ann, J.H. Yoon, J. Jung, Y.H. Choi, H.Y. Kim, J.S. Ahn, S.M. Kim, M.Y. Kim, J.A.
Hong, M.S. Seo, F. Lang, E.J. Choi, H.S. Park, Serum- and glucocorticoid-inducible
kinase 1 (SGK1) controls Notch1 signaling by downregulation of protein stability
through Fbw7 ubiquitin ligase, J. Cell Sci. 124 (2011) 100–112.

[52] E.J. Ann, H.Y. Kim, Y.H. Choi, M.Y. Kim, J.S. Mo, J. Jung, J.H. Yoon, S.M. Kim, J.S.
Moon, M.S. Seo, J.A. Hong, W.G. Jang, P. Shore, T. Komori, J.T. Koh, H.S. Park,
Inhibition of Notch1 signaling by Runx2 during osteoblast differentiation,
J. Bone Miner. Res. 26 (2011) 317–330.

[53] H.F. Dovey, V. John, J.P. Anderson, L.Z. Chen, P. de Saint Andrieu, L.Y. Fang, S.B.
Freedman, B. Folmer, E. Goldbach, E.J. Holsztynska, K.L. Hu, K.L. Johnson-Wood,
S.L. Kennedy, D. Kholodenko, J.E. Knops, L.H. Latimer, M. Lee, Z. Liao, I.M.
Lieberburg, R.N. Motter, L.C. Mutter, J. Nietz, K.P. Quinn, K.L. Sacchi, P.A. Seubert,
G.M. Shopp, E.D. Thorsett, J.S. Tung, J. Wu, S. Yang, C.T. Yin, D.B. Schenk, P.C.
May, L.D. Altstiel, M.H. Bender, L.N. Boggs, T.C. Britton, J.C. Clemens, D.L. Czilli,
D.K. Dieckman-McGinty, J.J. Droste, K.S. Fuson, B.D. Gitter, P.A. Hyslop, E.M.
Johnstone, W.Y. Li, S.P. Little, T.E. Mabry, F.D. Miller, J.E. Audia, Functional
gamma-secretase inhibitors reduce beta-amyloid peptide levels in brain,
J. Neurochem. 76 (2001) 173–181.

[54] M. Sastre, H. Steiner, K. Fuchs, A. Capell, G. Multhaup, M.M. Condron, D.B. Teplow,
C. Haass, Presenilin-dependent gamma-secretase processing of beta-amyloid pre-
cursor protein at a site corresponding to the S3 cleavage of Notch, EMBO Rep. 2
(2001) 835–841.

[55] A. Geling, H. Steiner, M. Willem, L. Bally-Cuif, C. Haass, A gamma-secretase inhib-
itor blocks Notch signaling in vivo and causes a severe neurogenic phenotype in
zebrafish, EMBO Rep. 3 (2002) 688–694.

[56] E.J. Hubbard, G. Wu, J. Kitajewski, I. Greenwald, sel-10, a negative regulator of
lin-12 activity in Caenorhabditis elegans, encodes a member of the CDC4 family
of proteins, Genes Dev. 11 (1997) 3182–3193.

[57] M.J. Hilton, X. Tu, X. Wu, S. Bai, H. Zhao, T. Kobayashi, H.M. Kronenberg, S.L.
Teitelbaum, F.P. Ross, R. Kopan, F. Long, Notch signaling maintains bone marrow
mesenchymal progenitors by suppressing osteoblast differentiation, Nat. Med. 14
(2008) 306–314.

[58] F. Engin, Z. Yao, T. Yang, G. Zhou, T. Bertin, M.M. Jiang, Y. Chen, L. Wang, H. Zheng,
R.E. Sutton, B.F. Boyce, B. Lee, Dimorphic effects of Notch signaling in bone ho-
meostasis, Nat. Med. 14 (2008) 299–305.

[59] E.C. Lai, Protein degradation: four E3s for the notch pathway, Curr. Biol. 12 (2002)
R74–R78.

[60] M.Y. Kim, J. Jung, J.S. Mo, E.J. Ann, J.S. Ahn, J.H. Yoon, H.S. Park, The intracellular
domain of Jagged-1 interacts with Notch1 intracellular domain and promotes
its degradation through Fbw7 E3 ligase, Exp. Cell Res. 317 (2011) 2438–2446.


	Calcium/calmodulin-dependent protein kinase IV (CaMKIV) enhances osteoclastdifferentiation via the up-regulation of Notch1 protein stability
	1. Introduction
	2. Materials and methods
	2.1. Cell culture and transfection
	2.2. Osteoclast differentiation and TRAP staining
	2.3. Site-directed mutagenesis
	2.4. Luciferase Reporter assay
	2.5. GST-pull down assay
	2.6. Immunoblot analysis
	2.7. Protein stability assay
	2.8. Coimmunoprecipitation assays
	2.9. Immunocomplex kinase assay
	2.10. Immunofluorescence staining
	2.11. Cloning and preparation of recombinant proteins

	3. Results
	3.1. CaMKIV and Notch1 are required for RANKL-induced osteoclast differentiation
	3.2. CaMKIV increases the transcriptional activity of Notch1 target genes
	3.3. Notch1-IC interacts directly with CaMKIV in intact cells
	3.4. CaMKIV up-regulates the Notch1-IC protein stability
	3.5. CaMKIV positively regulates Notch1 signaling through an E3 ligase, Fbw7
	3.6. CaMKIV-mediated phosphorylation of Notch1-IC inhibits the degradation of Notch1-IC

	4. Discussion
	Acknowledgments
	References


