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Background: The alternative NF-xB pathway plays important roles in osteoclastogenesis through
an unknown mechanism.

Results: RelB-induced Cot expression rescues RANKL-induced osteoclastogenesis in cells isolated
from aly/aly mice, which lack active NIK.

Conclusion: The overexpression of RelB rescues RANKL-induced osteoclastogenesis by
Cot/1IKKa-induced NF-k B2 processing in aly/aly cells,

Significance: The Akt/Cot/IKKa pathway that is induced by RelB contributes to RANKL-induced
osteoclastogenesis by activating the alternative NF-xB pathway.

ABSTRACT processing is a key step in RelB-rescued,
The alternative nuclear factor-x B (NF-xB) RANKL-induced  osteoclastogenesis  in

pathway, mainly the RelB-p52 heterodimer,
plays important roles in bone metabolism
through an unknown mechanism. We have
previously reported that alymphoplasia
(aly/aly) mice, which lack active NIK, show
mild osteopetrosis due to the inhibition of
osteoclastogenesis. p100 retains RelB in the
cytoplasm and inhibits RANKL-induced
osteoclastogenesis in aly/aly cells.
Furthermore, the overexpression of RelB, in
aly/aly  cells rescues RANKL-induced
osteoclastogenesis by inducing p100
processing. In contrast, the over expression
of p65 in aly/aly cells has no effect. However,
the overexpression of RelB fails to rescue
RANKI -induced osteoclastogenesis in the
presence of pl00AGRR, which cannot be
processed to p52, suggesting that pl00

aly/aly cells. In this study, Cot (Cancer
Osaka thyroid), a MAP3K, was upregulated
by RelB overexpression. Analysis of the Cot
promoter demonstrated that p65 and RelB
bound to distal NF-xB-binding site and
RelB but not p65 bound to proximal
NF-«xB-binding site in the Cot promoter.
The knocking down of Cot expression
significantly reduced the RANKI-induced
osteoclastogenesis  induced by RelB
overexpression. The phosphorylation of
IKKo at threonine 23 and its kinase activity
were indispensable for the processing of
p100 and osteoclastogenesis by
RelB-induced Cot. Finally, constitutively
activated Akt enhanced osteoclastogenesis
by RelB-induced Cot, and a
dominant-negative form of Akt significantly
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inhibited it. Taken together, these results
indicate that the overexpressicn of RelB
restores RANKL-induced osteoclastegenesis
by activation of Akt/Cot/IKKa-induced
p100 processing.

Osteoclasts are terminally differentiated
multinucleated cells that are responsible for
physiological and pathological bone resorption
and, thereby, play an essential role in
maintaining bone volume and homeostasis (1,
2). Osteoclast precursors that express receptor
activator of nuclear factor-kB (RANK), which
is a tumor necrosis factor (TNF) receptor
family member, recognize RANK ligand
(RANKIL) and differentiate info osteoclasts in
the presence of macrophage colony-stimulating
factor (M-CSF) (1-3). The in vivo significance
of the RANKL-RANK signaling pathway has
been verified by observations of targeted
disruption of either gene in mice resulting in
severe osteopetrosis due to a complete lack of
osteoclasts (4, 5). One critical signaling
mechanism  that is  triggered by RANKIL
following ligation of RANK. is the activation of
the inducible transcription factor NF-xB, which
implicates this pathway as a key regulator of
osteoclast differentiation (6, 7). This central
role of NF-xB is further supported by the
demonstration that the gene-specific deletion of
the p50 and p52 NF-kB subunits causes severe
osteopetrosis due to the absence of osteoclasts
(8, 9). These in vitro and in vivo genetic studies
strongly suggest that osteoclast differentiation
is dependent upon RANKL-induced NF-kB
activity in osteoclast precursors.

The transcription  factor  NF-kB
participates in the expression of a wide variety
of genes that are involved in the regulation of
immune and  inflammatory  responses,
proliferation, tumorigenesis and survival (10,
11). Research in recent years has defined two
distinct NF-kB activation pathways, termed the
classical and alternative NF-xkB signaling
pathways (10, 11). Classical NF-kB activation
is based on inducible IxB degradation. This
pathway can be rapidly and transiently
activated by a large variety of substances, such
as itogens, cytokines, and microbial
components. This activation is dependent upon
a specific IxB kinase (IKK) that is composed of
two catalytic subunits, IKKa (IKK1} and IKKf
(IKK2), and the regulatory subunit NEMO
(IKKy), In contrast, the aliernative NF-kB

signaling pathway is activated by a select
group of TNF receptors, such as CD40,
lymphotoxin-f receptor (LTPR), and RANK.
Among these factors, RANK is activated by
RANKL and transduces signals through either
the classical or alternative pathways. The
activation of NF-kB inducing kinase (NIK)
results in the activation of IKK«a homodimers

and the processing of the p100 precursor to p52.

The processing of pl05S to p50 occurs
constitutively, whereas the processing of p100
to p52 is stimulus dependent. The removal of
the ankyrin repeats from pl00 reduces its
IkB-like activity, and the processing of pl100
allows for the nuclear translocation of RelB,
which may heterodimerize with either p52 or
p50 and result in subsequent gene transcription
(10, 11).

Alymphoplasia (aly/aly) mice have a
natural loss-of-function mutation in the gene
encoding the NF-kB-inducing kinase Nik (12),
which is an essential kinase for the processing
of p100 to p32 in the alternative NF-xB
pathway, The alternative NF-xB signaling
pathway is inhibited downstream of NIK in
these mice (13-15), Therefore, aly/aly mice are
useful for understanding the physiological role
of the alternative NF-«xB pathway in tissue
development and regeneration. We have
previously shown that aly/aly mice have mild
osteopetrosis with increased bone volume due
to a significantly reduced number of osteoclasts
(14, 15), Nfkb2""™! mice contain a novel
mutation in  Nfkb2 that encodes a
non-processable form of pl00 and have
phenotypes that are similar to those of aly/aly
mice, such as abnormalities of splenic
architecture and mild osteopetrosis (16). In
contrast, pl00-deficient mice, which carry a
homozygous deletion of the COOH-termmal
ankyrin repeats of pl00 but still express
functional p52 protein, have precisely the
opposite bone phenotype of alyaly mice:
osteopenia with an increased number of
osteoclasts (14). These results suggest that
alternative  NF-kB  signaling  regulates
osteoclast differentiation. The number of
osteoclasts that are induced by RANKL
strongly correlates with the ratio of p52 to p100
expression levels (15).

The exastence of highly distinct classical
and alternative NF-kB pathways, which lead to
the activation of p65 and RelB, respectively,
suggests that these two subunits have different
biological functions. The IkB-like domain of
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p100 retains p65 or RelB in the cytoplasm and
inhibits RANKL-induced osteoclastogenesis in
NIK-deficient (NIK-/-) cells (17). Furthermore,
the overexpression of RelB, but not p6s, in
NIK-/-  cells rescues RANKL-induced
osteoclastogenesis (18). These results strongly
mdicate that RelB is required for full osteoclast
differentiation. However, the molecular
mechanism by which the overexpression of
RelB rescues the  suppression of
osteoclastogenesis by inhibiting the alternative
pathway remains unclear,

The purpose of this stady was to define
the role of the alternative pathway in osteoclast
differentiation. Our results demonstrated that
the overexpression of RelB  rescued
RANKL-induced osteoclastogenesis by
inducing NF-kB2 processing in afy/aly bone
MAarrow macrophages (BMMs). A
genome-wide screen of RelB-overexpressing
BMMs showed that Cot (Cancer Osaka
thyroid) was induced in RelB-overexpressing
BMMs. Cot was initially identified in a screen
for transforming genes that were expressed by
a human thyroid carcinoma (19) and that
activated ERK, JNK, and NF-«B (20, 21),
Knocking down Cot expression significantly
reduced RANKL-induced osteoclastogenesis
by RelB overexpression. The phosphorylation
of IKKa at threonine 23 and its kinase activity
were indispensable for NF-kB2 processing and
osteoclastogenesis by RelB-induced Cot.
Furthermore, Akt modulated RANKL-induced
osteoclastogenesis through RelB-induced Cot,
Hence, overexpression of RelB restored
RANKL-induced  osteoclastogenesis by
activating Akt/Cot/IKKa-induced NF-xB2
processing.

EXPERIMENTAL PROCEDURES

Animals-Mice  (8-week-old}  that  were
heterozygous for aly (aly/t) were purchased
from  Nippon Clea (Tokyo, Japan).
Heterozygous males and females were bred to
obtain homozygous alwaly mice, and the
offspring were screened using PCR (22).
NF-kB2-deficient (NF-xB2-/-) and
RelB-deficient (RelB-/-) mice were obtained
from the Leibniz-Institute for Age Research at
the Fritz-Lipmann-Institute (Jena, Germany).
All mice were maintained at the Animal
Resource Center, and experimental procedures
were approved by the Animal Care and Use
Committee in the Kyushu Dental University

(Approval number; 10-021),

Reggents-GST-RANKL was kindly provided
by the Oriental Yeast Co., Ltd (Shiga, Japan),
and recombinant human M-CSF was purchased
from PeproTech Inc (Rocky Hill, NJ). The
anti-RelB (sc-226), IxBa (sc-371),
phosphorylated IKKoa (sc-101706), HDACI
(sc-7872), and Cot (sc-720) antibodies and Cot
SshRNA (sc-35096-SH) were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA).
The anti-NF-kB2 (#4882), phosphorylated
NF-xB2 (#4810), phosphorylated
IKKo/p (#2681), Akt (#2920), and
phosphorylated Akt (#9271) antibodies were
obtained from Cell Signaling (Beverly, MA).
The anti-NFATcl (ab25916) antibodies and
anti-p65 antibodies (SA-171) were purchased
from Abcam (Cambridge, UK) and Biomol
(Plymouth Meeting, PA), respectively. The
anti-FLAG MS5 and fB-actin antibodies were
purchased from Sigma-Aldrich (St Louis,
MOy,

Cell  culture- BMMs were prepared  as
osteoclast precursors from 5- to 8-week-old
male WT, aly/aly, NF-kB2-/- or RelB-/- mice.
Bone marrow cells were obtained from mouse
tibias and suspended in 96-well plates for 16 h
in the presence of M-CSF (100 ng/ml) in
a-minimal  essential  medium  {o-MEM)
containing 10% fetal bovine serum (FBS), 100
units/ml  penicillin, and 100 ug/mi
streptomycin.  Non-adherent  cells  were
harvested and further cultured for 2 days with
M-CSF (100 ng/ml). More than 90% of the
adherent cells that expressed
macrophage-specific antigens, such as Mac-1,
Moma-2, and F4/80, were used as BMMs (23).
BMMs were cultured for 3 days with RANKIL
(100 ng/ml). Cultures were fixed with 3.7%
formaldehyde, and osteoclasts were detected by
staining for tartrate-resistant acid phosphatase
(TRAP). TRAP-positive (TRAP™)
multinucleated cells that had more than 5
nuclei were observed using a microscope and
counted as osteoclasts. The 293 cells were
maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM) containing 5% FBS, 100
vnits/'ml  penicillin, and 100  pg/ml
streptomycin.

Fractionation, Western Blot Awnalysis and
Immumoprecipitation-BMMs  treated  with
RANKL for the indicated time were lysed in
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Tris-buffered saline (20 mM Tris-HC1 and 200
mM NaCly containing 1% Triton X-100 and
protease  inhibitors (aprotinin, pepstatin,
dithiothreitol, and leupeptin). The cytosolic and
nuclear extracts were prepared as described
previously (23). For immunoprecipitation, an
equal amount of protein was
immunoprecipitated with anti-IKKa antibodies
for 2 h; then, protein A-Sepharose beads were
added, and the samples were incubated for
another hour. The immunoprecipitates were
washed three times with lysis buffer and
extracted in sodimm dodecyl sulfate (SDS)
sample buffer. The lysates or
immunoprecipitates were resolved by 10%
SDS-polyacrylamide  gel  electrophoresis
(PAGE), transferred to  Lmmobilon-P
membranes (Millipore, Billerica, MA), and
immunoblotted with individual antibodies.
Then, the membranes were washed and
incubated with horseradish
peroxidase-conjugated secondary antibodies
(Santa Cruz Biotechnology). The
immunoreactive proteins were visualized using
ECL (Amersham, Piscataway, NJ) and
analyzed using a Luminescent image analyzer
(Fujifilm, Tokyo, Japan).

Retroviral Transduction-The retroviral vector
pMX-IRES-EGFP and Plat-E cells were kindly
provided by Dr, T, Kitamura (University of
Tokyo, Japan) (24, 25). The following
constructs were cloned into the
pMX-IRES-EGFP vector: the wild-type KK«
a mutant form of IKKa (IKKaAA) that is not
phosphorylated by NIK, with serine to alanine
mutations at residues 176 and 180; a mutant
form of IKKa (IKKaAATZ3A) that is not
phosphorylated by NIK or Akt, with serine to
alanine mutations at residues 176 and 180, and
a threonine to alanine mutation at residue 23;
the dominant mnegative form of [KKa
{IKKoKM), with a lysine to methionine
mutation at residue 44; wild-type IKK o with a
FLAG tag; wild-type p100; and pl00AGRR,
which cannot be processed to p52 (21), The
constitutively activated form of Akt (AktCA),
which lacks amino acids 4-129 and has an HA
tag, the dominant negative form of Akt
(AKtDN), which has a lysine residue 179 to
methionine mutation; a wild type, HA-tagged
Akt; or Cot were obtained from Addgene
(Cambridge MA). Retrovirus packaging was
performed by transfecting the plasmids into
Plate-E cells using the Genejuice (Merck,

Darmstadt, Germany) transfection reagent. The
supernatants of all retroviral vector-transfected
Plat-E cells were used to infect primary BMMs
n the presence of 8 ug/ml polybrene.

Real-time PCR analysis-Total RNA of BMMs
or osteoclasts from WT or alwaly mice was
prepared using TRIzol reagent (lnvitrogen,
Carlsbad, CA). Two micrograms of total RNA
was used to synthesize first-strand cDNA using
SuperScript II transcriptase and random
primers (Invitrogen). Real-time PCR was
performed using the SYBR Green PCR Master
Mix and a 7300 Real-time PCR system
{Applied Biosystems, Foster City, CA)
according to the manufacturer's instructions.
The experimental results were fit to a standard
curve that was generated by amplifying serially
diluted products under the same PCR
conditions. GAPDH expression served as an
internal control. The primer sequences were as
follows: Cot, 57-cttgeatttgcaaaccatge-3’
(forward) and 5°-ggaacaaggagaacatccga-3’
{(reverse); and GAPDH,
5’-aactttggeattgtggaapg-3°  (forward)  and
5’-acacattggpgtaggaaca-3’ (reverse).

Construction of reporter  plasmids  and
luciferase assays- To construct the luciferase
reporter plasmid, a 0.5-kb fragment of the
upstream of transcription initiation site mouse
Cof gene was cloned by a standard PCR
method using PrimeSTAR DNA polymerase
(Takara Shuzo Co., Siga, Japan) and mouse
genomic DNA as a template. It was then
subcloned into the Hindlll and BamHI
recognition sites of the pflLuc-basic vector from
Dr. Sankar Ghosh (Columbia University) (26).
(Genejuice was used to transfect 293 cells with
the reporter plasmids. The luciferase activity
was measured using a Dual-Luciferase
Reporter Assay System {Promega, Madison,
WI).

Chromatin immumoprecipitation (ChiP)-ChIP
was performed with a Chip Assay kit (Upstate
Biotechnology, Waltham, MA) according to
the manufacturer’s  instructions,  using
antibodies against p65, RelB, NF-kB2 and
normal IgG. The purified DNA was analyzed
by PCR using primers that detect sequences
within the region of Cot promoter that harbors
the NF-kB binding NF-kB-responsive clement.
The primer pairs containing the distal
NF-kB-responsive element were
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5’-aggatctaaaaccgeaaact-3’  (forward) and
S-cttttceatttecettttet-3° (reverse). The primers
containing the proximal NF-kB-responsive
element were 5’-ccaccgacacagaacactca-3’
(forward) and 5’-gtettgepeaaggtgttttc-3’
(reverse).

Data Analysis-The comparisons were made
using factorial ANOVA. When significant F
values were detected, the Fisher’s PLSD post
hoc test was performed to compare each of the
groups. The data were expressed as the mean +
SD, and p values of p<0.05 were considered
significant.

RESULTS

The transiocation of RelB into the nucleus
correlates with RANKL-induced
osteoclastogenesis-We previously reported that
alymphoplasia (aly/aly) mice, in which the
processing of pl00 to p52 does not occur due
to an inactive form of NIK, showed an
osteopetrotic  phenotype with significantly
reduced osteoclast numbers (14, 15). In
contrast, the bone phenotype of NF-xB2-/-
mice, which lack p100 and pS52, was normal,
and BMMs differentiated to osteoclasts, similar
to WT BMMs; this result may be due to
compensation for the lack of NF-xB2 by
NF-«Bl (15). BMMs from wild-type (WT),
aly/aly, or NF-kB2-/- mice were treated with
RANKL (100 ng/ml) for 6 days in the presence
of macrophage-colony stimulating factor
(M-CSF) (100 ng/ml). As reported previously
(15), numerous osteoclasts were formed from
BMMs in WT and NF-«xB2-/- mice, but few
osteoclasts were formed from aly/aly BMMs
{(Fig. 1A and 1B). Therefore, we hypothesized
that the residual active pS52 moiety, together
with its binding partner RelB, eventually
translocates into the nucleus to exert
transeriptional activity, When BMMs from WT,
aly/aly, or NF-kB2-/- mice were freated with
RANKL for the indicated time, RANKL led to
translocation of p63 to the nucleus; the
maximal level of this translocation occurred at
30 min and the degradation of hcBa coincided
with the translocation of p65 in all BMMs (Fig,
1Q). The tramslocation of RelB was observed
within 6 h after RANKL stimulation in WT
BMMs. RANKIL transiently led to the
translocation of RelB with similar kinetics to
that of p65 translocation in NF-kB2-/- BMMs,
which suggests that the RelB-p50 heterodimer

translocates into the nucleus after RANKIL
stimulation in NF-.B2-+~ BMMs (27).
However, RelB translocation by RANKIL
stimulation was not observed in aly/aly BMMs
(Fig. 1C). The HDACI expression levels were
comparable in all nuclear extracts from WT,
aly/aly, and NF-xB2-/- mice, These rtesults
suggested that the translocation of RelB into
the nucleus correlates with RANKL-induced
osteoclastogenesis.

The overexpression of RelB  rescues
RANKL-induced osteoclastogenesis in alv/aly
BMMs-To confirm that the translocation of
RelB is important for RANKL-induced
osteoclastogenesis, we transfected p65 or RelB
mto BMMs from aly/aly mice. The
overexpression of p65 falled to rescue
RANKL-induced osteoclastogenesis in aly/aly
BMMs  (Fig. 2A-2C). In  contrast,
overexpression of RelB rescued
RANKL-induced osteoclastogenesis in aly/aly
mice (Fig. 2A and 2B). Furthermore, the
overexpression of RelB induced NF-kB2
processing and NFATcl expression (Fig. 2C).

We previously reported that  the
osteoclastogenesis induced by RANKI
correlated well with the ratio of p52 to pl00
(15). As reported previously, overexpression of
plOOAGRR, which cannot be processed to p52
(28), strongly inhibited RANKL-induced
osteoclastogenesis in NF-kB2-/- BMMs (Fig.
3A and 3B). To ecxamine whether NF-xB2
processing or the nuclear translocation of RelB
m the nucleus is more important for
RANKI -induced  osteoclastogenesis,  we
transfected RelB into BMMs from NF-xkB2-/-
mice in the presence of plOCAGRR. The
overexpression of RelB failed to restore
RANKL-induced osteoclastogenesis in
NF-xB2-/- BMMs in the presence of
plOOAGRR, which suggested that NF-xB2
processing was more important for
RANKI -mduced osteoclastogenesis than RelB
nuclear translocation (Fig. 3A-3C).

NIK phosphorylation of IKKa at serine
residues 176 and 180 is required for
downstreamn signaling (29, 30). Therefore, we
mutated these serine residues to alanine
(IKKaAA) and then transfected BMMs from
WT mice with either IKKoAA or IKKaAA
and RelB. Although the overexpression of
IKKaAA suppressed RANKL-induced
osteoclastogenesis by suppressing NF-xB2
processing and NFATcl induction in WT

$I0T “£T DTN U0 [PVDIVC VHIHS [THSLAM %8 A103af A0y W0y papeousog]



BMMs, the overexpression of RelB restored
these inhibitions by IKKoaAA (Fig. 3D-3F).
These results strongly suggested that the
overexpression of RelB  induced pl100
processing by a mechanism that was
independent of these NIK-phosphorylated sites
of IKK o,

The overexpression of RelB induces expression
of Cot, which contributes to the processing of
NF-kB2- To  further  examine  the
NIK-independent molecular mechanism by
which RelB  overexpression  rescued
RANKI-induced osteoclastogenesis in aly/aly
BMMSs, we performed microarray analysis
using RelB-transfected BMMs. Among the
several genes that were upregulated, we
focused on Cot (Cancer Osaka thyroid), which
is a MAP3K family member (19} that activates
NF-kB. BMMs from either WT or aly7aly mice
were transfected with or without RelB and then
treated with RANKL. RANKL induced Cot
expression in the WT BMMs but not in the
aly/aly BMMs (Fig. 4A). However, the
overexpression of RelB strongly induced the
expression of Cot (Fig. 4A) in WT and aly/aly
BMMs (Fig. 4A).

To confirm that RANKL induces Cot
expression in WT and aly/aly BMMs, BMMs
from either WT or af/aly mice were treated
with RANKL for the indicated time. RANKL
transiently induced expression of Cot at 30 min,
and further induced Cot from 6 to 48 h after
RANKL stimulation in WT BMMs. The
induction of Cot attained a maximal level 30
min after RANKL stimulation and declined
thereafter in alyaly BMMs (Fig, 4B). As
reporied previously (15), NF-xB2 processing
and NFATcl induction were impaired in
aly/aly BMMs compared with WT BMMs (Fig.
4B).

To examine the regnlatory mechanism by
which RelB induces Cot expression, we
constructed a series of luciferase reporter
plasmids from Cot0.5-luc, which carries a 0.5
kb fragment of upstream of transcription
mitiation site of mouse Cot promoter harboring
the NF-kB-responsive element. Furthermore,
we generated an additional pair of deletion
plasmids with 1 or no NF-kB-responsive
elements, named Cot0.3-luc and Cot(.1-luc,
respectively, We then transfected 293 cells
with each of these luciferase reporter plasmids,
with or without p63, RelB, or RelB and p52.
The expression of p65 significantly stimulated

Cot0.6-luc. Although RelB alone failed to
stimulate  Cot0.6-luc, RelB  moderately
stimulated Cot0.6-luc in the presence of p52
(Fig. 4C). RelB, but not p65, stimulated
Cot0.4-luc. This activity was further enhanced
in the presence of p52. Neither p65 nor RelB
stimulated Cot0.2-luc in the presence or
absence of p52 (Fig. 4C). These data indicate
that the distal NF-xB-responsive element was
activated mainly by the classical NF-xB
pathway and that the proximal
NF-kB-responsive element of the Cot promoter
was activated by the alternative NF-xB
pathway.

ChIP analyses confirmed that p65 was
only recruited to the distal NF-xB-responsive
element, but not proximal NF-kB-responsive
element of the Cot promoter after 30 min of
RANKL stimulation in BMMs isolated from
both WT and aly/aly mice. RelB and p52 were
recruited to the both distal and proximal
NF-xB-responsive element of the Cot promoter
after 12 h of RANKL stimulation in BMMs
isolated from WT mice. However, RelB and
p52 failed to bind to the proximal
NF-kB-responsive element of the Cot promoter
in BMMs isolated from aly/aly or RelB-/- mice
(Fig. 4D). These results suggest that the
alternative NF-xB pathway is involved in the
induction and/or maintenance of Cot
expression.

To further examine the involvement of
RelB-induced Cot expression on
RANKL-induced  osteoclastogenesis, we
knocked down Cot expression using an shRNA
that specifically targeted the expression of Cot.
Although the overexpression of RelB
moderately enhanced RANKL-induced
osteoclastogenesis, the knock down of Cot
expression i WT BMMs  suppressed
RANKI -induced osteoclastogenesis in the
presence of RelB (Fig. SA and 5B). In aly/aly
BMMs. knocking down Cot expression
significantly suppressed the RANKIL-induced
osteoclastogenesis that was induced by RelB
overexpression (Fig. 5A and 5B), It has been
reported that IKKa phosphorylates NF-xB2 at
serine residues 865 and 869 (S865/869) (31,
32). In our study, RelB overexpression induced
phosphorylation and processing of NF-xB2 and
expression of NFATcl in aly/aly BMMs, and
knocking down Cot completely inhibited these
effects, suggesting that RelB-induced Cot
expression triggers the phosphorylation and
processing  of  NF-xB2  and  restores
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RANKL-induced osteoclastogenesis in aly/aly
BMMs (Fig. 5).

We then  confirmed  that  the
RelB-dependent expression of Cot was critical
for RANKL-induced osteoclastogenesis using
RelB-/- BMMs. BMMs from WT or RelB-/-
mice were treated with RANKL for the
indicated time, and the expression levels of Cot
were examined. Similar to aly/aly BMMs,
RANKL transiently induced the expression of
Cot at 30 min, but not between 6 and 48 h,
after RANKL stimulation in RelB-/- BMMs,
suggesting that the second wave of Cot
induction depends on RelB (Fig. 6A). NF-xB2
processing and NFATc] induction were also
impaired in RelB~/- BMMs compared with in
WT BMMs (Fig. 6A).

Few osteoclasts were formed in the RelB-/-
BMMs after RANKL stimulation, and the
processing of NF-xB2 was barely detectable
(Fig. 6B and 6C). The overexpression of RelB
in RelB-/- BMMs fulky rescued
RANKL-induced osteoclastogenesis (Fig. 6B
and 6C). The induction of Cot expression and
NF-xkB2 processing was also observed in
RelB-overexpressing RelB-/- BMMs (Fig, 6D),
In contrast, knocking down Cot suppressed
RANKL-induced osteoclastogenesis and the
processing of NF-kB2, even in the presence of
RelB (Fig. 6). In addition, overexpression of
Cot partially rescued RANKL-induced
osteoclastogenesis and the processing of
NF-xB2 (Fig. 6B-6D). These results strongly
indicated that the RelB-dependent expression
of Cot was critical for RANKL-induced
osteoclastogenesis by the alternative NF-xB
pathway.

RelB-induced Cot phosphorviates threonine 23
of [KKa, which induces processing of
NF-kB2-We then examined whether the
Cot-induced processing of NF-xB2 depended
on IKKa kinase activity. Knocking down
IKKo  expression failed to restore the
RANKL-induced osteoclastogenesis that was
induced by RelB overexpression as well as the
inhibition of processing of NF-xB2 and
NEATcl expression in ahv/aly BMMs (Fig.
TA-TC).

WT BMMs transfected with empty,
IKKoaWT, IKKoAA, or IKKoKM (kinase
dead) and with or without Cot were treated
with RANKL and M-CSF for 6 days.
Overexpression  of IKKo WT  enhanced

RANKL-induced  osteoclastogenesis by
auto-phosphorylating IKKo at serine 180,
compared with empty, and overexpression of
IKKaWT with Cot further enhanced
RANKL-induced osteoclastogenesis by further
phosphorylating threonine 23 (T23) of IKKa
(Fig. 7D and 7E). Overexpression of IKKaAA
alone markedly suppressed osteoclastogenesis
compared with empty, or IKKaWwT (Fig. 7D
and 7E). In contrast, overexpression of Cot in
the presence of IKKaAA recovered
osteoclastogencsis compared with IKKoAA
alone. Furthermore, overexpression of Cot
strongly induced the phosphorylation of IKKa
at T23 and the phosphorylation {S865/869) and
processing of NF-kB2 (Fig. 7F). To further
examine the importance of Cot-induced IKKa
phosphorylation at T23, we generated an
additional  construct, IKKocAAT23A. The
overexpression of Cot failed to rescue
RANKL-induced osteoclastogenesis because
the phosphorylation (S865/869) and processing
of NF-kB2 was inhibited (Fig. 7G-7I).
Although overexpression of Cot resulted in
phosphorylation of IKKa at T23, it failed to
induce phosphorylation and processing of
NF-kB2 and osteoclastogenesis in the presence
of IKKaKM (Fig. 7D-7F). These results
strongly indicate that phosphorylation of IKKa
at T23 and its kinase activity are important for
NF-kB2 processing and osteoclastogenesis by
the overexpression of Cot.

Cot and Akt cooperatively induce the
processing of NF-xB2 and RANKI-induced
osteoclastogenesis-Previous  reports showed
that Akt phosphorylates IKKa at T23 (33) and
that Akt and Cot physiologically associate and
functionally cooperate (34). Thus, we
examined the relationship between Akt and Cot
during RelB-induced osteoclastogenesis in WT
or aly/aly BMMs. First, BMMs isolated from
WT or aly/aly mice were transfected with RelB
with or without a constitutively activated form
of Akt (AktCA) or a dominant-negative form
of Akt (AktDN), and were then treated with
RANKL and M-CSF for 6 days. In WT BMMs,
RelB  overexpression  slightly  enhanced
RANKL-induced  osteoclastogenesis.  The
co-expression of AktCA and RelB  further
enhanced RANKIL-induced osteoclastogenesis.
As described above, RelB overexpression in
aly/aly BMMs rescued RANKI-induced
osteoclastogenesis. The co-expression of
AktCA  and RelB  further  enhanced
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RANKL-induced osteoclastogenesis in these
cells (Fig. BA and 8B). However, Cot knock
down moderately suppressed these effects in
WT BMMs and significantly suppressed the
AktCA and RelB-dependent rescue of
RANKL-induced osteoclastogenesis in aly/aly
BMMs (Fig. 8A and 8B). The phosphorylation
and processing of NF-kB2 induced by RelB
overexpression in both WT and aly/aly BMMs
was further enhanced by the co-expression of
AktCA and RelB (Fig. 8C). In contrast, AktDN
expression strongly inhibited RelB-induced
osteoclastogenesis and the phosphorylation and
processing of NF-kB2 in WT and aly/aly
BMMs (Fig. 8A-8C).

To further investigate the relationship
between Cot and Akt, BMMs isolated from
WT or aly/aly mice were transfected with
shCot, with or without AktCA, and then treated
with RANKTL and M-CSF for 6 days. AKiCA
moderately enhanced RANKL-induced
osteoclastogenesis by enriching the
phosphorylation (S865/869) and processing of
NF-xB2, while Cot knock down inhibited
RANKL-induced osteoclastogenesis in WT
BMMs, even in the presence of AktCA (Fig.
8D-8F). The overexpression of AktCA alone
failed to promote RANKL-induced
osteoclastogenesis in aly/aly cells, possibly due
to the markedly reduced expression of Cot in
aly/aly BMMs compared with WT BMMs (Fig.
8D-8E).

The slightly enhanced osteoclastogenesis
caused by Cot overexpression in WT BMMs
was suppressed in the presence AKtDN (Fig,
8G and 8H). Cot overexpression promoted
RANKL-induced osteoclastogenesis by
enhancing the phosphorylation (S865/869) and
processing of NF-kB2 and increasing NFATc!
expression, whereas co-transfection of Cot and
AKDN negated these effects (Fig, 8G-8L).
These results suggest that RelB-induced Cot
collaborates with Akt to regulate NF-xB2
processing and RANKL-induced
osteoclastogenesis.

DISCUSSION

We previously reported that afy/rly mice
showed an osteopetrotic phenotype and a
reduced number of osteoclasts (14, 15). We
also showed a strong correlation between the
mumber of osteoclasts that were induced by

RANKL and the ratio of p52 to pl00
expression {15). Furthermore, previous reports
showed that the overexpression of RelB, but
not pb65, in NIK-deficient cells rescued
RANKIL-induced  osteoctastogenesis (18},
However, the molecular mechanism by which
the overexpression of RelB rescued
RANKL-induced osteoclastogencsis has not
yet been examined. Therefore, the goal of this
study was to define how the overexpression of
RelB rescues RANKL-induced
osteoclastogenesis in ahv/aly BMMs, We have
shown here that Cot induction by RelB
overgxpression is  a  critical factor for
RANKL-induced osteoclastogenesis in aly/aly
BMM:s.

In the alternative pathway, NIK and IKXo
are required for NF-kB2 processing and allow
for the muclear translocation of RelB, which
may, in turn, heterodimerize with either p52 or
p30 (10, 11), We showed that the accumulation
of p100 acts as an inhibitor by binding to RelB,
but not p65, and preventing its nuclear
translocation, thereby inhibiting its
DNA-binding activity in afy/aly BMMs and
aly/aly  lymphocytes  (35).  Thus, the
overexpression of RelB forces nuclear
translocation and restores RANKL-induced
osteoclastogenesis  in  aly/aly BMMs by
inducing NF-kB2 processing. Furthermore,
RelB  overexpression failed to rescue
RANKL-induced osteoclastogenesis in the
presence of plOGAGRR. Indeed, RelB
overexpression  rescued RANKL-induced
osteoclastogenesis  in  IKKaAA-transfected
BMMs. These results strongly indicate that
NF-xB2 processing is more important than
RelB translocation into the nucleus for
inducing osteoclastogenesis. Furthermore, the
overexpression of RelB activates IKKa by a
NIK-independent mechanism to induce the
processing of NF-xB2.

Using a genome-wide screen, we observed
that Cot is induced in RelB-overexpressing
aly/aly BMMs, We confirmed that the protein
expression of Cot is markedly increased during
osteoclastogenesis in WT BMMs, but not in
aly/aly or RelB-/- BMMs. We also found that
there are two NF-kB-responsive elements from
upstream of the transcription initiation site of
the Cot promoter, one in the distal and one in
the proximal region. Although p65 and RelB
together with p52, bound the distal
NF-xB-responsive element, RelB together with
p52, but not pbé5 bound the proximal
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NF-«kB-responsive element in the Cot promoter.

The overexpression of RelB also induced the
phosphorylation of NF-xkB2 at S865/869,
which are phosphorylated by IKKa (31, 32),
suggesting that the overexpression of RelB
enhanced [KKa kinase activity. The loss of
Cot function via an shRNA that targeted Cot
significantly suppressed the
RANKIL -dependent osteoclastogenesis that was
induced by RelB overexpression in WT and
afhy/aly BMMs. Indeed, the overexpression of
Cot directly or indirectly resulted in the
phosphorylation of IKKa at T23, and rescued
the RANKI-induced osteoclastogenesis in
IKKoAA-transfected BMMs, but not in
IKKaAAT23A or  IKKaKM-transfected
BMMs.

Consistent with previous reports that showed
that Cot induces NF-xBl processing by
activating IKK (36, 37), RelB-induced Cot
induced NF-xB2 processing via
IKK« activation. Taken together, these data
suggest that RelB-induced Cot activates [KKa
kinase activity by phosphorylating T23, which
ultimately activates NF-1<B2 processing.

A previons study showed  that
Cot-deficient (Cof~/-}) mice exhibited normal
bone density and that Cot-/~ BMMs
differentiated normally into osteoclasts in the
presence of RANKL with M-CSF (38). Cot-/-
BMMs exhibit severely impaired
osteoclastogenesis  when  co-cultured with
mouse ST2 bone marrow stromal cells in the
presence of FKS06, which is a calcineurin
inhibitor.  Although osteoclastogenesis by
IP;R2/Cot double knockout (dKO) BMMs was
substantially impaired, 1P;R2/Cot dKO mice
had normal bone density. One possible
explanation for the discrepancy between these
in vitro and in vive phenotypes is the
suppression of bone formation in the TP3R2/Cot
dKO mice. In contrast,
I, 7-naphthyridine-3-carbonitrile, which is a
selective  inhibitor of Cot, suppresses
RANKI -induced osteoclastogenesis m
RAW264.7 cells by inhibiting ERK but not
INK or p38 activities (39). These discrepancies
are likely due to differences in experimental
strategies, such as the use of genetic versus
pharnmacological inhibition. Although the role
of Cot in osteoclastogenesis is  still
controversial, our results clearly provide
another example that RelB-induced Cot
expression rescues RANKIL-induced
osteoclastogenesis by  inducing NF-xB2

processing independently of NIK (Fig. 9).

There are three Akt family members; Aktl,
Akt2, and Akt3 (40, 41). Aktl and Ake2, but
not Akt3, are abundantly expressed in both
osteoblasts and osteoclasts (42). Although mice
lacking a single Akt isoform exhibited a mild
phenotype, Akt1/4kt2  double KO mice
digplayed severely impaired bone development
and dwarfism (43). Aktl-/- mice display
impaired bone resorption via cell autonomous
effects on differentiation and survival (42).
Ablation of both Akl and Akr2 inhibited
osteoclastogenesis by downregulating the
RANKL-mnduced DNA binding of NF-xB (44).
Furthermore, LY29400, a specific inhibitor of
PI3K, strongly inhibited RANKL-induced Akt
activation and osteoclastogenesis, whereas
other signaling pathways, such as JNK, p38,
and NF-xB, were not affected (43). The
overexpression of constitutively activated Akt
strongly enhanced RANKL-induced
osteoclastogenesis via the NFATcl signaling
cascade (45). Thus, Akt activation regulates
RANKL-induced osteoclastogenesis by
modulating NF-kB signaling.

Akt directly phosphorylates IKKa at T23
(31, 46). Furthermore, Akt and Cot can
physically associate through the amino
terminus of Cot, and Akt mediates the
phosphorylation of Cot (34). Cot binding to
Akt is critical for Cot function because Akt
phosphorylates Cot at serine 400, and this
phosphorylation is necessary for Cot- induction
of NF-kB-dependent transcription (35).
Although AktCA alone failed to induce
NF-xB2 processing and RANKL-induced
osteoclastogenesis in aly/aly BMMs, AktCA
induced NF-kB2 processing and
RANKI -induced osteoclastogenesis in alv/aly
BMMs in the presence of RelB. Moreover,
knocking down Cot by shCot suppressed the
NFxB2 processing and RANKL-mnduced
osteoclastogenesis in aly/aly BMMs that were
induced by AktCA and RelB. These results
suggest that Akt and Cot cooperatively form a
complex with IKKa, and that the complex
activates the NF-kB alternative pathway and
RANKL-induced osteoclastogenesis in aly/aly
BMMs.

In conclusion, we have identified, at least
in part, a previously unappreciated role for the
alternative NF-xB pathway in osteoclast
differentiation. Although the activation of
NIK/IKKa  may  be  important  for
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RANKL-induced  osteoclastogenesis, the  Akt/Cot/TKKa pathway induced by RelB

also contributes, in  part, to alternative NF-kB pathway should help

RANKL-induced  osteoclastogenesis.  An provide a molecular basis for future therapeutic
in-depth understanding of the molecular strategies targeting bone disease.
mechanism of osteoclast differentiation by the
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FIGURE LEGENDS

FIGURE 1. The translocation of RelB info the nucleus correlated with RANKL-induced
osteoclastogenesis. Bone marrow macrophages (BMMs) from wild-type (WT), aly/aly, or
NF-kB2-/- mice were treated with RANKL (100 ng/ml) for 6 days in the presence of M-CSF. (A)
Microscopic view of TRAP™ MNCs in BMMs from WT, alv/aly, or NF-xB2-/- mice. Scale bar =
100 um. {B} The data shown are the numbers of TRAP™ MNCs from WT, aly/aly, or NF-xB2-/-
BMMs per culture well. The data are means + SD (n=3), and * indicates p<0.01. Similar results
were obtained in three independent experiments. (C) BMMs from WT, aly/aly, or NF-kB2-/- mice
were treated with RANKL (100 ng/ml) for the indicated time. The cytoplasmic and nuclear
fractions were harvested from cultured cells and subjected to mmunoblot analysis with specific
antibodies as indicated. The expression of IkBa and HDAC! were used to identify the cytosolic and
nuclear extract, respectively. HDACI expression was also used as a loading control for the nuclear
extracts.

FIGURE 2. Overexpression of RelB rescued RANKL-induced osteoclastogenesis in aly/aly
BMMs. BMMs from aly/aly mice were transfected with an empty vector, p65, or RelB and
subsequently cultured with M-CSF (100 ng/ml) and RANKL (100 ng/ml). The cells were then fixed
and stained for TRAP. (A) Microscopic view of TRAP' MNCs in BMMs from aly/aly mice
transfected with empty vector, p65, or RelB. Scale bar = 100 um, (B) The data shown are the
number of TRAP™ MNCs per well from in cultured aly/aly BMMs per culture well. The data are
means £ SD (n=3), and ¥ indicates p<0.01. Similar results were obtained in three independent
experiments, (C) BMMs from afy/afy mice were transfected with an empty vector, p65, or RelB, the
total cell lysates were imamunoblotted with specific antibodies as indicated, and f-actin was used as
a loading control.

FIGURE 3. The overexpression of RelB failed to rescue RANKL-induced osteoclastogenesis in
the presence of p100 in NF-kxB2-/- BMMs. BMMs from NF-xB2-/- mice were transfected with an
empty vector, plOGAGRR, or plOOAGRR with RelB and subsequently cultured with M-CSF (100
ng/ml) and RANKL (100 ng/ml). The cells were then fixed and stained for TRAP. (A) Microscopic
view of TRAP" MNC's in BMMSs from NF-kB2-/- mice transfected with empty vector, pl100AGRR,
or plOOAGRR with RelB. Scale bar = 100 um. (B) The data shown are the number of TRAP

MNCs from NF-kB2-/- BMMs per culture well and are represented as the means + SD (n=3), and *
indicates p<0.01. Similar results were obtained in three independent experiments, (C) BMMs from
NF-kB2-/- mice were transtected with an empty vector, pl00AGRR, or pIlO0AGRR with RelB, total
cell lysates were immunoblotted with specific antibodies as indicated, and fi-actin was used as a
loading control. (D) BMMs from WT mice were transfected with an empty vector, IKKoAA, or
IKKaAA with RelB and subsequently cultured with M-CSF (100 ng/ml) and RANKL (100 ng/mi)

The cells were then fixed and stained for TRAP. The figure shows a microscopic view of TRAP™

MNCs in BMMs from WT mice that were transfected with empty vector, IKKaAA, or IKKaAA
with RelB. Scale bar = 100 um, (E) The data shown are the number of TRAP® MNCs from WT
BMMs per culture well. The data are represented as the means + SD (n=3), and * indicates p<0.01.

Similar results were obtained in three independent experiments. (F) BMMs from WT mice were
transfected with an empty vector, IKKaAA, or IKKaAA with RelB, total cell lysates were
immunoblotted with specific antibodies as indicated, and f-actin was used as a loading control.

FIGURE 4. The overexpression of RelB rescued RANKI -induced osteoclastogenesis from
ahv/aly BMMs by inducing Cot expression. (A) BMMs from WT or aly/aly mice were transfected
with or without RelB and subsequently cultured with M-CSF (100 ng/ml) and RANKL (100 ng/ml),
Total RNA of BMMs or osteoclasts from WT or ah/aly mice was isolated, and the expression
levels of Cot relative to GAPDH were measured using quantitative real-time PCR analysis. The
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data are represented as the means & SD (n=3), and * indicates p<0.01. Similar results were obtained
in three independent experiments. (B) BMMs from WT or aly/aly mice were treated with RANKL
(100 ng/ml) for the indicated time. Whole cell lysates were harvested from cultured cells and
subjected to immunoblot analysis with the indicated antibodies. An antibody against fi-actin was
used as a loading control. (C) A deletion analysis of the upstream of transcription initiation site of
the mouse Cotf gene using luciferase reporter constructs. The deletion constructs were generated
from Cot0.5-Ine. The 293 cells were individually transfected with the reporter constructs, with or
without p63, RelB, or RelB and p52. The luciferase activity was measured 48 h after transfection.
The data represent the means + SD (n=3), and * indicates p<0.01. Similar resulis were obtained in
three independent experiments. (D)} BMMs isolated from WT or alwaly mice were treated with
RANKL (100 ng/ml) for the indicated time. Chromatin from individual samples was precipitated
using the indicated antibodies or control immunoglobulin G. The Cot promoter containing distal or
proximal NF-kB-responsive elements was amplified by PCR from precipitated DNA.

FIGURE 5. The overexpression of RelB failed to rescue RANKI -induced osteoclastogenesis in
the absence of Cot. BMMs isolated from WT or aly/aly mice were transfected with or without
RelB in the presence of shGFP or shCot, and subsequently cultured with M-CSF (100 ng/ml) and
RANKL (100 ng/ml). The cclis were then fixed and stained for TRAP. (A) The figure shows a
microscopic view of TRAP" MNCs in WT or aly/aly BMMs transfected with or without RelB in the
presence of shGFP or shCot. Scale bar = 100 um. (B) The data shown are the number of TRAP"
MNCs per well in cultured WT or alv/aly BMMs and are represented as the means + SD (n=3), and
* indicates p<0.01. Similar results were obtained in three independent experiments. (C) BMMs
isolated from WT or gh/aly mice were transfected with or without RelB in the presence of shGFP
or shCot, and total cell lysates were immunoblotted with the indicated antibodies. f}-actin was used
as a loading control.

FIGURE 6. RelB-induced Cot expression is critical for RANKL-induced osteoclasts. (A)
BMMs from WT or RelB-/- mice were freated with RANKL (100 ng/ml) for the indicated time.
Whole-cell lysates were harvested from cultured cells and subjected to immunoblot analysis with
the indicated antibodies. An antibody for f-actin was used as a loading control. (B) BMMs from
RelB-/- mice were transfected with empty or RelB vectors in the presence or absence of shCot or
Cot and subsequently cultured with M-CSF (100 ng/ml) and RANKL (100 ng/mi). The cells were
fixed and stained for TRAP. Microscopic view of TRAP" MNCs in BMMs from RelB-/- mice that
were transfected with empty or RelB vectors in the presence or absence of shCot or Cot. Scale bar =
100 pm. (C) Data shown are the number of TRAP" MNCs from RelB-/- BMMs per culture well.
The data are means £ SD (n=3), and * indicates p<0.01. Similar results were obtained in thrce
independent experiments. (D) BMMs from RelB-/- mice were transfected with empty or RelB
vectors in the presence or absence of shCot or Cot, and total cell lysates were immunoblotted with
the indicated antibodies. B-actin was used as a loading control,

FIGURE 7. The overexpression of Cot rescued RANKL-induced osteoclastogenesis frem
IKKaAA-transfected BMMs, but not IKKa KM-transfected BMMs., BMMs from a/y/aly mice
were transfected with or without RelB in the presence or absence of shCot or shlKKa and
subsequently cultured with M-CSF (100 ng/ml) and RANKL (100 ng/ml). The cells were then fixed
and stained for TRAP. (A) The figure shows a microscopic view of TRAP' MNCs with BMMs
from aly/aly mice that were transfected with or without RelB in the presence or absence of shCot or
shIKKc. Scale bar = 100 wm. (B) The data shown are the number of TRAP" MNCs from aly/aly
BMMSs per culture well. The data are means + SD (n=3), and * indicates p<0.01. Similar results
were obtained in three independent experiments. (C) BMMs from afy/aly mice were transfected
with or without RelB in the presence or absence of shCot or shIKKa, and total cell lysates were
immunoblotted with the indicated antibodies. ff-actin was used as a loading control. (D)) BMMs
from WT mice were transfected with or without Cot in the presence of empty, IKKaWT, IKKaAA,
or IKKaKM and subsequently cultured with M-CSF (100 ng/ml) and RANKL {100 ng/ml) The
cells were then fixed and stained for TRAP. Microscopic view of TRAP' MNCs with BMMs from
WT mice transfected with or without Cot in the presence of empty, IKKaWT, IKKaAA, or
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IKKaKM. Scale bar = 100 wn. (E) The data shown are the number of TRAP" MNCs from WT
BMMs per culture well and are represented as the means £ SD (n=3) and * indicates p<{0.01 versus
RelB-transfected cells. Similar results were obtained in three independent experiments. (F) BMMs
from WT mice were transfected with or without Cot in the presence of empty, IKKaWT, IKKaAA,
or IKKoKM, and total cell Iysates were immunoblotted with the indicated antibodies. ff-actin was
used as a loading control. (G) BMMs isolated from WT mice were transfected with or without Cot
in the presence of cmpty vector, IKKaAA, or IKKaAAT23A, and subsequently cultured with
M-CSF (100 ng/ml) and RANKL (100 ng/ml). The cells were then fixed and stained for TRAP. A
microscopic view of TRAP™ MNCs in WT BMMs transfected with or without Cot in the presence
of empty vector, IKKaAA, or IKKaAAT23A. Scale bar = 100 um. (H) The data shown represent
the number of TRAP® MNCs per well in cultured WT BMMs. The data represent the mean + SD
(n=3), and * indicates p<0.01 versus RelB-transfected cells. Similar results were obtained in three
independent experiments. (1) BMMs isolated from WT mice were transfected with or without Cot in
the presence of empty vector, IKKoAA, or IKKaAAT23A, and total cell lysates were
immunoblotted with the indicated antibodies. [}-actin was used as a loading control.

FIGURE 8. Cot and Akt cooperatively induced the processing of p100 and RANKI.~induced
osteoclastogenesis. BMMs from WT or aly/aly mice were transfected with or without RelB, RelB
together with AKiCA or AKiDN in the presence or absence of shCot and subsequently cultures with
M-CSF (100 ng/ml) and RANKL (100 ng/ml). (A) Cells were fixed and stained for TRAP.
Microscopic view of TRAP" MNCs in BMMs from WT or aly/aly mice were transfected with or
without RelB, RelB together with AktCA or AktDN in the presence or absence of shCot. Scale bar
= 100 um. (B) Data shown are the number of TRAP" MNCs from WT or aly/aly BMMs per culture
well. The data are means + SD (n=3). * indicates p<0.01. Similar results were obtained in three
independent experiments. (C) BMMs from WT or aly/aly mice were transtected with or without
RelB, RelB together with AktCA or AktDN in the presence or absence of shCot and then total cell
lysates were immunoblotted with specific antibodies as indicated, and 3-actin was used as a loading
control. (D) BMMs from WT or aly/aly mice were transfected with or without AKtCA in the
presence or absence of shCot, and subsequently cultures with M-CSF (100 ng/ml) and RANKL
(100 ng/ml). Cells were fixed and stained for TRAP. Microscopic view of TRAP” MNCs in BMMs
from WT or afy/aly mice transfected with or without AktCA in the presence or absence of shCot.
Scale bar = 100 wm. (E) Data shown are the number of TRAP" MNCs from WT or aly/aly BMMs
per culture well. The data are means + SD (n=3). * indicates p<0.01. Similar results were obtained
in three independent experiments. (F) BMMs from WT or a/y/aly mice were with or without AKtCA
in the presence or absence of shCot, and then total cell lysates were immunoblotted with specific
antibodies as indicated, and f-actin was used as a loading control, (G) BMMs from WT or aly/aly
mice were transfected with or without Cot in the presence or absence of AktDN and subsequently
cultures with M-CSF (100 ng/ml) and RANKL (100 ng/ml). Cells were fixed and stained for TRAP.
Microscopic view of TRAP™ MNCs in BMMs from WT mice transfected with or without Cot in the
presence or absence of AktDN. Scale bar = 100 um. (H) Data shown are the number of TRAP”
MNCs from WT or aly/aly BMMs per culture well. The data are means + SD (n=3). * indicates
p<0.01. Similar results were obtained in three independent experiments. (I) BMMs from WT or
alv/aly mice were with or without Cot in the presence or absence of AktDN, and then total cell
lysates were immunoblotted with specific antibodies as indicated, and [3-actin was used as a loading
control,

FIGURE 9. A schema of the molecular mechanism by which the overexpression of RelB
rescued RANKIL-induced osteoclastogenesis from aly/aly BMMs, RelB -induced Cot activates
IKKo kinase activity by phosphorylating T23, which  ultimately activates NF-kB2 processing and
induces RANKL-induced osteoclastogenesis in aly/aly BMMs.
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Fig.4
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Fig.5
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Fig.6
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