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Abstract

Myeloid differentiation factor 88 (MyD88) plays essential roles in the signaling of the Toll/
interleukin (IL)-1 receptor family. Toll-IL-1 receptor domain-containing adaptor induc-
ing interferon-B (TRIF)-mediated signals are involved in lipopolysaccharide (LPS)-induced
MyD88-independent pathways. Using MyD88-deficient (MyD88~~) mice and TRIF-deficient
(TRIF~/7) mice, we examined roles of MyD88 and TRIF in osteoclast differentiation and func-
tion. LPS, diacyl bpopeptide, and IL-1a stimulated osteoclastogenesis in cocultures of osteoblasts
and hemopoietic cells obtained from TRIF~" mice, but not MyD88~/~ mice. These factors
stimulated receptor activator of nuclear factor-kB ligand mRINA expression in TRIF~/~ osteo-
blasts, but not MyD88~/~ osteoblasts. LPS stimulated IL-6 production in TRIF~~ osteoblasts,
but not TRIF™ macrophages. LPS and IL-1e enhanced the survival of TRIF~~ osteoclasts, but
not MyD88~/~ osteoclasts. Diacyl ipopeptide did not support the survival of osteoclasts because
of the lack of Toll-like receptor (TLR)6 in osteoclasts. Macrophages expressed both TRIF and
TRIF-related adaptor molecule (TRAM) mRINA, whereas osteoblasts and osteoclasts expressed
only TRIF mRINA. Bone histomorphometry showed that MyD88~~ mice exhibited osteopenia
with reduced bone resorption and formation. These results suggest that the MyD88-mediated
signal is essential for the osteoclastogenesis and function induced by IL-1 and TLR ligands, and
that MyD88 is physiclogically involved in bone tumover.
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Introduction

Osteoclasts, the multinucleated cells that resorb bone, orig-
inate from monocyte-macrophage lineage cells. Osteoblasts
{or bone marrow stromal cells) are involved in osteaclasto-
genesis (1, 2). Macrophage CSF (M-CSF) produced by osteo-
blasts is an essential factor for osteoclast formation. Receptor
activator of NF-kB ligand (RANKL) is another cytokine
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essential for osteoclastogenesis expressed by osteoblasts as a
membrane-associated cytokine (1-5). Osteoclast precursors

Abbreviations used in this paper: ERX, extracellular signal-regulated kinase;
MAPK, mitogen-activated protein kinase; M-CSF, macrophage CSF;
MEK, MAPK/ERX kinase; MyD88, myeloid differentiazion factor 88;
MyD88~/~, MyD88-deficient; OPG, osteoprotegerin; PKC, protein kinase
C; RANK, receptor activator of NF-kB; RANKL, RANK ligand; TIR,
Toll/IL-1 receptor; TLR, Toll-like receptor; TRAM, TRIF-related
adaptor molecule; TRAM ™", TRAM-deficient; TR AP, tartrate-resistant
acid phosphatase; TRIF, TIR. domain-contzining adaptor-inducing IFN-§;
TRIF, TRIF-deficient,
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express RANK (3 receptor of RANKL), recognize
RANKL expressed by osteoblasts through cell-cell interac-
tion, and differentiate into osteoclasts in the presence of
M-CSF. Osteoprotegenn (OPG) produced mainly by os-
teoblasts is a soluble decoy receptor for RANKL (6). OPG
blocks osteoclastogenesis by inhibiting the RANKL-RANK
interaction. Bone resorption-stimulating hormones and cy-
tokines enhance the expression of RANKL in osteoblasts.
Marure osteoclasts also express RANK, and RANKL sup-
ports the survival and stimulates the bone-resorbing activity
of osteoclasts (1-5).

LPS, a2 major constituent of gram-negative bacteria, is
proposed to be a potent stimulator of bone resorption in
inflammatory diseases (7). CD14 is a membrane-anchored
glycoprotein that functions as a member of the LPS recep-
tor system. Toll-like receptor (TLR)4 is a critical receptor
and signal transducer for LPS (8, 9). Bacterial lipoprotein/
lipopeptides have pathogen-specific molecular patterns.
The complex of TLR6 and TLR2 recognizes diacyl li-
popeptide (9, 10). We found that lipoproteins derived from
Mycoplasma salivarium, 2 member of the human oral micro-
bial flora, and a synthetic diacyl lipopeptide (FSL-1) acti-
vate human gingival fibroblasts to induce inflimmatory cy-
tokine production via p38 mitogen-activated protein kinase
{(MAPK}-mediated signals (11).

TLR family members have an intracytoplasmic region,
called the Toll/IL-1 receptor (TIR) homology domain.
Through the homophilic interacton of TIR. domains, my-
eloid differendation factor 88 (MyD88) is associated not
only with cytokine receptors for IL-1 and IL-18 but also
with various TLRs (9, 12). MyD88-deficient (MyD88™/")
mice showed resistance to LPS-induced responses includ-
ing cytokine production by macrophages, B cell prolifera-
tion, and endotoxin shock (12, 13). MyD88™"~ mice did
not respond to IL-1, IL-18, or other microbial cell wall
components such as peptidoglycan and lipopeptides (14).
However, MyD88~/~ macrophages showed a delayed acti-
vation of NF-kB and MAPK cascades in response to LPS
{13). In addition, LPS induced the functional maturation of
MyD88~/~ dendrtic cells, including the up-regulation of
cosdmulatory molecules (15). These results indicate the ex-
istence of a MyD88-independent pathway through TLRA4.

Recently, TTR. domain-containing adaptor-inducing IFN-f3
{TRIF) was identified as an adopter involved in MyD88-
independent signaling pathways (16). TRIF plays essentiat
roles in TLR 4~ and TLR3-mediated pathways (17, 18).
TRIF-related adaptor molecule (TRAM) was identified
as an adopter specifically involved in the TLR4-mediated
MyD88-independent signaling pathway (19, 20). Using
TRIF-deficient (TRIF™") mice and TRAM-deficient
(TRAM™") mice, it was shown that both MyD88-depen-
dent and TRAM-TRIF-dependent pathways were re-
quired for LPS-induced proinflammatory cytokine pro-
duction in macrophages and for LPS-induced activation of
B cells (19). In addition, p38 MAPK- and MAPK/extracel-
lular signal-regulated kinase (ERK) kinase (MEK)/ERK-
mediated signals are shown to be involved in LPS-induced

proinflammartory cytokine production in human osteoblas-
tic cells (21).

Using MyD88~/~ mice and TRIF~/~ mice, we explored
the roles of MyD88 and TRIF in osteoclast differentiation
and function induced by LPS, IL-1e, and diacyl lipopeptide.
We also examined whether both MyD88 and TRIF signals
are involved in cytokine production in osteoblasts as well as
bone marrow macrophages. We have shown that MyD88-
mediated signals, but not TRIF-mediated signals, induced
R ANKL expression in ostecblasts. LPS stimulated IL-6 pro-
duction in TRIF™~ osteoblasts, but not TRIF™~ macro-
phages. MyD88- but not TRIF-medtated signals supported
the survival of osteoclasts induced by LPS. Bone histomor-
phometry revealed that MyD88™/~ mice exhibited typical
osteopenia with reduced bone resorption and formation.

Materials and Methods

Animals and Drugs. MyD887/~, TLR4-deficient (TLR4™/"),
and TRIF™~ mice with the genetic background of C57BL/6]
were generated and maintained as deseribed previously (12, 17,
22). After heterozygous (+/—) mating, heterozygous {(+/—), ho-
mozygous (—/—), and WT (+/4) mice were identified by PCR.
analysis of DNA obtained from the tail of each mouse. WT
(C57BL/6]) mice were obtained from Japan Clea Co. All proce-
dures for animal care were approved by the Animal Management
Cormmittee of Matsumoto Dental University. LPS (Escherichia coli
O55:B5) and H-89 were purchased from Sigma-Aldrich. A syn~
thedc diacyl lipopeptide (FSL-1) was prepared as described previ-
ously (23). PD9805%, BAPTA-AM, Ro-32-0432, A23187, and
phorbol-12-myristate-13-acetate (PMA) were obtained from Cal-
biochem Co. Recombinant human soluble RANKL and human
OPG were purchased from PeproTech. Recombinant mouse IL-
la was obmined from Genzyme. Recombinant human M-CSF
(Leukoprol} was obtained from Kyowa Hakko Kogyo Co. 1a,25-
dihydroxyvitamnin D, {1,25(OH),D,) and prostaglandin E, (PGE,)
were purchzsed from Wako Pure Chemical Industries Ltd. Rabbit
anti-mouse phospho-ERK1/2 (Thr202/Tyr204) antibody and
rabbit anti-mouse ERK1/2 antbody were purchased from Cell
Signaling Technology Inc. An ELISA kit for mouse IL-6 was ob-
tained from R&D Systems. Specific PCR primers for mouse
TLR2, TLR4, TLRS, IL-1R, CD14, RANKL, TRIF, and
TRAM and GAPDH were synthesized by Invitrogen. Other
chemicals and reagents were of analytical grade.

Osteoclast Differentiation Assay. To isolate primary osteoblasts
from either MyD88~/~, TLR4~/~, TRIF~~, or WT mice, cal-
varia from 2-d-old mice (male and female) were cut into smail
pieces and cultured for 5 d in type I collagen gel (cell matrix
type-IA; Nitta Gelatin, Inc.) prepared in an a-MEM (Sigma-
Aldnich) containing 10% FBS (JRH Biosciences; reference 6). Os-
teoblasts grown from the calvarium were collected by treating the
collagen gel cultures with collagenase and stored at —80°C before
use. Bone marrow cells obtained from tibiae of 5—8-wk-old male
mice were suspended in an o-MEM supplemented with 10%
FBS in 60-mm-diameter dishes for 16 h in the presence of 50 ng/
m! M-CSF. Next, nonadherent cells were harvested as hemopoi-
etic cells, The hemopoietic cells (1.5 X 10° cells/well) were co-
cultured with osteoblasts (1.5 X 10* cells/well) prepared from
each mouse for 7 d in a 48-well plate with 0.3 ml of «-MEM
containing 10% FBS in the presence of test chemicals. In some
experiments, the hemopoietic cells prepared from male MyD88 /-
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and WT mice were cultured in the presence of 100 ng/ml
RANKL and 50 ng/ml M-CSF for 5 d. All cultures were incu-
bated in quadruplicate, and cells were replenished on day 3 with
fresh medium, Adherent cells were fixed with 10% formaldehyde
in PBS, treated with ethanol-acetone (50:50), and stained for tar-
trate-resistant acid phesphatase (TRAP, 2 marker enzyme of os-
teoclasts) as described previously (24). TRAP positive multinu-
cleated cells containing more than three nuclei were counted as
osteoclasts. The results obtained from one experiment typical of
at least three independent experiments were expressed as the
mean = SEM of three cultures. The significance of the differ-
ences was determined using Student’s ¢ test.

Survival Assay of Mature Osteoclasts.  Osteoblasts and freshly
prepared bonre marrow cells were cocultured in a-MEM con-
taining 10% FBS and 1072 M 1,25(0H},D, and 10¢ M PGE, in
100-mm-diameter dishes precoated with type I collagen gel as
described previously (24). Osteoclasts were formed within 6 d in
the cocultures. All the cells in the coculures were recovered
from the dishes by treatment with a-MEM contzining (.3% col-
lagenase (Wako Pure Chemical Industries Ltd.). The cocultures
at day 6 contained ~5% osteoclasts. To purify osteoclasts, the
erude osteoclast preparation was plated in 48-well culture dishes.
After cells were incubated for 6 h, osteoblasts were removed by
treatment with trypsin (0.05%) and EDTA (0.53 mM; Invitro-
gen) for 5 min on the dishes. Some cultures were fixed and
stained for TRAP. These cultures contained ~95% osteoclasts.
Purified osteoclasts were further incubated for 24 h in the pres-
ence of test chemicals and stained for TRAP. TRAP positive
multinucleated c¢ells containing more than three nuclei were
counted as osteoclasts. The results were expressed as the mean %
SEM of three cultires.

Preparation of Bone Marrow Macrophages. Bone marrow mac-
rophages were prepared from MyD88~/~, TRIF™", and WT
mice to examine LPS-induced IL-6 production. Bone marrow
cells obtained from tibiae of MyD88~/~, TRIF™/~, and WT mice
(5-8-wk-old adults) were cultured for 16 h in a-MEM supple-
mented with 10% FBS in the presence of 50 ng/ml M-CSF.
Nonadherent cells were harvested as hemopoietic cells and fur-
ther cultured with 50 ng/ml M-CSF for 2 d. Adherent cells were
used as bone marrow macrophages. Bone marrow macrophages
were incubated for 24 h with 100 ng/ml LPS in the presence of
50 ng/ml M-CSF, and the conditioned medium was collected for
the determination of IL-6.

PCR Amplification of Reverse-transcribed mRNA.  For semi-
quantitative RT-PCR. analysis, osteoblasts prepared from the
MyD88—/~, TRIF~/~, or WT mice were cultured in a-MEM
containing 10% FBS in the presence of test chemicals on 60-mm-
diameter dishes. After cells were cultured, total cellular RINA was
extracted from osteoblasts using TRIzol solution (Life Technolo-
gies). First-strand ¢eDNA was synthesized from total RNA with
random primers and subjected to PCR. amplification with EX
Tag polymerase (Takara Biochemicals) using specific PCR. prim-
ers; mouse, TLR2, forward, 5'-AAACAACTTACCGAAAC-
CTCAGAC-3' (nucleotides 273-296) and reverse, 5'-TGTA-
AATTTGTGAGATTGGGAAAA-3" (nucleotdes 748-771);
mouse, TLR4, forward, 5'-AGTGGGTCAAGGAACAGAA-
GCA-3' (nucleotides 1766—1787) and reverse, 5'-CTTTAC-
CAGCTCATTTCTCACC-3' (nucleotides 2055-2076); mouse
TLR6, forward, 5'-GCCTGACTCTTACAGGTGTGACTA-
3’ (nucleotides 1698-1721) and reveme, 5'-TTATGATGGG-
ACAAATAGAGTTCA-3' (nucleotides 2175-2198); mouse
CD14, forward, 5'-ACATCTTGAACCTCCGCAAC-3' (nu-
cleotides 454—473) and reverse, 5'-AGGGTTCCTATCCAGC-
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CTGT-3' (nucleotides 934-953); mouse IL-1R, forward, 5'-
TAATGAGTTACCCGAGGTCCA-3' (nucleotdes 570-590)
and reverse, 5'-AGGCATCGTATGTCTTTCCA-3' {nucleotides
1257-1276); mouse RANKL, forward, 5'-CGCTCTGTTCCT-
GTACTTTCGAGCG-3' (nucleotides 195-219) and reverse, 5'-
TCGTGCTCCCTCCTITCATCAGGTT-3' (nucleotides 757--
781); mouse TRIF, forward, 5'-ATGGATAACCCAGGGC-
CTT-3' (nucleotides 187-205) and reverse, 5'-TTCTGGTCA-
CTGCAGGGGAT-3' (nuclectides 696—715); mouse TRAM,
forward, 5'-ATGGCCAGTCCTGGACTTC-3' (nucleotides
126-144) and reverse, 5'~CAAGCAGGCTTCCTCAGAATT-
3’ (nucleotides 576-596); and mouse GAPDH, forward, 5'-ACC-
ACAGTCCATGCCATCAC-3' (nucleotides 566-5385) and
reverse, 5'-TCCACCACCCTGTIGCTGTA-3' (nucleotides
998-1017). The PCR. products were separated by electrophoresis
on 2% agarose gels and visualized by ethidium bromide staining
with UV light illumination. The sizes of the PCR. products for
mice TLR2, TLR4, TLR6, CD14, IL-1R, RANKL, TRIF,
TRAM, and GAPDH are 499, 311, 501, 500, 707, 587, 535,
476, and 452 bp, respectively.

Northern Blot Analysis. "WT mouse-derived ostecblasts {106
cells) were seeded in cell culture dishes (60 mm in diameter) and
cultured in a-MEM containing 10% FBS for 3 d. After incubation
in ¢-MEM containing 0.1% FBS for 3 h, cells were treated with
LPS for 3 h. Some cultures were also treated with several kinds of
signal inhibitors for 1 h before the addition of LPS. Total RNA
was jsolated from cultures wing TRIzol. Northem blot analysis
was performed using denaturing formaldehyde/agarose gels as de-
scribed previously (25). Double stranded complementary DINA
(cDNA) fragments encoding mouse RANKL were provided by
H. Yasuda (Snow Brand Milk Products, Tokyo, Japan). cDNA
probes (RANKL and B-tubulin) labeled with 2P were synthe-
sized using a cDNA labeling kit (Takara). The RANKL and
B-tubulin probes were hybridized with membranes to which total
RINA isolated from ostecblasts had been transferred. The mem-
branes were exposed to Kodak BioMax MS film. Signals for
RANKL and R-tubulin mRNA were quantified using a radioac-
tive image analyzer (BAS2000; Fuji Photo Film Cao., Ltd.). Signals
for RANKL were normalized with the respective B-tubulin
mRNA expression levels to calculate the relative intensity.

Western Blot Analysis. Confluent MyD88~"- and WT
mouse-derived osteoblasts were further incubated with test
chemicals for 30 min, washed twice with PBS, and lysed in cell
lysate buffer. Whole cell extracts were electropheresed on a 10%
SD3-polyacrylamide gel and ransferred onto nitrocellulose mem-
brane (Millipore). After blocking with 5% skim milk in Trs-buf-
fered saline containing 0.1% Tween 20 (TBS-T), the antiphos-
pho-ERK1/2 antibody or anti-ERK antibody (1:1,000) was added
to TBS-T containing 5% skim milk and the bound antibodies
were visualized using the enhanced chemiluminescence assay
with reagents from Amersham Biosciences followed by exposure
to X-ray film.

Bone Histomorphometry. Seven male MyD88~/~ and WT (14-
wk-old) mice were killed for bone histomorphometric analysis.
For in vivo fluorescent labeling, intraperitoneal injections of tet-
racycline hydrochloride (Sigma-Aldrich) (30 mg/kg of body
weight) and calcein (Sigma-Aldrich) (6 mg/kg of body weight)
were administered at days 0 and 2. Mice were killed on day 4.
Their vertebrae were removed, fixed in 70% ethanol, 2nd em-
bedded in glycol-methacrylate without decalcification. Sections
were prepared and stained with Villanueva Goldner to discrimi-
nate between mineralized and unmineralized bone and to iden-
tify cellular components. Quantitative histomorphometric analy-
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Figure 1. MyD88 is essential
for osteoclastogenesis induced by
LPS, IL-1e, and diacyl lipopep-
tdde. (A and B) Effects of
1,25{(CH),D, plus PGE,, LPS,
IL-1e, and diacyl lipopeptide on
osteoclast formation in cocultures
of osteoblass and hemopoietic
cells prepared from male WT
and MyD88~/~ mice. Calvarial
osteoblasts (1.5 X 10% cells/well)
and bone marrow—derived he-
mopoietic cells (1.5 X 105 cells/
well) prepared from WT and
MyD88~~ mice were coctaltured
C I for 7 d in a 48-well plate in the

wr MyD88

*

Osteoclasts / well

i

presence or absence of 1 pg/ml
LPS, 10 ng/ml IL-1o, 1078 M
diacyl lipopeptide, and 108 M
1,25(0H),D, plus 107¢ M PGE,.
Cells were fixed and stained
for TRAP. TRAP positive os-
teoclasts appeared dark red (A).

g8 8

n
2

Osteoclasts / well

lipcpeptide *
PGE, PGE,

Control 1250; {PS IL-la Discyl Controt 1.25D; LPS IL-la Discyl
+ ipopeptide

o

Bar, 100 pm (A). TRAP positive
multinueleated  cells  containing
three or more nuclei were counted
as osteoclasts (B). Values were ex-

wr MyD8&"

pressed as the mean * SD of three cultures. Significant difference berween WT and MyD88~/~ cultures (%, P < 0.005). {C) Effect of M-CSF plus
RANKL on osteoclast formation in hemopoietic cells prepared from WT and MyD88™~ mice. Bone marrow-derived hemopoietic cells (1.5 X 10°
cells/well) prepared from WT and MyD88™/~ mice were cultured for 5 d in the presence of 50 ng/ml M-CSF plus 100 ng/ml RANKL. Cells were
fixed and stained for TRAP. TRAP pesidve multinucleated cells containing three or more nuclei were counted as osteoclasts. Values were expressed as
the mean * SD of three cultures. Experiments were repeated five times with similar results.

sis was conducted in a blind fashion. Images were also visualized
by fluorescent microscopy. Nomenclature and units were used
according to the recommendation of the Nomenclature Com-
mittee of the American Society for Bone and Mineral Research
(26). Statistical analysis was done using Student’s £ test.

Tissue Preparation for the Histological Analysis of Bone.  12-wk-
old MyD88~/~ and WT mice {two males of each type}) were
anesthetized with sodium pentobarbital (Nembutal; Dainippon
Pharmaceutical Co., Ltd)}), and perfused for 15 min with 4%
paraformaldehyde in 0.1 M phosphate buffer, pH 7.3, through
the left ventricle. Tibiae were removed and immersed into the
same fixative for 20 h at 4°C. Specimens were washed with the
phosphate buffer, and decalcified in 10% EDTA, pH 7.3, for 2
wk at 4°C. Decalcified specimens were dehydrated in a graded
series of ethanol solutions, embedded in paraffin, and cut into
4-pm-thick sections. TRAP staining was performed on the spec-
imens as described previously (27, 28) and TRAP positive osteo-
clasts were detected under a light microscope.

Results

MyD88 Is an Essential Molecule for Osteoclastogenesis In-
duced by LPS, IL-1a, and Diacyl Lipopeptide First, we ex-
amined the effects of LPS, 1L-1c, and a synthetic diacyl li-
popeptide (FSL-1) on osteoclast formation in the murine
coculture system. LPS, IL-le, and diacyl lipopeptide as
well as 1,25(QH),D; plus PGE; sumulated the formation
of TRAP positive osteoclasts (cells stained red) in cocul-
tures of primary osteoblasts and bone marrow—derived he-
mopoietic cells obtained from WT mice (Fig. 1, A and B).
In contrast, LPS, IL-1a, and diacyl lipopeptide did not in-

A TLR? TLHS TLES IL-1R D14 GAPDH
MyD2s+ and - =
Diacyl
B wr LPS Y 1.25D, lipopeptide

3 24 48 3 24 48 Comt 3 24 48 (h)

Diacyl
lipopaptide
3 24 48 GCont 3 24 48 {h)

LPS L-1a 1,250,
24 48

Figure 2. MyD88-mediated signals are involved in RANKL expression
in osteoblasts treated with LPS, diacyl lipopeptide, and IL-1a. (A) Expression
of TLR2, TLR4, TLRS6, IL-1R, and CD14 in osteoblasts prepared from
WT and MyD88™/~ mice. Osteoblasts prepared from WT and MyD88~/-
mice were cultured in 60-mm-diameter dishes. Total cellular RINA was ex-
tracted from osteoblasts, reverse transcribed, and amplified by PCR. for
mouse TLR2 (32 cycles), TLR4 {32 cycles), TLR6 (32 cycles), IL-1R. {32
cycles), CD14 (32 cycles), or GAPDH (20 cycles) using the specific primers
desctibed in Matetials and Methods. (B) Effecs of LPS, IL-lo,
1,25(0OH),D;, and diacyl lipopeptide on RANKL mRINA expression in os-
teoblasts prepared from WT and MyD88~~ mice. WT and MyD88~~ os-
teobluss were treated with or without 1 pg/mi LPS, 10 ng/mi [L-1e, 1078 M
1,25(OH),D; (1,25D;), and 10~® M diacyl lipopeptide for the periods in-
dicared. Total cellular RNA was extracted from ostecblasts, reverse tran-
scribed, and amplified by PCR. for mouse RANKL (28 cycles) or GAPDH
(20 cycles) using the specific primers described in Materials and Methods.
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duce osteoclast formation in the coculture of MyD88~/~-
derived osteoblasts and hemopoietic cells (Fig. 1, A and B).
The number of osteoclasts that formed in response to
1,25(OH),D; plus PGE; in cocultures prepared from
MyD88~/~ mice was always significantly smaller than that
from WT mice (Fig. 1, A and B). In contrast, bone mar-
row—derived hemopoietic cells obtained from MyD88~~
mice and those from WT mice similarly differendated into
osteoclasts in response to RANKE plus M-CSF (Fig. 1 C).
100 ng/mi OPG completely inhibited the osteoclast for-
mation induced by LPS, IL-1a, diacyl lipopeptide, and
1,25(0OH),D; plus PGE; in WT cocultures {unpublished
data). These results suggest that MyD88-mediated signals
are important to osteoblasts but not osteaclast precursors in
the osteoclast formation induced by LPS, IL-1a, and diacyl
lipopeptide in the coculture system.

RT-PCR. analysis showed that primary osteoblasts ob-
tained from WT and MyD88™/~ mice similarly expressed
TLRZ2Z, TLR4, TLRS6, IL-1R, and CD14 mRNAs (Fig. 2
A). These results suggest that osteoblasts express LPS re-
ceptors (TLR4 and CD14), diacyl lipopeptide receptors
(TLR2 and TLR6), and IL-1R. Treatment of WT osteo-
blasts with LPS, IL-1e, and diacyl lipopeptide stimulated
the expression of RANKL mRINA within 24 h (Fig. 2 B).
However, these bacterial components and IL-1¢ failed to
enhance RANKL mRNA expression in MyD88~/~ osteo-
blasts. 1,25(0OH),D; stimulated the expression of RANKL
mRNA in WT and MyD88™/~ osteoblasts (Fig. 2 B).

wr Cont 1.25D, LPS IL-1 Ce™

Photpho-ERK1/2  ~—om i, ﬂ-m

These results suggest that the MyD88-mediated pathway is
essentially involved in osteoclast formation induced by LPS,
diacyl lipopeptide, and IL-la through the expression of
RANKL in osteoblasts.

LPS Stimulates RANKL Expression in Osteoblasts through
MyD388 followed by Protein Kinase C (PKC) and MEK/ERK
Signals. We have shown that LPS stimulates osteoclast for-
mation in the coculture through two parallel events: direct
enhancement of RANKL expression and indirect suppres-
sion of OPG expression, which is mediated by PGE, pro-
duction (29). Northern blot analysis confirmed that LPS
stimulated the expression of RANKL mRNA in osteoblasts
(Fig. 3 A). Kikuchi et al. (30) reported previously that LPS-
mduced RANKL expression was mediated by PKC- and
ERK-mediated signals. We also showed that PMA (a potent
PEKC activator), high concentrations of extracellular Ca?t,
and compounds such as A23187 (an intracellular calcium-
elevating compound) stimulated RANKL expression in os-
teoblasts (25). Next, we examined how MyD88 is involved
in the RANKL expression induced by PKC-, ERK-, and
intracellular calcium-mediated signals in osteoblasts. Pre-
treatment of osteoblasts with BAPTA-AM (an intracellu~
lar calcium chelator), Ro-32-0432 [a PKC inhibitor}],
and PD98059 [2 MEK/ERK inhibitor] strongly inhibited
RANKL mRNA expression induced by LPS (Fig. 3 A). In
contrast, H-89 (a protein kinase A inhibitor) failed to inhibit
1PS-induced RANKL mRINA expression in osteoblasts
(Fig. 3 A). A23187 and PMA stimulated the expression of

Figure 3, LPS stumulares RANKL ex-
pression in osteoblasts through MyD88 fol-
lowed by PKC and MEK/ERK signals. (A)
Effects of several inhibitors on LPS-induced
RANKL mRNA expression in WT osteo-

e ___ = =

wr MyD88*~

blasts. Osteoblasts were pretreated for 1 h
with 1073 M BAPTA-AM (BAPTA), 10~
M Ro-32-0432 (Ro), 107¢ M H-89, or
107F M PD98059 (PD) and further treated
with 1 pg/ml LPS for 3 h. Total RINA was
..... isolated from osteoblasts, and the expression

of RANKL and B-tabulin mRNAs was an-

alyzed by Northem blotting. Figures below
signals represent the intensity of
RANKL mRNA expression relative to
B-tubulic mRNA expression. (B) Efects of
PD98059 on RANKL mRINA expression
induced by A23187, PMA, or PGE, in WT
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osteablasts. Osteoblasts were pretreated for
1 h with 1075 M PD98059 (PD), and further
treated with or without 107% M A23187,
10~ M PMA, or 10¢ M PGE, for 3 h.
Total RNA was isolated from osteoblasts,
and the expression of RANKL and B-tubulin
mRINAs was analyzed by Northem blot-

ting. Figures below the signals represent the intensity of RANKL mRNA expression relative to B-tubulin mRNA expression. {C) Effects of
1.25(0H);D,, LPS, IL-1w, and extracellular Ca®* on phosphorylation of ERK1/2 in ostecblasts prepared from WT and MyD88~~ mice. WT and
MyD88™"~ osteoblasts were treated with or without 107 M 1,25(CH),D; (1,25D,), 1 pg/ml LPS, 10 ng/ml IL-1e, and 5 mM high calcjum medium
{final concentration). After culture for 30 min, cells were washed twice with PBS and lysed in cell lysate buffer. Whele cell extracts were electrophoresed on
a 10% SDS-polyacrylamide gel and transferred onto a nitrocellulose membrane. After blocking, the antiphosphe-ERK1/2 antibody or anti-ERK anti-
body (1:1,000) was added and the bound antibodies were visualized using the enhanced chemiluminescence assay followed by exposure to X-ray film.
(D) Effects of extracellular Ca®* on RANKL mRNA expression in osteoblasts prepared from WT and MyD88~/ mice. WT and MyD88~/~ osteoblasts
were treated with or without high calcium medium (5 mM, final concentration) for 24 h. Total cellutar RNA was extracted from osteoblasts, reverse
transcribed, and amplified by PCR for mouse RANKL (28 cycles) or GAPDH (20 cycles) using specific primers.

605  Satoeral

—224—



b

Ostecblasts

g 3
3

Osteoclasts / wall
N
2 &

]

- [ —

* Contral 125D, LPS
+

PGE,

Wr

IL-la Discyl Control 1250,
lipopeptide

LPS IL-1g Discyl
+ lipopeptide
PGE,

wr TRIF~ MyDgg7-

TRIEY D

Bone marrow macropheges

» o & SR
S OGS

RANKL

o = ——
Control LPS Control LPS Control LPS

F Y

5§

-8 {ng/ml)
L] [ 2]

.y

Figure 4. TRIF is not involved
in osteoclast differentiation in-
duced by TLR4 ligand. (A) Effects
of 1,25(0H),D; plus PGE,, LPS,
IL-1a, and diacyl lipopeptide on
osteoclast formation in cocultures
of osteoblasts and hemopoietic
cells prepared from WT and
TRIF~" mice. Calvarial osteo-
blasts (1.5 X 10* cells/well) and
bone marrow—derived hemopoi-
etic cells (1.5 X 10° cells/well)
prepared from WT and TRIF~~
mice were cocultured for 7d ina
48-well plate in the presence or
absence of 1 wg/ml LPS, 10 ng/
ml IL-1ex, 1078 M diacyl Lipopep-
tide, and 1078 M 1,25(0H),D,
plus 107% M PGE,. Cells were
fixed and stained for TRAP.

GAPDH | SN U

—— TRAP positive multinucleated

Gontrol 1PS Cortrol LPs cells conuining three or more
Wi TRIF- MyDE8+ nuclei were counted as osteo-
clases. Values were expressed as

the mean * SD of three coltures. (B) Efects of LPS, IL-1a, 1,25(0OH),D,, and diacyl lipopeptide on RANKL mRINA expression in osteoblasts prepared
from WT and TRIF™" mice. WT and TRIF~~ osteoblasts were treated with or without 1 pg/ml LPS, 10 ng/ml IL-1e, 1073 M 1,25(0H),D,
(1,25D,), and 10~% M diacy! lipopeptide for 24 h. Total cellular RINA was extracted from osteoblasts, reverse transcribed, and amplified by PCR. for
mouse RANKL (28 cycles) or GAPDH (20 cycles) using specific primers. {C) Effects of LPS on the production of I1-6 in osteoblasts prepared from WT,
TRIF™~, and MyD88™/~ mice. Osteoblasts were incubated for 24 h in the presence or absence of 100 ng/ml LPS. The conditioned medium was
collecred, and the concentration of IL-6 in the medium was measured using an ELISA kit. Values are expressed as the mean * SD of quadruplicate cul-
tures. {ID) Effects of LPS on the production of IL-6 in M-CSF-treated bone marrow macrophages prepared from W', TRIF-, and MyDB8 ™~ mice.
Bone marrow—derived macrophages were incubated for 24 h in the presence or absence of 100 ng/ml LPS. The conditioned medium was collected, and
the concentration of IL-6 in the medium was measured using an ELISA kit. Values are expressed as the mean * SD of quadruplicate cultures.

RANKL mRNA in osteoblasts (Fig. 3 B). Pretreatment of
osteoblasts with PD98059 suppressed RANKL mRINA ex-
pression induced by A23187 and PMA as well as LPS (Fig.
3 B). In contrast, PDS8(059 showed no inhibitory effect on
the PGE;-induced expression of RANKL mRNA in osteo-
blasts (Fig. 3 B). These results suggested that MEK/ERK is
2 down-stream target of PKC-mediated signals in LPS-
induced RANKL expression in osteoblasts.

Next, we examined the effects of 1,25(0OH),D;, LPS, IL-
la, and high concentrations of extracellular C2?* on the
phosphorylation of ERK1/2 in osteoblasts prepared from
MyD887/~ and WT mice. LPS and IL-1a stimulated phos-
phorylation of ERK1/2 within 30 min in WT osteoblasts,
but not in MyD88~'~ osteoblasts (Fig. 3 C). This indicates
that the MyD88 signal is essential for LPS-induced phos-
phorylation of ERK1/2 in osteoblasts. In contrast, kigh cal-
citm concentrations in the culture medium (5 mM, final
concentration) stimulated the phosphorylaton of ERK1/2
and the expression of RANKL mRINA in both MyD88~/~
and WT osteoblasts (Fig. 3, C and D). This suggests that the
MEK/ERX signals in osteoblasts are active even in the ab-
sence of MyD88. 1,25(0OH),D; did not induce the phos-
phorylaton of ERK1/2 in either type of osteoblast (Fig. 3
C). These results supggest that MyD88 is located upstream of
PKC/ERK signals in the pathway leading to RANKL ex-
presston induced by LPS and IL-1o in ostecblasts.

TRIF Is Not Invelved in Osteoclast Formation in the Coeul-
tures. Both MyD88-dependent and TRIF-dependent path-
ways are essential for proinflammatory cytokine producdon
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induced by LPS in peritoneal macrophages (17, 18). Using
TRIF~/~ mice, we examined the importance of TRIF-medi-
ated signals in LPS-induced osteoclast formation. LPS stimu-
lated osteoclast formation in cocultures prepared from TRIF/~
mice as well as WT mice (Fig. 4 A). Similarly, IL-1o and
diacyl lipopeptide stimulated osteoclast formation in cocul-
tures prepared from TRIF~ mce (Fig. 4 A). Consistent
with these results, treatment of TRIF '~ ostecblasts with LPS,
IL-1a, diacyl lipopeptide or 1,25(OH),D, for 24 h stimulated
the expression of RANKL mRINA (Fig. 4 B). These results
suggest that the TRIF-mediated pathway is not involved in
osteoclast formation induced by IL-1 and TLR ligands.

Next, we examined proinflammatory cytokine produc-
tion in osteoblasts and macrophages prepared from TRIF™~
and MyD88™/~ mice. Treatment with LPS for 24 h stim-
ulated IL-6 production in TRIF™~ and WT osteoblasts,
but not in MyD88~/~ osteoblasts (Fig. 4 C). LPS stimulated
IL-6 production in WT bone marrow macrophages, but
not in TRIF™~ or MyD88~/~ bone marrow macrophages
(Fig. 4 D). These results suggest that the TRIF-dependent
pathway is involved in LPS-induced IL-6 production in
macrophages but not in osteoblasts.

MyD&8 I Involved in the Survival of Osteoclasts Supported
by LPS and IL-1a.  'We reported previously that purified
osteoclasts spontaneously died due to apoptosis within 36 h,
and LPS and IL-la promoted the survival of osteoclasts (31,
32). Next, we examined whether the survival of osteoclasts
supported by LPS, IL-1, and diacyl lipopeptide is mediated
by MyD88, TRIF, or both. Purified osteoclasts were pre-

Role of MyD88 and TRIF in LPS-induced Bone Resorption

—225—



Figure 5. Effects of RANKL, LPS,
IL-1ex, and diacyl lipopeptide on the
survival of osteoclasts prepared from

WT, MyD83~7, TLR4™, and

wT MyD88~- TLRL TRIF-- TRIF~~ mice. Purified osteoclasts

70 were prepared in coculrures of osteo-
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pared from cocultures of osteoblasts and bone mamrow cells
obtained from WT, MyD88~~, TLR4~/~, and TRIF™~
mice. Most of the osteoclasts died spontaneously and disap-
peared within 24 h. RANKL promoted the survival of os-
teoclasts dertved from MyD88™/~, TLR4~/~, and TRIF~/~
mice. LIPS and [L-1la supported the survival of WT and
TRIF~~ osteoclasts, but not MyDD88~/~ osteoclasts (Fig, 5).
IL-1a and RANKL, but not LPS, promoted the survival of
osteoclasts derived from TLR4™/~ mice. Diacyl lipopeptide
(a ligand for the TLR2 plus TLR6 complex) did not support
the survival of osteoclasts derived from any of the mice.
Takami et al. (33) reported that mature osteoclasts expressed
the mRINA of TLR2 and TLR4, but not TLR6. We have
confimned that TLR6 mRINA is not expressed in mature os-
teoclasts (unpublished data). These results suggest that diacyl
lipopeptide did not support the survival of osteoclasts because
of the lack of TLR6 in osteoclasts. Thus, MyD88-mediated
signals, but not TRIF-mediated ones, were essential for the
survival of osteoclasts supported by LPS and JL-1a,

TRAM Is Not Expressed in Osteoblasts and Osteodasts.
TRAM was shown to be involved in the LPS-induced,
TRIF-mediated signaling pathway (19, 20). We examnined

Bone marrow

(Ostaoblasts macrophages Osteoclagts

& dF LS

TRIF

TRAM

GAPDH

Figure 6. Expression of TRIF and TRAM in osteoblasts, macrophages
and mature osteoclasts. Expression of TRIF and TRAM in osteoblasts,
macrophages and osteoclasts prepared from WT, TRIF~~, and MyD88™/~
rnice. Total cellular RNA was extracted from osteoblasts, M-CSF-induced
bone marrow macrophages, and osteaclasts; reverse transcribed; and ampli-
fied by PCR for mouse TRIF (30 cycles), TRAM (30 cycles), or GAPDH
{18 cycles} wsing the specific primers described in Materals and Methods.
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peated five dmes with similar results.

the expression of TRIF and TRAM mRNAs in osteo-
blasts, bone marrow macrophages, and osteoclasts prepared
from MyD88~/~, TRIF/~, and WT mice. TRIF mRNA
was expressed in osteoblasts, macrophages, and osteoclasts
derived from WT and MyD88~/~ mice (Fig. 6). Interest-
ingly, TRAM was expressed in macrophages, but not in
osteoblasts or mature osteoclasts (Fig. 6). The fact that
TRIF-mediated signals are not required for LPS-induced
RANKL expression in osteoblasts and osteoclast survival
may be related to the lack of TR AM expression in osteo-
blasts and osteoclasts.

MyD88~/~ Mice Exhibited Profound Osteopenia with Re-
duced Bone Resorption and Formation.  Fhstomorphometric
measurements of vertebrae showed that MyD88™/'~ mice
exhibited osteopenia with reduced bone resorption and
formation. Bone resorption—related parameters such as os-
teoclast surface/bone surface and osteoclast number/bone
surface were 37.4 and 46.8% lower in MyD88™/~ mice
than WT mice, respectively (Fig. 7 A). Bone formation—
related parameters such as osteoid volume/tissue volume
and osteoblast surface/bone surface were also significantly
reduced in MyD88™~ mice (Fig. 7 A). Both trabecular
bone volume (bone volume per tissue volume) and tra-
becular number were significantly decreased in 14-wk-old
MyD88~~ mice in comparison with the WT mice. No
significant differences in body size and shape were observed
between MyD88~~ and WT mice {(unpublished data).
Histological analysis showed that a loss of trabecular bone
in the tibize was evident in MyD88~/" mice. The number
of TRAP positive osteoclasts (cells stained red) was reduced
in MyD88~/~ mice compared with WT mice (Fig. 7 B).
These resules suggest that MyD88 is involved in the physi-
ological regulation of bone resorption and formation.

Discussion

Using MyD88~/~ and TRIF~~ mice, we examined the
possible involvernent of MyD88 and TRIF in osteoclast dif~
ferentiation and functdon. LPS, diacyl lipopeptde, and IL-1x
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Figure 7. Histomorphometric
analysis of vertebrae in WT and
MyD88™'~ mice. (A) Seven male

MyD88™~ and WT (14-wi-old)
mice each were killed for bone
histomorphometric analysis. Ver-
tebrae were removed from the
mice, fixed in 70% ethanol, and
embedded in glycol-methacrylate
without decalcificaton. Sections
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all stimulated osteoclast formation in cocultures of osteoblasts
and hemopoietic cells obtained from WT and TRIF™~ mice,
but not from MyD88~/~ mice (Figs. 1 and 4). Osteoclast
precursors from MyD88~~ mice and WT mice similady dif-
ferentiated into osteoclasts in response to RANKL plus
M-CSF, but the extent of osteoclast formaton induced by
1,25(OH),D; plus PGE; in the MyD88~/~ mice was always
significandy less than that in wild-type cocultures (Fig. 1). This

were prepared and stained with
Villanueva Goldner to discrimi-
nate berween mineralized and
unmineralized bone and to iden-
tfy cellular components. Quan-
titative histomorphomerric anal-
ysis was done in a double-blind
fashion. Values were expressed as
the mean = SD of seven mice.
Statistical analysis was performed
using Student’s ¢ test. Significant
difference berween WT and
MyD88~~ mice (%, P < 0.005;
P <005 " P<0.0). B
Histological evaluation (double
staining of TRAP and meth-
vigreen) of femoral trabecular
bones obtained from male
MyDB8~~ and WT (12-wk-old}
mice. TRAP positive osteoclasts
appeared dark red. Arrowheads
indicate ostcoblasts along the
bone surface. Bars, 500 wm.

suggests that MyDB88 is involved in osteoblast function includ-
ing the support of osteoclasts in response to 1,25(OH),D; plus
PGE,. LPS, diacyl lipopeptide, and IL~1e stimulated expres-
sion of RANKL mRINA in WT and TRIF~~ osteoblasts, but
not MyD88~/~ osteoblasts (Figs. 2 and 4). These results sug-
gest that RAINKL expression in osteoblasts through MyD88-
mediated signals is a key step in osteoclast formation induced
by LPS, diacyl lipopeptide, and IL-1 (Fig. 8).

Figure 8. Roles of MyD38
and TRAM-TRIF signaling path-
ways in macrophages, osteoblasts,
and osteoclasts exposed to LPS,
1L-1, diacyl lipopeptide, and
RANKI. (A} Role of MyD88-
and TRAM-TRIF-mediated sig-
naling in IL-6 production in
tnacrophages. Macrophages ex-
press CD14 and TLR4. Both
MyD88-dependent and TRAM—
TRIF-dependent pathways medi-
ated by TLR4 were essential for
IL-6 preduction in macrophages.
(B) Roles of MyD88-mediated
signals in IL-6 production and
osteoclast formation in osteo-
blasts. Osteoblasts express CD14,

TLR2, TLR4, TLR6, and JL-1R. LPS smulates IL-6 production through MyD88 signaling. LPS, IL-1, and diacy] lipopeptide stimulate RANKL ex-
pression in osteoblasts through the respective receptor systems. TLR.- and IL-1R~induced RANKL mRINA expression in osteoblasts is mediated
through MyD88 signaling followed by PKC and MEK/ERX signaling. (C) Role of MyDB8B-mediated signals in osteoclast function. Mature osteoclasts
express CD14, TLR4, and IL-1R a5 well as RANK. LPS, IL-1, and RANKL sumulite the survival of osteoclasts through TLR4, [L-1R,, and RANK,
respectively, MyD88 is involved in the survival of osteoclasts supported by LPS and IL-1, but not by RANKL.
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LPS and IL-la stimulated phosphorylatdon of ERK1/2
in WT osteoblasts, but not MyD88™/~ osteoblasts (Fig. 3).
The elevated calcium concentration (5 mM) in the culture
medium stimulated both phosphorylation of ERK1/2 and
RANKL mRNA expression in WT and MyD88~/~ osteo-
blasts. This calcium concentration did not appear to be
toxic to the cells. A serine threonine kinase, Cot, also
known as tumor progression locus 2 (Tpl2), has been
shown to be an essential kinase in LPS-induced TINFa
production in mouse macrophages (34, 35). Cot/Tpl2 acti-
vated ERK, but not JNK and p38 MAPK, in the LPS-
treated macrophages. It was reported that both RANKL
mRNA induction and ERK activation by LPS were mark-
edly reduced in osteoblasts prepared from Cot/Tpl2-defi-
cient mmice (36). These results suggest that LPS-induced
RANKL mRNA expression is mediated through MyD88
followed by PKC and MEK/ERX signals rather than JNK
and p38 MAPK signals (Fig. 8).

We reported previously that osteoclasts formed in vitro
expressed TLR4 and CD14, and LPS directly supported
the survival and stimulated the dentine-resorbing activity of
osteaclasts (32). Takami et al. (33) showed that mouse bone
marrow macrophages expressed all known TLRs (TLR1-
TLRS), but mouse osteoclasts expressed only TLR2 and
TLR4. Consistent with these findings, LPS and IL-1a but
not diacyl lipopeptide (2 ligand for the TLR2 plus TLR 6
complex) stimulated the survival of osteoclasts derived from
WT and TRIF~/~ mice (Fig. 5). The survival of osteoclasts
from MyD88~/~ mice was supported by RANKL, but not
by LPS and IL-1e.. These results suggest that MyD388 but
not TRIF is involved in IL-1R~ and TLR 4-mediated sig-
naling in the survival of osteoclasts. MyD88 and RANK
are shown to associate with TINF receptor-associated factor
6 to induce their signals in target cells. TNF receptor-asso-
ciated factor 6 appears to be a common signaling molecule
downstream of MyD88 and RANK in osteoclasts.

Recent studies using TRIF~/~ mice showed the essential
role of TRIF in the MyD88-independent pathways of
TLR3 and TLR4 signaling (17, 18). TRAM was shown to
be involved in the TLR4-mediated TRIF-signaling path-
way in the innate inunune response to LPS (19, 20). Con-
sistent with previous findings, TRIF~~ macrophages abol-
ished the response to LPS in IL-6 production (Fig. 4).
However, surprisingly, TRIF™~ osteoblasts and TRIF~/~
osteoclasts responded to LPS as those from WT mice did.
Osteoblasss and  osteoclasts expressed TRIF but not
TRAM, suggesting that TRAM expression is required for
TRIF-mediated action in osteoblasts and osteoclasts (Fig.
8). Our results also suggest that TRAM may be an impor-
tant key adaptor in the TLR4-mediated pathway of cell-
specific functions.

At present, it is unknown why tmmune cells such as
macrophages and B cells required both MyD88 and TRIF
signaling in response to LPS. We reported previously that
LPS stimulated the production of proinflammatory cyto-
kines such as IL-1B, TNF-a, and IL-6 in bone marrow
macrophages but not in osteoclasts (32). Thus, osteoclasts
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respond to LPS through TLR4, but the characteristics of
osteoclasts are quite different from those of their precursors,
bone marrow macrophages. These results suggest that
TRIF is important for the function of immune cells, but
not that of nonimmune cells such as osteoblasts and osteo-
clasts. Loss of immune responsiveness to LPS in osteoclasts
must be a requirement for performing essental roles in
physiological bone tumover. Further studies will elucidate
the significance of the requirement of TRAM-TRIF sig-
nals in immune cells.

MyD887/~ mice exhibited a significant decrease in tra-
becular bone volume and trabecular number in vertebrae,
although no significant differences in body size and shape
were observed between MyD88~~ and WT mice. Not
only bone resorption—related parameters but also bone for-
mation—related parameters were significantly decreased in
MyD88~~ mice in comparison with WT mice (Fig. 7).
Mice deficient in bone matrix proteins such as osteonectin
and biglycan similarly developed profound ostecpenia with
a decrease of bone formation and resorption (37-39). Defi-
ciency of OPG in mice induced severs osteoporosis caused
by enhanced bone resorption, but accelerated bone forma-
tiont was also observed in these mice (27, 40). These find-
ings suggest that bone formation is tghtdy coupled with
bone resorption.

In conclusion, MyD88 but not TRIF plays essential roles
in RANKL expression in osteoblasts in response to IL-1
and TLR. ligands. MyI>88 is also a key molecule for osteo-
clast funcdon induced by IL-1 and LPS. MyD88~~ mice
exhibit osteopenia with reduced bone resorption and bone
formation. Thus, MyD88-mediated signaling plays impor-
tnt roles not only in bone resorption induced by inflam-
matory diseases but also in ordinary bone metabolism. Fur-
ther studies are necessary to clarify the physiological and
pathological significance of MyD88 signals in bone resorp-
tion and bone formation.
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Prostaglandin E, (PGE,) synergistically enhances the
receptor activator for NF-«B ligand (RANKL)-induced
osteoclastic differentiation of the precursor cells. Here
we investigated the mechanisms of the stimulatory ef-
fect of PGE, on osteoclast differentiation. PGE, en-
hanced osteoclastic differentiation of RAW264.7 cells in
the presence of RANKL through EP2 and EP4 prostan-
oid receptors. RANEL-induced degradation of IxBe apd
phosphorylatmn of p38 MAPK and c-Jun N-termina] ki- -

nase in R.AW264.7 cells were up-regu.lﬂted by PGE; ina’

cAMP-dependentf protein kinase ;& (PKA)-dependent

siigr - growth factor f-acti

vated kma.se IKTAKI), “am, immrtant- MAPK- kinass:-ki- .

nase in several cytokmga signals, sstessésa PEA recog-
nition sit& at. . aclds 4 1248 PKA diréddy
phosphorylatea TAKY in" ‘RAmmus mnsrécted
with wild-type TAKY but not with the Ser*®/— Alimu-
tant TAKL. Ser'® — Ala'TAX] served as g} dominant-
i) d:;;n oﬁIu-Ba.,

and P anéed o8-
64257 =ce115. Further-

negative matant in PKA-enhan*&ﬂ de,
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Her-

more;Lorsikoli e
duced InBa'degraaa_ m,

sbolished th »stimulatory etfects'of
forskolin on thoss cellular events iy

crosis factor a. Ser'*® — Ala T

duction in RAW264.7 cells treated with lipopolysaccha-
ride. These results suggest that the phosphorylation of
the Ser?'? residue in TAK1 by PKA is essential for cAMP/
PEA-induced up-regulation of osteoclastic differentia-
tion and cytokine production in the precursor cells.

Osteoclasts are bone-resorbing multinucleated cells derived
from the monocyte-macrophage lineage (1-3). The differentia-
tion and activation of osteoclasts are tightly regulated by os-
teoblasts or bone marrow-derived stromasl cells (4-6). Osteo-
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iduced by tumor ne-"-. |
also inhibited the - ;

.increases intracé _‘ular Ca%* and actwates.profem kinase C.
forskolin-inducéd -up-regulation of interleukin 6 pro-

"EP2 and EPA4 activaté G,, which stimulates cAMP generation,

blasts express two cytokines essential for osteoclast
differentiation: receptor activator of NF-xB ligand (RANKL)
and macrophage colony-stimulating factor (M-CSF) (7, 8). The
expression of RANKL in osteoblasts is up-regulated by several
osteotropic factors such as interleukin 11 (IL-11), parathyroid
hormone, 1a,25-dihydroxyvitamin Dg, IL-1, and lipopolysac-
charide (LP3) (7, 9). Osteoclast precursors differentiate into
mature osteoclasts in the presence of RANKL and M-CSF (10,
-11). Recent studles,jmve shown that mouse- macrophage-lxke
RAW264.7 cellsﬁax; differentiate into osteoclasts in response to
RANKL. evenﬁ thé absence of M-CSF {12). We: dnd others

macrophages through a mechamsm 'mdependent of the
interaction. RAWZG%@H& also glﬁerentlate
info’ ostebclad mte‘::sponsei m {in the absence af
_RANEL (16§ Thus, o cytifkines, &, indute
“the differentiation of bs ast.s fmm the precursor cells o%—the
mpnodyde- l:&mrqphage 3 R

PGE2 has been pro?sed

be potent stimg :
T ,mﬂammatory dlse.ases

Ki, ressmn
ﬂm ta.rget cells
lad recgptor sub-

followed by the activation of cAMP-dependent protein kinase A
(PKA), in the target cells. Conversely, EP3 acts via G; to inhibit
cAMP generation. Among these PGE, receptor subtypes, EP4
mainly mediates PGE;-induced RANKI expression in osteo-
blasts (21, 25). In addition, PGE, synergistically stimulates the
differentiation of bone marrow macrophages into osteoclasts

! The abbreviations used are: RANKL, receptor activator for NF-«xB
ligand; IL, interlewkin; PGE,, prostaglandin E,; NF-«B, nuclear factor-
«B; RANK, receptor activator of NF-xB; MAPK, mitogen-activated pro-
tein kinase; MAPKKE, MAPK kinase kinase; MAPKK, MAFPK kinase;
PKA, protein kinage A; TNF, tumor necrosis factor; TRAF, TNF recep-
tor-associated factor; JNK, e-Jun N-terminal kinase; ERK, extracellular
signal-regulated kinase; M-CSF, macrophage-colony-stimulating fac-
tor; TGF-8, transforming growth factor-g; TAK1, TGF-B-activated ki-
nase 1; TAB, TAK]1-binding protein; CT, calcitonin; IBMX, 3-isobutyl-
1-methylxanthine; G3PDH, glyceraldehyde-3-phosphate
dehydrogenase; LPS, lipopolysaccharide; TLR, toll-like receptor;
MyD88, myeloid differentiation factor 88; TRIF, Toll-IL-1 receptor do-
main-containing adaptor-inducing interferon-g; RT, reverse transcrip-
tion; o-MEM, o-MEM minimem Eagle’s medium; FBS, fetal bovine
serum; ELISA, enzyme-linked immunosorbent assay; BMMd, bone
marrow-derived macrophages; BtcAMP, dibutyryl cyclic AMP; TRAP,
tartrate-resistant acid phosphatase; WT, wild type.
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induced by RANKIL and M-CSF (26, 27). Thus, PGE, stimu-
lates osteoclastic bone resorption through the following two
different pathways: the induction of RANKIL expression in os-
teoblasts, and the direct enhancement of RANKL-induced dif-
ferentiation of osteoclast precursor cells into osteoclasts. The
mechanism of the synergistic effect of PGE, on the RANKL-
induced osteoclastic differentiation of precursor cells has not
yet been explained.

When RANKL binds to RANK, the receptor for RANKL, TNF
receptor-associated factor 1 (TRAF1), TRAF2, TRAF3, TRAFS,
and TRAFG interact with the cytoplasmic tail of RANK (28, 29).
The ligand-dependent interaction of TRAFs with RANK in-
duces activation of nuclear factor-xB (NF-«B}), c-Jun N-termi-
nal kinase (JNK), p38 mitogen-activated protein kinase
(MAPK), and extraceliular signal-regulated kinase (ERK) (30).
Activation of NF-«kB and MAPKs in osteoclast precursors is
believed to be involved in osteoclast differentiation. Recent
studies (31) have revealed that TRAF6-mediated signals are
particularly important for RANKL-induced osteoclast differen-
tiation and function. TRAFS knock-out mice exhibit severe
osteopetrosis with defects in bone resorption due to the im-
paired osteoclast differentiation and function (32, 33). In con-
trast to RANK, TNF receptors interact with TRAF2 but not
with TRAF6 in their signaling pathway (34).

Transforming growt.h factor B (TGF-B)—actwated kinase -1 °

(TAK1) was first identified as a MAPK-Kinase kinase (MAP-

KKK) activated by TGF-B family hgands {35). Recent stud.les‘,
(36-38) have shown that TAK1, which forms a complex with

the TAK1-binding protein.1 and £{TABL2), fimetions_as an’_with M:CSF:{30 ngfml). The adhercnt c8ll, iost, of which-expressed

adaptor molecule in the mteractmn between TRAFE and down-
stream molécules suchTay NF-«B,INK, and p38 MAPKIin
signaling cascadés induced: by]iL-l “LPSrand RANKL. Exdog-
enous TAKI is activated in; ;response t6-RANKL ‘stimulition,
and a dommant—negahve form £ TAK1 inhibits' the RANK-
induced actiyation of NF-«B1i inRAW264.7 cells (38). 1t his been
shown thatr'I‘AKl is also mvolved in TRAF2- meﬁlated.%lgna]

mg (39). Thesa results su' est that 'I'AKi id mvo]ved in the_ gq\ladmphmte Wh-‘ﬂl'e-‘!
' 8 ayssand ¢ HlEsy
'pathways actwabed bythe -

may regulate the MAPKandN'F B
interaction of RANKL-RANK or TNF&-TNF receptors

action on the osteoclastic differentiations uf precursor cells. The:
stimulatory effect of PGE, on the RANKI-induced osteoclast’

differentiation of the precursor cells was mediated through EP2
and EP4. TAK] acted as an adaptor molecule linking PKA-
induced signals, and RANKL and TNFe induced such signals in
osteoclast precursors, Furthermore, TAK]1 is involved in the syn-
ergistic effect of cAMP/PKA signals on TNF receptor- and Toell-
like receptor 4 (TLR4)Mnduced signaling pathways. The cAMP/
PKA signal may enhance bone resorption induced by RANKL
and TNF« through TAK] in osteoclast precursors.

EXPERIMENTAL PROCEDURES

Antibodies and Chemicgls—Human recombinant RANKL was pur-
chased from PeproTech EC Ltd. (London, UK}, and mouse TNFa was
from R & D Systems (Minneapolis, MN). Human M-CSF (Leukoprol}
was obtained from Kyowa Hakko Kogyo Co. (Tokyo, Japan}. PGE, were
purchased from Wakoe Pure Chemical Industries Ltd. (Osaka, Japan).
Purified LPS (Escherichia eoli 055:B5) was from Sigma. Elcatonin, a
synthetic analogue of eel calcitonin (CT), was kindly provided by Asahi
Kasei (Tokyo, Japan). Forskelin and 3-isobutyl-1-methylxanthine
(IBMX) were from Biomol (Plymouth Meeting, PA). Polyclonal antibod-
ies against p38 MAPK, phosphorylated p38 MAPK, ERK, phosphoryl-
ated ERK, JNK, phosphorylated JNK, phospho-(Ser/Thr) PKA sub-
strates, and IxBa were purchased from Cell Signaling Technology Ine.
(Beverly, MA). Mouse monoclonal antibody against TAK1 was from
Santa Cruz Biotechnology {(Santa Cruz, CA). Fluo-4 AM, Fura Red AM,
and Pluronic F127 were from Molecular Probes Inc. (Eugene OR). All
other chemicals were of analytical grade,

Plosmids and cDNA Cloning—Mouse TAK1 ¢DNA (GenBank™ ac-
cession npumber D76446) was amplified by RT-PCR from ¢DNA of
RAW?264.7 celis using high fidelity Taq polymerase (Pyrobest, Takara
Biochemicals, Tokyo, Japan) and TAKl-specific primers (forward
primer 5-gATATCCTGTCGACAGCCTCCGC and reverse primer 5'-
AACGTAACGGGCCCAGAGAA). The PCR product was verified to be
TAK1 c¢DNA by DNA sequencing. The TAK1 ¢DNA fragment was in-
serted into the BamHI-EcoRI site of pc DNA3.1/His, a mammalian
expression vector (Invitrogen). The mutant TAK], Ser*!? -» Ala TAK],
was generated by PCR-directed site-specific mutagenesis. Coding re-
gions of all plasmids were sequenced in both directions prior to
the transfection.

Cell Culture and Transfection—RAW?264.7 cells were obtained from
RIKEN Cell Bank {Tsukuba, Japan) (RCB0535). RAW 264.7 cells were
maintained in RPMI 1640 medium (Invitrogen} supplemented with 10%
FBS (JRH Biosciences, Lenexa, K8} in 100-mm &ishes. The RAW264.7
cells were transfected with the indicated expression plasmids (10 ug) by
TransFast transfection reagents {Promega Corp., Madison, WI) accord-
ing to the manufacturer’s instructions. After 24 h of cultivation, 1
mg/ml of G418 was added to the medium, and the medium was replaced
2-3 times during a 2-week period. Clonal lines were prepared from the
drug-resistant cultures. To evaluate clones expressing the TAK]1 trans-
genes, Western blotting was performed on several cell lines, We ob-
tained three different lines in each transfectant.

Cultures of Bone Marrow-derived Macrophages and RAW264.7
Cells—Bone mearrow-derived macrophages (BMMd¢) were prepared as
osteoclast precursors from 5- to 8-week-old male ddY mice (Shizuoka

Laboratories Animal Center, Shizuoka, Japan). All procedures for ani-

mal care were approyed:by the Animal Management Committee of

* Matsumoto Dental¥fniiversity. Bone marrow cells obtainéd from mouse

tibia were suspesifiad in & MEM (Sigma) supplemented with 10% FBS

- in 80 -z diamétardishes for 16h in the presench of M-CSF (50 ng/ml).

oells were harvested anid’ Tirthercultured for 2 days

macrophage-specific antigens such as Mac-1, Moma-2, and F4/80, were
used as BMM¢: RAW264.7 cells were cultired in: so-MEME# the pres-
enge’ of RANKL (50 ng/ml) to mﬂuoe their d differentiation into oste-

aptasts, Aﬁerjhe cells ‘were cuﬂ:nred foES days, they wers. fixed pnd
“stained for tarmte—remta.nt 45d phosgliatase (TRAP, a marké¥ bn-

zZyme: of; ostéaclasts), TRAP%osmve mgltinucleated celfizcontaining

mbm than tHise Tuclei were nbsérved nder a mwroscu“iie and counted

af ostecclasts. The resuls were expféssed ‘as the mesn % S.D.¥of
Ai expenmenta e performed at least, thiree

gized from 10 gifof the tatsl RNA by using reverse transcriptase
{Revatra Ace, Toyob.Co, Lid., Tokyo) and amplified using PCR. Se-
quences of primers uged i RT- PCR for EP subtypes, CT receptor, and
mouse glyceraldehyde-3-phosphate dehydrogenase (G3PDH) were de-
scribed in previous reports (21, 40). The PCR conditions for EP subtypes
were as follows: denaturatien 94 °C, 30 s, annealing 65 °C, 30 s, and
primer extension 75 °C, 60 s. The conditions for the CT receptor and
G3PDH were as follows: denaturation 94 °C, 30 5, annealing 60 °C, 30 s,
and primer extension 72 °C, 60 s. Preliminary experiments were per-
formed to ensure that the number of PCR cycles was within the expo-
nential phase of the amplification curve. PCR products were subjected
to electrophoresis in a 2% agarose gel followed by staining with
ethidium bromide.

Immunoprecipitation and Western Blotting—Cells were washed once
with phosphate-buffered saline and lysed in 200 wul of 0.1% Nonidet
P-40 lysis buffer (20 mM Tris (pH 7.5), 50 mm B-glycerophosphate, 150
mM NaCl, 1 mm EDTA, 25 mu NaF, 1 mM sodium orthovanadate, 1X
protease inhibitors mixture {Sigma)). After removal of the cellular
debris, the lysates (1 mg of protein) were incubated with 1 pg of various
antibodies and 20 pl of protein G-Sepharose (Amersham Biosciences).
The immune complexes were washed three times with Nonidet P-40
lysis buffer. The Sepharose beads were suspended in 30 ul of Laemmli
sample buffer and boiled for 2 min. The cell lysates and immunopre-
cipitates were resolved by SDS-PAGE and transferred ento a nitrocel-
lulose membrane {Clear blot P membrane, Atto Instruments, Tokyo,
Japan). The membrane was blotted with antibodies to specific proteins
and visualized using the enhanced chemiluminescence system (Amer-
sham Biosciences).

Assay of cAMP Production and IL-6—To measure the amount of
cAMP produced, cells were preincubated for § min at 37 °C in & MEM
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Fic. 1. Expressmn of EP subtypes in mouse bone marrow macrophages and RAW264.7 cells. A, RT-PCR znalysis of EP subtypes in
mouse bone marrow macrophages and RAW264.7 cells. Total RNA was extracted from mouse BMM¢ and RAW264.7 cells, and cDNA was
synthesized from the total RNA by using reverse transcriptase. The expression of mRNA of EP1, EP2, EP3a, EP38, EP3v, EP4, CT receptor (CTR),
and G3PDH was detected by PCR in the presence (+) or absence {—) of RT. B, effocts of PGE, on osteoclast differentiation induced by RANKL.
BMM¢ cells were cultured with or without PGE;{107% M) or RANKL (50 n.g/ml) or RANKL plu¥PGE, in the presence of M-CSF (50 ng/ml) (upper
panel). RAW264.7 cells were cultured with o:wnhout PGE, (10%m), RANKL (50 ng/ml}, ot RANEL plis PGE, (lower panel}. After the cells were
cultured for § days, they.were fixed and staftied for TRAP, a.nd TRAP-positive mu]hnucleahea cells containing more than three nuclei were counted
as osteoclasis. Results are expressed asilié mean = S, D. of quadrugplieate eultures. * nificantly different between the tulture treated with
RANKL + M-CSF and that treated with RANKL + M-CSF + PGE, (upper panel), or between that withi: RANKL and that with RANKL+ PGE,
{lower panel); p < 0.01. C, effects of PGE, afid CT on calcium signalifig in RAW264.7 cells: RAW264.7 cells-loadéd with fuo-4 AM;Fiira Red AM
and Pluronic F127 were sub;ected to ca]cmm measarement. Cells were excited at 488 nm, and emission at 505-530 nm for fluc-4 and at 600-680
nm for Fura Red was acquired sirultanéonely at 2+ intervals, Celldwere stimulatéd by the addition (an arrow) of PGES (1075 ) orGT{lO" ™).
The ratio of the fluorescerice intansity of fluo-4 to Fora Red was calculated to eétimatelintracellularCa®* mﬂ_m: in single cells. The regilts Tepresent
calcium signals in.six single cells treated with | PGE, or CT. D, effdets of PGE2 ‘and CT'on ¢AMP production i 'RAW264.7 cells. RAW264:7 tells were

F1

preincubated for'§ min with IBMX (i.m») and then incubated for 5 min With PGE, (10=° 1) or CT (107 M) The amounts of mtracellu]ar ¢cAMP

were determme by’ELISA. * slgmﬁmntiy dlﬁ‘etent from the eonh-.o} cultu:e P, <: 0 UI" ;

‘r

containing 11:|:|M IBMX, an(} then mcubn&ed for 5r'm1n at 37 *Cwith'CT
{Eleatonin, 103° M) or PGE, ( (10 Is weie washed with 1ce-coli

solved. The amounts of intraceliular eAMP wéte, dfeterm.med usu:tg a
cAMP enzyme immuneassay kit {Amersham Biosciences). To determine-
the effect of forskolini o LPS-induced IL:6 production, RAW264.7 cells
transfected with mock, wild-type TAK], or'Ser**® — Ala TAK1 (0.8 X"
10° eellsfwell, 48-well plate) were cultured with or without LPS (100
ng/mi} in the presence or absence of forskolin (100 uM) for 24 h. The
culture medium was collected, and the concentration of IL-6 in the
culture medium was measured by ELISA (R & D Systems).

Measurements of Intracellular Ca®*—The effects of PGE, and CT on
intracellular Ca®* in RAW264.7 cells was measured using a confocal
microscope {L.8M310, Carl Zeiss, Jena, Germany) according to the
methods described previously (41). RAW264.7 cells were incubated in
glass-bottom dishes {Asahi Techno Glass Cerp., Tokye) for 6 h. Cells
were then incubated with 5 uM fluo-4 AM, 5 M Fura Red AM, and
0.05% Pluronic F127 for 30 min in Dulbecco’s modified Eagle’s medium.
Cells loaded with these dyes were washed twice with o-MEM and
post-incubated in «-MEM containing 10% FBS. Cells were further
washed three times with Hanks’ balanced salt selution and then excited
at 488 nm. Emission at 505-530 nm for fluo-4 and at 600-680 nm for
Fura Red was acquired simultaneously at 2-s intervals. The ratio of the
fluorescence intensity of fluo-4 to Fura Red was calculated to estimate
intracellular Ca?* influx in single cells.

RESULTS

Expression of PGE, Receptors in Osteoclast Precursors—We
first analyzed the expression of PGE, receptors in bone marrow
macrophages and RAW264.7 cells using RT-PCR. Bone marrow
macrophages expressed EP1, EP2, EP33, and EP4 mRNAs,
whereas RAWZ264.7 cells expressed EP1, EP2, and EP4 mRNAs
(Fig. 1A). Bone marrow macrophages differentiated into TRAP-
positive osteoclasts in response to RANKL together with M-
CSF (Fig. 1B, upper panel). PGE, (107 u) alone did not induce

§;

ost.eot:last ?ormatmn in cultures oﬂ:mne marrow macrophages

“but  did &nhance theg;-rsteo moq’_:.p uc R4
- plus”ltfﬁ'SF?Fzg éﬁg‘% % R

1B, 1 uppEr p;ad_n'zﬁ"’ AWz differenti-
ated into osﬁgoclasts i ‘thé"presence"‘ RANKL.- {Fig. 1B, lower
iilarly e : ‘st différentiation

. mdﬁced by RANIG., in cultures of RAW2647 cells (Fig. 1B,

Iower panel). EP{ activates Ca®" signals, whereas EP2 and
EP4 couple to G, prot:em, which stimulates adenylate cyclase
activity. We then examined calcium signaling in RAW264.7
cells treated with PGE; and eel CT (Fig. 1C). An increase in
intracellular calcium was induced by PGE, {107 ° m) but not CT
{107° M} in RAW264.7 cells. We next examined the effects of
PGE, and CT on cAMP production in RAW264.7 cells (Fig. 1D).
PGE, (107® M) but not CT (10™2 u) stimulated cAMP produe-
tion in RAW264.7 cells. We also analyzed the expression of EPs
in osteoclasts purified from co-cultures of mouse calvarial os-
teoblasts and bone marrow cells treated with 1la,25-dihy-
droxyvitamin D, Osteoclasts expressed only EP1 mRNA but
not EP2, EP3, or EP4 mRNA (data not shown). These results
indicate that expression of EP2 and EP4 mRNAs in osteoclast
precurscrs was down-regulated during their differentiation
into osteoclasts. CT (10™% M) enhanced intracellular calcium
concentrations and ¢AMP production in osteoclasts formed
from RAW264.7 cells treated with RANKL (data not shown).
These results suggest that functional EP1, EP2, and EP4 are
expressed in RAW264.7 cells.

Enhancement of RANKL-induced Osteoclast Differentiation
by EP2/EP4-mediated Signals—PGE, has been shown to en-
hance synergistically RANKl~induced osteoclast differentia-
tion from the precursors (26, 27). RAW264.7 cells expressed
funetional EP1, EP2, and EP4 receptors (Fig. 1). We then
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A

Fig. 2. Enhancement of RANKL-in-
duced osteoclast differentiation by
EP2EP4-mediated signals in
RAW264.7 cells. A, dose-dependent ef-
fects of PGE, on RANKI-induced oste-
oclast formation in RAW 264.7 cells.
RAW?264.7 cells were cultured with or
without various concentrations of PGE,
in the presence or absence of RANKL (50
ng/ml). After the cells were cultured for 5
days, they were fixed and stained for
TRAP, and TRAP-positive multinucleated
cells containing more than three nuclei
were counted as osteoclasts. Results are
expressed as the mean = S.D. of quadru-
plicate cultures. *, significantly different
between the culture treated with RANKL
and that with RANKL + PGE,; p < 0.01.
B, effects of PGE,, H-89, and Bt,cAMP
(db-cAMP) on RANKL-induced osteoclast
formation in RAW264.7 cell cultures.
RAW264.7 cells were cultured with or
without RANKL (50 ng/mD, PGE, (10~°
m), H-89 (1 um, 10 um), and/or Bt,cAMP
(100 umM). After the cells were cultured for
5 days, they were fixed and stained for
TRAP, and TRAP-positive multinucleated
cells were counted as ostegclasts. Results
are expressed as the mean * 5.D. of quad-
ruplicate cultures. *, significantly differ-
ent between the-gulture treated with
RANKL and that with-RANKL together «
with H89 or B p= 001, C, TRAR?
staining of RAW264.7 cells treated willy
or without RANKL: RANKL:+ PGE,jor~
RANKL + PGE + H~89 (lﬂ_yM) Bar
25 pm, B

B

Number of
osteoclasisiwelt

PGE:

RAW264.7 cells (Fig. 2). RANKL-:ﬁ'dfuceiosteodast formatmn' od

was enhancell by PGE»ir's doshdependeit manner (g, 247
The synergmm foct of PGE, o RANKL-induced -osteocl

> By inhibited by H-89,-a 5pe
cific inhibitor ef ! (Fig. 2, B an AT, Dibutyryl cAMP (.

M), a cell-permeable” analogue of cﬁﬂ? enhanced the oste-

oclast differentiation induced by RANKL' {Fig. 2B). PGE, and . .

dibutyryl cAMP also enhanced osteoclastic differentiation of
bone marrow macrophages treated with M-CSF and RANKL
{data not shown). These results suggest that PGE, enhances
RANKIL-induced osteoclast differentiation through the signals
mediated by EP2 and EP4 in the precursor cells,
Enhancement of RANK-induced Signals by EP2/EP4-medi-
ated Signals—Binding of RANKL to RANK activates various
signaling pathways, including those involving NF-«B, p38
MAPK, ERK, and JNK, in the target cells. We and others (42,
43) have demonstrated previously that p38 MAPK activity is
essentially involved in RANKL-induced osteoclastic differenti-
ation. We first examined the effects PGE, (1075 M) on the
phosphorylation of p38 MAPK in RAW264.7 cells in the pres-
ence or absence of RANKL {50 ng/m!) (Fig. 34). PGE, alone
failed to induce the phosphorylation of p38 MAPK in
RAW264.7 cells but synergistically enhanced RANKL-induced
phosphorylation of p38 MAPK within 15 min. Pretreatment of
RAW264.7 cells with H-89 (10 pM) completely inhibited the
synergistic effect of PGE, on RANKI-induced phosphorylation
of p38 MAPK (Fig. 3B). This suggests that the stimulatory
effect of PGE, on RANKL-induced phosphorylation of p38
MAPK is mediated by PKA. We then examined the effects of
PGE, on the activation of NF-kB, p38 MAPK, ERK, and JNK in
RAWZ264.7 cells treated with RANKL at different time points

Number of
osteoclastsiwell

RANK]L. (scngn%r) - -
PGE:(M)

o
RANKL. (song/mi

: H-89 ()
db—cAMP noo .m:

c control

RANKL

F + + + +
- 40% = 10° 10° 107 10¢

RANKL+PGE:

i .

(104 M)

¥ic. 3. Effects of PGE, on RANKL-induced activation of
MAPKSs and NF-xB in RAW264.7 cells, A, effects of PGE, on RANKL-
induced phosphorylation of p38 MAPK in RAW264.7 cells RAW264.7
cells were incubated for 15 min with or without PGE, (10~® M), RANKL
(50 ng/ml}, or RANKL plus PGE,. Cell lysates were prepared, immu-
noblotted  with anti-phosphorylated-p.‘ia MAPK antibody (P-p38
MAPK), and re-blotted with anti-p38 MAPK antibedy (p38 MAPK). B,
effect of H-89 on PGE,-induced enhancement of phosphorylation of p38
MAPK in RAW?264.7 cells, RAW264.7 cells were pre-cultured for 1 hin
the presence or absence of H-89 (10 M) and then incubated for 15 min
with or without RANKL (50 ng/ml) in the presence or absence of PGE,
(107% M). Cell lysates were prepared, immunoblotted with anti-phos-
phorylated p38 MAPK antibody, and re-bletted with anti-p38 MAPK
antibody. C, time course of changes in degradation of IxBa and phos-
phorylation of p38 MAPK, JNK, and ERK in RAW264.7 cells.
RAW264.7 cells were incubated with RANKL (50 ng/ml) in the presence
or absence of PGE, (10~° M) for the indicated times. Cell lysates were
prepared and immuncblotted with the antibodies indicated in the
panel. Amounts of p38 MAPK, JNK, and ERK in the lysates were
determined by re-blotting the membrane with the indicated antibodies.
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FiG. 4. Effects of PGE, and H-89 on phosphorylation of TAK1
in RAW264.7 cells. A, structure of TAK1, TAK] possesses the kinase
domain in the N-terminal region, the TABl-binding domain in the
kinase domain, and the TAB2-binding domain in the C-terminal region.
A consensus motif (RRXS motif) recognized by PKA is located in the
C-terminal region and comsists of Arg®®®-Arg-Arg-Ser-Iiu-GIn** in
mouse and human TAK1. B, phosphorylation, of FAK] in RAW264.7
cells treated with PGE,_ RAW264.7 cells were pre-cultured for 1 h in the

presence or absence of H-29 (10 pu) and’then stimulated with or
withont RANKL (50 ng/m)) in the presendépr absence of PGE, (105 my;

for 15 min, Cell lysates were subjected=td mmnnoprampltatwn with:

anti-TAK]1 antibody. The fidtaunopresipitates were peparated; fimu- - -

noblotted (IB) with antil

Eiagnma't phosphorylalzad Ser/Thr in PKA
substrates, and r&hlomd

anh TAK:I' entibody. =

e

{Fig. 3C). PGEzsynergxstlca]]yenhancedRANKLmducea'deg-
radation of IxBa (NF-B act:vahon) and phosphorylation of
p38 MAPK in-RAW264.7 cells for 5215 min. RANKL-iadtuced
phosphory].atmn “of JNKwas also’enhanced by PGE, for'15-30
min (Fig. 3C). The synerga.shc eﬁ‘eﬁ of RGE2 on RANEL-in- .

cells throughou the! expenmenta}—* ériod; Thiese result.s Elig

gest that PKAinduced signals mamiy «<ross-talk with ag Hp-- X

stream effector(s) of p38 MAPK, NF-«B; and JNE. -
Involvement of TAK1 in EP2/EP4-mediated Enhancement of
RANKL-induced Signals and Osteoclast Differentiation—PKA
recognizes a consensus sequence (RERX(S/T) motif) of the target
proteins and phosphorylates the Ser/Thr residue in the se-
quence (44, 45). We searched for effectors having the RRX(S/T)
motif in RANK-induced signaling molecules, including TRAFE,
TAK1, TAB1, TAB2, and other MAPKKs and MAFKKKs. We
found that murine TAK]1 contains a consensus PKA recognition
sequence (Arg*%%-Arg-Arg-Ser-Tlu-Gln*!*) at the C-terminal re-
gion (Fig. 44). Human TAKI1 also possesses this consensus
motif. Recent studies showed that in IL-1 and RANKL-induced
signaling cascades, TAK] functioned as an adaptor molecule in
the interaction between TRAF6 and the downstream molecules
such as NF-«<B and MAPKs (36, 38). We then examined
whether the endogenous TAK1l was phosphorylated in
RAW264.7 cells in response to PGE, (107 M) (Fig. 4B). Phos-
phorylation of TAK1 detected by antibody against phosphoryl-
ated SerfThr of PKA substrates was markedly induced in
RAW264.7 cells treated with PGE, (Fig. 4B). The phosphory!-
ation of TAK]1 induced by PGE, was strongly suppressed by
pretreatment of RAW264.7 cells with H-89 (10 pM). RANKL (50
ng/ml) failed to induce phosphorylation of Ser/Thr residues in
TAK1 and showed no effect on the PGE,-induced phosphoryl-
ation of TAK1. These results suggest that PGE,-induced phos-
phorylation of TAK1 is PKA-dependent in RAW264.7 cells.
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FIG 5 Effeé of Sexr*!* —» AlaTAKl 4m PGE, -induded up—regu-
Letion .of osfenclast dlﬂ‘eren'ﬂntlon i RAW264.7 ells treated

*with RANKI,, 4; transfection:6f RAW264.7 cells with wild-type TAK1

or Ser'!? —iAla (S*/%4) TAK1 cDNAg: RAW264.7 celis-were stably
transfected with: mock, wild-fyps TAKE(WT TAKI), of S412A TAKIL
Cell lysateswere prepared, immuncbléted with anti-FAK1 ‘antibody,
.and re-blottéd with anti:f-actifi antibody. B, phosphorylation of TAK1
sin RAW264.7 calis transfacted. with moclﬁ,MT TAK] and Su?@;‘l‘AKl

“‘%@ﬁx

p38 MAPK mducedh RANKL in RAW264.7 cells transfected with
mock, WT TAK1, and S412A TAKI. RAW264.7 cells transfected with
mock, WT TAK], or S412A TAK1 were treated with or without RANKL
(50 ng/ml) in the presence or absence of forskolin (100 um) for 15 min.
Cell lysates were separated and immunoblotted with anti-IxBa anti-
body (IxBa) and with anti-phosphorylated-p38 MAPK antibody (P-p38
MAPK) followed by re-blotting with anti-p38 MAPX antibody (p38
MAPK). D, effect of PGE, on RANKIL-induced osteoclast formation in
RAW264.7 cells transfected with mock, WT TAK]1, and S412A TAK],
RAW264.7 cells transfected with mock, WT TAK], or S412A TAK1 were
cultured with or without RANKI (50 ng/ml) in the presence or absence
of PGE, (107° u). After the cells were cultured for 5 days, cells were
fixed and stained for TRAP. TRAP-positive multinutlear cells contain-
ing three or more nuclei were counted as osteoclasts. Results are ex-
pressed as the mean = S.D). of quadruplicate cultures. *, significantly dif-
ferent between cultures treated with RANKL and those with RANKL +
PGE, in each cDNA transfectant; p < 0.01. #, significantly different between
mock-transfected cultures and wild-type TAK1- or Ser*™? — Ala TAX1-
transfected cultures in the same treatment groups; p < 0.01.

We further analyzed whether the Ser*® residue in TAK1
was phosphorylated in RAW264.7 cells in response to PGE, by
using a Ser*!? — Ala mutant form of TAKL (Ser!? — Ala
TAK1). RAW264.7 cells were stably transfected with empty
vector (mock) or expression vector for wild-type TAK1 or Ser#1?
— Ala TAK1 (Fig. 5A). Endogenous and transfected wild-type
TAKI1 were phosphorylated in response to PGE, (107° M) but
not to RANKL (50 ng/ml) in RAW264.7 cells (Fig. 58). In
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contrast, when RAW264.7 cells were transfected with Ser®’2 —
Ala TAK], the phosphorylation of both endogenous and trans-
fected TAK1 was strongly suppressed even in the presence of
PGE, (Fig. 5B). The other two RAW264.7 cell lines established
using each transfectant showed similar responsiveness to
RANKL and PGE, (data not shown). This suggests that Ser*!? —
Ala TAK] acts as a dominant-negative mutant in RAW264.7
cells. We then examined whether PKA-induced phosphorylation
of TAK]1 was involved in the synergistic effect on the RANK-
induced signals (Fig. 5C). RANKL-induced degradation of I«xBa
and phosphorylation of p38 MAPK were enhaneced by forskolin
(100 um), an activator of PKA, in RAW264.7 cells transfected
with mock or wild-type TAK] but not in those transfected with
Ser*12 — Ala TAKI] (Fig. 5C). RAW264.7 cells transfected with
mock or wild-type TAK] differentiated into osteoclasts in re-
sponse to RANKL (50 ng/ml), and PGE, (10~% m) enhanced
RANKI-induced osteoclast differentiation (Fig. 5. RANKL
similarly stimulated osteoclastic differentiation of RAW264.7
cells transfected with Ser*? — Ala TAK1. However, the stimu-
latory effect of PGE, on RANKIL~induced osteoclast differentia-
tion was suppressed in RAW264.7 cells expressing Ser*!?2 — Ala
TAK1. These results suggest that EPZEP4 signals induce the
phosphorylation of TAK1 in osteoclast precursors, which in turn
enhances RANK-medJabed 51gnals that induce osteoclast
differentiation. | - -
Involvement of TAKI in PKA- mecb.aﬂed Enhancement of
TNFa-induced S:gm.zis and Osteoclast Dzﬁ"erenmnon-——We and -
others (13-15) have alsc reported tbat TNFa stimulated oste: -
oclastic differentiation from - osteoclasb precursors through a-
mechanism independe Q;of the RANKL-RANK .interaction.
TAK1 is also mphcabed in the' TNE‘receptonmedmbed SIgnaJ
ing (39). We then exammed whether PKA medidied signals
enhanced TNFa-mduded osteoclast dlﬁerentmﬁon through
TAK1-mediated s1gna]s (Fig: 6). 1'I‘NFaz (40 nglml) stimgildted
degradatloncfo? IxBa ahd p’hosphoryianonﬂof p38 MAPK in
RAW264.7- eells transfected with rifeck or wild-type TAK L both
of wh.lc_}‘lawetefenhanced by fg‘cr:s’_kohn LlﬁO %MJ (F:g GA)

cells transfected with mock or wild typeTAKl end forskolin
(100 um) enhanced TNFa-induced osteoclastic differentiation
in those transfected cells (Fig. 68). TNFa similarly stimulated
osteoclastic differentiation of RAW264.7 cells transfected with
Ser*'2 — Ala TAK], but the stimulatory effect of forskolin on
TNFa-induced osteoclast differentiation was completely sup-
pressed in those cells (Fig. 6B). These results suggest that the
phosphorylation of TAK1 by PKA signals synergistically en-
hances TNFo-induced activation of p38 MAPK and NF-«B and
osteoclast differentiation in cultures of RAW264.7 cells.
Involvement of TAKI in PKA-mediated Enhancement of LPS-
induced IL-6 Production—PGE, has been shown to ephance
LPS-induced 11-6 mRNA expression in mouse macrophages
(46). LPS activates NF-«B and MAPKSs through TAK1 in TLR4
signaling {37). We finally examined whether the phosphoryla-
tion of Ser*!? in TAK] by PKA is involved in PGE,-induced
enhancement of I1-6 preduction (Fig. 7). LPS (100 ng/ml) stim-
ulated degradation of IxBa and phosphorylation of p38 MAPK
in RAW264.7 cells transfected with either mock, wild-type
TAK]1, or Ser'!® — Ala TAK]1. Forskolin (100 uM) enhanced
LPS-induced degradation of IxBe and phosphorylation of p38
MAPK in RAW264.7 cells transfected with mock or wild-type
TAK1? (Fig. 7A4). The synergistic effects of forskolin on LPS-

mock WT TAK1
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Fic. 6. Effect of Ser*'? — Ala TAKI on forskolin-induced up-
‘regulation of osteoclast differenfiation -im -BAW264.7 cells
treated with TNF-A, effects of forskolin on the activation of NF-xB
and p38 MAPK Jneed by TNFo in RAW264.7 cells transfected with
~mock, WT TAKlj‘and S412A TAKL. RAW264.7 cells transfected with
‘mock, WT TAK[“ or'S412A TAK1 were treatéd with or without TNFa
' (40 ng/mi)} in-$he presence or’ #bsence of forskolin (100 ) for.15 min.
~ Cell lyaates*Were ifimunoblotted with &fiti-IxBa antibsdy (IxBa) or
with antj-phosphorylated-p88 MAPK (P-p38, i_fAPK'J antibody followed
by re-blatting with anti-p38 MAPK anhb‘éd?-(p.?& MAPR]: Bjeffect of
forskolin on TNEFo-induced osteoclast formation RAW264.7 cells trans-
fected with mock, WT BAKL, and S412ATAK]. RAW264:7cells trafie-
“fected with niock, WT TAK],wr 541241 TAK1 were cultured with or
without, TNFa (40 ng/m]) in:the presente or absence of Zirgkolin (100
M-fl) After the celld were cu]lgredfor 5 days, cells were fimed and stained
fir TRAP. TRAP-positivefinultifucleariells containingithres or more

_smuclel were cerlmted as oﬂ:eodasts Reaultsare expressed as the mesn £

in each

Ser412 s Ala TAKT orskolm (100 u30) erthanced LPS-induced
1L-6 production in RAW264.7 cells transfected with mock or
wild-type TAK1 (Fig. 7B). The stimulatory effect of forskolin on
the LPS-induced IL-6 production was significantly suppressed
in RAW264.7 cells trapsfected with Ser*1? — Ala TAK]1,

DISCUSSION

Previous studies have shown that PGE, stimulates oste-
oclastic bone resorption through two different mechanisms as
follows; the induction of RANKL expression in ostecblasts (21,
22), and the direct enhancement of RANKIL-induced differen-
tiation of the precursor cells into osteoclasts (27). In the present
study, we examined the mechanism of the synergistic effect of
PGE, on RANKIL-induced osteoclastic differentiation. We have
shown here that PGE, synergistically enhances osteoclastic
differentiation of RAW264.7 cells through EP2 and EP4, and
that TAK! is a key molecule in cAMP/PKA-induced up-regula-
tion of osteoclast differentiation stimulated by not only RANKL
but also TNFa.

Osteoclast precursors of bone marrow macrophages and
RAWZ264.7 cells expressed EP1 as well as EP2 and EP4 (Fig. 1).
Treatment of RAW264.7 cells with PGE, but not CT increased
Ca?* influx, suggesting that osteoclast precursors express

induced degradation of IxBa and phosphorylation of p3J8 MAPK  functional EP1. The synergistic effect of PGE, on RANKL-
were strongly suppressed in RAW264.7 cells transfected with  induced osteoclast differentiation was inhibited by H-89, &
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Fic. 7. Effect of the Ser*'? — Ala TAK1 on forskolin-induced
up-regulation of IL-6 production in RAW264.7 cells treated with
LPS. A, effects of forskolin on the activation of NF-«B and p38 MAPK
induced by LPS in RAW264.7 cells transfected with mock, WT TAK1,
and S412A TAK1. RAW264.7 cells transfected with mock, WT TAK1, or
S412A TAK1 were treated with or without LPS (100 ng/ml} in the
presence or absence of forskolin (100 uMm) for 15 min. Cell lysates were
immunoblotted with anti-IxBa antibody (IxBa), or with anti-phospho-
rylated-p38 MAPK (P-p38 MAPK) antibody followed by re-blotting with
anti-p38 MAPK antﬂ:ody (p38 MAPK). B, effect of forskolin on LPS-
induced IL-6 production in RAW264.7 cells transfected with mock, WT
TAK1, and 5412A TAK1. RAW264.7 cells transfected with rock, WT

TAK1, or 54124 TAKI were cultured with o without LPS (100 ng/mlj,
in the presence or absence of forskolin LJ.ﬂB ) for 24 h. The cultare’

mediue was then collected, and IL-6 :Concentrations were measured
using an ELISA for IL-6. * significantly’ différent ‘between' ciltres -
treated with LPS and those with LPS + forskolin in.each transfectant;
p < 0.01. Sighificantly differént betweensmock-transfectdd culturés and
WT TAK1- or 54124 TAK1 transfected cultures.in the same trea:tment
groups; p < 001L ,‘ o ' e

specific mh.lb).tor of PKA a.pd dihut.xryl cAMP enhanoed the
osteoclast :ﬁﬂ’erentlatxon induced by RANKL (Fi ig. 2). We fur-
ther exa.mmed wh1ch recgptor EP2 or

in RAW264.7 celi cultuires treated \Tvii:‘h 107¢ 1 ONO- AE1-259‘

(EP2 agonist) and” 10"6 ¥ ONO AEI-329 (EP4 - agonist) in”

creased by 1.4 and 2.4 times, respectivel: {data not shown). In.

contrast, ONO-DI-004 (EP-1 agonist) at 107% M showed no
effect on osteoclast formation in RAW264.7 cell cultures. Thus,
the effect of EF agonists on osteoclast formation was compara-
ble with the expression level of EP2 and EP4 mRNAs (Fig. 14).
These results suggest that EP4 mainly mediates the synergis-
tic effect of PGE, on RANKIL-induced osteoclast differentiation
in RAW 264.7 cells.

TAK1 is a key MAPKKK in the IL-1 receptor- and TLR4-
mediated signaling pathway (36, 37). TAK1 mediates MAPK
and NF-«B activation via interaction with TRAF6G, and TAB2
acts as an adaptor linking TAK? and TRAF6. Mizukam et al.
(38) first reported that TAK1 participates in the RANK signal-
ing pathway. Endogenous TAK1 was activated in response to
RANKL in RAW264.7 cells, and the kinase-negative form of
TAK1 (K63W TAK1) attenuated JNK and NF-«B activation
induced by RANKL. We have confirmed that expression of
K63W TAK] in RAW264.7 cells significantly inhibited the os-
teoclast formation induced by RANKL and TNFe.? By using
antibody against phosphorylated Ser/Thr of PKA substrates,
we showed that phosphorylated Ser/Thr of TAK] was induced
by PGE,, (Figs. 4 and 5). However, the phosphorylated Ser/Thr
of TAK1 was not detected in RAW264.7 cells transfected with

?Y. Kobayashi et al., unpublished observations.

EP4,-was mainly in-

So s

Ostecciast Precursors

FiG. 8. A possible role of phosphorylation of Ser*'? in TAK1 in
osteoclast differentiation induced by RANEL and TNFa, Cyclic
AMP-dependent PKA phosphorylates the Ser*’? residue in TAKI in

" “psteoclast precursors jnresponse to the binding of PGE2 to EP2 or EP4.

The phosphorylationiof TAK] itself does nut induce osteoclastic differ-
entiation of the pracursors but synerglstlcally enhances downstream

. mgma]a such asmand NF-xB in response to other factors inclugd-

a Phnsphorylatmn of Ser™? in TAK1 appears to
e indispensabk the signd] transductici induced by RANKL and
~TNFa 2s well as IL-1 (47). Osteoclastic differentiation Induced by
RANEL and TNFa is also enhanced by,;he phosphury].&hon of the
Ser‘12 nmdue.of TAKI in ostéoclast premr‘scrrs -

. and osteoclast d.lﬁrentmtmn mduced by RANKL and TNFa i m

RAW264.7 cells (Figé”'5 and 6). It was reported that Ser'®2 in
the kinase domain in TAK1 was phosphorylated by the kinase
in response to IL-1 stimulation, and the phosphorylation of
Ser'¥? wags important for the IL-1-induced signal transduction
(47). These resulis together with our findings suggest that
overexpression of wild-type or the Sert1? — Ala mutant TAK1
itself enhances osteoclastic differentiation induced by RANKL,
and TNF-a. The Ser**? residue appears to be involved in the
synergistic action of cAMP/PEA signaling in osteoclast differ-
entiation. Cur experiments also sugpest that the Ser?? residue
regulates the synergistic action of cAMP/PKA signaling in os-
teoclast differentiation (Fig. 8).

TRAF®6 plays essential roles in osteoclast differentiation and
function induced by RANK-mediated signals (31-33). In con-
trast to RANE, TNF receptors selectively interact with TRAF2
in the signaling pathway (34). Forskolin enhanced TNFa-in-
duced signals and osteoclast differentiation in cultures of
RAW264.7 cells (Fig. 6). These results suggest that cAMP/PKA
signals cross-talk with TRAF2-mediated signals as well as
TRAF6-mediated ones. Recent studies (48) have shown that
TAK1 is involved in not only TRAF6-mediated signaling but
also TRAF2-mediated signaling. TNFa induced the binding of
TAK]1 to TRAFZ in Hela cells. TAB2 has been shown to acti-
vate NF-xB by linking TAK1 to TRAFS6 (49). Recently, it was
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shown that TABS, a TAB2-like molecule that associates with
TAKI1 and activates NF-«xB, interacts with both TRAF2 and
TRAF6 (39). RAW264.7 cells have been shown to express TAB3
as well as TAB2 (50). We have confirmed that those two mol-
ecules are expressed in bone marrow macrophages as well as
RAW264.7 cells (data not shown). These results suggest that
the interaction of TAK1 and TAB2 (or TAB3)} is involved in
osteoclast differentiation induced by RANKL and TNFa.

TLR and IL-1 receptors use myeloid differentiation factor 88
{MyD88) as a common signaling molecule (51). In response te
LPS, MyD88 interacts with TRAF6, which activates down-
stream signals. Recent studies have shown that Toll-IL-1 re-
ceptor domain-containing adaptor inducing interferon-g8
(TRIF)-mediated signaling is involved in a MyD88-independ-
ent pathway induced by LPS (52). Both MyD88-dependent and
TRIF-dependent pathways are required for LPS-induced cyto-
kine production in macrophages (52). Forskolin significantly
enhanced LPS-induced IxBa degradation, p38 MAPK phospho-
rylation, and IL-6 production in RAW264.7 cells (Fig. 7). In
contrast to the effect of S412A TAK1 on PKA signal-enhanced
osteoclast differentiation, the mutant TAK) significantly but
not completely suppressed forskolin-induced enhancement of
IL-6 production in RAW264.7 cells treated with LPS. These

results suggest that TAK1 signals are certainly involved in the o
PKA signal-induced enhancement of LPS signals, but signaling
molecules other th.anTAKl are also mvolved in the cross-talk:

between PKA-activéted signals ang
macrophages. The TRIF-depender
target for the PKA SJgnals in ostéoclast ‘precursors McCoy et
ol. (53) reported thatilie; pmductmrrnf -4 slgmﬁcantlj[de-
creased in EP4; receptor-deﬁc:ent mice ‘in-collagen antibody-
induced arthritis. Moréover, PKA s:gnals have been shobm to

and Swiss 3T3:cels (46} 54, 55}—Thw these previous ﬁnam.g
and our smdy strongly: support'the'idea JAhat PKA-fnduced

by PKA enhances TRAF6- and TRAEQ«mduced signals. H
ever, it should be noted that the site phos_phnry]ated by PEAis
located in the TAB2 binding domain of the TAK1 molecule (Fig.
4). TAB3 has also been-proposed to bind to the TAB2 binding
domain {(39). These results suggest that phosphorylation of
TAK1 by PKA may influence the signaling complex formation
(TAK1-TAB1.TAB2/TAB3) induced by the various ligands
studied here. Therefore, we examined whether RANKL-in-
duced formation of the complex of TAK1-TAB2 in RAW264.7
cells was affected by the treatment with PGE,. However, we
could not find significant changes in the complex formation in
response to PGE; (data not shown). Further studies will be
necessary to elucidate the molecular mechanism of the inter-
action between PKA-activated signals and TRAF-mediated sig-
nals in osteoclast precursors.

In conclusion, we demonstrated that PKA-activated signals
enhanced RANKL-, TNFa-, and LPS-induced signals in oste-
oclast precursers. PKA selectively phosphorylated the Ser??
residue in TAK1, which was ¢rucially involved in the synergis-
tic action of PGE, on RANK-, TNF receptor-, and TLR-medi-
ated signaling. The ¢cAMP/PKA signal may enhance RANKL-
and inflammatory cytokine-induced bone resorption through
TAK] in osteoclast precursors (Fig. 8). Signaling molecules
involved in the TAK1 pathway in osteoclast precursors would
be novel targets for drugs to inhibit osteoclast function induced
by inflammatory diseases.

pia.thway ay be anather"'
17 Sakuma, Y., Ta.nnka.K..Sud.u.M Komatsu, Y.,

phosphurylatlon of TAKI enha.n;es LPS-" duced IL-6 produc-
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