Differentiation of osteoblasts and osteoclasts
T Kazagiri and N Takahashi

156
3 Franzoso G, Carlson L, Xing L et af (1997). Requirement for

NF-xB in osteoclast and B-cell development. Genes Dev 11:
3482-3496.

Fujii M, Takeda K. Imamura T er af (1999). Roles of bore
morphogenetic protein type I receptors and Smad proteins
in osteoblast and chondroblast differentiation. Mo/ Biol Cell
10: 3801-3813.

Fuller K, Bayley KE. Chambers TJ (2000a). Activin A is an
essential cofactor for osteoclast induction. Biochem Biophys
Res Conumun 268: 2-7.

Fuller K. Lean JM, Bayley KE eral (2000b). A role for
TGF§1 in osteoclast differentiation and survival. J Ceil Sci
113: 2445-2453.

Galibert L, Tometsko ME, Anderson DM er af (1998). The
involvement of multiple tumor necrosis factor receptor
{TNFR} -associated factors in the signalling mechanisnis of
receptor activator of NF-xB, a member of the TNFR
superfamily. J Biol Chem 273: 3412G-34127.

Gallea S. Lallemand F. Atfi A er al (2001). Activation of
mitogen-activated protein kinase cascades is involved in
regulation of bone morphogenetic protein-2-induced osteo-
blast differentiation in pluripotent C2C12 cells. Bone 28:
491-498.

Gonda K, Nakacka T, Yoshimura K er af (2000). Heterotopic
ossification of degenerating rat skeletal muscle induced by
adenovirus-mediated transfer of bone morphogenetic pro-
tein-2 gene. J Bone Miner Res 15: 1056-1065.

Grigoriadis AE, Heersche JN, Aubin JE (1988). Differenti-
ation of muscle, fat, cartilage, and bons frem progenitor
cells present in a bone-derived clonal cell population: effect
of dexamethasone. J Cedl Biol 106: 2139-2151,

Grigoriadis AE, Heersche JN, Aubin JE (1990). Continuocusly
growing bipotential and monopotential myogenic. adipo-
genic, and chondrogenic subclones isolated from the mul-
tipotential RCJ 3.1 clonal cell line. Dev Biol 142: 313-318.

Grigoriadis AE, Wang ZQ, Cecchini MG et af (1994). c-Fos: a
key regulator of osteoclast-macrophage lineage determin-
aticn and bone remodeling. Science 266: 443448,

Hanai I, Chen LF, Kanno T et af (1999). Interaction and
functional cooperation of PEBP2/CBF with Smads: syner-
gistic induction of the immunoglobulin germline Ca pro-
moter. J Biol Chen: 274: 31577-31582.

Harada H, Tagashira S, Fujiwara M er af (1999). Chbfal
isoforms exert functional differences in osteoblast differen-
tiation. J Biol Chem 274: 6972-6978.

Hogan BL (1996). Bone morphogenetic proteins: multifunc-
tional regulators of vertebrate development. Genes Dev 10:
1580-1594.

Hoshino K. Takeuchi O. Kawai T eral {1999). Toll-like
receptor 4 (TLR4)-deficient mice are hyparesponsive to
lipopolysaccharide: evidence for TLR4 as the Lps gene
product. J fnvmunol 162: 37433752

Hsu DR, Economides AN, Wang X et al (1998). The Xenopus
dorsalizing factor Gremlin identifies a novel family of
secreted proteins that antagonize BMP activities. Mol Celf
1: 673-683.

Hughes AE, Ralston SH. Marken J er af (2000). Mutations in
TNFRSF11A. affecting the signal peptide of RANK. cause
famnilial expansile osteolysis. Nar Genet 24: 45-48.

lemura S, Yamamoto TS, Takagi C et al (1998). Direct
binding of follistatin to a complex of bome-morphogenetic
protein and its receptor inhibits ventral and epidermal cell
fates in early Xenopus embryo. Proc Natl Acad Sei USA 95:
0337-9342.

lotsova V, Caamano J. Loy J er al (1997). Osteopetrosis in
mice lacking NF-xBl and NF-«xB2. Nar Med 3: 1285-1289.

Oral Diseases

—230—

ltoh K, Udagawa N, Katagiri T es al (2001). Bone morpho-
genetic protein 2 stimulates osteoclast differentiation and
survival supported by receptor activator of nuclear factor-
wB ligand. Endocrinolog) 142: 3656-3662.

Jimi E. Nakamura . Amano H et al (1996). Osteoclast
function is activated by osteoblastic cells through a mech-
anism involving cell-to-cell. Endocrinology 137: 2187-2190.

Jimi E. Akivama S, Tsurukai T eral (1999a). Osteoclast
differentiation factor acts as a multifunctional regulator in
murine osteoclast differentiation and function. J Immunol
163: 434-4432.

Jimi E., Nakamura I. Duong L er af (1999b). Interleukin i
induces multinucleation and bone-resorbing activity of
osteoclasts in the absence of osteoblastsystromal cells. Exp
Cell Res 247: 84-93.

Karsenty G (1999). The genetic transformation of bone
bioclogy. Gene Der 13: 3037-3051.

Katagiri T. Yamaguchi A, Ikeda T er o/ (1990). The nou-
osteogenic mouse pluripotent cell line. C3HIOTL/2, is
induced to differentiate into osteoblastic cells by recombin-
ant human bone morphogenetic protein-2. Biochen: Biophys
Res Commun 172: 295-299.

Katagiri T, Yamaguchi A. Komaki M er af (1994). Bone
morphogenetic protein-2 converts the differentiation path-
way of C2C12 myoblasts into the osteoblast lineage. J Cell
Biol 127: 1755-1766.

Katagiri T, Boorla S, Frendo JL eral (1998). Skeletal
abnormalities in doubly heterozygous BMP4 and BMP7
mice. Dev Genet 22: 340-348.

Kawai S, Faucheu C, Gallea S et al (2000). Mouse Smad8
phosphorylation downstream of BMP receptors ALK-2,
ALK-3. and ALK-6 induces its association with Smad4 and
transcriptiona! activity. Biochem Biophys Res Commun 271:
682-687.

Kessler E, Takahara K, Bintaminov L et a/ {1996). Bone
morphogenetic protein-1: the type I procollagen C-protein-
ase. Science 271: 360-362.

Kim HH, Lee DE, Shin IN er af (1999). Receptor activator of
NF-xB recruits multiple TRAF family adaptors and acti-
vates c-Jun N-terminal kinase. FEBS Letr 443: 297-302.

‘Kingsley DM (1994}, What do BMPs do in mammals? Clues

from the mouse short-ear mutation. Trends Genet 10: 16-21.

Kingsley DM (2001). Genetic control of bone and joint
formation. Novarris Found Symp 232: 213-222; Discussion
222-234, 272-282.

Kingsley DM, Bland AE. Grubber JM et a/ (1992). The mouse
short ear skeletal morphogenesis locus is associated with
defects in a bone morphogenetic member of the TGF beta
superfamily. Cell T1: 399-410.

Kobayashi K, Takahashi N, Jimi E eraf (2000). Tumor
necrosis factor alpha stimulates osteoclast differentiation by
a mechanism independent of the ODF/RANKL-RANK
interaction. J Exp Med 191: 275-286.

Kodama H, Yamasaki A. Nose M er af (1991). Congenital
csteoclast deficiency in osteopetrotic {op/op) mice is cured
by injections of macrophage colony-stimulating factor.
J Exp Med 173: 269-272.

Komeri T. Yagi H. Nomura S er a/ (1997). Targeted disrup-
tion of Cbfal results in a complete lack of bone formation
owing to maturational arrest of osteoblasts. Cell 89: 755-.
764.

Kong YY. Yoshida H. Sarosi I er af (1999). OPGL is a key
regulator of osteeclastogenesis. Iymphocyte development
and lymph-node organogenesis. Nature 397: 315-323.

Kretzschmar M. Liu F, Hata A er o/ (1997). The TGF-§ family
mediator Smadl is phosphorylated directly and activated



functionally by the BMP receptor kinase. Genes Dev 11:
084995,

Lacey DL, Timms E, Tan HL er af (1998). Osteoprotegerin
ligand is a cytokine that regulates osteoclast differentiation
and activation. Cel! 93: 165-176.

Lam J, Takeshita S, Barker JE er a/ (2000). TNF-x induces
osteoclastogenesis by direct stimulation of macrophages
exposed to permissive levels of RANK ligand. J Clin Invest
106: 1481-1488.

Lee B, Thirunavukkarasu K, Zhou L er af (1997). Missense
mutations abolishing DNA binding of the osteoblast-speci-
fic transcription factor OSF2/CBFAL in cleidocranial dys-
plasia. Nar Gener 16: 307-310.

Lee KS, Kim HJ, Li QL er af (2000). Runx2 is a commeon
target of transforming growth factor §1 and bone morpho-
genetic protein 2, and cooperation between Runx2 and
Smad5 induces ostecblast-specific gene expression in the
pluripotent mesenchymal precursor cell line C2C12. Mol
Cell Biol 20: 8783-8792.

Li J. Sarosi I, Yan XQ er af (2000), RANK is the intrinsic
hematopeietic cell surface receptor that contrels osteoclas-
togenesis and regulation of bone mass and calcium meta-
bolism. Proc Natl Acad Sci USA 97: 1566-1571.

Liu BY, Guo J, Lanske B er al (1998). Conditionally immor-
talized murine bone marrow stromal cells mediate parathy-
roid hormone-dependent osteoclastogenesis in  vitro.
Endocrinology 139: 1952-1964.

Liu W, Toyosawa S, Furuicki T er af (2001). Overexpression of
Cbfal in osteoblasts inhibits osteoblast maturation and
causes osteopenia with multiple fractures. J Cell Biol 155:
157-166.

Lomaga MA, Yeh WC, Sarosi I eral (1999). TRAF6
deficiency results in osteopetrosis and defective interleukin-
1. €D40, and LPS signaling. Genes Dev 13: 1015-1024,

LoulJ, TuY, Li S er a/ (2000). Involvement of ERK in BMP-2
induced osteoblastic differentiation of mesenchymal pro-
genitor cell line CIH10T1/2. Biochem Biophys Res Commun
268: 157-762,

Luo G, Hofmann C, Bronckers AL er af (1995). BMP-7 is an
inducer of nephrogenesis, and is also required for eye
development and skeletal patterning. Genes Dev 9: 2808-
2820.

Massague J (2000). How cells read TGF-$ signals. Nat Rev
Mol Cell Biol 1: 169-178.

Massague J, Chen Y-G (2000). Controlling TGF-§ signaling.
Gene Dev 14: 6§27-644,

Matsuzaki K, Udagawa N, Takahashi N et af (1998). Osteo-
clast differentiation factor (ODF) induces osteoclast-like cell
formation in human peripheral blood mononuclear cell
cultures. Biochen Biophys Res Commun 246: 199-204.

McPherron AC. Lawler AM, Lee SJ (1999). Regulation of
anterior;posterior patterning of the axial skeleton by
growth/differentiation factor 1. Nar Gener 22: 260-264.

Miyazono K (1999). Signal transduction by bone morphoge-
netic protein receptors: functional roles of Smad proteins.
Bone 25: 91-93.

Miyazono K. ten Dijke P. Heldin CH (2000). TGF-# signaling
by Smad proteins. Adv fmmunol 753: 113-157.

Mundlos S. Olsen BR (1997). Heritable diseases of the
skeleton. Part II: molecular insights into skeletal develop-
ment-matrix components and their homeostasis. FASES J
11: 227-233,

Mundlos 8. Otto F. Mundlos C eraf (1997). Mutations
involving the transcription factor CBFAL cause cleidocra-
nial dysplasia. Cell 89: 773-779.

Naito A. Azuma S. Tanaka S er af (1999). Severe osteopetro-
sis, defective interleukin-1. signalling and lymph node

Differentiation of osteoblasts and osteoclasts
T Katagiri and N Takahashi

organogenesis in TRAF&-deficient mice. Genes Cells 4:
353-362.

Nakashima K, Yanagisawa M, Arakawa H et al (1999).
Synergistic signaling in fetal brain by STAT3-Smad}
complex bridged by p300. Science 284: 479482,

Nakashima K, Zhou X, Kunkel G er af (2002). The novel zinc
finger-containing transcription factor Osterix is required for
osteoblast differentiation and bone formation. Cel/ 108: 17-
29.

Namiki M, Akiyama S, Katagiri T er al (1997). A kinase
domain-truncated type I receptor blocks bone morphoge-
netic protein-2-induced signal transduction in C2C12 myo-
blasts. J Biol Chem 272: 22046-22052.

Nishimura R, Kato Y, Chen D et a/ (1998). Smad5 and DPC4
are key molecules in mediating BMP-2-induced osteoblastic
differentiation of the pluripotent mesenchymal precursor ceil
line C2C12. J Biol Chem 273: 1872-1879.

Onichtchouk D, Chen YG, Dosch R et af (1999). Silencing of
TGF-5 signaling by the pseudoreceptor BAMBI. Nature
401: 480-485.

Otto F, Thornell AP, Crompton T et al (1997). Cbfal, a
candidate gene for cleidocranial dysplasia syndrome, is
essential for osteoblast differentiation and bone develop-
ment. Cell 89: 765-771.

Piceolo 8, Sasai Y. Lu B er af (1996). Dorsoventral patterning
in Xenopus: inhibition of veatral signals by direct binding of
chordin to BMP-4. Cell 86: 589598,

Piccolo S, Agius E, Lu B er @/ {1997). Cleavage of Chordin by
Xolloid metzlloprotease suggests a role for proteolytic
processing in the regulation of Spemann organizer activity.
Cell 91; 407-416.

Piccolo S. Agius E, Leyns L ef af (1999). The head inducer
Cerberus is a multifunctional antagonist of Nodal, BMP
and Wt signals. Nature 397: 707-710.

Poltorak A. He X, Smirnova [ er al (1998). Defective LPS
signaling in C3H/HeJ and C57BL/10ScCr mice: mutations
in TIr4 gene. Science 282: 2085-2088.

Quinn JM, Itoh K, Udagawa N et a/ (2001). Transforming
growth factor § effects on osteoclast differentiation via direct
and indirect actions. J Bone Miner Res 16: 787-1794.

Qureshi ST, Lariviere L, Leveque G er al (1999). Endotoxin-
tolerant mice have mutations in Toll-like receptor 4 (Tlrd}. J
Exp Med 189: 615-625.

Reddi AH (2001). Bone morphogenetic proteins: from basic
sctence to clinical applications. J Bone Joint Surg Am 83-A
Supp! 1 (Pt 1): S1-56.

Robey PG, Fedarko NS, Hefleran TE e af (1993). Structure
and molecular regulation of bone matrix proteins. J Bone
Miner Res Supp! 2: $483-5487.

Rosen V, Nove J, Song JJ e al (1994). Responsiveness of
clonal limb bud cell lines to bone morphogenetic protein 2
reveals a sequential relationship between cartilage and bone
cell phenctypes. J Bone Miner Res 9: 1759-1768.

Rosenzwelg BL, Imamura T, Okadome T er af (1993). Cloning
and characterization of a human type II receptor for bone
morphogenetic proteins. Proc Natl Acad Sci USA 92: 7632-
7636.

Sakou T (1998). Bone morphogenetic proteins: from basic
studies to clinical approaches. Bone 22: 591-603.

Sakuma Y, Tanaka K, Suda M er o/ (2000). Crucial involve-
ment of the EP4 subtype of prostaglandin E receptor in
osteoclast formation by proinflammatory cytokines and
lipopolysaccharide. J Bone Miner Res 15: 218-227.

Sampath TK, Muthukumaran N, Reddi AH (1987). Isclation
of osteogenin, an extracellular matrix-associated, bone-
inductive protein, by heparinaffinity chromatography. Proc
Natl Acad Sci USA 84: 71097113,

157

Oral Diseases

—231—



Differentiation of osteoblasts and osteoclasts
T Kargiri and N Takabashi

'8 Sells Galvin RJ, Gatlin CL, Horn JW, Fuson TR (1999). TGE-

B enhances osteoclast differentiation in hematopoietic cell
cultures stimulated with RANKL and M-CSF. Biochem
Biophys Res Commun 265: 233-239.

~ Shafritz AB, Shore EM. Gannon FH er al (1596). Overex-
pression of an osteogenic morphogen in fibrodysplasia
ossificans progressiva. N Engl J Med 335: 555-561.

Shi Y (2001). Structural insights on Smad function in TGF-b
signaling. BioEssay 23: 223~232.

Simonet WS, Lacey DL, Dunstan CR er @/ (1997). Osteopro-
tegerin: a novel secreted protein involved in the regulation of
bone density. Cell 89: 309-319.

Solloway MI, Dudley AT, Bikoff EK eral (1998). Mice
lacking BMP6 function. Dev Gener 22: 321-339.

Storm EE, Huynh TV, Copeland NG er a/ (1994). Limb
alterations in brachypedism mice due to mutations in a new
member of the TGF f-superfamily. Nature 368: 639-643.

Suda T. Takahashi N, Martin TJ (1992). Modulation of
osteoclast differentiation. Endocr Rev 13: 66-80.

Suda T, Nakamura I, Jimi E er a/ (1997). Regulation of
osteoclast function. J Bone Miner Res 12: $69-879.

Suda K, Woo JT, Takami M et af (2002). Lipopolysaccharide
supports survival and fusion of preosteoclasts independent
of TNFx, IL-1 and RANKL. J Cell Physiol 190: 10i~108.

Takzhashi N. Akatsu T, Udagawa N et al (1988). Osteoblastic
cells are involved in osteoclast formation. Endocrinology
123: 2600-2602.

Takahashi N, Udagawa N, Akatsu T ez a/ (1991). Deficiency
of osteoclasts in osteopetrotic mice is due to a defect in the
local microenvironment provided by osteoblastic cells,
Endocrinology 128: 1792-179%6.

Takami M, Woo JT, Takahashl N et al (1997). Ca** -ATPase
inhibitors and Ca’*-ioncphore induce osteoclast-like cell
formation in the cocultures of mouse bone marrow cells and
calvarial ceils. Biochem Biophys Res Commun 237: 111-115.

Takami M, Takahashi N, Udagawa N er af (2000). Intracel-
lular calcium and protein kinase C mediate expression of
receptor activator of NF-xB ligand and osteoprotegerin in
osteoblatsts. Endocrinology 141: 4711-4719.

Takayanagi H, Ogasawara K, Hida § et al (2000). T-cell-
mediated regulation of osteoclastogenesis by signalling
cross-talk between RANKL and IFN-y. Narure 408: 535-
536.

Takeda S, Yoshizawz T, Nagai Y et af (1999). Stimulation of
osteoclast formation by 1,25-dihydroxyvitamin D requires
its binding to vitamin D receptor (VDR) in osteoblastic
cells: studies using VDR knockout mice. Endocrinology 140:
1005-1008.

Takeda S, Bonnamy JP, Owen MJ e al (2001). Continuous
expression of Cbfal in nonhypertrophic chondrocytes
uncavers its ability to induce hypertrophic chondrocyte
differentiation and partially rescues Cbfal-deficient mice.
Genes Dev 15: 467-481.

Taylor §M, Jones PA (1979). Multiple new phenotypes
induced in 10T1/2 and 3T3 cells treated with 5-azacytidine.
Cell 17: 771-779.

The American Society for Bone and Mineral Research
President's Committee on Nemenclature (2000). Proposed
standard nomenclature for new tumor necrosis factor family
members involved in the regulation of bone resorption.
J Bone Miner Res 15: 2293-22%6.

Thomas JT. Lin K., Nandedkar M et a/ (1996). A human
chondrodysplasia due to a mutation in a TGF-beta super-
family member. Nar Gener 12: 315-317.

Thomas JT, Kilpatrick MW, Lin K e af {1997). Disruption of
human limb morphogenesis by a dominant negative muta-
tion in CDMPL. Nat Gener 17: 58—64.

Oral Diseases

—232—

Tondravi MM, McKercher SR, Anderson K eraf (1997).
Osteopetrosis in mice lacking haematopoietic transcription
factor PU.1 Nature 386: §1-84.

Tsuda E, Goto M, Mochizuki 8§ er af (1997). Isolation of a
novel cytokine from human fibroblasts that specifically
inhibits osteoclastogenesis. Biochem Biophys Res Commun
234; 137-142.

Tsuji K. Ito Y, Noda M (1998). Expression of the PEBP2al-
phaA;AML3/CBFALI gene is regulated by BMP4/7 hetero-
dimer and its overexpression suppresses type I collagen and
osteocalcin gene expression in osteoblastic and nonosteob-
lastic mesenchymal cells, Bore 22: 87-92.

Udagawa N, Takahashi N, Akatsu T et af (1989). The bone
marrow-derived stromal cell lines MC3T3-G2/PA6 and 5T2
support osteoclast-like cell differentiation in cocultures with
mouse spleen cells. Endocrinology 125: 1805-1813.

Udagawa N. Takahashi N, Akatsu T er af (1950). Origin of
osteoclasts: mature monocytes and macrophages are capable
of differentiating into osteoclasts under a suitable microen-
vironment prepared by bone marrow-derived stromal cells.
Proc Nail Acad Sci USA 87: 7260-7264.

Udagawa N, Takahashi N, Katagiri T er af (1995). Interleukin
(IL) -6 induction of osteoclast differentiation depends on IL-
6 receptors expressed on osteoblastic cells but not on
osteoclast progenitors. J Exp Med 182: 1461-1468.

Ueta C, Iwamoto M, Kanatani N er al (2001}). Skeletal
malformations caused by overexpression of Chfal or its
dominant negative form in chondrocytes. J Cell Biol 153:
87-100.

Urist MR (1965). Bone: formation by autoinduction. Science
150: 893-899.

Vidninen K, Zhao H (2002). Osteoclast function. In: Bilezi-
kian JP, Raisz LG, Rodan GA, eds. Principles of Bone
Biology, 2nd edn. Academic Press: San Diego, pp. 127-135.

Wang ZQ, Ovitt C, Grigoriadis AE et af {(1992). Bone and
haematopoietic defects in mice lacking c-fos. Nature 360:
741-745.

Wang EA, Israel DI, Kelly S er o/ (1993). Bone morphogenetic
protein-2 causes commitment and differentiation i
C3HI10T1/2 and 3T3 cells. Growth Factors 9: 57-71.

Wieser R, Wrana JL, Massague J (1995). GS domain
mutations that constitutively activate TbR-I, the down-
stream signalling component in the TGF-b receptor com-
plex. EMBO J 14: 2199-2208.

Wong BR, Rho I, Arron J er af (1997). TRANCE is a novel
ligand of the tumor necrosis factor receptor family that
activates ¢-Jun N-terminal kinase in T cells. J Biol Chem
272: 25190-25194.

Wong BR, Josien R, Lee §Y er al (1998). The TRAF family of
signal transducers mediates NF-xB activation by the
TRANCE receptor. J Biol Chem 273: 28355-28359.

Wozney JM, Rosen V (1998). Bone morphogenctic protein and
bone morphogenetsc protein gene family in bone formation
and repair. Clin Orthop 346 26-37.

Wozney JM, Rosen V, Celeste AJ eral (1988). Novel
regulators of bone formation: molecular clones and activ-
ities. Science 242: 1528-1534.

Wrana JL (2000). Regulation of Smad activity. Cell 100: 189-
192.

Yaffe D, Saxel O (1977). Serial passaging and differentiation of
myogenic cells isolated from dystrophic mouse muscle.
Nature 270: 725-727.

Yamaguchi A, Kahn AJ (1991). Clonal osteogenic cell lines
express myogenic and adipocytic developmental potential.
Calcif Tissue Int 49:221-225.

Yamaguchi A, Katagiri T, Ikeda T er al (1991). Recombinant
human bone morphogenetic protein-2 stimulates osteoblas-



tic maturation and inhibits myogenic differentiation in vitro.
J Cell Biol 113: 681-687.

Yamaguchi A, Komeri T, Suda T (2000). Regulation of
osteoblast differentiation mediated by bone morphogenetic
proteins, hedgehogs, and Cbfal. Endocr Rev 21: 393411,

Yarmamoto N, Akiyama S, Katagiri T ez a/ (1997). Smad! and
Smads$ act downstream of intracellular signallings of BMP-2
that inhibits myogenic differentiation and induces osteoblast
differentiation in C2C12 myoblasts. Biochem Biophys Res
Commun 238: 574-580.

Yamashita T, Ishii H, Shimoda K et af (1996). Subcloning of
three osteoblastic cell lines with distinct differentiation
phenotypes from the mouse osteoblastic cell line KS-4.
Bone 19: 429-436.

Yasuda H, Shima N, Nakagawa N et a/ (1998). Osteoclast
differentiation factor is a ligand for osteoprotegerin/osteo-
clastogenesis-inhibitory factor and is identical to TRANCE/
RANKL. Proc Natl Acad Sci USA 95: 3597-3602.

Differentiation of osteoblasts and osteoclasts
T Katagiri and N Takahashi

Yoshida H, Hayashi S, Kunisada T et a/ (1990). The murine
mutation osteopetrosis is in the coding region of the
macrophapge colony stimulating factor gene. Nature 345:
442-444.

Yoshida Y, Tanaka S, Umemori H er af (2000). Negative
regulation of BMP/Smad signaling by Tob in osteoblasts.
Cell 103: 1085-1097.

Young MF, Kerr JM, Ibaraki K et 4l (1992). Structure,
expression, and regulation of the major noncollagenous
matrix proteins of bone. Clin Orthop 281: 275-294,

Zhang YW, Yasui N, Ito K (2000). A RUNX2/PEBP2alphaA/
CBFAIl mutation displaying impaired transactivation and
Smad interaction in cleidocranial dysplasia. Proc Natl Acad
Sci USA 97: 1054910554,

Zimmerman LB, De Jesus-Escobar JM, Harland RM (1996).
The Spemann organizer signal noggin binds and inactivates
bone morphogenetic protein 4. Cell 86: 599-606.

159

Oral Diseases

—233—



0013-7227/02/$15.00/0
Printed in US.A

Endoerinology 143(8:3105-3113
Copyright @ 2002 by The Endocrine Society

p38 MAPK-Mediated Signals Are Required for Inducing
Osteoclast Differentiation But Not for

Osteoclast Function

XTAOTONG LI, NOBUYUKI UDAGAWA, KANAMI ITOH, KOJI SUDA, YOSHIYUKI MURASE,
TATSUJI NISHIHARA, TATSUO SUDA, anpo NAOYUKI TAKAHASHI

Institute for Oral Science (X.L., N.T.), the Department of Biochemistry (N.U.}), Matsumoto Dental University, Nagano 399-
0781, Japan; the Department of Bischemistry (K.I, K.8.), School of Dentistry, Showa University, Tokyo 142-8555, Japan;
the Department of Periodontology (Y.M.), Aichi Gakuin University, Nagoye 464-8651, Japan; the Department of Oral
Microbiology (T.N.), Kyushu Dental College, Fukuoka 803-8580, Japan; and the Research Center for Genomic Medicine

(T.8.), Saitama Medical School, Saitama 350-1241, Japan

Receptor activator of nuclear factor-«B ligand (RANKL)-
induced signals play critical roles in osteoclast differentiation
and function. SB203580, an inhibitor of p38 MAPK, blocked
osteoclast formation induced by 1«,25-dihydroxyvitamin D,
and prostaglandin E, in cocultures of mouse osteoblasts and
bone marrow cells. Nevertheless, SB203580 showed no inhib-
itory effect on RANKL expression in osteoblasts treated with
1a,25-dihydroxyvitamin Dy and prostaglandin E;. RANKL-
induced osteoclastogenesis in bone marrow cultures was in-
hibited by SB203580, suggesting a direct effect of SB203580 on
osteoclast precursors, but not on osteoblasts, in osteoclast
differentiation. However, SB203580 inhibited neither the sur-
vival nor dentine-resorption activity of osteoclastsinduced by

RANKL. Lipopolysaccharide (LPS), IL-1, and TNF« all stim-
ulated the survival of osteoclasts, which was not inhibited by
5B203580. Phosphorylation of p38 MAPEK was induced by
RANKL, I1-1, TNF«, and LPS in osteoclast precursors but not
in osteoclasts. LPS stimulated phosphorylation of MAPK ki-
nase 3/6 and ATF2, upstream and downstream signals of p38
MAPK, respectively, in osteoclast precursors but not in oste-
oclasts. Nevertheless, LPS induced degradation of I«B and
phosphorylation of ERK in osteoclasts as well as in osteoclast
precursors. These results suggest that osteoclast function is
induced through a mechanism independent of p38 MAPK-
mediated signaling. (Endocrinology 143: 3105-3113, 2002)

OSTEOCLASTS, MULTINUCLEATED CELLS responsi-
ble for bone resorption, develop from hemopoietic
cells of the monocyte-macrophage lineage under the control
of bone microenvironment {1-4). A coculture system of
mouse ostecblasts and hemopoietic cells was developed to
examine the regulatory mechanisms of osteoclast differen-
tiation and function (5, 6). A series of experiments using the
coculture system have shown that osteoblasts are critically
involved in osteoclast development (7, 8). Studies of mac-
rophage colony-stimulating factor (M-CSF)-deficient op/op
mice showed that M-CSF produced by osteoblasts is an es-
sential factor for osteoclastogenesis (9-11). Recently, the
gene for another essential factor for osteoclastogenesis, re-
ceptor activator of nuclear factor-«B ligand (RANKL), was
cloned {12-16). RANKL is a new member of the TNF-ligand
family and is expressed by osteoblasts in response to many
bone-resorption-related factors. Osteoclast precursors that
express RANK, a TNF receptor family member, recognize
RANKL expressed by osteoblasts and differentiate into os-
teoclasts in the presence of M-CSF (1-4, 16). Osteoprotegerin

Abbreviations: AP-1, Activator protein-1; 1e,25-(OH)D,, 1a,25-
dihydroxyvitamin Dy; GAPDH, glyceraldehyde-3-phosphate dehydro-
genase; JNK, ¢-Jun N-terminal kinase; LPS, lipopolysaccharide; M-CSF,
macrophage colony-stimulating factor; MKK, MAPK kinase; MNC,
multinucleated cell; NF-«B, nuclear factor-«B; OPG, osteoprotegerin;
PGE,, prostaglandin E,; RANKL, receptor activator of nuclear factor-«B
ligand; TLR4, Toll-like receptor 4; TRAF, TNF-associated factor; TRAP,
tartrate-resistant acid phosphatase.

(OPG), which is produced by many types of cells, including
osteoblasts, is a soluble decoy receptor for RANKL, thus
inhibiting osteoclastogenesis in vive and in vitro (17-19).

The cytoplasmic tail of RANK interacts with TNF-associ-
ated factor (TRAF)1, TRAF2, TRAF3, TRAF5, and TRAF6
{20-23). Among these TRAFs, TRAF6 seems to play impor-
tant roles in osteoclast differentiation and function (24-26).
Recent studies have shown that lipopolysaccharide (LPS)
and inflammatory cytokines such as TNFa and IL-1 regulate
osteoclast differentiation and function independently of the
RANKL-RANK interaction {27-30). It was also shown that
Toll-like receptor 4 (TLR4) is a receptor of LPS, and the
signaling cascade of TLR4 is quite similar to that of IL-1
receptors, both of which use TRAF6 as a common signaling
molecule (31-33). Thus, TRAF6-mediated signals seem to
play central roles in the regulation of osteoclast differentia-
tion and function.

Mice deficient in both p50 and p52 subunits of nuclear
factor-xB (NF-«B) develop severe osteopetrosis (34, 35). Mice
lacking c-Fos also develop osteopetrosis (36, 37). RANK-
mediated signals have been shown to activate NF-«B and
c-Jun N-terminal kinase (JNK) in the target cells, including
osteoclasts (15, 38). The dimeric transcription factor, activator
protein-1 (AP-1), is composed of Fos proteins and Jun pro-
teins. These results suggest that NF-kB- and AP-1-mediated
signals play important roles in osteoclast differentiation in-
duced by RANKL.

MAPK family members, which are proline-directed
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serine/threonine kinases, function in various signaling cas-
cades, including TRAF-mediated ones (39, 40). MAPK family
members are classified into three groups: the ERK, JNK, and
p38 MAPK groups. p38 MAPK was originally identified as
the target of pyridinylimidazole compounds that inhibit the
production of inflammatory cytokines in monocytes (41).
Phosphorylation of p38 MAPK by MAPK kinase (MKK) 3/6
results in the activation of p38 MAPK. Activated p38 MAPK
then phosphorylates transcription factor ATE2, which, in
turn, induces transcription of the target genes (39, 40). It was
shown that the expression of dominant-negative forms of p38
MAPK and MKK 6 in RAW264 cells inhibited RANKL-
induced differentiation of RAW264 cells into osteoclasts (42),
Pyridinylimidazole SB203580, a specific inhibitor of p38
MAPK (43), has been widely used to investigate the roles of
p38 MAPK in the regulation of cell differentiation and func-
tion (39, 40, 44). Using SB203580, p38 MAPK-mediated
signals were shown to be involved in osteoclastic bone re-
sorption induced by IL-1 and TNFa in fetal rat long bones
(44). These results suggest that p38 MAPK-mediated signals
regulate osteoclast differentiation or function, or both.

In the present study, we explored the roles of p38 MAPK-
mediated signals in the differentiation, survival, and activa-
tion of osteoclasts. We found that p38 MAPK-mediated
signals were essential for RANKL-induced osteoclast differ-
entiation, but not for RANKL-induced osteoclast function.
LPS, IL-1, TNFa, and RANKL all stimulated the survival of
osteoclasts, but these factors failed to induce phosphoryla-
tion of p38 MAPK in osteoclasts. These experimental results
suggest that osteoclast function is regulated through a mech-
anism involving TRAF6 but independent of p38 MAPK-
mediated signals.

Materials and Methods
Animals and chemicals

Five- to 8-wk-old male ddY mice and newborn ddY mice were ob-
tained from Shizuoka Laboratories Animal Center (Shizuoka, Japan). All
procedures for animal care were approved by the Anima} Management
Committees of Matsumoto Dental University and Showa University.
Recombinant human M-CSF (leukoprol) was obtained from Kyowa
Hakko Kogyoe Co. {Tokyo, Japan). Recombinant soluble RANKL was
purchased from PeproTeck EC Ltd. {London, UK). Mouse TNFa and
IL-1 were obtained from Genzyme/Techne (Minneapolis, MN). 1a,25-
Dihydroxyvitamin D, [12,25-(OH}),D;), and prostaglandin E, {PGE,)
were purchased from Wako Pure Chemical Industries Ltd. (Osaka, Ja-
pan). Human PTH (1-34) was cbtained from Peptide Institute (Qsaka,
Japan). SB203580 was purchased from Calbiochem (La Jolla, CA). LPS
was purified from Escherichia coli strain K235 as described previously in
our laboratory (45). Eel calcitonin was kindly provided by Asahi Chem-
ical Industry Co. (Tokyo, Japan). **CaCl, was obtained from Amersham
International (Buckinghamshire, UK). Anti-phospho-p38 MAPK and
p38 MAPK rabbit polyclonal antibodies, anti-phospho-MKK3/6 and
MKK3 rabbit polyclonal antibodies, anti-phospho-ATF-2 and ATF-2
rabbit polyclonal antibodies, anti-phospho-ERK and ERK rabbit poly-
clonal antibodies, and anti-1«B-a rabbit polyclonal antibodies were pur-
chased from Cell Signaling Technolegy, Inc. (Beverly, MA). Specific PCR
primers for mouse RANKL, OPG, and glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) were synthesized by Life Technologies, Inc.
(Tokyo, Japan}. Other chemicals and reagents were of analytical grade.

Osteoclast differentiation assay

Bone marrow cells were obtained from tibiae of 5- to 8-wk-old adult
mice, Primary osteoblasts were prepared from calvariae of newborn ddY
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mice as previously described (46). Mouse bone marrow cells (1.5 X 10°
cells/well) and primary osteoblasts (3 X 10° cells/ well) were cocultured
for 7 d in the presence of 1«, 25-(OH),D, (107® m) and PGE, (1077 M) in
aMEM (Sigma, St. Louis, MO) supplemented with 10% FBS (JRH Bio-
sciences, Lenexa, KS) in 48-well plates (46). Some cocultures were treated
with SB203580 at 1077 M or 107 M. In other experiments, bone marrow
cells (1.5 X 107 cells/well) were cultured for 7 d with RANKL (200
ng/ml} and M-CSF (100 ng/ml) in 48-well plates in the presence or
absence of SB203580 at 107 M or 107% m. Cells were then fixed and
stained for tartrate-resistant acid phosphatase (TRAP; a marker enzyme
of osteoclasts) as described (46). TRAP-positive multinucleated cells
(MNCs) containing three or more nuclei were counted as osteoclasts,
under microscopic examination. The results were expressed as the
means = sgM of three cultures. ‘ :

PCR amplification of reverse-transcribed mRNA

For semiquantitative RT-PCR analysis, osteoblasts were cultured in
«MEM containing 10% FBS with 1, 25-(QH),D, {10~% M) and PGE,
(1077 M), with or without SB203580 (107 m), on 100-mm-diameter
dishes. After cells were cultured for 48 h, total cellular RNA was ex-
tracted from osteoblasts using TRIzol solution {Life Technologies, Inc.).
First-strand cDNA was synthesized from total RNA with random prim-
ers and subjected to PCR amplification with EX Tag polymerase (Takara
Biochemicals, Shiga, Japan) using specific PCR primers: mouse RANKL,
5-CGCTCTGTTC CTGTACTTTCGAGCG-3' (forward, nucleotides
195-219) and 5"-TCGTGCTCCCTCCTTTCATCAGGTT-3' (reverse, nu-
cleotides 757-781); mouse OPG 5'-CAGAGACTAATAGATCAAAG-
GCAGG-3' (forward, nucleotides 135-159) and 5'-ATGAAGTCTCAC-
CTGAGAAGAACC-3' (reverse, nucleotides 742-765%; and mouse
GAPDH, 5'-ACCACAGTCCATGCCATCAC-3' (forward, nucleotides
566-585) and 5'-TCCACCACCCTGTTGCTGTA-Y (reverse, nuclectides
998-1017}. The PCR products were separated by electrophoresis on 2%
agarose gels and were visualized by ethidium bromide staining with UV
light illumination. The sizes of the PCR products for mouse RANKL,
OPG, and GAPDH were 587 bp, 380 bp, and 452 bp, respectively.

Survival assay of mature osteoclasts

Osteoblasts (1.5 X 106 cells) and mouse bone marrow cells (107 cells/
dish) were cocultured in oMEM supplemented with 10% FBS, 1a,25-
(OH),D; (107% M), and PGE, (1077 m) in 100-mm-diameter dishes pre-
coated with type 1 collagen gel (cell matrix type-IA; Nitta Gelatin, Inc.,
Osaka, Japan) {45, 46). Osteoclasts were formed within 7 d in the co-
culture, and all cells were removed from the dishes by treatment with
0.1% collagenase (Wako Pure Chemical Industries Ltd.). The purity of
osteoclasts in this preparation was about 5% (47). The crude osteoclast
preparation was replated in culture dishes. After the cells were cultured
for 6-8 h, ostecblasts were removed by treatment with 0.05% trypsin
and EDTA for 5 min (Life Technologies, Inc.) (46). The purity of oste-
oclasts in this preparation was about 95%. The purified osteoclasts were
further cultured for 48 h with vehicle (control), RANKL (200 ng/mli),
M-CSF (100 ng/ml), LPS (2 pg/ml), IL-i (10 ng/ml), or TNFa (10 ng/ml)
in the presence or absence of SB203580. In experiments in which oste-
oclasts were treated with SB203580 together with those factors, the cells
were pretreated for 30 min with SB203580 alone. After the cells were
cultured for 48 h, they were fixedand stained for TRAP. Preliminarily
experiments showed that pr,é;n;é‘:; ment of TRAP-positive MINCs with
0.05% trypsin and EDTA for 5 gifiyidbes not seem to affect their survival
induced by RANKL or M-CSE.YERAP-positive MNCs containing more
than three nuclei were count s;i.r"-r‘iable osteoclasts.

Pit formation assay by osteoclasts

For the resorption pit assay, aliquots of the crude osteoclast prepa-
rations, described above, were placed on dentine slices that had been
placed in 96-well plates (46). After preincubation for 1 h, dentine slices
were transferred to 48-well plates (1’ der.tine slice/well) containing 0.3
ml aMEM containing 10% FBS, and they were further cultured with or
without SB203580 at 10~7 m or 10™° M for 48 h. Dentine slices incubated
with calcitonin (10~% M) for the same period were regarded as the
positive control. Resorption pits on dentine slices were visualized by
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staining with Mayer's hematoxylin solution (Sigma) as described (46).
The number of resorption pits on each slice was counted.

Fetal long-bone organ culture system

Bone-resorption activity was measured using a modification of
Raisz’s organ culture method (19, 48). Pregnant ¢dY mice were injected
sc with 25 uCi of #°Ca on d 16 of gestation, Twenty-four hours after the
injection, the shafts of the radii and ulnae were dissected from fetuses,
cleaned free of surrounding muscle and fibrous tissues, and precultured
in serum-free BGJb medium (Life Technologies, Inc.}. After preincuba-
tion for 48 h, bones were transferred into 0.5 ml BGJb medium containing
0.2% BSA and incubated for 72 h in the presence or absence of FTH, with
or without SB203580, at 107% M and 1077 M. At the end of the culture,
5Ca was counted, respectively, in the medium and in the bone. Bone-
resorbing activity was expressed as the percent release of **Ca from
prelabeled bones using the following formula (19, 49):

45Cz in medium

. _ X 100.
(*3Ca in medium + **Ca in bone} 100

4Ca release (%) =

Western blot analysis

Bone marrow cells (5 X 10° cells) were cultured in «MEM containing
10% FBS, in the presence of M-CSF (100 ng/ml), on 60-mm-diameter
dishes. After the cells were cultured for 3 d, nonadherent cells were
completely removed from the cultures by pipetting (29). Almost all of
the adherent cells expressed macrophage-specific antigens such as
Mac-1, Moma-2, and F4/80 (29). These macrophages and purified os-
teoclasts, purified on 60-tnm dishes, were further incubated with test
materials in the presence of 10% FBS, and then washed twice with PBS
and lysed in cell lysate buffer [0.5 m Tris-HCl (pH 6.8, 2 ml), 10% SDS
(4 ml), 2-mercaptoethanol (1.2 ml), glycerol (2 mi}, HO (0.8 ml), bro-
mophenol blue (10 mg)]. Whole-cell extracts were electrophoresed on a
10% SDS-polyacrylamide gel and transferred onto a nitrocellulose mem-
brane (Millipore Corp., Bedford, MA). After blocking with 5% skim milk
in Tris-buffered saline containing 0.5% Tween 20, the antibodies for p38
MAPK, MKK3/6, ATF2, ERK, or IxB-a were added in Tris-buffered
saline containing ¢.5% Tween 20 containing 5% BSA, and bound anti-
bodies were visualized by using the enhanced chemiluminescence assay
with reagents from Amersham Pharmacia Biotech(Arlington Heights,
IL) and by exposuze to x-ray film (Fuji Photo Film Co,, Ltd., Tokyo, Japan).

Results

TRAP-positive osteoclasts were formed in the cocultures
of mouse calvarial osteoblasts and bone marrow cells in the
presence of 1e,25-(OH),D; and PGE, (Fig. 1, A and B).
SB203580, a specific inhibitor of p38 MAPK added to the
coculture, strongly inhibited osteoclast formation induced by
1,25-(0H),D, and PGE,. The inhibitory effect of SB203580,
at 1077 M, on osteoclast formation was as strong as that at
107 M. Osteoclasts were also formed in mouse bone marrow
cultures treated with RANKL together with M-CSF, even in
the absence of osteoblasts (Fig. 1C). Osteoclast formation
induced by RANKL and M-CSF was inhibited by the addi-
tion of SB203580 as well. Expression of RANKL mRNA in
osteoblasts was increased, within'24 h, by the treatment with
1a,25-(OH),D5 and PGE,; and the expression level was still
high, even after treatment for 48 h (Fig. 1D}. In contrast,
expression of OPG mRNA was down-regulated in osteo-
blasts by the addition of 1,25-(0H),D; and PGE,. Neither
RANKL nor OPG mRNA expression regulated by 1a,25-
(OH),D; and PGE, in osteoblasts was affected by SB203580
(Fig. 1D). These results suggest that SB203580 acts directly on
osteoclast progenitors, rather than on supporting osteoblasts,
to inhibit osteoclast formation.

We next examined the effects of SB203580 on the survival
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and pit-forming activity of mature osteoclasts. We previ-
ously reported that osteoclasts spontaneously died in the
absence of osteoblasts, but cytokines such as RANKL, M-
CSF, IL-1, and TNFa stimulated the survival of osteoclasts
(28, 29, 38). When osteoblasts were removed from the co-
cultures, most of the osteoclasts died within 48 h (Fig. 2, A
and B). The survival of osteoclasts was stimulated by the
addition of either RANKL or M-CSF (Fig. 2, A and B).
5B203580 showed no inhibitory effects on RANKL- or M-
CSF-enhanced survival of osteoclasts. When the crude oste-
oclast preparation with 5% purity was placed, for 48 h, on
dentine slices, many resorption pits were formed on dentine
slices (Fig. 2, C and D). Osteoblasts coexisting in this oste-
oclast preparation stimulated the pit-forming activity of the
osteoclasts. Calcitonin strongly inhibited pit formation by
osteoclasts (Fig. 2, C and D). In contrast, SB203580 showed
no inhibitory effect on the pit-forming activity of osteoclasts.
These results suggest that SB203580 does not inhibit oste-
oclast function supported by RANKL, M-CSF, or osteoblasts.

Figure 3 shows the effects of 5B203580 on bone resorption
induced by PTH in our mouse organ culture system. PTH
markedly stimulated the release of *>Ca from the prelabeled
mouse long bones in organ culture (Fig. 3). The addition of
SB203580 to the organ culture caused no inhibitory effect on
bene resorption induced by PTH. Thus, SB203580 failed to
inhibit osteoclast function, though it strongly inhibited os-
teoclast differentiation. These results suggest that p38 MAPK
is involved in osteoclast differentiation but not in osteoclast
function.

We next examined the effects of RANKL and other factors
on the phosphorylation of p38 MAPK in osteoclasts and
osteoclast precursors, Purified osteoclast preparations were
obtained from cocultures by removing ostecblasts. Bone
marrow macrophages were prepared from bone marrow
cultures treated with M-CSF, and used as osteoclast precur-
sors. Figure 4 shows the time course of change in the phos-
phorylation of p38 MAPK in response to RANKL in bone
marrow macrophages and osteoclasts. Similar amounts of
p38 MAPK protein were present in bone marrow macro-
phages and osteoclasts. p38 MAPK was phosphorylated
within 20 min, in response to RANKL in bone marrow mac-
rophages. The phosphorylation reached a maximal level
within 40 min and then returned to the basal level at 60 min
(Fig. 4). In contrast, p38 MAPK was not phosphorylated at all,
even in osteoclasts treated with RANKL throughout the cul-
ture period of 60 min. The total amounts of the p38 MAPK
protein in bone marrow macrophages and osteoclasts were
unchanged in the presence and absence of RANKL through-
out the experimental period (Fig. 4).

LPS, as well as RANKL, TNFg, and IL-1, supported the
survival of osteoclasts (Fig. 5A). Again, 5SB203580 showed no
inhibitory effect on the survival of osteoclasts supported by
RANKL, TNFe, IL-1, or LPS (Fig. 5A). These factors all stim-
ulated phosphorylation of p38 MAPK in bone marrow mac-
rophages, but p38 MAPK was not phosphorylated at all, even
in osteoclasts treated with RANKL, TNFa, IL-1, or LPS (Fig.
5B). The amounts of p38 MAPK proteins remained un-
changed in macrophages and osteoclasts treated with those
factors. Thus, the phosphorylation system of p38 MAPK
might be blocked in osteoclasts.
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Fig. 1. Effects of SB203580 on osteoclast differentiation of mouse bone marrow cells and on the expression of RANKL mRNA in osteoblasts. A, Mouse
calvarial osteoblasts and bone marrow cells were cocultured, in 48-well culture plates, in the presence of 1¢,25-(QH),D, (107% M) and PGE, (10~7
m). SB203580, at 1077 M or 107° M, was added to some cocultures. After the cells were cultured for 7 d, they were fixed and stained for TRAP.
TRAP-positive MNCs containing three or more nuclei were counted as osteoclasts. The results were expressed as the means + SEM of three cultures.
B, TRAP-staining of cocultures: a, control coculture; b, coculture treated with 1¢,25-(QOH),D, (1078 M) and PGE, (10™7 M); ¢, coculture treated with
10,25-(0H),D;, (1072 ) and PGE, (10~7 M) plus SB203580 (107 M); d, coculture treated with 1e,25-(OH),D, (108 M) and PGE, (1077 M) plus
5B203580 (10~ m). TRAP-positive MINCs appeared as red cells with clear peripheries. Bar, 100 um. C, Bone marrow cells were cultured, in 48-well
culture plates, in the presence of RANKL (200 ng/ml) and M-CSF (100 ng/ml). Seme cultures were also treated with SB203580 at 107 M or 10~°
M. After cells were cultured for 7 d, they were fixed and stained for TRAP. TRAP-positive MNCs containing three or more nuclei were counted as
osteoclasts. The results were expressed as the means * seM of three cultures. D, Mouse calvarial osteoblasts were cultured, for 24 h or 48 h, in the
presence of 1e,25-(0H),D, (1072 M) and PGE, (10" M). Some cultures were pretreated for 30 min with SB203580 (10~° M) before addition of
1,25{0H),D; and PGE,, and further treated for 24 h or 48 h with SB203580 in the presence of 1a,25-(0H),D, and PGE,. Total RNA was then
extracted from ostecblasts, and the expression of RANKL and OPG mRNAs was analyzed by RT-PCR. The PCR products for RANKL and OPG were
587 bp and 380 bp, respectively. Similar results were obtained from three independent experiments.

We previously reported that RANKL and IL-1 induced

downstream of p38 MAPTK, respectively, in bone marrow
the activation of NF-kB and JNK in osteoclasts (38, 50).

macrophages and osteoclasts (Fig. 6). Phosphorylation of

Therefore, we next examined the phosphorylation of
MKK3/6 and ATF2, signaling molecules of upstream and

another MAPK, ERK, and degradation of I«B were also
examined in both types of cells. The phosphorylation of

—237—



Li ef al. » p38 MAPK and Osteoclast Function Endocrinolegy, August 2002, 143(8):3105-3113 3109

>
o v/

[ 107 M SB203580

§ o
3 I 10 M SB203580 a :
= 500 r
= T . :
2 400 T e Tl
2 300 f T
g F oA e % O
é 200 } sC R %h ol it
- 100 }
[=]
g ol—=
5 Control RANKL RANKL ~ M-CSF M-CSF

+ SB203580 + SB203580

C D

§ 400 r

3‘3 300 b [
=3

S 200

Q

L

£ 100 |

=

=

0
Control SB203580 Calcitonin

Fig. 2. Effect of SB203580 on the survival and function of osteoclasts. A, Crude osteoclast preparations with 5% purity were eultured for 6 h
in 24-well plates. Osteoblasts were then removed with 0.05% trypsin/EDTA to obtain highly purified osteoclasts. Purified osteoclasts with 95%
purity were pretreated for 30 min with or without SB203580 at 10~7 M or 10~% M. Cells were further cultured for 48 h, in the presence or absence
of RANKL (200 ng/ml) or M-CSF (100 ng/ml) together with or without SB203580 at 10~7 M or 107% M. Cells were then fixed and stained for
TRAP. TRAP-positive MNCs containing three or more nuclei were counted as osteoclasts. The results were expressed as the means * SEM of
three cultures. B, TRAP staining of purified osteoclast cultures: a. control culture; b. culture treated with RANKL; c. culture treated with RANKL
(200 ng/ml) plus SB203580 (107 m); d. culture treated with RANKL (200 ng/ml) plus SB203580 (10~% ™). Bar, 100 pm. C, Effect of SB203580
on pit-forming activity of osteoclasts. Aliquots of the crude osteoclast preparation were cultured on dentine slices in the presence or absence
of SB203580 at 10-7 M or 10~ 5 M. Some cultures were also treated with calcitonin (10~% M). After cells were cultured for 48 h, they were removed
from the dentine slices, resorption pits formed on the slices were stained with Mayer’s hematoxylin solution, and the number of resorption pits
was counted. The results were expressed as the means = SEM of three cultures. D, Resorption pits formed on dentine slices: a, control culture;
b, culture treated with calcitonin (1078 M); ¢, culture treated with SB20358¢ (10~7 M}; d, culture treated with SB203580 (10~% ). Bar, 100 pm.
Similar results were obtained from three independent experiments. :

ERK was induced in macrophages and osteoclasts in re- Discussion

sponse to LPS (Fig. 6). LPS also stimulated the degradation

of IxB in bone marrow macrophages and osteoclasts, in-
dicating that NF-«xB was activated in osteoclasts, as well as
in macrophages, in response to LPS. In contrast, MKK3/6,
a kinase responsible for the activation of p38 MAPK, was
phosphorylated in response to LPS in macrophages but not
in osteoclasts (Fig. 6). Similarly, LPS-induced phosphor-
ylation of ATF2, which acts downstream of p38 MAPK,
was observed in bone marrow macrophages treated with
LPS but not in osteoclasts.

SB203580, a selective inhibitor of p38 MAPK, strongly in-
hibited osteoclast differentiation, not only in cocultures of
mouse osteoblasts and bone marrow cells treated with 1¢,25-
(OH),D; and PGE; but also in bone marrow cultures treated
with RANKL and M-CSF. We previously reported that TNFa
stimulates osteoclast differentiation in mouse bone marrow
macrophage cultures in the presence of M-CSF through a
mechanism independent of the RANKL-RANK interaction
(29). Osteoclast formation induced by TNFa and M-CSF was
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F16. 3. Effect of SB203580 on bone resorption in fetal mouse long
bone eultures, Fetal bones (radii and ulnae) prelabeled with **Ca were
cultured for 72 h in the presence or absence of PTH (100 ng/ml)
together with or without SB203580 at 1077 M or 10~% M. Rone-
resorption activity was expressed as the percent release of **Ca from
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Fic. 4. Time course of change in the phosphorylation of p38 MAPK
in macrophages and osteoclasts after treatment with RANKL. Mouse
bone marrow macrophages (osteoclast precursors) were prepared
from bone marrow cultures treated with M-CSF. Osteoclasts were
purified from erude osteoclast preparations by the removal of osteo-
blasts using 0.05% trypsin/EDTA. Bone marrow macrophages (upper
panel) or purified osteoclasts {lower panel) were incubated with
RANKL (200 ng/ml) for the indicated periods, and total cell lysates
were prepared. The total cell lysates were separated by SDS-PAGE,
transferred onto nitrocellulose membranes, and immunoblotted with
anti-phospho-p38 MAPK antibodies (phospho-p38)or anti-p38 MAPK
antibodies (p38).

also inhibited by the addition of SB203580 (data not shown).
p38 MAPK was phosphorylated in bone marrow macro-
Phages in response to RANKL but not in mature osteoclasts.
These results suggest that SB203580 acts directly on oste-
oclast precursors, rather than on osteoblasts, to inhibit os-
teoclast differentiation. These results are also consistent with
the findings that SB203580 inhibited osteoclast differentia-
tion induced by RANKL in RAW?264 cells, and that the ex-
pression of dominant-negative forms of p38 MAPK and
MKK 6 in RAW264 cells significantly inhibited the RANKL-
induced differentiation of the RAW cells (42). These findings,
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Fic. 5. Effects of RANKL, TNFa, IL-1, and LPS on the survival of
osteoclasts, and on the phosphorylation of p38 MAPK in macerophages
and osteoclasts, A, Purified osteoclasts were prepared in 24-well cul-
ture plates and further cultured for 48 h in the presence or absence
of RANKL (200 ng/ml), TNFa (10 ng/ml), IL-1 {10 ng/ml), or LPS (2
pg/ml). For treatment of cells with SB203580, together with those
factors, cells were preincubated for 30 min with SB203580 (1078 Mm).
After cells were cultured for 48 h, they were fixed and stained for
TRAP. TRAP-positive MNCs containing three or more nuclei were
counted as osteoclasts. The results were expressed as the means =+
SEM of three cultures. B, Mouse bone marrow macrophages were
prepared from bone marrow cultures treated with M-CSF. Osteoclasts
were purified from crude osteoclast preparations. Bone marrow mac-
rophages and purified osteoclasts were incubated for 20 min with or
without RANKL (200 ng/ml), TNFa (10 ng/ml}, 11-1 (10 ng/mb), or LPS
(2 pug/ml). Total cell lysates were prepared, separated by SDS-PAGE,
transferred onto nitrocellulose membranes, and immunoblotted with
anti-phospho-p38 MAPK antibodies (phospho-p38) or anti-p38 MAPK
antibodies (p38).

together with the present study, suggest that p38MAPK-
mediated signals are of fundamental importance for the dif-
ferentiation of osteoclast precursors into osteoclasts (Fig. 7).

Signals mediated by p38 MAPK have been shown to reg-
ulate the function of osteoblasts (51, 52). SB203580 inhibited
the synthesis of vascular endothelial growth factor induced
by PGE, in osteoblastic MC3T3-E1 cells (51). The inhibitory
effect of sphingosine on PGF,a-induced inositol phosphate
formation in MC3T3-E1 cells was markedly reduced by the
addition of SB203580 (52). Kumar et al. (44) also reported that
SB203580 inhibited IL-6 production induced by IL-1 and
TNFea in osteoblasts and chondrocytes. However, the present
study showed that SB203580 did not affect, at all, 1a,25-
(OH),D3- and PGE;-induced up-regulation of RANKL
mRNA expression or down-regulation of OPG mRNA ex-
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Fic. 6. Effects of LPS on the phosphorylation of MKXK3/6, ERK, and
ATF2, and the degradation of I«B in macrophages and ostecclasts.
Mouse bone marrow macrophages were prepared from bone marrow
cultures treated with M-CSF. Osteoclasts were purified from crude
osteoclast preparations. Bonie marrow macrophages and purified os-
teoclasts were incubated for 20 min with LPS, and total cell lysates
were prepared. The lysates were separated by SDS-PAGE, trans-
ferred onto nitrocellulose membranes, and immunoblotted with anti-
phospho-MKK3/6 antibedies (phospho-MKK3/6), anti-phospho-ATF2
antibodies (phospho-ATF2), anti-phospho-ERK antibodies (phospho-
ERK), or anti-IxB-o antibodies (IxB).

pression in primary osteoblasts. These results suggest that,
although p38 MAPK-mediated signals regulate several as-
pects of osteoblast function, this signaling cascade is not
involved in the regulation of bone resorption-related func-
tions of osteoblasts such as RANKL and OPG expression.
Although SB203580, at 10”7 M, almost completely inhib-
ited osteoclast differentiation, this compound showed no
inhibitory effect, even at 107® M, on the survival and pit-
forming activity of osteoclasts induced by RANKL. Interest-
ingly, osteoclasts expressed a certain amount of p38MAPK
but failed to phosphorylate p38 MAFK in response to any
stimuli examined. This finding explains why SB203580
showed no inhibitory effect on the function of mature oste-
oclasts (Fig. 7). Bone resorption induced by PTH in fetal
mouse long bone cultures was not affected by the addition
of SB203580, suggesting that activation of preexisting oste-
oclasts, but not formation of new osteoclasts, predominantly
occurs in response to PTH in mouse long bone cultures.
We previously reported that osteoclasts expressed RANK
mRNA, and treatment with RANKL rapidly induced acti-
vation of NF-«B and JNK in osteoclasts (38). It has also been
shown that osteoclasts express functional IL-1 type 1 recep-
tors (28, 50). IL-1 induces rapid translocation of NF-«B from
the cytosol to the nuclei of osteoclasts. Suda et al. (27) re-
ported that LPS induced degradation of I«B in mononuclear
prefusion osteoclasts, and stimulated their survival, fusien,
and pit-forming activity. In the present study, TNFe, IL-1,
and LPS as well as RANKL, supported the survival of os-
teoclasts, which was not inhibited by the addition of
SB203580. These factors failed to induce phosphorylation of
p38 MAPK in osteoclasts. Phosphorylation of MKK3/6 and
ATF2 was not induced in osteoclasts either, suggesting that
the entire p38 MAPK signaling pathway is nonfunctional in
osteoclasts. In contrast, activation of ERK and JNK was rap-
idly induced in osteoclasts in response to LPS and RANKL.
These results suggest that three subtypes of MAPKs (p38
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F1c. 7. A schematic representation of the p38 MAPK signal pathway
in osteoclast differentiation and activation regulated by RANKL and
LPS. RANKL and LPS independently stimulate the p38 MAPK-
mediated signal pathway. TRAF6 may act as a common signal trans-
ducer for RANK and TLR4. SB203580, a selective inhibitor of p38
MAPEK, blocks p38 MAPK-induced activation of its downstream sig-
nals, such as ATF2. SB203580 inhibits RANKI-induced osteoclast
differentiation but not esteoclast activation. Sequential phasphory-
lations of MKK3/6, p38 MAPK, and ATF2 are involved in RANKL-
induced differentiation of macrophages into osteoclasts. Both RANKL
and LPS induce phosphorylations of MKK3/6, p38 MAPK, and ATF2
in macrophages but not in osteoclasts. Thus, osteoclast function is
induced through a mechanism independent of p38 MAPK-mediated
signals.

MAPK, ERK, and JNK) are regulated independently of one
another in osteoclasts.

Phosphorylation of p38 MAPK was similarly induced in
bone marrow macrophages in response to IL-1, TNFe,
RANKL, and LPS. This suggests that osteoclast precursors
lose the ability to phosphorylate p38 MAPK during their
differentiation into osteoclasts. Signals mediated by p38
MAPK have been shown to regulate the production of in-
flammatory cytokines (such as IL-1, TNFe, and IL-6) in sev-
eral types of cells. We recently found that bone marrow
macrophages produced inflammatory cytokines (such as
IL-1, TNFa, and IL-6) in response to LPS, but osteoclasts did
not (Itoh, K., ef al,, in preparation). This suggests that p38
MAPK-mediated signals may be involved in the production
of those inflammatory cytokines in response to LPS. Further
studies will be necessary to elucidate the reason why
p38MAPK signals have been shut down in osteoclasts.
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Abstract

Bone-resorbing osteoclasts are formed from hemopoietic cells of the monocyte—macrophage lineage
under the control of bone-forming osteoblasts. We have cloned an osteoblast-derived factor essential
for osteoclastogenesis, the receptor activator of NF-xB ligand {(RANKL), Synovial fibroblasts and
activated T lymphocytes from patients with rheumatoid arthritis also express RANKL, which appears to
trigger bone destruction in rheumatoid arthritis as well. Recent studies have shown that T lymphocytes
produce cytokines other than RANKL such as IL-17, granulocyte~macrophage colony-stimulating
factor and IFN-y, which have powerful regulatory effects on osteoclastogenesis. The possible roles of
RANKL and other cytokines produced by T iymphocytes in bone destruction are described.

Keywords: granulocyte-macrophage colony-stimulating factor, IFN-y, IL-17, IL-18, RANKL

Introduction

Bone-resorbing osteoclasts originate from hemopoietic cells
probably of the colony-forming-unit megakaryocyte (CFU-M)-
derived monocyte-macrophage family. Osteoclasts are large
multinucleated giant cells that express tartrate-resistant acid
phosphatase (TRAP} activity and calcitonin receptors, and
they have the ability to form resorption pits on bone and
dentine slices. The characteristics of osteoclasts thus differ
from those of macrophage polykaryons.

We have developed a mouse coculture system of hemopoi-
etic cells and primary osteoblasts to investigate osteoclast
formation in vitro [1-3). In this coculture system, several sys-
temic and local factors induced formation of TRAP-positive
multinucleated cells, which satisfied most of the osteoclast
criteria [4]. Subsequent experiments established that the

target cells of osteotropic factors for inducing osteoclast for-
mation in the coculture were osteoblasts/stromal cells but
not osteoclast precursors. In the coculture system, cellto-
cell contact between osteoblastic cells and osteoclast prog-
enitors was essential for inducing osteoclastogenesis.

From these experimenta! findings, we proposed in 1992
that ostecblastic cells induce osteoclast differentiation
factor as a membrane-associated factor in response to
various osteotropic factors [4]. Six years later, we suc-
ceeded in the molecular cloning of osteoclast differentia-
tion factor from a cDNA library of mouse stromal ST2 cells
treated with bone-resorbing factors [5]. Osteoclast differ-
entiation factor is a member of the tumor necrosis factor
(TNF} ligand family, and was found to be identical to
RANKL, TNF-related activation-induced cytokine and

CFU-M =

colony-forming-unit megakaryoeyte; COX-2 = cyclooxygenase; ELISA = enzymedinked immunosorbent assay; GM-CSF =

granulocyte—macrophage colony-stimulating factor; HuPBL-NOD/SCID = human peripheral blood lymphocyte-nonobese diabetic/severe combined
immunadeficiency; IFN = interferan; IL = interleukin; MAP = mitogen-activated protein; M-CSF = macrophage colony-stimulating factor; NF ==
nuclear factor; OA = osteoarthritis; OPG = osteoprotegerin; PBMC = peripheral blood mononuclear cell: PCR = polymerase chain reaction;
PGE, = prostaglandin E,; RA = rheumatoid arthritis; RANK = receptor for RANKL; RANKL = receptor activator of NF-xB ligand; sIL-6R = soluble
IL-8 receptors; TNF = tumor necrosis factor; TNFR1 = TNF receptor type 1 (p55); TNFR2 = TNF receptor type 2 (p75); TRAF = TNF receptor-

associated factor; TRAP = tartrate-resistant acid phosphatase.
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osteoprotegerin {OPG) ligand, which were independently
identified by three other research groups [6-9]. The ad
hoc Committee of the American Society of Bone and
Minera! Research has recommended using RANKL as the
standardized name [10].

RANKL induced osteoclast differentiation from mouse
hemopoietic cells and human peripheral blood mononu-
clear cells (PBMCs) in the presence of macrophage
colony-stimulating factor {M-CSF) [5,8,11,12]. RANK, a

" receptor for RANKL, is the sole signaling receptor for

RANKL in inducing development and activation of osteo-
clasts {9] (Fig. 1). OPG, which is produced by a variety of
cells including osteoblasts, is a soluble decoy receptor for
RANKL. OPG inhibits osteoclastogenesis to compete
against RANK [9]. The present review article describes
the possible roles of members of the TNF receptor and
ligand superfamily in osteoclastic bone resorption, espe-
cially in rheumatoid arthritis (RA).

Possible roles of TNF receptor and ligand
superfamily members in osteoclastic bone
resorption in RA

RA is a chronic inflammatory disease characterized by the
destruction of articular cartilage and bone in a chronic
phase. Although histologic analyses of periarticular trabec-
ular bone have demonstrated that osteoclastic bone
resorption is greatly stimulated in RA patients, the mecha-
nism of the joint destruction in RA patients remains to be
elucidated.

The levels of monocyte/macrophage-derived cytokines
such as [L-1 and IL-6, together with soluble IL-& receptors
{sIL-6R), are significantly elevated in the synovial fluids of
patients with RA compared with those patients with
osteoarthritis (OA) [13]. These cytokines may play impor-
tant roles not only in immune responses and in develop-
ment of inflammation, but also in joint destruction.

The role of T cells in the pathogenesis of RA at a chronic
stage, however, has not yet been determined, because

_ T-cell-derived cytokines such as IL-2 and IFN-y are un-

detectable in the synovial tissues and fluids [14]. We
recently reported that T cells indirectly regulate osteo-
clastogenesis via IL-17 and IL-18. IL-18 inhibits osteoclast
formation by inducing granulocyte-macrophage colony-
stimutating factor (GM-CSF) in T cells [15,16]. in contrast,
IL-17 first acts on osteoblastic cells, then stimulates
cyclooxgenase (COX)-2-dependent prostaglandin  E,
(PGE,) synthesis, and subsequently induces RANKL gene
expression, which in turn induces differentiation of osteo-
clast progenitors into mature osteoclasts {17].

It has been reported that RANKL is expressed in activated
T cells as well as in osteoblastic cells [6,7,18]. These acti-
vated T cells are in fact capable of triggering osteoclasto-

Figure 1
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A schematic representation of osteoclast differentiation supported by
osteoblasts/stromal cells. RANKL, which is induced by bone resarbing
factors such as 1-0,25(0H),D,, parathyroid hormone (PTH) and IL-11
on the plasma membrane of osteoblasts/stromal cells, binds its
receptar RANK present in osteoclast progenitors and mature
osteoclasts. Osteoprotegerin (OFG), a decoy receptor for RANKL,
strongly and competitively inhibits the RANKL-RANK interaction. The
RANK signaling is transduced via TNF receptor-associated factor 2
{TRAF2) and TNF receptor-associated factor 6 (TRAFE}, leading to the
activation of NF-xB and Jun kinase (JNK), which in tum stimulates
differentiation and activation of osteoclasts. M-CSF, macrophage
colony-stimulating factor.

genesis directly through RANKL [18-20]. Kong et al. [8]
found that systemic activation of T cells in vivo leads to a
RANKL-mediated increase in osteoclastogenesis and
bone loss. In a T-cell-dependent model of rat adjuvant
arthritis characterized by severe joint destruction, OPG
treatment prevented bone destruction but not inflamma-
tion [18]. In addition, we demonstrated that the level of the
soluble form of RANKL is elevated, while the level of OPG
is decreased in synovial fluids from RA patients [20]. It is
thus possible to postulate that T cells directly and
indirectly stimulate osteoclastogenesis. Takayanagi et al,
[21] recently reported that T-cell production of IFN-y
strongly suppresses osteoclastogenesis by disrupting the
RANKL-RANK signaling pathway. They showed that there
is a crosstalk between the TNF and IFN families of
cytokines in bone resorption.

A potential role of IL-17 in joint destruction of
RA patients

We previously reported that IL-6 alone did not induce
osteoclast formation, but sIL-6R together with IL-6
markedly stimulated osteoclast formation in a mouse
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coculture system [22,23]. We also examined whether
sIL-6R and IL-6 are involved in joint destruction in RA
patients [13]. The number of osteoclast-like multinucleated
cells found in the synovial tissues derived from the knee
joint was greater in RA patients than in OA patients. These
multinucleated cells from RA synovial tissues expressed
the ostecclast-specific phenotypes such as TRAP, car-
bonic anhydrase il, vacuolar type proton-ATPase and vit-
ronectin receptors at similar levels to those from a human
giant cell tumor of bone. The concentrations of both IL-6
and slL-6R were significantly higher in the synovial fluids of
patients with RA than in those of patients with OA. The
concentrations of IL-6 and sIL-6R were correlated well with
the roentgenologic grades of joint destruction [13]. These
results suggest that IL-6 in RA synovial fluids is responsi-
ble, at least in part, for joint destruction in the presence of
sIL-BR through osteoclastogenesis (Fig. 2).

iL-17 is a newly discovered cytokine that is secreted by
activated memory CD4* T cells and modulates an early
stage of immune responses [24]. Rouvier et al. {25] cloned
cytotoxic T-lymphocyte-associated antigen 8 {rat IL-17)
from a T-cell subtraction library. Mouse IL-17 was subse-
quently cloned from a thymus-derived, activated T-cell
cDNA library [26]. Fossiez et al. [27] reported that IL-17
stimulated epithelial cells, endothelial cells and fibroblastic
stromal cells to secrete several cytokines, including IL-8, IL-
8, granuloctye colony-stimulating factor and PGE,. In addi-
tion, IL-17 greatly promoted the proliferation of CD34+
hemopoietic progenitors in cocultures with synovial fibrob-
lastic cells collected from RA patients [27],

We examined potential roles of IL-17 in osteoclastogenesis
using a mouse coculture system. IL-17 greatly stimulated
osteoclast formation via a cell-to-cell interaction between
osteoclast progenitors and osteoblasts [17). IL-17
increased PGE, synthesis in cultures of ostecblasts. In
addition, IL-17 induced the expression of RANKL mRNA in
osteoblasts. Like OPG, NS398 (a selective inhibitor of
COX-2) completely inhibited IL-17-induced osteoclast dif-
ferentiation in the cocultures.

IL-17 levels were significanily higher in the synovial fluids
of RA patients compared with those of OA patients. Anti-
IL-17 antibody significantly inhibited osteoclast formation
induced by conditioned media of the cultures of RA syn-
ovial tissues in cocultures, Immuneostaining of the synovial
tissues from RA patients demonstrated that IL-17-positive
cells were detected in a subset of CD4+, CD45R0O*
T cells in the specimens [17)]. These findings suggest that
IL-17 first acts on osteoblasts, which stimulates COX-2-
dependent PGE, synthesis, and it then induces RANKL
gene expression, which in turn induces differentiation of
osteoclast progenitors into mature osteoclasts, It is proba-
ble that IL-17 is a crucial cytokine for osteoclastic bone
resorption in RA patients {Fig. 2).
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A possible mechanism of osteoclast formation by activated T cells in
rheumatoid arthritis. Activated T cells present in the synovial tissues
also produce membrane-associated RANKL, some of which are
cleaved enzymatically from the plasma membrane, resulting in soluble
RANKL (sRANKL). Activated T cells also produce IL-17, which induces
RANKL via prostaglandin E, synthesis in osteoblasts. IL-6 together
with soluble IL-6 receptors {sIL-6R}, IL-1-o. and TNF-a derived from
macrophages induce RANKL in osteoblasts. in addition, TNF-c directly
acts on osteoclast progenitors, which then differentiate into
osteoclasts by a mechanism independent of the RANKL-RANK
interaction. IL-1 also induces osteoclast activation directly. OPG,
osteoprotegerin.

Chabaud and co-workers [28,29] examined the contribu-
tion of soluble factors in the interaction between T cells
and synoviocytes in RA patients. IL-17 induced production
of IL-6 and leukemia inhibitory factor in synovial fibroblasts
[28]. IL-17 increased bone resorption and decreased bone
formation in human RA bone explants [29]. Chabaud et af.
also reported that IL-17 was spontaneously produced in
organ cuftures of synovial tissues derived from RA patients.

Addition of anti-inflammatory cytokines IL-4 and IL-13
completely inhibited the production of IL-17 in synovial
tissues [30). Lubberts et al. [31] recently reported the IL-4
gene therapy for collagen-induced arthritis in mice, using a
gene transfer with an IL-4-expressing adenoviral vector.
Local treatment with IL-4 greatly prevented joint damage
and bone erosion, although severe inflammation remained
unchanged. The protective effect of IL-4 was associated
with the decreased formation of ostecclasts and the
downregulation of IL-17 mRNA and RANKL protein
expression [31].

Jovanovic et al. [32] reported that IL-17 induced produc-
tion of matrix metalloproteinase 9 in human monocyte/
macrophages through PGE, synthesis. This stimulation
was involved in both phosphorylation of p38 mitogen-
activated protein (MAP) kinase and in NF-xB activation
[32]. They also found that IL-17 stimulated the production
and expression of inflammatory cytokines such as IL-16,
IL-6, and TNF-B by human macrophages [33]. Ziolkowska
et al. [34] reported that high concentrations of IL-17 were
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strongly correlated with those of IL-15 in synovial fluids of
RA patients. IL-15 stimulates IL-17 production by human
PBMCs in primary cultures [34]. These results together
with our recent findings suggest that IL-17 plays an impor-
tant role in the joint destruction of RA patients.

Osteoclastogenesis by activated T cells in RA
Kong et af. [8] reported that RANKL knockout (~/-) mice
showed severe osteopetrosis with total occlusion of the
bone marrow space within endosteal bone. RANKL (-/-)
mice lack osteoclasts but have normal osteoclast progeni-
tors that can differentiate into functionally active osteo-
clasts when cocultured with wildtype osteoblasts. In
addition, RANKL (=/-) mice exhibited defects in early dif-

" ferentiation of T cells and B cells, and they lacked all

lymph nodes but had normal splenic structures and
Peyer's patches [8]. These results suggest that RANKL is
not only a prerequisite for osteoclast development, but
that it also plays an imporiant role in early differentiation of
T cells and B cells.

Several reports have demonstrated that RANKL is
detected in the synovial fibroblasts and activated T lym-
phocytes derived from RA patients [18,20,35-37].
Horwood et al. [19] reported that human PBMC-derived
Tcells activated by concanavalin A expressed RANKL,
and that these cells supported osteoclast formation in
cocultures with murine hemopoietic cells. Romas et al.
[38] found that RANKL mRNA was highly expressed by
the synovial cell infiltrate in arthritic joints, as well as by
osteoclasts at the sites of bone erosion in collagen-
induced arthritis. It was recently reported that the degree
of bone erosion in RANKL (—/-) mice was greatly reduced
in a serum transfer mode! of arthritis, when compared with
the control mice [39].

To elucidate the direct effect of human T cells in inducing
osteoclastogenesis in RA, we conducted coculture expen-
ments of activated human T cells and human adherent
PBMCs [20]. When PBMCs were cultured in the pres-
ence of M-CSF for 3days and further cocultured for
7 days with activated CD3* T cells, vitronectin receptor
(CD51)-positive osteoclasts were formed even in the
absence of exogenous RANKL. Osteoclast formation
induced by activated T cells was completely inhibited by
adding OPG.

Using an ELISA system, we measured the level of a
soluble form of RANKL in the synovial fluids. Concentra-
tions of soluble RANKL in the synovial fluids were signifi-
cantly higher in patients with RA than in patients with
other arthropathies including OA, gout, and trauma. In
contrast, a decreased concentration of OPG was
detected in the synovial fluids from RA patients. The ratio
of the concentration of soluble RANKL to that of OPG

was significantly higher in the synovial fluids of RA
patients than in those of patients with OA or gout [20]-
These results suggest that excess production of RANKL
by activated T lymphocytes may contribute to the patho-
genesis of bone destruction in these patients (Fig. 2).
Regulation of RANKL and/or OPG expression in
patients will provide a clue for the strategy of the develop-
ment of new treatment for inhibiting of bone destruction in
this disease.

in a T-cell-dependent mode! of rat adjuvant arthritis char-
acterized by severe joint inflammation and bone and carti-
lage destruction, OPG treatment at the onset of the
disease prevented bone and cartilage destruction but not
inflammation [18]. Teng et al. [40] also reported that
CD4+ T-cell-mediated immunity is involved in the modula-
tion of periodontal bone destruction in HuPBL-NOD/SCID
mice after oral inoculation of Actinobacillus actino-
myceterncomitans, a well-known Gram-negative anaerobiC
microorganism that causes human periodontitis. OPG
treatment significantly reduced the number of osteoclasts
at the sites of local periodontal infection.

Juji et al. [41] recently reported a simple and effective
method of active immunization against self RANKL as 2
potential treatment of bone diseases. Immunization with
RANKL vaccines almost completely prevented the bone
destruction in RA model mice (SKG mice). These results
suggest that a therapeutic vaccine approach targeting
RANKL may be useful for inhibiting bone destruction in &
variety of pathological bone diseases.

Inhibitory cytokines produced by T cells on
osteoclast differentiation

We previously reported that bone-marrow-derived stromal
cell lines, MC3T3-G2/PA8 and ST2, had the capacity 10
support osteoclast formation in cocultures with hemo-
poietic cells [2,3]. Chambers and co-workers established
several bone-marrow-derived stromal cell lines from &
transgenic mouse, in which the IFN-inducible major mouse
histocompatibility complex H-2Kb promoter drives the
temperature-sensitive immortalizing gene of simian virus
40 [42,43]. These cell lines differed in their osteoclast:
inductive activity in cocultures with hematopoietic cells.

To identify genes in osteoblasts/stromal cells that are
involved in the process of osteoclastogenesis, we used
differential display of PCR to compare mRNA populations
between osteoclast-inductive and osteoclast-noninductive
cell lines [15]. Using this approach, we identified IL-18
(IFN-y-inducing factor) as a product of osteoblastic
stromal cells. IL-18 has been reported to induce produc-
tion of IFN-y and GM-CSF in T cells, both of which exhibit
a potent inhibitory activity of osteoclastogenesis, at least
in vitro [44]. IL-18 strongly inhibited osteoclast formation
induced by bone-resorbing factors in cocultures. iL-18
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Effects of IL-18 on osteoclast formation. Mouse spleen cells and
osteoblasts from wild-type mice (WT), IFN-y receptor type I-knockout
mice {IFNYR KO} or granulocyte—~macrophage colony-stimulating
factor-knockout mice (GM-CSF KO) were cocultured with
1-0,25(0H},0; and prestaglandin E, (PGE,) in the presence or
absence of IL-18. In some cocultures, T-cell-depleted spleen cells and
osteoblasts were cocultured in the presence and absence of WT

T cells or GM-CSF KO T cells. In each coculture, numbers of tartrate-
resistant acid phosphatase-positive ostecclasts formed were scored.

was found to inhibit osteoclast formation in cocultures
with osteoblasts and spleen cells from IFN-y receptor type
[-deficient mice, similady to those with wild-type
ostecblasts and spleen cells In contrast, IL-18 was unable
to inhibit osteoclast formation in cocultures of osteoblasts
and spleen cells from GM-CSF-deficient mice {Fig. 3).

Since T cells comprise a large proportion of the spleen
cell population, the role of T cells in osteoclastogenesis
was examined. T cells were removed from spleen cell
preparations using a monoclonal antibody against Thy 1.2
membrane antigen, which was predominantly expressed
on T lymphocytes. The complete absence of T cells abol-
ished the action of IL-18 on osteoclast formation in cocul-
tures of osteoblasts and spleen cells from wild-type mice
(Fig. 8). Addition of wild-type T cells but not GM-CSF-
deficient T cells to the coculture restored the inhibition by
IL-18 of osteoclastogenesis (Fig, 3). These results
suggest that IL-18 inhibits osteoclast formation by making
T cells promote the release of GM-CSF, which then acts
on osteoclast precursors to limit osteoclast differentiation
[15,16) (Fig. 4).

Horwood et al. [45] found that, like IL-18, IL-12 strongly
inhibited osteoclast formation in cocultures, as well as in
spleen cell cultures treated with M-CSF and RANKL. An
unknown inhibitory molecule was found to be secreted

differentiation, IL-18 secreted from osteoblasts acts on T lymphocytes,
which generate granulocyte—macrophage coleny-stimulating factor
(GM-CSF} and IFN-y. Both GM-CSF and IFN-y are potent inhibitors of
osteoclast formation, at least in vitro. When GM-CSF binds its
receptor, GM-CSFR {present in osteoclast progenitors), osteoclast
formation is completely inhibited. In contrast, the target molecule of
IFN-y is TNF receptor-associated factor 6 {TRAFB). The degradation of
TRAF® by IFN-y leads to the inhibition of esteoclastogenesis. The
inhibitory action of IL-18 on osteoclast differentiation oceurs via GM-
CSF, but not via IFN-y.

from T cells in response to IL-12 and IL-18. Transwell
experiments in which T cells were separated from hemo-
poietic cells suggested that the inhibitory molecule was a
secreted factor, but not a membrane-associated factor.
Although a number of cytokines (IL-4, IL-10, IL-13, GM-
CSF and IFN-Y) expressed by T cells have the capacity to
inhibit osteoclast formation, the present inhibitory factor
has not been identified, IL-12 and IL-1B are detected in
the RA synovial membrane [48). It was also reported that
IL-18 stimulated expression of OPG mRNA in osteoblasts
and bone marrow stromal cells [47]. IL-12 and IL-18 may
therefore protect the joint destruction via osteoclast-
mediated erosion. IL-18 is effective in inhibiting bone
destruction in murine models of breast cancer metastasis
in bone [48], These results suggest that IL-12 and/or IL-18
therapy may be useful for reducing pathelogical bone loss,

Takayanagi et al. {21} demonstrated that activated T cells
are capable of inhibiting osteoclastogenesis through IFN-y
production, which interferes with the RANKL~RANK sig-
naling pathway. In that study, osteoclast formation was
strongly inhibited in the coculture of activated T cells and
bone marrow cells in the presence of RANKL and M-CSF
[21]. When activated T cells were cocultured with bone
marrow cells derived from IFN-y receptor knockout mice in
the presence of RANKL and M-CSF, the inhibitory effect
of activated T cells was completely canceled.
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The expression of TNF receptor-associated factor {TRAF}6
was markedly inhibited by IFN-y in osteoclast progenitors
stimulated by RANKL and M-CSF, indicating that TRAF6
is a target molecule of IFN-y. IFN-y appears to inhibit
osteoclastogenesis by decomposing TRAF6. In fact,
TRAF6-deficient mice exhibited severe osteopetrosis
[49,50]. It was also reported that IFN-y receptor knockout
mice developed collagen-induced arthritis more readily
than wild-type mice [51]. These results suggest that
TRAFG is the critical target molecule in the IFN-y-mediated
suppression of osteoclast formation, and that the balance
between RANKL and IFN-y action may regulate osteo-
clastogenesis (Fig. 4).

Possible roles of TNF-c in osteoclast
differentiation

We have reported that TNF-o induced osteoclast formation
via a mechanism independent of the RANKL-RANK signal-
ing pathway [52] (Fig. 5). When mouse bone marrow cells
were cultured with M-CSF for 3 days and nonadherent
cells removed, adherent cells of uniform size and shape
remained on the culture dish. The M-CSF-dependent bone
marrow macrophage preparation contained no appreciable
number of alkaline phosphatase-positive ostecblastic cells.
When M-CSF-dependent bone marrow macrophages
were further cultured for 3 days with several bone-resorb-
ing cytokines, mouse TNF-a as well as RANKL induced
osteoclast formation in the presence of M-CSF,

IL-1-ot failed to induce osteoclast formation in macrophage
cultures even in the presence of M-CSF. These osteoclast
progenitors expressed not only RANK and c-Fms (M-CSF
receptor), but also TNF receptor type 1 (TNFR1, p55) and
TNF receptor type 2 (TNFR2, p75). Osteoclast formation
induced by RANKL was completely inhibited by adding
OPG, but osteoclastogenesis induced by TNF-¢: was not.
Adding antibodies against TNFR1 and TNFR2 blocked
osteoclast formation induced by TNF-o: but not by RANKL.
Bone marrow macrophages prepared from TNFR1 knock-
out mice differentiated into osteoclasts in response to
RANKL., but they failed to differentiate into osteoclasts in
response to TNF-c. Similarly, TNFR2 knockout mouse-
derived bone marrow macrophages differentiated into
osteoclasts in response to RANKL, but osteoclast differenti-
ation induced by TNF-a. was markedly decreased in TNFR2
knockout mouse-derived macrophage cultures [52].

These results suggest that TNF-c. stimulates osteoclast
formation via a mechanism independent of the RANKL
pathway (Fig. 5). It was also shown that TNF-a. as well as
RANKL stimulated differentiation of RAW 264.7 cells into
osteoclasts [53,54]. RANK-mediated signals for osteo-
clastogenesis are transduced via either TRAF6 or TRAF2,
whereas TNFR1-mediated and TNFR2-mediated signals
are transduced via TRAF2. TRAF-2-mediated signals may
play important roles in osteoclast differentiation induced

Figure 5
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Signal transduction of TNF-e, RANKL and IL-1 in osteoclast
differentiation and activation. TNF-ce binds TNF receptor type 1
{TNFR1) and TNF receptor type 2 (TNFR2), RANKL binds RANK, and
IL-1 binds IL-1 receptor (IL-1R}. Both TNFR1 and TNFR2 bind TNF
receptor-associated factor 2 {TRAF2), whereas IL-1R binds TNF
receptor-associated factor 6 {TRAF6). RANK binds not only TRAFS,
but also TRAF2 and other TNF receptor-associated factors (TRAFs}.
M-CSF, macrophage colony-stimulating factor.

by TNF-c.. Using TRAF6-deficient mice, Kaji et al. [55]
recently found that TRAF8 is also involved in TNF-a-
induced osteoclastogenesis (Fig. 5). Further studies are
necessary to determine the relationship between TRAF2
and TRAFS in TNF-a-induced osteoclastogenesis.

To examine, whether TNF-a induces not only osteoclast
differentiation, but also osteoclast activation, macro-
phages were cultured on dentine slices in the presence of
TNF-¢t, M-CSF, and OPG [52]. Some cultures were also
treated with IL-1-0. After culture for 6 days, similar
numbers of osteoclasts were formed on dentine slices
irespective of the presence or absence of IL-1-o.
However, no resorption pits were detected in macrophage
cultures treated with TNF-ot and M-CSF. Resorption pits
on dentine slices were observed only in the presence of
TNF-o. and M-CSF together with IL-1-a..

These results suggest that TNF-o stimulates differentia-
tion, but not activation, of osteoclasts. In contrast, IL-1-o.
does not induce differentiation of osteoclasts in
macrophage cultures that do not contain osteoblasts/
stromal cells, but it does stimulate pit-forming activity of
the osteoclasts formed [52,56] (Fig. 5). Since IL-1R binds
TRAF6 but not TRAF?2, these results indicate that TRAF6
is a prerequisite for osteoclast activation.
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Involvement of TNF ligand family members in physiological and
pathological bone resorption. RANKL appears to play a major role in
physiological bone resorption. In contrast, both RANKL-dependent and
RANKL-independent pathways appear to be involved in pathological
bone resorption. At present, the contribution ratio of the RANKL-
dependent and RANKL-independent pathways to the pathological
bone resorption is not known. M-CSF, macrophage colony-stimulating
factor.

Pacifici and co-workers [57,58] recently demonstrated that
estrogen deficiency induces bone loss by enhancing
TNF-a production by T cells. Ovariectomy failed to induce
bone loss in T-cell-deficient athymic nude (nu/nu) mice as
well as in TNFR1 knockout mice. They also found that
ovariectomy increased the number of TNF-producing
Tcells in the bone marrow of normal mice without altering
the TNF production per T cell [58]. These results suggest
that T-cell-produced TNF and its interaction with TNFR1
play a key role in bone loss induced by estrogen deficiency.

Conclusion

Under physiclogical conditions, ostecclast formation
requires cell-to-cell contact between hemopoietic cells
(osteoclast progenitors} and osteoblastic cells, in which
osteoblastic cells generate RANKL as a membrane-bound
factor in response to several bone resorbing factors
(Fig. 8). In contrast, like in RA, T cells appear to secrete a
soluble form of RANKL in pathological bone resorption
that acts directly on osteoclast progenitors without cell-to-
cell contact. Furthermore, TNF-¢; directly stimulates osteo-
clast differentiation via a mechanism independent of the
RANKL-RANK interaction. IL.-1-¢; induces osteoclast acti-
vation via its own receptors (Fig. 6).

Takeuchi et al. [69] recently established a coculture
system with nurse-like cells obtained from synovial tissues
of patients with RA. These cells promote survival of B cells

Available online httpy/arthritis-research.com/content/4/5/281

and maintain the growth of myeloid cells. In addition, the
nurse-like cells supported the generation of TRAP-positive
osteoclasts from PBMCs [60]. These results suggest that,
like bone-marrow-derived stromal cells, the nurse-iike cells
from RA synovial tissues also possess a novel ability to
support osteoclast differentiation.

in conclusion, control of the production of RANKL, of OPG
and of other T-cell-derived cytokines in RA patients will
provide a clue for strategies of the development of new
treatment for inhibiting bone destruction in this disease.
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