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Although it has been known that TGF-f1 acts as a crucial
cofactor in osteoclast differentiation, its mode of action is still
unclear. In the present study, we studied the effect of TGF-51
on the differentiation of osteoclast depending on the develop-
mental stages. Murine bone marrow cells were induced to
differentiate into mature osteoclasts in the presence of
receptor activator of NF-xB ligand (RANKL) and macro-
phage colony stimulating factor (M-CSF). In the early stage of
the differentiation TRAP(-) mononuclear precursor cells were
obtained from nonadherent M-CSF dependent bone marrow
cells, which further differentiated into mature osteoclasts.
TGF-p1 stimulated osteoclast differentiation, which was
stronger when cells were stimulated by TGF-£1 in the early
stage than the later differentiation. TGF-/1 increased the
expression of RANK and synergistically stimulated RANKL-
induced activation of NF-xB MAP kinase in TRAP(-)
mononuclear precursor cells. These results suggest that
activation of osteoclast differentiation by TGF-5l may be
ascribed to the both increased expression and activation of
RANK in the osteoclast differentiation, especially in the early
stage of differentiation.
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(bone turnoverys S7HA71E Ao& L3tk (Robey
et al. 1987; Dallas er al, 2002; Karsdal et al., 2001;
Bonewald and Mundy, 1990; Karsdaler al., 2001). A
Ao ALY FslzAlE FAA =3 TGF-45 =
Aoz F]ishd WGt Aol Tl (Marcelli,
et al., 1990), TGF-p2% &t -f42F He] Ao
A ] 324 (bone turnover)e] F7ie} IeEl A7l w

$£Alo] z2l =2k (Erlebacher and Derynck, 1996). &
%& dominant negative non-functional type I TGF-8 4~
SAlE sk FHRE Ho| e sEAlEe] e
el Ao Beesl ) Ae) T sl

it} (Filvaroff, 1994). o]&dl oJ2] B yEE TGF-
pob SEAEE A A 00 A A A

AAbshs Ao zA sfEAIE Hslell= receptor activator
of NF-xB ligand (RANKL)ol <}g} rceptor activator
of NF-«B (RANK) 2487} dgolx|ul ohE Bz

o=z} A gslrts ®Bael AASlH(Fox ef al, 2000;
Toshio er al. 2000; Quinn et al., 2001).

TGF-p7F sk=AIZ Halel vlAlw 3kl WHalxs= A
vk ®arEoe] gtk TGF-p7F Asst shaAlxe] =4
(apoptosis) & -F=skAvH(Hughes et al., 1996), =57]
A} WA EA A ZE2] osteoprotegerin (OPG) A
Ag FAe0] SHBAZ AT TTE was) ds
ubelofl (Murakami et al., 1998; Takai et al., 1998), ¥}
TAEef 7AW EAZE FF vioket Al 2Rl

g3 of2 ¥ o4 TGF-B7) sz 333 =
Astgdrkar B askdch(Fuller et al., 2000).
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FrAze] 4wl ek

A5 555 A 34 AFACRYE 7AagwHow 3]
AAZN L A ] Aes FarEow HZEsle] 39
penicillin-streptomycin (FBS, Gibco, U.S.A.Y% 233t
Hankg-<Hol|x} 23] FAlg & od=z2S A7As s wixt
= Al 22 gauge FARLE o] &dfe] mwinio
P FollA thEFo g FA48o0(0.1% collagenase type
I, 0.05% trpsin, 4 mM ethylene diamine tetraacetic
acid [EDTA]; Hank&Hys ¥+4171 3 2087k 4314
Aok, 3% FFAEE 10% fetal bovine serum (FBS,
Gibco, U.S.A)# 1% penicillin-streptomycin®] 3%
a-MEM (FBS, Gibco, U.S.A.pll =43}, 4812 &
314171 § o]& cell strainer (40 um Nylon, Falcon,
US.Apl of3]A At sidet. 223k FA2s
1.2x10%cells/mle] =22 1 wlob4A](100 mm culture
dishyell  10% fetal bovine serums} 1% penicillin-
streptomycin®] %  @-MEMell 5ng/ml rhM-CSF
(PeproTech, US.A )T H7klol 37°C, 5% CO, 95%
FEE AR gl 24417F wiekgl F w)aba
AZEFFAANLYE 571510 o2 Aol Algalsd
A S 96-well w9k A] (Falcon, U.S.A)l 5
X 10*cells/wello] HxE BF83 10% fetal bovine
serum?} 1% penicillin-streptomycin®] 5 o-MEM
o 30ng/ml rhM-CSF2} ¥ rhTGF-f1 (PeproTech,
USAys A = FA2lsle] 327k oA} v)okalg)
°]% 30 ng/ml thM-CSF, 70 ng/ml thRANKLe] &-5-51
AlARE wiekallo] 10 ng/ml thTGF-B1& A7 s 53
gleted mAlgk & m 2dnpe} HU =4S ZbE wok

o g Al Fuia] 52Uz o)A} wlokslyl

p38 MAP kinase & A| A| 2] 3 7} =) oF

A TFEAEE 30 ng/ml thM-CSF2F 34 10
ng/ml thTGF-B1& A2 Ee FA2[ste] 347 A} v
°Fgk & 2& wl°kA] 30ng/ml thM-CSF, 70 ng/ml
rthRANKLe] gH-5 wfokelof] p38 MAP kinase®] A
Az 242l SB203580 (CalBiochem, U.S.AYS 0, 1,
10 pM®] s= 2 Arlsied w 29wic} U 24E 2
= wiekeer wmAs)] FA 5U7E oAb Wkt

dAA TS £4

FTEF A Zof| A TRAPFA A FA 2] slA 2
o] E3lzrlo] mlA= TGF-p1o QaFs dolrr] 3}
of RANK, TRAF¢el] tigt 4=} el Aol5 oA
AL SRS (RT-PCRH 22 =Akslgdch. 4 &+
chl A ¥ E 10% fetal bovine serum3} 1% penicillin-
streptomycin®] &% @-MEMel 30 ng/ml thM-CSFz}
Al thTGF-B1 (PeproTech, U.S.AYe A =i 74
Slolel 3 U dldekgc). vioE ATz %
RNAE easy-BLUE RNA extraction kit (INTRON,
US.A)E ~R8sled 5319t oA S 98 & RNA
3-5ug# Oligo (dT) primer 0.5 pgs E3Hsked 70°Cel]
A 10E7E WAL A flellA] 5k WA
40mM DTT, 0.5 mM dNTP mix, 1Xfirst buffer (50
mM Tris-HCI, pH 8.3, 75mM KCl, 3 mM MgCL)2H
200 unit *HAF E4(Superscript II reverse transcriptase
(Gibco, U.S.ANE A7Fsle] 42°CellA 504, 70°CellA]
1587k ubgA1A ARAHel DNAAHE  (complementary
DNA)S 3435k, 345 cDNA®] 0.5 unit RNase H
5 A7keted 37°CelAl 203-7F BESAIH RNAE AlA 3]
%t GAPDH 3= a3t Aeiz]l vla 245
Hsted L AR ARGt 4% cDNAE 9
o ARgste] 7t ARl Eo]Ael primer(Table 1)2F
Al 1XPCR reaction buffer(20 mM Tris-HCI, pH 8.4,
S0mM KCl, 0.1% Triton X-100), 1.5mM MgCl,,
02mM dNTP mix, Taq polymerase (Gibco, U.S.A.)
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Table 1. Primer Sequences Used in RT-PCR

forward

reverse

Murine RANK
Murine TRAF6
Murine TGF-§1
Murine GAPDH

5'-acagatggctacacaggcagtg-3'
5'-gcccaggcetgttcataatgt-3'
5'-aggagacggaatacagggct-3'
S'-aactttggeattgtggaagg-3'

S'-gaggtectggcetgacatacacca-3'
5'-gtccatgacctettegtggt-3'
5'-tetetgtggagetgaagcaa-3'
5'-acacattgggggtaggaaca-3'

5units E5sle] PCRE Ad5keict, PCREAE 95°C
oA 537F 27 HAAF ohE, 95°CellM 30%, 55°C
of Al 30%, 72°CollA 30%7ke] HFS-S- 30-353] HbH-E
AL, mRARte g 72°CeflA 1087} WA S5E
TAAE= 1.5% agarose gelioll4 A 7]ed53}o] EtBr
(Ethidium Bromide)z. 3Agk & UVslolx] #3beled

Western Blot 34

TRAPSAIRRIA A2 & A44] . RANKSF TAK19] =k
WA ool vIXE TGF-A19 & 35 oo}
27] #sle] western blots Al@sArt. 43 T4t
A ZE 10% fetal bovine serumt 1% penicillin-
streptomycin®] 5% @-MEMell 30 ng/ml rhM-CSF}
37 10 ng/ml rhTGF-B1 (PeproTech, U.S.A)E #2|
Ev FAEEe] 39U7E dAf wjekgk 3 AZE SDS
Sample Buffer(62.5mM Tris-HCI(pH 6.8), 2% w/v
SDS, 10% glycerol, 50 mM DTT)el|A lysisAZict. 4°C
of| A 14000 rpmo2 15%-59F 41523k 3 supernatant
F 2ok BCA kitE o]8sle] ohid w8 24513
ok 50 pgel wA-S 10% sodium dodecyl sulfate-
polyacrylamide geloll #17]¢d-538k5L PVDF membrane]]
$7 RANK (R&D, U.S.A.), TAKI (Upstate, U.S.A.)
2} P-actin (Sigma, U.S.A)l o3l A=k 42} HRP7}
A% ez} g4, LumiGLO chemiluminescent reagent
+ Al E EAIA wesrern blots Al#slrt. o & A
Aksl ed Aol Las plus (Fuji Photo Film Co. Ltd,
Tokyo, Japan)s ©]-&sfod A& Eelslglrt.

w3k TGF-p1 % RANKLel 9l fwse Alaxddt
AT W] Seled, A TRAPSATH A4
¥-5 serum-free mediacllA 441789k starvationski 1
< PBSE. 33] AJ43gF oh2 rhRANKL (100 ng/ml), TGF-
Blo] Zzk 23kE serum-free mediaclA] 0, 5, 153 %
Qb ZH2; wioFela ohA] IXPBSE 23] AlAHEE b, Al
Y5 lysisA]7 $9f U3 vbHoE western blotE A
asksict. WA gkl == p38 MAP kinase, phospho-p38
MAP kinase, phospho-ERK1/2, phospho-INK, IkB-q,
phospho-NF-kB (Cell Signaling, U.S.A.), phospho-smad
2/3 (Santa Cruz, U.S.A.)°} pB-actin (Sigma, U.S.A.)&
ARgshodet.

TRAPSA A 22 74

wjofo] kg¥ I wjekd A Fol didle] naphthol AS-
BI phosphate-Fast Garnet GBC-tartrate -84 (TRACP
kit, Sigma Co.) o2 TRAPHAE Algsirt. 2 Ag
of|M= 37 o]4ke] dle 712l TRAPHAI A £ (MNC)
T AsT SRR st 1 45 A B
E Aukd $AL a3 daE ek, 4 w7k
}o]+= independent Student's t-testoll ¢]8}¢d p<0.05
|4 BAAR] el Hrleksiet.

r
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TGF-plo] S}FAZ dlol] WX Fdks ot
slod M-CSF$} RANKLZ I}FAE 2318 f=
TGF-A15 Ae[d & g4d TRAPHEHEAL]
ANk, o A3 TGF-A12 sbA% 2315 34
A Z7M . TGR-A15 1, 231 sjokgel =5 Azldh
Tol 7P ok, Soldt A 13k miokest TGE-A1
< A3l Fo] 23k wiokEsl Aelgt woll =le] E3h
A 2] Fob oF 1.5 oA T Hellet (Fig. 1,2).

TRAPSAEHIATAZ 44 RANKLY AlsAdE7
22 nsfsle 8419l RANKS] 2ol TGF-plo] &
oJsheA] Lofrrl el A o bl S 24}
shode}, B4 okl 25 M-CSFSF 371 TGE-B18 A2

?nﬂa
w L Ao

ol
i

of

TGF-p1 (49 | A TR (- 14)

TGF-§1 (1) TGF-§1 {+14)

Fig. 1. Effects of TGF-£1 on the osteoclast formation. The first
culture was incubated in the presence of M-CSF (30 ng/ml) with-
out TGF-1 (A, B) or with TGF-1 (10 ng/ml) (C, D). The second
culture was incubated in the presence of M-CSF (30 ng/ml) and
RANKL (70 ng/ml) without TGF-S1 (A, C) or with TGF-gl1
(10 ng/ml) (B, D). (TRAP stain, < 100)
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Fig. 2. TGF-p1 acts as a costimulator for osteoclast formation.
During the first culture bone marrow cells were incubated with M-
CSF (30 ng/ml) and/or TGF-A1 (10 ng/ml). Then cells were treated
with M-CSF (30 ng/ml), RANKL (70 ng/ml) and/or TGF-41 (10
ng/ml) in the second culture. Cells were counted after staining for
tartrate-resistant acid phosphatase. TRAP(+) multinucleated cells
(MNC) containing three or more nuclei were counted in each well.
Data are shown as the mean % S.D. of triplicate culture.

= FAEste] 3917k oA wiekst §- RT-PCRT &3
RANK -7} 2885 2A18lct. =3k RANK®} &5
PAE olFo] RANKLe] o3 fresls AlaAe7d 2o

F83HA Holole shAlEAEeNAERE dedxl Tumor
necrosis factor receptor-associated factor 6 (TRAF6)%
AR e AR 1 2t TRAPgﬂ s A
3 FAA], TGF-A1& RANKS] &S sk &4
AF ot TRAF69] Haofle o om ookt (Fig. 3).
o] Ay TGF-p1¢ F=(0, 1, 10, 20 ng/mip| &<
zLia RANK®] welo] Z7lshs 21¢ %) Al3keld

4 9lelt} (Fig. 4). 223 TGF-gloll &8} =%l RANK
ARNAZL Az S9d Bdes 98 4 oeA
Western Blot2 %3l #-43F 43}, TGF-Blo] H&ls +
o4 RANK =P o] Z7siqlet (Fig. 6). 23t
TRAF6, TAK binding protein 2 (TAB2)2} §74 RANK
of B3 E FAsled RANKLo o8 f=3& A4
2725 wlshe e Sl= TGF-B-activated kinase
1 (TAK1)®] (Kim et al., 1999; Kim et al., 2003) %
ol TRAPARHEIA-TAL FJAA] TGF-B1o 2l -
=37k (Fig. 5). 3 M-CSF= R ow
endogenous TGF-B19] W& F7HAZch(Fig. 6).

TGF-ﬂli H#jE TRAPSA A4 Zel4] RANKL
off olall s AlEAd Az ojulgl wElyl e}
A delns] glsted M-CSFel @7 TGF-B15 A
2sto] 13} wokdt AlEo] RANKLE 0, 5, 15H-59t
Ap=ahal AL B3l TJLOL Hzpel JNK, ERK,
p38 MAP kinase, NF-xB2| &4}38-5(Tanaka er al.,
2003; Matsumoto et al., 2000; Mizukami et al.,

M-CSF M-CSF/ TGF-B1 ( 1st culture )

Fig. 3. RT-PCR analysis of the expression of RANK and TRAF6
mRNA levels in TRAP(-) mononuclear precursor cells generated.
Bone marrow cells were treated with M-CSF (30 ng/ml) in the
presence or absence of TGF-A1 (10 ng/ml).

TGE-g1 (ng/mi) {1stculture )

0 1 10 20

-

Fig. 4. Dose-dependent effect of TGF-f1 on RANK mRNA levels
in TRAP(-) mononuclear precursor cells. Bone marrow cells were
treated with various concentration of TGF-1 (0, 1, 10 and 20 ng/
ml) in the presence of M-CSF (30 ng/ml).

M-CSF/
M-CSF  1GF-p1

( 1st culture )
RANK

TAK1

B-actin

Fig. 5. Western blot analysis of the expression of RANK and
TAK1 protein levels in TRAP(-) mononuclear precursor cells.
Bone marrow cells were incubated for the first culture with M-CSF
(30 ng/ml) and/or TGF-£1 (10 ng/ml).

M-CSF (ng/ml)

0 5 10 20 30

TGF-p1

GAPDH

Fig. 6. RT-PCR analysis of the expression of TGF-1 mRNA lev-
els in TRAP(-) mononuclear precursor cells. Bone marrow cells
were treated with various concentration of M-CSF (5, 10, 20 and
30 ng/ml).
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2002) a-7skich. = A3t TGF-prAzlel sk ERK
o INKe| Aslel= gt Apol7t §lolat, IkBad
TS wlagk NF-«xBo 43k Abol7} winlalod
Jeht SulEAE RANKLe 98] f25l+ p38 MAP
kinase®] A3 TGF-A1 Ag|dols Fglo] Z7hg]
act (Fig. 7). ol A3= TGF-plo] A2 835 &
AsHe o]f7F TGF-B1 AAZ7E RANKLel €3k p38
FA3E FAATEY A TheAel deg Akl
7)ot

the-2 TRAPSAIRFIA ZollA TGF-glo] ofwdl AlE
AL 2T Z9 AxE A=A dekir] Hst
of M-CSFeke& 1z} wlof®l TRAPSAIRHHA A 25
TGF—ﬂli’i 0, 5, 15, 3087 A=35k3ict. TGF-Al1of
93] S=zl= t¥xAe] AFAAz2 oA smadd/
3 4 p38, ERK, JNK, NF-xBell thal -43}=-(Zhang
et al., 2004; Javelaud et al., 2004; Kato, 2003) =3
st 2 A3 TGF-12 ERKE 4347200
smad2/3 % p38, INK, NF-kBY AlZA=7 2 43t
ARA o7 Poidkx] Edch(Fig. 8). 12+t TGF-A1
=02 smad2/3 % p38, ERK, JNK, NF-kBe} 7+
j}.J’E—xﬂ_ATL_ _"'}_@roﬂ '5‘.:1_01‘ A]Ez—]ﬂ—ﬂié i]—/(%i]—/l] ]
© 3-5k9iAleh RANKLS| NF-xB £A418Hs #xs
775 TRAPRAHEIA Z] 717 RANKL, TGF-
Bl E= RANKL/TGE-Blo2 0, 5, 15, 30547 #4535
o] NF-xB%} p384 32 243l Az TGE-le
RANKLel 28] =5+ NF-«B @431 x84 2
W7l AR 33E veRlch 2Eh TGF-pl2
RANKLefl 93l -F=s]= p38e) EAslollw 7|odskr] X
TH(Fig. 9).

2o e e

M-CSF M-CSF/ TGF-B1 (1st culture )
RANKL (min) 0 5 15 0 5 15

p-ERK

p-p38

B-actin Hw —-— “}

Fig. 7. Intracellular signal activation by RANKL in TRAP(-)
mononuclear precursor cells. Bone marrow cells were incubated
with M-CSF (30 ng/ml) and/or TGF-£1 (10 ng/mi). At the end of
the culture period, cells were stimulated with RANKL (200 ng/ml)
for 0, 5, and 15 min. Cell lysates were prepared and immunoblot
analysis was performed with antibodies reactive with phosphory-
lated ERK (p-ERK), phosphorylated p38 (p-p38), p38, [xBa or
actmn.

TGF-g1{10ng/ml)
0 5 15 30 (min)

p-smad2/3

p-p38
p-NF«xB

p-JNK

p-ERK

ERK

Fig. 8. Effect of TGF-S1 on intracellular signal activation in
TRAP(-) mononuclear precursor cells. Bone marrow cells were
incubated with M-CSF (30 ng/ml) alone. At the end of the culture
period, cells were stimulated with TGF-£1 (10 ng/ml) for 0, 5, 15
or 30 min. Cell lysates were prepared and immunoblot analysis
was performed with antibodies reactive with phosphorylated
smad2/3 (p-smad2/3), phosphorylated p38 (p-p38), phosphory-
lated NF-xB (p-NF-xB), phosphorylated ERK (p-ERK) and ERK.

RANKL /
RANKL TGF-1 TGF-p1
o 5 15 30 5 15 30 5 15 30 (min)
p-NF-xB
p-p38
B-actin

Fig. 9. Intracellular signal activation by RANKL alone or with
TGF-f1 in TRAP(-) mononuclear precursor cells. Bone marrow
cells were incubated for the first culture with M-CSF (30 ng/ml)
alone. At the end of the culture period, cells were stimulated with
RANKL (200 ng/ml) and/or TGF-1 (10 ng/ml) for 0, 5, 15 and 30
min. Cell lysates were prepared and immunoblot analysis was per-
formed with antibodies reactive with phosphorylated NF-xB (p-
NF-«B), phosphorylated p38 (p-p38) and factin.
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Fgrhald) £ 2 9E TRAPSA R ATA 2Rz 13} )
ok7} TRAPSAILFIA 22 5] TRAPOH] thaiAl Z el
23} wjekell TGF-BI& 247 ] e Fx@ste] s
Az PAe g Az 1, 23 kel TGF-pIE
= gk Folla ] Be 49 wFAEst FAEUA
sk 1, 27 BHO&%OLF 77k A3t FEE TGF-A1% A
gatA e el vls) shEAlE Faph A
A= e, E-%] m WjoFEol TGF-A1% AZdh T+ 2

o]}l

=} wokEol gk ol ulsl FAZ HAo] fFefst
A S7skglet ole TGE-p12 ‘P—xﬂ*’ﬂ b FA

s %ii};ﬂ of o ZEsAl 2ETE ofvlght.
TGF-p1%&= TRAP**&%ﬂKi“T‘*ﬂi?’*“ Wﬂ o4l RANKL
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o] AlZAe 842l RANKS] mRNA o whiauls
A3 S7HAZEL ol M-CSFol| 9J3)] Weo] S
oA gl RANK®] #H&8S TGF-p17} £3%
Ae 7t 2oz, oledt dA2 sz AT
T2l RAWAIZToMx B us vl 9ck(Yan e dal.,
2001). & A= AEF7} opd AT 718le] HE
AR FFAZA 0% shelslgict. 3 TRAPSATIEA
ATAE 44 M-CSF F=ol 2EFHoz TGF-A
mRNAQ] o] Zvlslgisd], o] M-CSF 25+ RANK
o)l endogenous TGF-B17} #oldh 715438 AAlglc,

TGF-p1°] A Az TRAPSAIATA Lol RANKL
of 93k p38 MAP kinase®] A3} Felo] Fvlaia
<=d], o] A<= RANKL ¥ TNF-qol & H-3kg s}
FAZ 3} p38 MAP kinased] A3l F3Aq)
Alsdddz e 2Hgsivh: B a9l dXgch(Karsdal e
al., 2003; Li et al., 2002; Matsumoto et al., 2000;
Matsumoto et al. 2000). 3 TRAPS-A5Hal A4 Z 2
7} TRAPIARIAA L2 F3}sk= A]7]o] p38 MAP
kinase®| JAA|] SB2035804 2|7} ZFAZ H3ke 7}
A Alsl= A2 p38 MAP kinase Al3AL7z 3
A3t F-geT)o] B3] Al d8E sl A% 2
Arebe Aodet.

TAKI12- TRAF6, TAB29} 34 RANKS} E3hd2 &
A5kl RANKLel of3f wilhsl= AlS. A7z F8
g q4TE she Aoz 2 vl ot (Mizukami ef dl.,
2002; Lee er al, 2002). £ 7ol = TGF-glo 2
3 FAE TRAPSARIATAIZA TAKIS whuA
Wo] FAH g ElEedl, Yow IEAx
3ol TAKIO] A& 3 77t L83 Aoz A
29}

TGF-p1=- o8] AlsADHzE B Bo THo) A%
oAl ekt £318 vl &Li oA olvd, 2
Aol STAZ L3l ol TRAPEA %74
¥ollM TGF-p1= ERKS #31A] 843 A7Aqr
smad2/3, p38, JNK, NF-« B| 2 xéﬂoﬂh el ﬂt
HIE dog|ldgitt. o] Azl TGF-plef Helshed
Al 28] 23l MAPKS H3hg o 13 Fe 4o
A|7] ke,

ol o] AE Tk TGF-pIe- st zias =
Aetgled], 53] T4 ZsL TRAPSA Bl 274 2
E FIske Al7jol vS FeeAl #Hgsisienl, o] A
7)o TGF-p12 54| 28) RANKHE oM 2434
= FAske2d o a9E Wil Aog ofAR

rr rﬂ mlo

P

K

A

rtj

ofale] ol o
0016)

1A AL, @EAZ-HFHE: 01-PI5-PG3-20507-

2 A7 AR wAear)eAEArele 24l
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