Figure 7. Histomorphometric
analysis of vertebrae in WT and
MyD88™/~ mice. (A} Seven male

MyD88~~ and WT (14-wk-old)
mice each were killed for bone
histomorphometric analysis. Ver-
tebrae were removed from the
mice, fixed in 70% ethanol, and
embedded in glycol-methacrylate
without decalcification. Sectons

A Osteoclast number Osteoclast surface
/bone surface /bone surface
25
£ 2 ' ! 12 f !
E15 —
1 g
£ 1 .
Eos 4
4]
WT  MyDgs~ Wr  MDSs
QOsteoid volume Ostecblast surface
18 /tissue volume /bone surface
r"'L*-—l 30 ,.._7_1‘_._1
12
Zos g%
04 10
0 0
wr  MyDss~ Wr  MyD58~
Bone voheme/tissue volume Trabecular number
25
TS o r2Ei
20 T
E
=18 T4
10 'E
= 2
WT  MyDBZ>" WTr  MyD8g~

all stimulated osteoclast formation in cocultures of osteoblasts
and hemopoietic cells obtained from WT and TRIF ™ mice,
but not from MyD88™/~ mice (Figs. 1 and 4). Osteoclast
precursers from MyD88~/~ mice and WT mice similarly dif-
ferendated into osteoclasts in response to RANKL plus
M-CSF, but the extent of osteoclast formation induced by
1,25{OH),D; plus PGE, in the MyD88™~ mice was always
significantly less than that in wild-type cocultures (Fig. 1). This
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were prepared and stained with
Villanueva Goldner to discrimi~
nate between mineralized and
unrineralized bone and to iden-
tify cellular components. Quan-
titative histomorphometric anal-
ysis was done in 2 double-blind
fashion. Values were expressed as
the mean * SD of seven mice.
Statistical analysis was performed
using Student’s ¢ test. Significant
difference between WT and
MyD88“* mice (", P < 0.005;
**, P < 0.05 **, P < 0.01). (B)
Histological evaluaton (double
staining of TRAP and meth-
ylgreen) of femoral tabecular
bones obtained from male
MyD88~~ and WT (12-wk-old)
mice. TRAP positive osteoclasts
appeared dark red. Arrowheads
indicate osteoblasts along the
bone surface, Bars, 500 pm.

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

L= . Figure 8. Roles of MyD388
RANKL and TRAM-TRIF signaling path-

ways in macrophages, osteoblasts,

and osteoclasts exposed to LPS,
IL-1, diacyl lipopeptide, and
RANKL. (A) Role of MyD88-
and TRAM-TRIF-mediated sig-
nabing in IL-6 production in
macrophages. Macrophages ex-
press CD14 and TLR4. Both
MyD88-dependent and TRAM-
TRIF-dependent pathways medi-
ated by TLR4 were essentia) for
IL-6 production in macrophages.
(B) Roles of MyD88-mediated
signals in IL-6 production and
osteoclast formaton in osteo-
blasts. Osteoblasts express CD14,

Ostusciants

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

We reported previously that ostzoclasts formed in vitro
expressed TLR4 and CD14, and LPS directly supported
the survival and stimulated the dentine-resorbing activity of
osteoclasts (32). Takami et al. (33) showed that mouse bone
marrow macrophages expressed all known TLRs (TLR1-
TLRS), but mouse osteoclasts expressed only TLR2 and
TLRA4. Consistent with these findings, LPS and IL-1a but
not diacyl lipopeptide (a ligand for the TLR2 plus TLR.6
complex) sumulated the survival of osteoclasts derived from
WT and TRIF~/~ mice (Fig. 5). The survival of osteoclasts
from MyD88~/~ mice was supported by RANKL, but not
by LPS and IL-1c. These results suggest that MyD88 but
not TRIF is involved in IL-1R~ and TLR.4-mediated sig-
naling in the survival of osteoclasts, MyI[»88 and RANK
are shown to associate with TINF receptor-associated factor
6 to induce their signals in target cells. TNF receptor-asso-
ciated factor 6 appears to be a common signaling molecule
downstream of MyD88 and RANK in osteoclasts.

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

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

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

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

nase in RAW264.7 cells were up-regu]atbd by PGE, in'a"
- (PKA)-dependent

cAMP-dependent ‘protein kinase

manner, suggesting that EP2 and’?l’«tmgna]s cross-tall
with RANK signals; Trnnxform;&‘ growth factor fracti

vated kinase.14(TAKI}, an important: MK kinase ki-

nase in several cytokme signals, possess&sa PEKA recog-
pition sit& at. amifoy, acids 4339&412! PKA dirgcdy
phosphorylateﬂ TAKL i’ RAW?M.’E’E’&HS transfé’cted
with wild-type TAK! but not with the Ser'® — Alamu-
tant TAKL. Ser'’? — Ala’ . served as a' dominant-
negative mutant in PKA-enhanc degradation ot:fxB

phosphorgiation of p38 MAPK, and PGE, -ei:l.haneed o5-
La_;.ffil,:;:.:‘m:lt1a1‘;m::l in K.'A'W264§7 rce'ils. er-

tecclastic

mom,.Jomko n-enhant: ‘z@‘po ATEETO! ?
duced IxBa dégradation, " K, plmsp ory
and osteoclaitic 'dlﬁerent:atm int. R§W284.7 cells,

Ser'!'? — Ala TAKT dholished the
forskolin on tho cellular events
crosis factor o Ser*'® = Ala T

forskolin-induced up-regulatlon of mterleukm 6 pro-

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

Osteoclasts are bone-resorbing multinucleated eells derived
from the monocyte-macrophage lineage (1-3). The differentia-
tion and activation of ostecclasts are tightly regulated by os-
teoblasts or bone marrow-derived stromal cells (4—6), Osteo-
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blasts express two cytokines essential for osteoclast
differentiation: receptor activator of NF-xB ligand (RANKL)!
and macrophage colony-stimulating factor (M-CSF) (7, 8). The
expression of RANKL in osteoblasts is up-regulated by several
osteotropic factors such as interleukin 11 (IL-11), parathyroid
hormone, 1a,25-dihydroxyvitamin Dy, IL-1, and lipopelysac-
charide (LPS) (7, 9). Osteoclast precursors differentiate into
mature osteoclasts in the presence of RANKL and M-CSF (10,

~"11). Recent studzes“have shown that mouse: macrophage—hke

RAW264.7 oells,ean ‘differentiate into osteoclasts i response to

RANEL even dit the absenee of M-_CSF {12).. We" a.nd others

~(13—15) hav ms,,factor . (TNFa)
stnnu]ates from bone marrow
macmphages th:ough a mechamsm g";mdepemient; of the
1 mtqmctmn RAW26%_‘eelis also entlate
seven in the absence af

and o, 1ndn"Ee

o
agts frum the precursé'ﬁm'agae;ﬂs of the

mho osteoc]

m (16?’51115 ﬁpo:ys:%nes

“fhe dlﬂ'erenfiation u%s
nocy;te-macru_phage lépeag‘é.

i3
pobent stimflafor of oste-
" mﬂammaﬁﬁr dlseases

_‘osteoblash;' 1 22E Thffunc’cmns_i P o
are. med;ate%ﬁgg fourdzﬂ'mnt G protem
. EP3, and EP4 (23,

LThe slgnaI of EP1

* increases intrace ula: Caaz+ and activates protein kinase C.

EP2 and EP4 actlvate‘G which stimulates cAMP generation,
followed by the actwatlon of cAMP-dependent protein kinase A
(PKA), in the target cells. Conversely, EP3 acts via G, to inhibit
cAMP generation. Among these PGE, receptor subtypes, EP4
mainly mediates PGE,-induced RANKIL expression in osteo-
blasts (21, 25). In addition, PGE, synergistically stimulates the
differentiation of bone marrow macrophages into osteoclasts

! The abbreviations used are: RANKL, receptor activator for NF-«B
ligand; IL, interleukin; PGE,, prostaglandin E,; NF-xB, nuclear factor-
«B; RANK, receptor activator of NF-xB; MAPK, mitogen-activated pro-
tein kinase; MAPKKK, MAPK kinase kintase; MAPKEK, MAPX kinase;
PKA, protein kinase A; TNF, tumor necrosis factor; TRAF, TNF recep-
tor-associated factor; JNK, c~Jun N-termina) kinase; ERK, extracellular
signal-regulated kinase, M-CSF, macrophage-colony-stimulating fac-
tor; TGF-8, transforming growth factor-8; TAK1, TGF-8-activated ki-
nase 1; TAB, TAK1.binding protein; CT, calcitonin; IBMX, 3-isobutyl-
1-methylzanthine; G3PDH, glyceraldehyde-3-phosphate
dehydrogenase; LPS, lipopolysaccharide; TLR, toll-like receptor;
MyD88, myeloid differentiation factor §8; TRIF, Toll-IL-1 receptor do-
main-containing edaptor-indueing interferon-g; RT, reverse transcrip-
tion; a-MEM, «-MEM minimum Eagle’s medium; FBS, fetal bovine
serum; ELISA, enzyme-linked immunosorbent assay; BMMé&, bone
marrow-derived macrcphages; Bt cAMP, dibutyryl cyclic AMP; TRAP,
tartrate-resistant acid phosphatase; WT, wild type,
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2 cAMP Cross-talks with TAK] in Osteoclast Precursors (51/60)

induced by RANKL and M-CSF (26, 27). Thus, PGE, stimu-
lates osteoclastic bone resorption through the following two
different pathways: the induction of RANEL expression in o0s-
teoblasts, and the direct enhancement of RANKL-induced dif-
ferentiation of osteaclast precursor cells into osteoclasts. The
mechanism of the synergistic effect of PGE, on the RANKL-
induced ostecclastic differentiation of precursor cells has not
vet been explained.

When RANKL binds to RANK, the receptor for RANKL, TNF
receptor-associated factor 1 (TRAF1), TRAF2, TRAF3, TRAFS,
and TRAF6 interact with the cytoplasmic tail of RANK (28, 29).
The ligand-dependent interaction of TRAFs with RANK in-
duces activation of nuclear factor-xB (NF-xB), c-Jun N-termi-
nal kinase (JNK), p38 mitogen-activated protein kinase
(MAPK), and extracellular signal-regulated kinase (ERK) (30).
Activation of NF-«B and MAPKs in osteoclast precursors is
believed to be involved in osteoclast differentiation. Recent
studies {31) have revealed that TRAF6-mediated signals are
particularly important for RANKL-induced osteoclast differen-
tiation and function. TRAF6 knock-out mice exhibit severe
osteopetrosis with defects in bone resorption due to the im-
paired osteoclast differentiation and function (32, 33). In con-
trast to RANK, TNF receptors interact with TRAF2 but not
with TRAFS6 in their signaling pathway (34).

Trapsforming growth factor g (TGF- B)-activated kinase -1 °
(TAK1) was first identified as a MAPK-kinase kinase (MAP-
KKK) activated by TGF-B family llgands (35). Recent studied
(36-38) have shown that TAK1, which forms a complex
the TAK1-binding protein. 1 and £ {TAB1/2), finctions_as:
adaptor molecule in the mterachon between TRAF6 and down-
stream moldeules suchiTds NF-«B, JNK, agd pf8 MAPKSin
signaling cascadés induced by‘ IL-1,"LPSyand RANKI.. Endog—
enous TAK1 ig* “activated in response to-RANKL stimulation,
and a domma.nt—negatwe form of TAK1 inhibite' the RANK-
induced activation of NF-«B in-RAW264.7 cells (38). It hs been
1 is alsh mvolved An TRAFﬁ-me&:Lated.ﬁlgnal-
ing (39), Thesa results suggest that ’I‘AK‘f is mvo]ved in the

interaction of RANKL—RANK or TNFa-TNF réoeptors

In the present’ smdy, we expl
action on the osteoclastic dxﬂ'erentlatmzr of precursor cells, The
stimulatory effect of PGE, on the RANKI-induced osteoclast
differentiation of the precursor cells was mediated through EP2
and EP4. TAK1 acted as an adaptor molecule linking PKA-
induced signals, and RANKL and TNF« induced such signals in
osteoclast precursors. Furthermore, TAK1 is involved in the syn-
ergistic effect of cAMP/PKA signals en TNF receptor- and Toll-
like receptor 4 (TLR4)}nduced signaling pathways. The cAMP/
PKA signal may enhance bone resorption induced by RANKL
and TNFa through TAK1 in ostecclast precursors,

EXPERIMENTAL PROCEDURES

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

Plasmids and cDNA Cloning—Mouse TAK1 ¢cDNA (GenBank™ ac-
cession number D76446) was amplified by RT-PCR from ¢DNA of
RAW264.7 cells using high fidelity Taq polymerase (Pyrobest, Takara
Biochemicels, Tokyo, Japan) and TAKIl-specific primers (forward
primer 5-gATATCCTGTCGACAGCCTCCGC and reverse primer 5'-
AACGTAACGGGCCCAGAGAA). The PCR product was verified to be
TAK1 ¢DNA by DNA sequencing. The TAK1 ¢DNA fragment was in-
gerted into the BamHI-EcoRl site of pc DNA3.1/His, a mammalian
expression vector (Invitrogen). The mutant TAK1, Ser*’? — Ala TAKI1,
was generated by PCR-directed site-specific mutagenesis. Coding re-
gions of all plasmids were sequenced in both directions prior to
the transfection.

Cell Culture and Transfection—RAW264.7 cells were obtained from
RIKEN Cell Bank (Tsukuba, Japan) (RCB0535). RAW 264.7 cells were
maintained in RPMI 1640 medium (Invitrogen) supplemented with 10%
FBS (JRH Biosciences, Lenexa, KS) in 100-mm dishes. The RAW264.7
cells were transfected with the indicated expression plasmids (10 ug) by
TransFast transfection reagents (Promega Corp., Madison, WI) accord-
ing to the manufacturer’s instructions, After 24 h of cultivation, 1
mg/m! of G418 was added to the medium, and the medium was replaced
2-3 times during a 2-week period. Clonal lines were prepared from the
drug-resistant cultures. To evaluate clones expressing the TAK1 trans-
genes, Western blotting was performed on several cell lines. We ob-
tained three different lines in each transfectant.

Cultures of Bone Marrow-derived Macrophages cnd RAW264.7
Cells-—Bone marrow-derived macrophages (BMMd) were prepared as
osteoclast precursors from 5- to 8-week-old male ddY mice (Shizuoka
Laboratories Animal Center, Shizuoka, Japan). All procedures for ani-
" ‘mial. care were approyed:-by the Animal Mznagement Committee of

“Matsizmoto Dental mvemty Bone marrow cells obtainéd from mouse
) in &-MEM (Sigma) zupplement.ed with 10% FBS
dighes for 16h in the presencs of M4ISF (50 ng/ml).

" “Then nonadhé’m;f. cells were harvested: mﬂMefcuhmd for 2 days
.. with M;CSF:( agfil). The adherent calls,’ HHost 0f which expressed

macrophage-specific antigens such as Mac-1, Moma-2, end F4/80, were
used as BMMd¢: RAW264.7 cells were culfiFed in-a-MEMEH the pres-
ence of RANKI. (50 ngfml) to mduoe their differentintion into oste-
qdashs Aﬁer;he cells were cultnred for;5 days, they were. ﬁxedjnd

“gtained for tartmte—res:stant md phusphatase (TRAP, a market en-

zyme of! osteoclaats) TRAI:-pomtwe mltinucleated celfszcontaining
more thén th):ea mr:lel weré- obsarved ﬁlder a mu:roscupe an'ﬁ countad

- xﬁlu*;;e,ﬁ;fts
fults Was petformed by Sh‘i?féﬁfsf e

‘RT-PCR fo¢ PGE, Rmep:ormRNAa—-T "RNAwas extz'acted from
eultured mouse bone fmdrrow macrnphage W254.7 cells using
the acid guanidimum- phenol—chlorofmm meﬁloa.- ©DNA was synthe-

sized from 10 girof the fotal RNA by using reverss franscriptase
. (Revatra Ace, Toyt 0. Ltd., Tokyo) and emplified using PCR. Se-
quences of primers usedl i RT-PCR for EP subtypes, CT receptor, and
mouse glyceraldehyde-3-phosphate dehydrogenase (G3PDH) were de-

scribed in previous reports (21, 40), The PCR conditions for EP subtypes
were as follows: denaturation 94 °C, 30 s, annealing €5 °C, 30 s, and
primer extension 75 °C, 60 s, The conditions for the CT receptor and
G3PDH were as follows: denaturation 94 °C, 30 s, annealing 60 °C, 30 s,
and primer estension 72 °C, 60 s. Preliminary experiments were per-
formed to ensure that the number of PCR cycles was within the expo-
nential phase of the amplification curve. PCR products were subjected
to electrophoresis in a 2% agarose gel followed by staining with
ethidium bromide.

Immunoprecipitation and Western Blotting—Cells were washed once
with phosphate-buffered saline and lysed in 200 pl of 0.1% Nonidet
P-40 lysis buffer (20 mM Tyis (pH 7.5), 50 mm B-glycercphosphate, 150
mm NaCl, 1 mv EDTA, 25 mM NaF, 1 mm sodium orthovanadate, 21X
protease inhibitors mixture (Sigma)). After removal of the cellular
debris, the lysates (1 mg of protein) were incubated with 1 ug of various
antibodies and 20 ul of protein G-Sepharose (Amersham Biosciences).
The immune complexes were washed three times with Nonidet P-40
lysis buffer. The Sepharose beads were suspended in 30 ul of Laemmli
sample buffer and boiled for 2 min. The cell lysates and immunopre-
cipitates were resolved by SDS-PAGE and transferred onto a nitrocel-
lulpse membrane (Clear blot P membrane, Atto Instruments, Tokyo,
Japan). The membrane was blotted with antibodies to specific proteins
and visualized using the enhanced chemiluminescence system (Amer-
sham Biosciences).

Assay of cAMP Production and IL-6—To measure the amount of
cAMP produced, cells were preincubated for 5 min at 37 °C in «-MEM
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Fic. 1. Expression of EP subtypes in mouse bone marrow macrophages and RAWZ264.7 cells. A, RT-PCR analysis of EP subtypes in
mouse bone marrow macrophages and RAW264.7 cells. Total RNA was extracted from mouse BMM¢ and RAW264.7 cells, and ¢cDNA was
synthesized from the total RNA by using reverse transcriptase. The expression of mRNA of EP1, EP2, EF3a, EP38, EP3y, EP4, CT receptor (CTR),
and G3PDH was detected by PCR in the presence (+) or absence (—) of RT: B, effects of PGE, on osteoclast differentiation induced by RANKL.
BMM¢ cells were cultured with-or without PGE;{167° M) or RANKL (50 ng/ml) or RANKL pluFPGE, in the presence of M-CSF (50 ng/ml) {upper
panel). RAW264.7 cells were cultured with m:mthuut PGE, (10~ M), RANKL (50 ng/ml), or BANEL plus PGE, (lower panel), Afier the cells were
cultured for 5 days, they were fixed and staified for TRAP, a.nd TRAP-positive mu]hnucleaﬁsﬁ'wﬂs containing more than thres nuclei were counted
as osteoclasts. Resilts are expressed as ik mean + S.D. of quadruplicate cultures. *, fgnificantly different betweertthe tulture treated with
RANKL + M-CSF and that treated wigh RANKL + M-CSF + PGE; (upper panel), or helween that with' RANKL axid that with RANEL+ PGE,
(lower panel); p < U.01. C, éffects of PGE, and CT on calcium signaling - RAW264.7 calls. CRAW264.7 eells 1oaded with Buo-&l AM; Fura Red AM
and Pluronic F127 were su.b;ected to calcium measu‘rement Cells were excited at 488 nm, and emission at 505530 nm for fluo-4 and at 600-680
nm for Fura Red was acqume& smu]taneouﬁfy at 2-8 intervals. Ctaﬁd' “were stimulatéd by the addition (an arigw) of PGE*’ {05 m nr(}T {107° m}.
The ratis of the flyorescence intensity of fluo-4 to Fura Red was caltulated to eéI:u:nate’1nt:1:m:ellul:n-.,Ca2+ mﬂux in am@e cel]s The results Tepresent
calcium signals in.six smgle cells treated with PGE, or CT. D, effécts of PGE& ‘and CTon qAMP production m"RAW264 7 cells. RAW2684-7 Cells weTe

F1

preincubated for's min with IBMX (. mm) and then incubated for 5 min With PGE,@ (107 M or CT( 107% } The &mounts of mtracellular CAMP

"‘{n‘

i3
containing 11:|:|M IBMX. and t.hen mcubated for 511:.111 ai’. 37 'C w:th CT osteociast formatwn m cultures ofbane marrow mncrophages

(Eleatonin, 105* n) or PGE2 (10‘
phos-pﬁate-'b sa}me

transfected with mock, wild-type TAKY, or-Ser*2 — Ala TAK1 (0.8 X* indt
" lower panel). EPL. achvates Ca?* &
~EP4 couple to G, pr‘otem, which stimulates adenylate cyclase

10° cellsiwell, 48-well plate) were cultured with or without LPS (100
ng/m!) in the presence or abgence of forskolin (100 uM) for 24 h. The
culture medium was collected, and the concentration of IL-6 in the
culture medium was measured by ELISA (R & D Systems).

Measurements of Intracellular Ca®*—The effects of PGE, and CT on
intracellular Ca?* in RAW264.7 cells was measured using a confocal
microscope (LSMS510, Carl Zeiss, Jena, Germany) according to the
methods described previously (41), RAW264.7 cells were incubated in
glass-bottom dishes (Asahi Techno Class Corp., Tokyo) for 6 h. Cellg
were then incubated with 5 px fluc-4 AM, 5 um Fura Red AM, and
0.05% Pluronic F127 for 30 min in Dulbeceo’s modified Eagle’s medium.
Cells loaded with these dyes were washed twice with a-MEM and
post-incubated in o-MEM containing 10% FBS. Cells were further
washed three times with Hanks' balanced salt solution and then excited
at 488 nm. Emission at 505-530 nm for fluo4 and at 600-680 nm for
Fura Red was acquired simultaneously at 2-s intervals. The ratio of the
fluorescence intensity of fluo-4 to Fura Red was calculated to estimate
intracellular Ca®* influx in single cells.

RESULTS

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

Cel]s were washed with me-cold..., ; n.hm:l
M. AB "’-‘{mtr__dg . cei;%? o indug

by-Rﬁ’NKL

upper ﬁ‘; e RAW264“‘7 Hlﬂ’erentl-

\W264.7. cells (Fig. 1B,
signals, ‘whereas EP2 and

activity, We then examined calcium signaling in RAW264.7
cells treated with PGE, and eel CT (Fig. 1C). An increase in
intracellular calcium was induced by PGE, (1075 M) but not CT
{107% M) in RAW264.7 cells, We pext examined the effects of
PGE, and CT on ¢AMP production in RAW264.7 cells (Fig. 1D).
PGE, (107° M) but not CT (10~ M} stimulated cAMP produc-
tion in RAW264.7 cells. We also analyzed the expression of EPs
in osteoclasts purified from co-cultures of mouse calvarial os-
teoblasts and bone marrow cells treated with le,25-dihy-
droxyvitamin D,. Osteoclasts expressed only EP1 mRNA but
not EP2, EP3, or EP4 mRNA (data not shown), These results
indicate that expression of EP2 and EP4 mRNAs in osteoclast
precursors was down-regulated during their differentiation
into ostecclasts. CT (10™% M) enhanced intracellular calcium
concentrations and cAMP production in asteoclasts formed
from RAW264.7 cells treated with RANKL (data not shown).
These results suggest that functional EP1, EP2, and EP4 are
expressed in RAW264.7 cells.

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

Fic. 2. Enhancement of RANKL-in-
duced osteoclast differentiation by
EP2ZEP4-mediated signals in
RAW264.7 cells. A, dose-dependent ef-
fects of PGE, on RANKL-induced oste-
oclast formation in RAW 264.7 cells.
RAW264.7 cells were cultured with or
without various concentrations of PGE,
in the presence or absence of RANKL (50
ng/ml), After the cells were cultured for 5
days, they were fixed and stained for
TRAP, and TRAP-positive multinucleated
cells containing more than three nuclei
were counted as osteoclasts, Results are
expressed as the mean = S.D. of quadru-
plicate cultures. *, significantly different
between the culture treated with RANKL
and that with RANKL + PGE,; p < 0.01.
B, effects of PGE,, H-89, and Bt,cAMP
(@b-cAMP) on RANKL-induced osteoclast
formation in RAW264.7 cell cultures.
RAW264.7 cells were cultured with or
without RANKL {50 ng/ml), PGE, (10~*
M), H-89 (1 pm, 10 um), and/or Bt,cAMP
(100 uM). After the cells were cultured for
5 days, they were fixed and stained for
TRAP, and TRAP-positive multinucleated
cells were counted as ostegelasts. Results
are expressed as the mean % 8.D. of quad-
ruplicate cultures. *, significantly differ-
ent between the-cultnre treated with
RANM and that mthfﬁANKL together

Number of
osteoclasts/well

B

staining of RAW264.7 cells treated wit ./
or without RANKI, RANKL+ PGE 4T

shmulator_fneﬁ'ect of PGEé ‘on ost.euclast.lc differentidtion .of
RAW264.7 ca]lé (Fig. 2). RANIﬂrlﬁﬁuceiosteuclast formahon

differentiation w . ;
cific inhibitor of F (Fig. 2, B a.nd’xC) D:butyryl cAMP (1
p), & cell-permeable analogue of cAMP, enhanced the oste-

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

dibutyryl cAMP also enhanced osteoclastic differentiation of
bone marrow macrophages treated with M-CSF and RANKL
{data not shown). These results suggest that PGE, enhances
RANKL-induced osteoclast differentiation through the signals
mediated by EP2 and EP4 in the precursor cells.
Erhancement of RANK-induced Signals by EP2/EP4-medi-
ated Signals—Binding of RANKL to RANK activates various
signaling pathways, including those involving NF-«B, p38
MAPK, ERK, and JNE, in the target cells. We and others (42,
43) have demonstrated previously that p38 MAPK activity is
essentially involved in RANKl-induced osteoclastic differenti-
ation. We first examined the effects PGE, (207® M) on the
phosphorylation of p38 MAPK in RAW264.7 cells in the pres-
ence or absence of RANKL, (50 ng/ml) (Fig. 3A). PGE, alone
failed to induce the phosphorylation of p38 MAPK in
RAW264.7 cells but synergistically enhanced RANKL-induced
phosphorylation of p38 MAPK within 15 min. Pretreatment of
RAW264.7 cells with H-89 (10 uM) completely inhibited the
synergistic effect of PGE, on RANKL-induced phosphorylation
of p38 MAPK (Fig. 3B). This suggests that the stimulatory
effect of PGE, on RANKL-induced phosphorylation of p38
MAPK is mediated by PKA. We then examined the effects of
PGE, on the activation of NF-«B, p38 MAPK, ERK, and JNK in
RAW264.7 cells treated with RANKL at different time points

RANKL (50ngfr$ﬂj -
PGE: (M)

Number of
osteoclastsiwel

o {

RANKL (50ng/mi)
PGE: (10*M)

- H-89 ¢y
db—cAMP (100 uM)

-+ + + + +
= 10% = 10* 10° 107 104

RANKL+PGE:

I

N
o
Q
\

3

-
[+
[+
*

58 8

RANKL+PGE:
i +-89

oz PEIBMAPK -

F1c. 8. Effects of PGE, on RANKL-induced activation of
MAPEKSs and NF-«B in RAW264.7 cells. A, effects of PGE, on RANKL-
induced phosphorylation of p88 MAPK in RAW264.7 calls. RAW264.7
cells were incubated for 15 min with or without PGE, (137° i), RANKL
(50 rg/ml), or RANKL plus PGE,. Cell lysates were prepared, immu-
noblotted with anti-phosphorylated-p38 MAPK artibody (P-p38
MAPK), and re-blotted with anti-p38 MAPK antibody (038 MAPK). B,
effect of H-89 on PGE,-induced enhancement of phosphurylation of p38
MAPK in RAW264.7 cells, RAW264.7 cells were pre-cultured for I h in
the presence or absence of H-89 (10 uM) and then incubated for 15 min
with or without RANKL (50 ng/ml) in the presence or absence of PGE,
{10® M), Cell lysates were prepared, immunoblotted with anti-phos-
phorylated p38 MAPK antibody, and re-blotted with enti-p38 MAPK
antibody, C, time course of changes in degradation of IxBa and phos-
phorylation of p38 MAPK, JNK, and ERK in RAW264.7 cells.
RAW264.7 cells were incubated with RANKL (50 ng/ml} in the presence
or absence of PGE, (1075 M) for the indicated times. Cell lysates were
prepared and immunoblotted with the antibodies indicated in the
panel. Amounts of p38 MAPK, JNK, and ERK in the lysates were
determined by re-blotting the membrane with the indicated antibodies.
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(Fig. 30). PGE,synergrstlca]]yenhanced RANKL-mducea'deg-
radation of IiBa (NF&B actrvatmn) and phosphorylation of
p38 MAPK in-RAW264,7 cellsfar ‘515 min. RANKL-izifuced
phosphurylahon of JNKwas also’enhanced by PGE2 fm:'15-30
min (Fig. 3C). fThe synergastlc eﬁ‘eﬁ of BGE2 on RANKI-in-

stream effector(s) of p38 MAPK, NF- xB :and JNK.
RANKL-induced Signals and Osteoclast Differentiation—PEKA
recoguizes a consensus sequence (RRX(S/T) motif) of the target
proteins and phosphorylates the Ser/Thr residue in the se-
quence (44, 45). We searched for effectors having the RRX(S/T)
motif in RANK-induced signaling molecules, including TRAFS,
TAK]1, TAB1, TAB2, and other MAPKKs and MAPKEKs. We
found that murine TAK1 contains a consensus PKA recognition
sequence (Arg*®®-Arg-Arg-Ser-Tlu-GIn*'4) at the C-terminal re-
gion {Fig. 4A). Human TAK1 also possesses this consensus
motif. Recent studies showed that in IL-1 and RANKL-induced
signaling cascades, TAK! functioned as an adaptor molecule in
the interaction between TRAF6 and the downstream molecules
such as N¥-«B and MAPKs (36, 38). We then examined
whether the endogenous TAK1 was phosphorylated in
RAW264.7 cells in response to PGE, (10~° M) (Fig. 4B). Phos-
phorylation of TAK1 detected by antibody against phosphoryl-
ated Ser/Thr of PEA substrates was markedly induced in
RAW264.7 cells treated with PGE, (Fig. 4B). The phosphoryl-
ation of TAK1 induced by PGE, was strongly suppressed by
pretreatment of RAW264.7 cells with H-89 (10 um). RANKL (50
ng/ml) failed to induce phosphorylation of Ser/Thr residues in
TAK1 and showed no effect on the PGE,-induced phosphoryl-
ation of TAKI. These results suggest that PGE,-induced phos-
phorylation of TAK] is PKA-dependent in RAW264.7 cells.

Involvement of TAKI in EP2/EP4-mediated Enhancement of _

12y

FIG 5 Effeei; of Ser‘“ — AIa'—I‘AEJ an PGE,—mdueed up-regu-
lation of osteoctast d.tfferenﬁatmn i RAW264.7 ¢ells treatéd

“wwith RAN'KL.A; transfectionat B.AW264 7 cells with wild-type TAX1
or Ser'? —;Ala (S%724) TAK1 ¢DNAs> RAWZ264.7 cedla-were stably
transfected mth mock, mlif:ype TAKE(WT TAKI), of S412A TAK],
Cell lysates ‘were prepared; immunobléted with anti-FAKL ‘antibody,

de Teblotted # W#ith anti=f-actifi “antibody . .8, thosphoryTation of TAK1

p38 MAPK mduce&"by RANKL in RAW264.7 cells transfected with
mock, WT TAK1, and 5412A TAK1. RAW264.7 cells transfected with
mock, WT TAK1, or S412A TAK1 were treated with or without RANKL
{50 ng/ml) in the presence or absence of forskolin (100 wM) for 15 min.
Cell lysates were separated and immunoblotted with anti-I«Ba anti-
body {(I«Ba) and with anti-phosphorylated-p38 MAPK antibody (P-p38
MAPE) followed by re-blotting with anti-p38 MAPK antibody (p38
MAPK). D, effect of PGE, on RANKL-induced osteoclast formation in
RAW264.7 cells transfected with mock, WT TAK]1, and S412A TAK1,
RAW264,7 cells transfected with mock, WT TAKI, or S412A TAK1 were
cultured with or without RANKL (50 ng/ml}in the presence or absence
of PGE, (10™% m). After the cells were cultured for 5 days, cells were
fixed and stained for TRAP. TRAP-positive multinuclear cels contain-
ing three or more nuclei were counted &s osteoclasts, Results are ex-
pressed as the mean = S.D. of quadruplicate cultures. *, significantly dif-
ferent between cultures treated with RANKL and those with RANKL +
PGE, in each cDNA transfectant; p < 0.01. #, significantly different between
mock-transfected cultures and wild-type TAKI- or Ser*® — Ala TAK1-
transfected cultures in the same treatment groups; p < 0.01.

We further analyzed whether the Ser?!? residue in TAK1
was phosphorylated in RAW264.7 cells in response fo PGE, by
using a Ser*!? — Ala mutant form of TAK1 {Ser®!® — Ala
TAK1). RAW264.7 cells were stably transfected with empty
vector (mock) or expression vector for wild-type TAK1 or Sert!?
-+ Ala TAK]1 (Fig. 54). Endogenous and transfected wild-type
TAK1 were phosphorylated in response to PGE, (107% ) but
not to RANKL (50 ng/ml) in RAW264.7 cells (Fig. 5B). In
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6 cAMP Cross-talks with TAKI in Osteoclast Precursors (51/60)

contrast, when RAW264.7 cells were transfected with Ser*'2 —
Ala TAK]1, the phosphorylation of both endogenous and trans-
fected TAK1 was strongly suppressed even in the presence of
PGE, (Fig. 58). The other two RAW264.7 cell lines established
using each transfectant showed similar responsiveness to
RANKL and PGE, (data not shown). This suggests that Ser?!? -+
Ala TAK) acts as a dominant-negative mutant in RAW264.7
cells. We then examined whether PKA-induced phosphorylation
of TAK1 was involved in the synergistic effect on the RANK-
induced signals (Fig. 5C). RANKL-induced degradation of IxBa
and phosphorylation of p38 MAPK were enhanced by forskolin
(100 um), an activator of PEA, in RAW264.7 cells transfected
with mock or wild-type TAK1 but not in those transfected with
Ser!? — Ala TAK1 (Fig. 5C). RAW264.7 cells transfected with
mock or wild-type TAK1 differentiated into osteoclasts in re-
sponse to RANKIL (50 ng/ml), and PGE, (107¢ M} enhanced
RANKI-induced osteoclast differentiation (Fig. 5D0). RANKL
similarly stimulated osteoclastic differentiation of RAW264.7
cells transfected with Ser*!? — Ala TAK1, However, the stimu-
latory effect of PGE, on RANKI-induced osteoclast differentia-
tion was suppressed in RAW264.7 cells expressing Ser*l% — Ala
TAK1. These results suggest that EP2/EP4 signals induce the
phosphorylation of TAK1 in osteoclast precursors, which in turn
enhances RANK- machated sxgna]s that induce osteoclast
differentiation. = .

Involvement of TAKI in PKA- medbated Enhancement of
TNFa-induced Signls and Osteoclast, Differentiation—We and
others (13-15) have also- reported thit TNFa stlmulabed oglie= -
oclastic differentiation fmm ostedckast precursors through a -
mechanism .independent’:of the RANKL-RANK, interaction.
TAK1 is aldo muﬂlcate i the' TNE: recepton-medmted sxgnal
ing (39). We then exammed whether PKA medidted signals
enhanced TNFa—mducad osteoclast dlﬂ'erentlat;on through
TAK1-mediated 51gna]s (Fxg: 6). TNFa {40 ng/ml) stimfdated
degradatlonqo? IxBa and phosphory]atmndof p38 MAPK in
RAW264. 7"‘eens transfected with mock or wild:type TAKL:both

: f

(40 ng/ml) stimulated osteoclastic di erent:latmn of RAW264
cells transfected with mock or wild- type TAK]; and forskolin -
(100 um) enhansed TNFa-induced osteoclastic differentiation
in those transfected cells (Fig. 6B). TNFa similarly stimulated
osteoclastic differentiation of RAW264.7 cells transfected with
Ser'!? — Ala TAK1, but the stimulatory effect of forskolin on
TNFo-induced osteoclast differentiation was completely sup-
pressed in those cells (Fig. 6B). These results suggest that the
phosphorylation of TAK1 by PKA signals synergistically en-
hanees TNFa-induced activation of p38 MAPK and NF-«B and
osteoclast differentiation in cultures of RAW264.7 cells.
Involvement of TAK1 in PKA-mediated Enhancement of LPS-
induced IL-6 Production—PGE, has been shown to enhance
LPS-induced 11-6 mRNA expression in mouse macrophages
(46). LPS activates NF-«B and MAPKs through TAK1 in TLR4
signaling (37). We finally examined whether the phosphoryla-
tion of Ser*!? in TAK1 by PKA is involved in PGE,-induced
enhancement of IL-6 production (Fig. 7). LPS (100 ng/ml) stim-
ulated degradation of IxBe and phosphorylation of p38 MAPK
in RAW264.7 cells transfected with either mock, wild-type
TAK1, or Ser*'? — Ala TAKI1. Forskolin (100 um) enhanced
LPS-induced degradation of IxBa and phosphorylation of p38
MAPK in RAW264.7 cells transfected with mock or wild-type
TAK1 (Fig. 7A). The gynergistic effects of forskolin on LPS-
induced degradation of IxBa and phosphorylation of p38 MAPK
were strongly suppressed in RAW264.7 cells transfected with

mock WT TAK1

xBo M—_ ——
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Fic. 6. Effect of Ser*'? — Ala TAK1 on forskolin-induced up-

‘regulation of osteoclast differentiation. -in -RAW264.7 cells

treated with 'I'l;%" A, effects of forskohn on the activation of NF- xB

mock, WT TAKY tind S412A TAK]1. RAW2647 cells transfected with
‘mock, WT TAK{‘:nr S412A TAKJ were, ‘hg:gted ‘with or without TNFa

= Cell lysates Were uhmunobintted with STIxBa antifody UJ:Ba) or

with anti-phosphorylated-p38 MAPK (P-p33 2 MAPK) antibody followed
by re-biotting with anti-p38 MAPK antibady {pdg MAPKS: B;-elfect of
fomkolm on ‘a-indiiced osteqelast forpaation RAW264.7 ce]]s trans-
fécted with mock, WT TAKL, add 8412ATAKL. RAW2647-clls trafis-

“fected with mock, WT TAKL or S4124TAK] were cultured with or

mthout 'INFa (40 ngfml) u}sﬁ:e. presem:e or absence of forskolin (100
p.ﬁ) Aftér thi'celld were culfuredfor 5 days cells were fited and stainéd
fgr TRAP TRAP posmve’mulhnuclear%ells contauu.ng ‘three or mnre

tures in the same l:reahnentgroups, ? <_B

Ser““ — Ala TAKi orskoh.n (100 pm) en.ha.nced LPS-mduced
IL-6 production in BAW264.7 cells transfected with mock or
wild-type TAKI1 (Fig. 7B). The stimulatory effect of forskolin on
the LPS-induced I1-6 production was significant’y suppressed
in RAW264.7 cells transfected with Ser®'? — Alz TAK1.

DISCUSSION

Previous studies have shown that PGE, stimnulates oste-
oclastic bone resorption through two different mechanisms as
follows: the induction of RANKL expression in osteoblasts (21,
22), and the direct enhancement of RANKL-induced differen-
tiation of the precursor cells into osteoclasts (27). In the present
study, we examined the mechanism of the synergistic effect of
PGE, on RANKL-induced osteeclastic differentiarion. We have
shown here that PGE, synergistically enhances osteoclastic
differentiation of RAW264.7 cells through EP2 and EP4, and
that TAK1 is a key molecule in cAMFP/PKA-induced up-regula-
tion of osteoclast differentiation stimulated by not only RANKL
but also TNFa.

Osteoclast precursors of bone marrow macrophages and
RAW264.7 cells expressed EP1 as well as EP2 and EP4 (Fig. 1).
Treatment of RAW264.7 cells with PGE, but not CT increased
Ca?* influx, suggesting that osteoclast precursors express
functional EP1. The synergistic effect of PGE, on RANKL-
induced osteoclast differentiation was inhibited by H-89, a

--2504—
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Fi6. 7. Effect of the Ser*'? — Ala TAK1 on forskolin-induced
up-regulation of IL-6 production in RAW264.7 cells treated with
LPS. A, effects of forskolin on the activation of NF-«B and p38 MAPK
induced by LPS in RAWZ264.7 cells transfected with mock, WT TAKI,
and 5412A TAK1. RAW264.7 cells transfected with mock, WT TAK], or
S412A TAK1 were treated with or without LPS {100 ng/ml) in the
presence or absence of forskelin (100 pm) for 15 min. Cell lysates were
immunoblotted with anti-IxBa antibody (IxBa), or with anti-phospho-
rylated-p38 MAPK (P.p38 MAPE) antibody followed by re-blotting with
anti-p38 MAPK antibody (p38 MAPK). B, effect of forskolin on LPS-
induced IL-6 production in RAW264.7 cells transfected with mock, WT
TAK1, and S5412A TAK1, RAW264.7 cells transfected with mock, WT
TAK1, or 5412A TAK1 were cultured with 6 without LPS (100 ng/m!)

in the presence or abserce of forskolin @90 uM) for 24 h. The culture”

medium was then eollect.ed, and IL-6, “oncentrations were measured
using an ELISA for IL-6. * significantly’ d.rﬁ'erent ‘between ciiltures -
treated with LPS and those, mth LPS + forskolin in each transfectant;
p < 0.01. Sifnificantly different betweenmock- transfected’mﬂtures ‘and
WT TAK]- or S412A TAK1- transfected cultures in the same treatment
groups; p < 0. 01 B ] S -
specific mh!b).tor of PKA apd dihutywl cAMP enhaneed the
osteoclast d’iﬂ’erentlatlon induced by RANKL (Flg 2). We fur-
ther examined thch recqptor EP2 or EP4 "Was mamTy in-
volved jn |
osteoclastic diff

EP1, EP2, and EP2 agomsts The number nf osteoclasts formed o
in RAW264.7 céll giltures treated ﬁith 107 ¥ ONO-AE1-259

.,_.;phosphorylat:on sme;_y PKA.

halt

(EP2 agonist) and"10® M ONO-AE1:329° (EP4 agonist) in-~

creased by 1.4 and 2.4 times, respectively {data not shown). In
contrast, ONQO-DI-004 '(EP-1 agonist) at 107% & showed no
effect on osteoclast formation in RAW264.7 cell cultures. Thus,
the effect of EP agonists on osteoclast formation was compara-
ble with the expression level of EP2 and EP4 mRNAs (Fig. 14).
These results suggest that EP4 mainly mediates the synergis-
tic effect of PGE, on RANKL-induced osteoclast differentiation
in RAW 264.7 cells.

TAK]1 is a key MAPKKK in the IL-1 receptor- and TLR4-
mediated signaling pathway (36, 37). TAK1 mediates MAPK
and NF-«B activation via interaction with TRAFS6, and TAB2
acts as an adapter linking TAK1 and TRAF6. Mizukami et al.
(38) first reported that TAK1 participates in the RANK signal-
ing pathway. Endogenous TAK1 was activated in response to
RANKL in RAW264.7 cells, and the kinase-negative form of
TAK1 (K63W TAK1) attenuated JNK and NF-«B activation
induced by RANKL. We have confirmed that expression of
K63W TAK1 in RAW264.7 cells significantly inhibited the os-
teoclast formation induced by RANKL and TNFa.Z By using
antibody against phosphorylated Ser/Thr of PKA substrates,
we showed that phosphorylated Sex/Thr of TAK1 was induced
by PGE, (Figs. 4 and 5). However, the phosphorylated Ser/Thr
of TAK1 was not detected in RAW264.7 cells transfected with

2 Y. Kobayashi et af,, unpublished observations.

 not ‘inhibit; RANKL- ‘or’ TNﬁE.u‘{& i
(Figs. 5 and%) However, the express

Osteotiast Precursors

Fic. 8. A possible role of phosphorylation of Ser*'? in TAK1 in
osteoclast differentiation induced by RANEL and TNFa. Cyclic
AMP-dependent PKA phosphorylates the Ser*’® residue in TAKI in
osteoclast precursors in:response to the binding of PGE?2 to EP2 or EP4.
The phosphorylahmof TAK2 itself does not induce osteoclastic differ-
entiation of the precursors but synerglstlcally enhances downstream
signals such as MAPKs and NF-«B in response to other factors includ-
ing RANKL and TNFa. Phosphorylation of Sér***'in TAK1 appears to
be m:h.spensab for the signal trans&ucnon i:nduced by BANKL and

RANEL and TNFa is also enhanced by_t}
Ser“12 readue of TAKl in osteoc]ast pr

:'Ehe Se'r‘12 ':—> 'Ala mutant TAK1 ;Fzg 5B), suggesting that

Sertl? s Ala ‘TAK1 acted as a do;mnant-negat;ve fhptant of
TAK1. These findings ] indicate thai Ser412 in TA'Kl isa major

'Ilheex;gressmn;oiS‘er et - 7.6
ostboclast formatmn

suppressed KA gignal-mediated
radation of I«Bi degradation, phosphorylation of p38 MAPK,
and osteoclast dlfferenuahon induced by RANKL and TNFa in
RAW?264.7 cells (Figs 5 and 6). It was reported that Ser'% in
the kinase domain in TAK2 was phosphorylated by the kinase
in response to IL-1 stimulation, and the phosphorylation of
Ser'®? was important for the IL-1-induced signa)l transduction
(47). These results together with our findings suggest that
overexpression of wild-type or the Ser*'? — Ala mutant TAK1
itself enhances osteoclastic differentiation induced by RANKIL
and TNF-a. The Ser*!? residue appears to be involved in the
synergistic action of cAMP/PKA signaling in osteoclast differ-
entiation. Our experiments also suggest that the Ser®!? residue
regulates the synergistic action of cAMP/PKA signaling in os-
teoclast differentiation (Fig. 8).

TRAF6 plays essential roles in osteoclast differentiation and
function indueed by RANK-mediated signals (31-33). In con-
trast to RANK, TNF receptors selectively interact with TRAF2
in the signaling pathway (34). Forskolin enhanced TNFa-in-
duced signals and osteoclast differentiation in cultures of
RAW264.7 cells (Fig. 6). These results suggest that cAMP/PKA
signals cross-talk with TRAF2-mediated signals as well as
TRAF6-mediated ones. Recent studies (48) have shown that
TAK1 is involved in not only TRAF6-mediated sipnaling but
also TRAF2-mediated signaling. TNFa induced the binding of
TAK1I to TRAFZ in Hel.a cells. TAB2 has been shown to acti-
vate NF-«xB by linking TAK1 to TRAFS (49). Recently, it was
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shown that TAB3, a TAB2-like molecule that associates with
TAK1 and activates NF-«B, interacts with both TRAF2 and
TRAF6 (39). RAW264.7 cells have been shown to express TAB3
as well as TAB2 (50). We have confirmed that those two mol-
ecules are expressed in bone marrow macrophages as well as
RAW264.7 cells (data not shown). These results suggest that
the interaction of TAK1 and TABZ2 (or TAB3) is involved in
osteoclast differentiation induced by RANKL and TNF .

TLR and TL-1 receptors use myeloid differentiation factor 88
(MyD88) as a common signaling molecule (51). In response to
LPS, MyD88 interacts with TRAF6, which activates down-
stream signals. Recent studies have shown that Toll-IL-1 re.
ceptor domain-containing adaptor inducing interferon-p
(TRIF)-mediated signaling is involved in a MyD88-independ-
ent pathway induced by LPS (52). Both MyD88-dependent and
TRIF-dependent pathways are required for LPS-induced cyto-
kine production in macrophages (52). Forskolin significantly
enhanced LPS-induced I«Ba degradation, p38 MAPK phospho-
rylation, and IL-6 production in RAW264.7 cells (Fig. 7). In
contrast to the effect of S412A TAK]1 on PKA signal-enhanced
osteoclast differentiation, the mutant TAK1 significantly but
not completely suppressed forskolin-induced enhancement of
IL-6 production in RAWZ264.7 cells treated with LPS. These

results suggest that TAK1 signals are certainly involved in the N
PKA signal-induced enhancement of LPS sifinals, but signaling

molecules other than TAKI1 are also mwlved in the cross-talk:
between PKA-achvated signals and ‘TIR4-mduced signals I

target for the PKA s:g'na.ls in ostéoclast precnrsnrs McCoy et~

al. {53) reported that thé productm:i ‘of [1-6 stgmﬁcant];g-ﬂe-
creased in EP4;receptor-deficient mice ‘in.: -eollagen antibody-
induced arthritis. Moreover, PKA signals have been shown to
enhance LPS-induced I1-6 prodm;tmn in mouse macrophages
and Swiss 3T3-cells (46; 54 . 55)-Thi 5 these previous ﬁnamgs
and our study - strongly support’the idea .that 'PKA-mduced
phosphorylauon of TAKl enhances s LPS-jnduced IL—G produc-

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

In conclusion, we demonstrated that PKA-activated sipnals
enhanced RANKL-, TNFa-, and LPS-induced signals in oste-
oclast precursors. PKA selectively phosphorylated the Ser*'?
residue in TAK1, which was crucially involved in the synergis-
tic action of PGE, on RANK-, TNF receptor-, and TLR-medi-
ated signaling. The ¢cAMP/PKA signal may enhance RANKL-
and inflammatory cytokine-induced bone resorption through
TAK]1 in osteoclast precursors (Fig. 8). Signaling meolecules
involved in the TAKI pathway in osteoclast precursors would
be novel targets for drugs to inhibit osteoclast function induced
by inflammatory diseases.

“17.) Sakuma, Y., Tanaka K_,Sud.a.M Knmatsu,
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The pathogenesis of Sjogren’s syndrome (SS)
is poorly understood. In this study we used
an in-house mouse spleen cDNA microarray
to analyse genes in spleens from MRL/Ipr
{an SS mouse model) mice. We have
previously demonstrated that GRAP genes
were up-regulated in salivary glands of the
same mice. The microarray analysis
showed that seven out of 2304 genes were
highly expressed in spleens from the
MRL/Ipr mice, one of which was the GRAP

highly expressed in the salivary glands and
spleen of MRL/Ipr mice. We also carried out
immunohistochemical studies. Mouse and
human Grb-2-related adaptor protein
(GRAP) antigens were expressed on ductal
cells and infiltrating lymphocytes in
salivary glands of MRL/Ipr mice and $S
patients, but only weakly in controls
{(MRL/+ mice and individuals with salivary
cysts). These results suggest that the GRAP
gene might have a role in the pathegenesis

Introduction

Sjogren’s syndrome (SS) is a chronic
autoimmune disease characterized by
progressive lymphocytic infiltration and
destruction of exocrine glands, such as the
salivary and lacrimal glands. The lymphocytic
infiltrate contains predominantly CD4+ T-

cells and some B-cells including plasma cells.
Dryness of the eyes and mouth is the most
typical feature. It either occurs as an isolated
disorder (primary form), or more often in
association with another autoimmune
disease (secondary form).! <4

The mechanism of onset and progression of
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SS has been poorly understood. It has
been proposed that a combination of
immunological, genetic and environmental
factors may play an important role in the
aetiology of SS, but there remains considerable
controversy. Many attemnpts have been made
to investigate different aspects of S5. The
animal model is one of the most effective
approaches to studying the pathogenesis of SS,
and several mouse models, such as NFS/sld>¢
and MRL/Ipr mice,” -® have been generated.

The MRL/Ipr mouse is the classic murine
model of autoimmune disorders, and
spontaneously develops massive lympha-
denopathy, arthritis, vasculitis and nephritis.
It develops a disease serologically, patho-
logically and symptomatically similar to
human $S. Significant inflammatory changes
develop in the salivary glands between 12
and 16 weeks of age.”- ? MRL/Ipr mice have a
defect in the Fas antigen gene which codes a
critical molecule mediating apoptosis.

To understand the mechanism of onset and
progression of SS, it is necessary to identify SS-
related genes. To clarify the heterogeneity of
gene expression in patients with SS, we began
by investigating genes up-regulated in the SS
mouse model.l® We demonstrated increased
expression of two genes - IL-16 and GRAP - in
the salivary glands of MRL/Ipr mice using an
in-house mouse spleen ¢cDNA microarray.!®
The aim of the present study was to
investigate gene expression in the spleen of
the SS mouse model using a spleen cDNA
microarray generated in-house. We also
studied the tissue localization (using
immunohistochemical staining) of Grb-2-
related adaptor protein (GRAP) molecules in
specimens obtained from the 55 mouse model,
and a bhuman hcmologue of GRAP in
specimens from patients with S5.

The GRAP genes are apoptosis-related
genes, and their 'possible role in the
pathogenesis of organ-specific autoimmune

lesions in SS is discussed in light of the
findings of our study.

Subjects and methods

SJOGREN'S SYNDROME MODEL MICE
Sixteen-week-old MRL/Mp]-Ipr/ipr (MRL/Ipr)
female mice (a model mouse for S§§) and
16-week-old MRL/Mp]-+/+ (MRL/+) female
congenic control mice were obtained from
Japan SLC, Inc. (Hamamatsu, Japan). They
were kept under standard conditions,
according to the guidelines adopted by the
Centre for Animal Experimentation, Nihon
University School of Medicine, for 1 week and
killed by cervical dislocation. The spleens
were quickly removed, frozen in liquid
nitrogen, and stored at —-80°C until use.

The ethics review committees for animal
experimentation of the participating instit-
utions approved the experimental protocol.

PREPARATION OF mRNA

Total RNA was prepared from spleens of all
mice using a TRIzov® reagent (Life Technologies,
Rockville, MD, USA). Subsequent cleanup was
carried out using an RNeasy Maxti kit® (Qiagen,
Germany) according to the manufacturer’s
instructions. mRNA was obtained from the total
RNA using an Oligotex-dT30 mRNA
purification kit® (TaKaRa Shuzo Co., Kyoto,
japan). The purified mRNA was subjected to our
routine quality control procedure wusing
formaldehyde agarose gels.

PREPARATION OF THE cDNA
MICROARRAY
We constructed a cDNA microarray of mouse
spleen chips in-house. It consisted of 2304
¢DNAs derived from a mouse spleen library
(2256 clones). This library was subjected to
the oligo-capping method and ¢DNAs were
prepared as described previously.!112

Briefly, 2 mg/ml of polymerase chain
reaction products, obtained by amplifying
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the spleen library using universal primers,
was mixed in a 1.1 ratio with 4 mg/ml nitro-
cellulose on dimethyl sulphoxide (DMSO)-
coated glass slides (Nisshinbo, Chiba, Japan)
using a robotic (SPBIO-2000®, Hitachi
Software Engineering Co., Yokohama,
Japan). This array includes cDNAs of house-
keeping genes, such as human p-actin and
glyceraldehyde-3-phosphate dehydrogenase,
as internal controls, the luciferase gene from
Photinus pyralis as a positive control, and
human Cot I DNA as a negative control.!3

MICROARRAY PROCEDURES

The microarray was hybridized with ¢cDNA
probes prepared from a 2-mg mRNA
sample from the salivary glands or spleen of
diseased and their congenic mice, and
labelled with Cy3 fluorochrome (red) and
Cy5 fluorochrome (green), respectively. cDNA
probes were mixed, applied to the ¢DNA
microarray, and incubated at 65°C over-
night in humid conditions. The fluorescent
signals from the hybridized microarray
were scanned with a fluorescent laser
confocal slide scanner (ScanArray 4000%, GSI
Lumonics, Ottawa, Canada). Background
subtraction and normalization of the results
of all arrayed genes were carried out in each
spot using the QuantArray® cDNAmicroarray
analysis software software (GS! Lumonics,
Ottawa, Canada).

Genes showing a high fluorescence
intensity (over 1.5 fold compared with
control) in MRL/Ipr mice were considered to
be differentially expressed genes. The DNA
sequences from the positive spots were
reanalysed to confirm their accordance with
our library database.

CRITERIA FOR SELECTING SJOGREN’S
SYNDROME-RELATED GENES

We selected the candidate genes that
appeared more than four times in six

microarray hybridization analyses. Genes
that showed a high fluorescence intensity
{over 1.5 fold compared with control) in
MRL/Ipr mice were considered as SS-related
genes.

COLLECTION OF HUMAN SPECIMENS
Patients with S5 and individuals with
salivary cysts, recruited from Nihon
University Hospital, participated in this
study. All patients fulfilled the criteria for a
diagnosis of SS as defined by the European
Community Study Group on Diagnostic
Criteria for Sjogren’s Syndrome as a
Preparatory Activity sponsored by the
Directorate General for Science, Research
and Development of the Commission of
European Community.!* The minor labial
submucosal salivary gland specimens were
taken from the lower lip. Informed consent
was obtained prior to taking the biopsy.

IMMUNOHISTOCHEMICAL
STAINING

Mouse specimens

Organs removed from the mice were fixed
with 10% phosphate-buffered formalin and
embedded in paraffin. Mouse salivary gland
sections were fixed in 50% acetone at 4 °C for
30 s, then in 100% acetone at 4 °C for 5 min.
Endogenous peroxidase activity was
quenched with 0.3% H,O, in Tris-buffered
saline (TBS; 5 mM Tris-HCl, pH 7.5, 145 mM
NaCl) for 5 min and non-specific staining
was blocked by incubation with 10% normal
mouse 10 min at room
temperature. The rabbit affinity purified
immunoglobulin G anti-mouse GRAP peptide
antibody, which was made specially for this
study by Tanpaku Seisei Co. (Takasaki,
Japan), was used diluted 1:100 as a primary
antibody. The sections were incubated with
the diluted primary antibody overnight at
4 °C, rinsed in TBS for 10 min, and incubated

serum for
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with EnvVision® (Peroxidase Rabbit, DAKQ,
Denmark) for 30 min. This was followed by
additional rinsing in TBS, and incubation
with a solution containing 10 mg of
3-amino-9-ethyi-carbazol in 50 ml of 0.02 M
sodium acetate (pH 5.5) for 10 min and
4 ml of 30% H,0, for 15 min. The sections
were then rinsed in TBS, counterstained with
"Mayer’s haematoxylin for 1 min, and
mounted with an aqueous mounting
medium,

Human specimens

Human salivary gland sections were
processed as described for the mouse
specimens, except that 10% normal pig
serum was used for blocking non-specific
staining. The rabbit affinity purified immuno-
globulin G anti-human GRAP peptide anti-
body was prepared (Tanpaku Seisei Co.,
Takasaki, Japan) and used as described
above.

Results

Five patients with 55 and four with salivary
cysts were involved in the study. Three
MRL/Ipr mice and three MRL/+ mice were
also used. ‘

¢DNA MICROARRAY ANALYSIS

To analyse the overall gene expression in SS,
we carried out ¢cDNA microarray analysis.
We identified seven SS-related genes in the
spleens of MRL/lpr mice compared with those
of MRL/+ mice using the mouse spleen cDNA
microarray chip (Table 1).11

IMMUNOHISTOCHEMICAL STAINING
The GRAP gene showed increased expression
in spleens of mice by spleen microarray
analysis. Immunohistochemical staining
revealed substantial differences between the
55 model and control mice in the expression
of mouse GRAP (Fig. 1).

Immunohistochemical  staining  of
specimens from patients with SS and
individuals with salivary cysts indicated that
the human homologue of GRAP was
expressed on ductal cells and on certain
infiltrating cells in the SS patients, but only
weakly in the controls (Fig. 2).

Discussion

Sjégren’s syndrome is an autoimmune
disease characterized by massive infiltration
of lymphocytes into exocrine glands such as
salivary and lacrimal glands, and the

Accession No. Gene Ratio?
U88682 Mouse anti-DNA antibody heavy chain variable region mRNA 2.88
XM_134565 Mouse similar to Gag-Pol polyprotein mRNA 1.93
M16072 Mouse |g active gamma-2a H-chain V-Dsp2.2-)2-C mRNA 1.64
BC036286 Mouse myeloid/lymphoid or mixed-lineage leukaemia 5, mRNA 217
NM_025408 Mouse phytoceramidase, alkaline mRNA 3.23
X76772 Mouse mRNA for ribosomal protein $3 1.56
NM_027817 Mouse GRB2-related adaptor protein (GRAP), mRNA 2.82

*The averages of fold change based on the normalized microarray fluorescent data of diseased (55 model)

mice compared with control mice {n = 6).
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Isotype |
control 5

FIGURE 1: immunohistochemically stained sections from salivary glands of MRL/{pr
(A) and MRL/+ (B) mice. Expression of GRAP is shown in red. A substantial difference
in staining intensity between the diseased (MRL//pr) mice and controls (MRL/+} could
be observed. The black arrow indicates ductal cells; white arrows indicate infiltrating
cells. The specificity of the GRAP antibody was confirmed by normal rabbit serum
immunoglobulin G, an irrelevant antibody (C, D)

subsequent destruction of these glands. Like
other autoimmune diseases, the aetiology of
SS remains unclear, but previous studies
suggest the involvement of hereditary and
environmental factors in the onset and
progression of the disease. The disease is
usually benign and many patients have a
lifespan. The
symptoms, dry eyes and dry mouth, however,
are problematic and profoundly influence
quality of life. In addition to these relatively
benign manifestations, abnormalities of
more vital organs such as renal tubular
acidosis, interstitial pulmonary fibrosis and
central nervous system involvement have
been demonstrated.! - 4 It is therefore of

normal most common

importance to determine the causes of SS for
better disease management.

The animal medel is one of the most useful
tools in the study of the pathogenesis of SS.
The MRL/Ipr mouse, a mouse model for S§,
carries the Ipr genetic defect, a mutation of the
Fas gene, and spontaneously develops general
lymphadenopathy,  glomerulonephritis,
systemic vasculitis and sialadenitis.” -? These
mice are characterized by the presence of
high amounts of circulating autoantibodies,
such as rheumatoid factor, anti-dsDNA
antibodies and immune complexes
reminiscent of human systemic lupus
erythematosus and rheumatoid arthritis. The
onset and extent of disease in these mice are
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GRAP

isotype ;-
control °

FIGURE 2: Immunchistochemically stained sections from labial salivary gland
specimens obtained from patients with Sjégren’s syndrome (S5) (A) and those with
salivary cysts (B). Expression of GRAP is shown in red. A substantial difference in
staining intensity between specimens from SS patients and salivary cysts can be seen.
The black arrow indicates ductal cells; the white arrow indicates infiltrating cells. The
specificity of the GRAP antibody was confirmed by normal rabbit serum
immunoglobulin G, an irrelevant antibedy (C, D)

also influenced by other genes, even if the
basic genetic abnormality depends on the Ipr
mutation.

To identify SS-related genes, we con-
structed in-house cDNA microarrays based
on mouse spleen ¢DNA libraries, and carried
out cDNA microarray analysis using MRL/lpr
mice. Up-regulation of GRAP genes was
identified in the SS mouse model by the
mouse spleen cONA microarray analysis. The
GRAP gene may contribute to the develop-
ment of symptoms or the progression of SS.

In the mouse spleen ¢cDNA microarray,
three Fas-related genes (DAXX, Fas-antigen
and Fas-associated protein) were mounted.
In the present study, the expression of these
three genes (DAXX gene, accession no.

AF100956; mouse Fas-antigen mRNA,
accession no. M83649; and mouse Mort 1
Fas-associated protein mRNA, accession no.
M83649) was almost the same in MRL/Ipr
and MRL/+ mice. In addition, the mouse
spleen cDNA microarray includes 10 genes
that are obviously linked to T-cells. These
genes tend to be highly expressed in the
MRL/Ipr mice compared with the MRL/+
mice. They did not strictly fulfil our criteria,
thus we could not consider these as up-
regulated genes.

GRAP is one of the adaptor molecules which
effectively deliver signals from the immune cell
surface to a down-stream functional molecule.
GRAP has a structural arrangement of an
SH3-SH2-SH3 domain, which is similar to other
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immune cell adaptor molecules such as Grb2,
GADS and GRAP2.131617 GRAP is known to be
specifically expressed in lymphoid tissues, and
structurally resembles Grb2 more than other
Grb2 family molecules in that GRAP does not
have the proline-rich motif. By immune cell
activation, GRAP binds to phosphorylated
tyrosine of the local area transport (LAT) at its
SH2 region, and further binds to Son of sevenless
in a way similar to Grb2, Further downstream
events remain unknown. In our study,
expression of the GRAP gene in the salivary
glands of the SS mice was higher than that of
the control mice. These results suggest that in
diseased salivary glands and spleen, enhanced
stimulation of the T-cell receptor augments
signal transduction to downstream molecules
associated with apoptosis. Further detailed
analysis of the Grb2 family may darify the
regulation of T-cell differentiation and apoptosis
in SS.

Our study provides a strategy to sort out
genes that are linked to cell death or T-cell
differentiation in SS using the cDNA microarray
system. Moreover, our study demonstrates that
the GRAP gene might be one of the most
important SS-related genes participating in the
predation and digestion of dead cells
after apoptosis. In addition to the c¢DNA
microarray analysis, we also carried out
immunohistochemical analysis and
demonstrated increased GRAP  protein

expression in the salivary glands from patients
with SS. We found that GRAP was expressed on
ductal cells and some infiltrating cells. Because
GRAP is an apoptosis-related molecule, GRAP
up-reguldtion might be found in the ductal cells
and some infiltrating cells where apoptasis was
seen to be present.

These findings also suggest that another
pathway for apoptosis, such as the mitogen-
activated protein kinase-mediated pathway,
exists in SS besides the Fas/Fas ligand pathway.

Most recently, Winer et al.!® reported a new
ICA69, that may play an
important role in the progression of the disease

autoantigen,

in another primary SS mouse model - the non-
obese diabetic mouse. ICA69 cDNA was not
mounted on the ¢DNA chip in our study, but it
would be of interest to examine the expression of
the ICA69 gene in MRL/lpr mice using our
microarray system. Further analysis of the
candidate genes identified in this study and SS-
related molecules like ICA69 will help clarify the
pathogenesis of SS.
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