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We have assessed characteristics of primary human
osteoblasts, shedding light on signaling mediated by 8,
integrin. §, integrins are major receptors for these ma-
trix glycoproteins, 1) Integrins f3,, a,, g, a,, as, og, and «,,
were highly expressed on primary osteoblasts. 2) En-
gagement of B, integrins on osteoblasts by cross-linking
with specific antibody or ligand matrices, such as fi-
bronectin or collagen, augmented expression of intercel-
lutar adhesion melecule 1 (ICAM-1) and receptor activa-
tor of nuclear factor xB ligand (RANKL) on the surface,
3) Up-regulation of ICAM-1 and RANKL on osteoblasts
by B, stimulation was completely abrogated by pretreat-
ment with herbimycin A and genistein, tyrosine kinase
inhibitors, or transfection of dominant negative trunca-
tions of focal adhesion kinase (FAK). 4) Engagement of
B; integrins on osteoblasts induced tartrate-resistant
acid phosphatase-positive multinuclear cell formation
in the coculture system of osteoblasts and peripheral
monocytes. 5) Up-regulation of tartrate-resistant acid
phosphatase-positive multinuclear cell formation by §,
stimulation was completely abrogated by transfection of
dominant negative truncations of FAK. Our results in-
dicate that B, integrin-dependent adhesion of osteo-
blasts to bone matrices induces ICAM-1 and RANKL ex-
pression and osteoclast formation via tyrosine kinase,
especially FAK. We here propose that §, integrin/FAK-
mediated signaling on osteoblasts could be involved in
ICAM-1- and RANKI.-dependent osteoclast maturation.

Bone metabolism in health and disease is based on a self-
regulating cellular event. The two major processes of bone
remodeling, bone formation and resorption, are closely regu-
lated by intercellular signaling involving soluble factors, sys-
temic hormones, and cellular adhesion (1-5). Osteoblasts play
a central role in bone formation by synthesizing multiple bone
matrix proteins and by differentiation into osteocytes. How-
ever, osteoblasts also regulate osteoclast maturation by produc-
ing bone-resorbing cytokines and by direct cell attachment,
resulting in bone resorption (6 -8). Cell adhesion of osteoblasts
and osteoclastic precursors of hematopoietic origin is a prereq-
uisite for osteoclast maturation. Several studies have demon-
strated that interaction of receptor activator of nuclear factor

* The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
“advertisement” in accordance with 18 U.5.C. Section 1734 solely to
indicate this fact.
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«B ligand (RANKL)' on osteoblasts and RANK on osteoclast .
precursors provides an essential signal to osteoclast precursors
for their maturation into resorbing cells (9-11). We have pre-
viously reported that human ostecblasts express intercellular
adhesion molecule (ICAM)-1 and that interaction between
ICAM-1, expressed on osteoblasts, and leukocyte function-as-
sociated antigen (LFA)-1, expressed on monocytes, is required
for osteoclast maturation by RANKL on osteoblasts (12).

Adhesion molecules play a fundamental role in cell-to-cell
and cell-to-extracellular matrix (ECM) interactions. However,
recent findings have indicated that certain adhesion molecules
not only function as glue but also regulate several cellular
functiens by transducing signaling. We have reported that
ICAM-1 on rheumatoid synovial cells induced transeription of
interleukin-13 by activation of a nuclear factor, AP-1, and that
stimulation of B, integrin up-regulated ICAM-1 and Fas, and
Fas mediated apoptosis of rheumatoid synovial cells through
focal adhesion kinase (FAK) (13, 14). These results prompted
us to investigate the adhesion molecules involved in regulating
the expression of other adhesion molecules, such as ICAM-1
and RANKL, on human osteoblasts. Cell adhesion to matrices
is primarily mediated by integrins, cell surface receptors that
comprise an expanding family of transmembrane heterodimers
of & and B subunits (15-18). Interaction of integrins with their
protein ligands increases tyrosine phosphorylation and triggers
the assembly of cytoskeletal proteins, signaling complexes in-
cluding FAKs, and their substrates into membrane-substratum
junctions referred to as focal adhesions (19-23).

Although osteoblasts are always surrounded by and encoun-
ter ECMs including type I collagen and fibronectin mainly
through B, integrin, the relevance of B, integrin to the intra-
cellular signaling and functions in osteoblasts remains unclear.
It is well established that osteoblast differentiation and matu-
ration are regulated by their interaction with ECMs such as
type I collagen (24, 25). However, such an adhesive interaction
may act on osteoblasts to modulate bone metabolism, not only
bone formation by activating osteoblasts to proliferate and

! The abbreviations used are: RANKL, receptor activator of nuclear
factor xB ligand; RANK, receptor activator of nuclear factor «B;
ICAM-1, intercellular adbesion molecule 1; FAK, focal adhesion kinase;
TRAP, tartrate-resistant acid phosphatase; MINC, multinuclear cell;
LFA, leukocyte function-associated antigen; ECM, extracellular matrix;
DMEM, Dulbecco’s modified Eagle’s medium; FCS, fetal calf serum; Ab,
antibody; mAb, monoclonal antibedy; VCAM-1, vascular cell adhesion
molecule 1; VSV, vesicular stomatitis virus; FAT, focal adhesion tar-
geting domain; FRNK, FAK-related non-kinase; PBS, phosphate-buff-
ered saline; ABC, antibody binding capacity; PI 3-K, phosphoinositide
3-kinase.
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synthesize bone matrix protein but also bone resorption by
indirectly activating ostecclast function and differentiation me-
diated through osteoblasts. The aim of the present study was to
determine the role of 8, integrin-mediated signaling in the
regulation of cell surface adhesion molecules on osteoblasts.
Qur results demonstrate that engagement of $, integrin by a
specific antibody or ligand matrices up-regulated ICAM-1 and
RANKL expression on osteoblasts and induced osteoclast for-
mation via tyrosine kinase, especially FAK.

EXPERIMENTAL PROCEDURES

The study protocol was approved by the Human Ethics Review Com-
mittee of the University of Occupational and Environmental Health,
Japan, and a signed consent form was obtained from each subject prior
to taking tissue samples used in the present study.

Purification of Human Osteoblastic Cells—Osteoblast-like cells were
purified from metaphyseal trabecular bone in the proximal femur of
four osteoarthritis patients during total hip arthroplasty by the estab-
lished procedures of Russell and colleagues {26, 27). After removing
pieces of cortical bone, articular cartilage, and soft connective tissue,
the fragments were cut into small pieces and washed extensively, The
bone explants were cultured in Dulbecco’s modified Eagle’s medium
{DMEM, Invitrogen) containing 10% fetal calf serum (FCS, Invitrogen)
in 25-em? culture flasks (Falcon, Lincoln Park, NJ) in a humidified 5%
CO, atmosphere. When cell monolayers were confluent after the 6-8-
week culture, the explants were removed, and the cells were replated
and incubated, resulting in new cellular outgrowth and eventually a
confluent monolayer of cells. At confluence, the cells were trypsinized,
passaged at a 1:3 split ratio, and recultured. The medium was changed
twice each week, and the cells were used after three to seven passages.
The obtained eells showed a flattened polygonal shape with multiple
spindle legs and possessed characteristics of osteoblast-like phenotype
including osteocalein, bone staloprotein, type I collagen, and bone alka-
line phosphatase as described previously (27).

Antibodies and Other Reagents—The following monoclonal antibod-
ies {mAbs} were used as purified Igs in preparation of staining and
analysis of cell surface or cytoplasmie molecules: control mAb thyl.2
(BD Biosciences), human CD29 (B, integrin) mAb MAB13, human
CD18 (8,) mAb TS1/18 (kindly provided by Dr. K. M. Yamada, National
Institutes of Health, Bethesda, MD), human CD61 (8,) mAb, human
CD49a (a;) mAb T32/7, human CD49b (a;) mAb, human CD49¢ (ay,)
mAb, human CD48d (a,) mAb NIH494-1, human CD4% (e} mAb
MAB16, human CD49f (a;) mAb NIH49f-1, human CD51 (o) mAb
23C6, human CD54 (ICAM-1) mAb 84H10 (kindly provided by Dr. S.
Shaw, National Institutes of Health, Bethesda, MD), anti-human
RANKL mAb (Sigma}, human CD106 (VCAM-1) mAb 2G7 (kindly pro-
vided by Dr. W. Newman, Otsuka America, Rockville, MD), major
histocompatibility complex class I mAb W6/32, and anti-glycophorin
mAb 10F7 (American Type Culture Collection, Manassas, VA). A hu-
man wild-type FAK expression plasmid (VSV-FAK), a human focal
adhesion targeting domain (FAT) expression plasmid (VSV-FAT), and a
human FAK-related non-kinase (FRNK) expression plasmid (VSV-
FRNK) were constructed as described previcusly (28, 29). Multiple
inhibitors of intracytoplasmic signaling including wortmannin {(Wako
Pure Chemical, Osaka, Japan; a phosphoinositide 3-kinase (PI 3-K)
inhibitor), H7 and staurosporine (Seikagaku, Tokyo, Japan; protein
kinase C inhibitors), and herbimycin A (Sigma) and genistein (Calbio-
chem) (tyrosine kinase inhibitors) were applied to each assay system,
and all reagents were used at the indicated concentrations. At these
concentrations, none of these inhibitors produced cytotoxic effects on
synovial cells as confirmed by trypan blue staining.

Stimulation of Osteoblasts by B, Integrin Using mAbs and Sub-
strates—After cells were cultured to subconfluence, the medium was
changed to DMEN! containing 1% FCS on the day before assay. The
obtained cells were then incubated with anti-CD29 (8, integrin) mAbs
such as MAB13 and control mAbs (10 pg/ml) in DMEM without FCS for
30 min at 37 °C. Signal inhibitors were added at the indicated concen-
tration for a 30-min incubation prior to cell stimulation. After washing
the cel's three times, 1 pg/ml goat anti-rat IgG-¥Fe was added as the
seconc .5 for B, cross-linking. The cells were then incubated in DMEM
without FCS8 at 37 °C for the indicated duration. Purified fibronectin
{10 pg/ml), collagen type I (10 pg/ml), and control bovine serum albumin
(10 pg/ml, Wako) were applied to 6-well plastic plates in Ca2*/Mg?*-
free PBS at 4 °C overnight. Binding sites on plastic were subsequently
blocked with Ca?*/Mg**-free PBS, 2.5% bovine serum albumin for 2-3
h at 37 °C to reduce nonspecific attachment of the cells. Subsequently
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plates were washed three times with PBS, and the cells were added to
each well as described above and were incubated in DMEM without
FCS at 37 °C for the indicated duration. After the incubation, the plates
were washed twice with PBS and treated with trypsin for 1 min at
37 °C. DMEM containing 10% FCS was added to stop trypsinization.
After harvesting from the wells, the obtained cells were washed with
PBS and were settled in medium suitable for the following experiments.

Transfection of Plasmids—A human wild-type FAK expression plas-
mid {(VSV-FAK), a FAT expression plasmid (VSV-FAT), and a FRNK
expression plasmid (VSV-FRNK) were introduced into osteoblasts us-
ing a cationic liposome-mediated transfection method. Plasmids (2.5
ug) dissolved in 100 pl of serum-free medium (OPTI-MEM, Invitrogen)
were mixed with 5 gl of Lipofectin reagent (LipofectAMINE 2000™,
Invitrogen} in the same volume of OPTT-MEM and incubated for 15 min
at room temperature. The plasmids and liposome complex were added
to osteoblasts plated in a 6-well culture dish, incubated for 3 h in
OPTI-MEM, and then replaced with DMEM containing 10% FCS for
24 h. The expression of VSV-FAK, VSV-FAT, and VSV-FRNK in osteo-
blasts was confirmed by flow cytometric analysis using anti-VSV Ab
after their transfection. High expression of the VSV was observed, and
50-80% of the cells were transfected by intracellular flow cytometric
analysis. A marked difference in the transfection efficiency among all
three vectors was not observed in osteoblasts, and none of these vectors
produced cytotoxic effects on osteoblasts as confirmed by trypan blue
staining (data not shown).

Flow Microftuorometry—Staining and flow cytometric analysis of
osteoblasts were conducted by standard procedures as described previ-
ously (18} using a FACScan (BD Biosciences). In brief, 2 x 10°% cells
were incubated with negative control mAb thyl.2, integrin B, mAb, 8,
mAD, 8, mAb, a, mAb, a, mAb, a; mAb, o, mAb, oy mAb, o, mAb, «,
mAb, CD54 (ICAM-1) mAb, RANKL mAb, or CD106 (VCAM-1) mAb in
FACS medium consisting of Hanks' balanced salt solution (Nissui,
Tokyo, Japan}, 0.5% human serum albumin (Yoshitomi, Osaka, Japan),
and 0,.2% Nal; (Sigma) for 30 min at 4 °C. After washing the cells three
times with FACS medium, they were further incubated with fluorescein
isothiocyanate-conjugated goat anti-mouse IgG Ab, goat anti-rabbit IgG
Ab, or rabbit anti-goat IgG Ab for 30 min at 4 °C. The staining of cells
with mAbs was detected using FACScan. Quantification of cell surface
antigens on single cells was calculated using standard beads (QIFKIT,
Dako Japan, Kyoto, Japan} as already described (30, 31). The data were
used for the construction of the calibration curve (mean fluorescence
intensity (MFI)) against antibody binding capacity (ABC), The cell
specimen was analyzed on the FACScan, and ABC was calculated by
interpolation on the calibration curve. When the green fluorescence
laser detector was set at the 450 level in the FACScan, ABC = 414.45 X
exp(0.0092 x MFID) (R® = 0.9999). Subsequently specific ABC was
obtained after corrections for background, apparent ABC of the nega-
tive control mAb thyl.2. Specific ABC corresponds to the mean number
of accessible antigenic sites per cell, referred to as antigen density and
expressed in sites/cell.

Coculture of Osteoblasts and Monocytes and Subsequent Staining of
Tartrate-resistant Acid Phosphatase—OQOsteoblasts were seeded onto 24-
well multiwell dishes (1 X 10° cells/well) and cultured to subconfluence.
Then osteoblasts, with or without transfection of several plasmids as
mentioned above, were stimulated by cross-linking with specific mAb
for 6 h. Purified peripheral blood CD14* monocytes from healthy donors
(1 X 108 cells/well) were added to osteoblasts, and they were cocultured
for 9 days in DMEM containing 10% heat-inactivated FCS in the pres-
ence of 1077 M 10,25(0H),D,. Osteoclasts were cytochemically stained
for tartrate-resistant acid phosphatase (TRAP, Sigma} as described
previously (32). The number of TRAP-positive multinuclear cells
(MNCs) that contained more than three nuclei was counted by light
mieroscopy.

Statistical Analysis—Data were expressed as mean * S, of the
number of indicated patients. Differences from the control were exam-
ined for statistieal significance by analysis of variance followed by
posthoc Scheffe’s F-test. A p value less than 0.05 denoted the presence
of a statistically significant difference.

RESULTS

B, Integrin Was Highly Expressed on Primary Human Osteo-
blastic Cells—Initially we assessed the expression of various
cell surface functional molecules on primary human osteoblas-
tic cells using FACScan. Fig. 1 shows the number of 12 repre-
sentative molecules, including integrins, ICAM-1, and RANKL,
on osteoblasts. Among the screened molecules, B, integrin was
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Fic. 1. B, integrin was highly ex-
pressed on primary human osteo-
blasts. Osteoblasts were stained with
CD29 (8,) mAb MAB13, CDI1S8 (8,) mAb,
CD61 (B;) mAb, CD49a («,) mAb TS2/7,
CD49b (a,) mAh, CD49¢ (a;) mAb, CD49d
(a,} mAb NIH49d-1, CD4% (x;) mAb
MABI16, CD49f (s} mAb NTH49f-1, CD51
(,) mAb 23C6, CD54 (ICAM-1) mAb
84H10, and RANKL mAb, Flow cytomet-
ric analyses were performed using FACS-
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can. Open histograms represent the num-
ber of cells stained with mAb in each
logarithmic scale on a fluorescence ampli-
fier. Shaded histograms represent pro-
files of thyl.2 mAb as a negative control.
The histogram is a representative result
from four different experiments using
four different donors.
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highly expressed on osteoblasts. Among « subunits of integrins,
Qg, ag, 04, 05, g and «, were expressed on osteoblasts. A
histogram implied that the vast majority of osteoblasts ex-
pressed B,. We therefore assumed that B8, integrin, which is
consistently highly expressed on osteoblasts, might play a
functional role in primary osteoblasts. ICAM-1 and RANKL
were moderately expressed on ostecblasts. Estimation from
histograms of multiple donors showed that one-third to two-
thirds of osteoblasts expressed ICAM-1 and RANKL without
stimulation.

Cross-linking of B; Integrin Up-regulated ICAM-1 and
RBANKL Expression on Osteoblasts—To characterize the func-
tion of B3, integrin on ostecblasts, we assayed the cell surface
molecule expression by B; cross-linking using a specific mAb
and a second cross-linker Ab. Flow cytometry showed that
expression of ICAM-1 and RANKL on the surface was mark-
edly augmented by the B, cross-linking on osteoblasts. As
shown in Fig. 2, ICAM-1 and RANKL were moderately ex-
pressed on unstimulated ostecblasts. However, 8, cross-linking
significantly up-regulated ICAM-1 and RANKIL expression,
whereas cross-linking of major histocompatibility complex
class I using their specific mAbs and second cross-linker Ab had
no effect. In contrast, eross-linking of 8, integrin on osteoblasts
did not induce VCAM-1 expression {Fig. 2). The results were
consistent in osteoblasts derived from four donors. Time course
experiments showed that ICAM-1 and RANKL expression

. reached maximum levels within 3 h after 8, cross-linking (Fig.

s

w' 10¢ 10° 104
RANKL

100 10! 108 10 10?0

ICAM-1

10

2). These results suggest that B, integrin appears to play a
pivotal role in ICAM-1 and RANKL up-regulation on
osteoblasts.

Engagement of B; Integrin by Ligand Matrix Glycoproteins
Augmented ICAM-1 and RANKL Expression on Osteoblasts—
Fibronectin and type I collagen are major ligands for cell sur-
face B, integrin. We next assessed the biological activities of
fibronectin and type I collagen on osteoblasts. Expression of
both ICAM-1 and RANKL were markedly induced by incuba-
tion of these cells on fibronectin- or collagen-coated plastic
plates (Fig. 3). In contrast, no change was noted when these
cells were incubated on bovine serum albumin-coated plates
(Fig. 3). Furthermore ICAM-1 and RANKL expressicn induced
by fibronectin and type I collagen was completely inhibited by
pretreatment of cells with anti-g8; mAb (Fig. 3). These data
suggest that fibronectin and type I ¢collagen are possible ligands
involved in $; integrin-induced ICAM-1 and RANKIL expres-
sion on osteoblasts.

Involvement of Tyrosine Kinases in B, Integrin-mediated Up-
regulation of ICAM-1 and RANKL on Osteoblasts—Next, to
determine signaling pathways involved in 8, integrin-induced
induction of ICAM-1 and RANKL expression on osteoblasts, we
pretreated the cells with or without different concentrations of
various inhibitors of intracytoplasmic signaling, and then
ICAM-1 and RANKL expression by 8, cross-linking was deter-
mined by FACScan (Fig. 4). Pretreatment of cells with the
tyrosine kinase inhibitors herbimycin A or genistein completely
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¥Fi1G. 2. Cross-linking of §, integrin up-regulated ICAM-1 and RANKL expression on osteoblasts. Osteoblasts were cross-linked with
(solid bars) or without (open bars) anti-CD29 (8,) mAb MAB13 and control major histocompatibility complex clags I (MHC-I) mAb W6/32 at a
concentration of 10 mg/ml for 6 h, and then ICAM-1 (4), RANKL (B), and VCAM-1 (C) expressions were analyzed by FACScan. Time course of
B,-triggered ICAM-1 (D) and RANKL (E) expression on human osteoblasts was also evaluated. Osteoblasts were stimulated with 10 mg/ml
anti-CD29 mAb for the indicated duration. Each value represents the number of molecules expressed per one cell calculated using standard
QIFEKIT beads from four similar experiments as deseribed under “Experimental Procedures.” Data are presented as mean = S.D. *, p < 0.05
compared with controls.
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Fic. 3. Engagement of §, integrin by ligand matrix glycoproteins augmented ICAM-1 and RANKI., expression on human osteo-
blasts. Osteoblasts with or without pretreatment with anti-8, integrin blocking mAb were incubated on plastic plates that were precoated with
bovine serum albumin (BSA), fibronectin (FN), or type I collagen (COLL) (10 mg/ml) at 37 °C for 6 h. ICAM-1 (A} and RANKL (B) expression was
determined by FACScan. Each value represents the number of molecules expressed per one cell caleulated using standard QIFKIT beads from four

similar experiments. Data are presented as mean = 8.D. *, p < 0.05 compared with controls.

inhibited $3,-induced up-regulation of ICAM-1 and RANKL ex-
rression on ostecblasts. In contrast, H7 or staurosporine (pro-
tein kinase C inhibitors) and wortmannin (a PI 3-K inhibitor)
did not influence B, integrin-induced ICAM-1 and RANKL
expression. These results suggest that 8, integrin-induced
ICAM-1 and RANKL expression on osteoblasts is mediated
mainly through tyrosine kinases, consistent with previous re-
ports from our laboratories and those of others (14, 33, 34).

Involvement of FAK in B;-mediated Signeling Inducing
ICAM.-1 and EANKL on Osteoblasts—FAK is known to be an
important mediator of the integrin-mediated signaling by ad-
hering to ECM proteins (28). ICAM-1 and RANKL expression
was up-regulated by cross-linking of B, integrins with a specific
mAb on ostecblasts that did or did not express VSV-FAK, a
wild-type FAK. However, on the cells expressing VSV-FAT or
VSV-FRNK (a dominant negative truncation of FAK), such
induction of ICAM-1 and RANKL by stimulation of 8, was
completely reduced to the expression seen on the unstimulated
cells (Fig. 5). These results indicate that FAK is involved in
signaling via B8, stimulation, which leads to up-regulation of
ICAM-1 and RANKL expression on osteoblasts.
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B;-mediated Signaling Increased TRAP* MNC Formation in
Osteoblasts from Peripheral Monocytes—In a coculture system
using osteoblasts with peripheral monocytes, 8,-stimulated os-
teoblasts that did or did not express VSV.FAK significantly
induced the formation of TRAPT MNCs from the monocytes
compared with untreated osteoblasts. However, on the cells
expressing VSV-FAT or VSV-FRNK, such induction of TRAP*
MNQCs by stimulation of 8, was markedly inhibited (Fig. 6).
These results also indicate that FAK is involved in §; stimu-
lation, and this helps commit hematopoietic precursors toward
osteoclast development.

 DISCUSSION

Integrins are a superfamily of cell surface receptors involved
in cell-cell and cell-matrix adhesion. Signals from matrices
transduced by integrins play critical roles in regulating gene
expression, tissue-specific differentiation, and survival of pri-
mary osteoblasts and fibroblasts (6, 35, 36). It has been re-
ported that human osteoblasts express a diverse range of inte-
grins, particularly of the B, integrin, including a; through ay
subunits. While our and others’ studies show different patterns
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Fic. 4. Involvement of tyrosine kinases in 8, integrin-mediated up-regulation of ICAM-1 and RANKI. on human osteoblasts.
Osteoblasts were pretreated with or without the indicated concentration of various inhibitors of intracytoplasmic signaling for 30 min. Osteoblasts
were then cross-linked with 10 mg/ml anti-8, mAb for 6 h. ICAM-1 (4) and RANKL (B} expression was determined by FACScan. Each value
represents the number of molecules expressed per one cell calculated using standard QIFKIT beads from four similar experiments. *, p < 0.05

compared with controls.

FiG. 5. Involvement of FAK in 8,-
mediated signaling inducing ICAM-1
and RANKL on human osteoblasts.
Osteoblasts transfected with or without
control vectors encoding VSV-FAK, VSV-
FAT, or VSV-FRNK were cross-linked
with 10 mg/ml anti-B, mAb for 6 h and
analyzed for expression of ICAM-1 (A}
and RANKL (B) using FACScan. Each
value represents the number of molecules
expressed per one cell calculated using
standard QIFKIT beads from four similar
experiments. *, p << 0.05 compared with
controls.
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of integrin expression, this may reflect the heterogeneity of
osteoblast-like populations and the different stages of osteo-
blasts from fetal or aduilt bone (37-40). Although osteoblasts
express a, integrins, they differ from osteoclasts in that B,
integrins appear to have the major functional role, which has
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been underscored by in vivo data (41). B, integrins are major
adhesion receptors mediating interactions between osteoblasts
and ECMs found in bone, such as collagen, fibronectin, os-
teopontin, thrombospondin, and vitronectin. The ayf3, integrins
bind to type I collagen, which is the dominant bone matrix
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Fic. 6. f,-mediated signaling in-
creased TRAP* MNC formation in os-
teoblasts from peripheral monocytes.
In a coculture system using osteoblasts
with peripheral monocytes, 8,-stimulated
osteoblasts transfected with or without
contro] vectors encoding VSV-FAK, V3V-
FAT, or VSV-FENK were evaluated for
the formation of TRAP* MNCs from the
monocytes. The data are representative of
four similar experiments. Numbers =
S5.D. represent the number of TRAP*
MNCs in one well. *, p < 0.05 compared
with controls.

protein, and several studies have reported that e,8, integrin-
mediated binding to ECM regulates osteoblastic differentiation
(24, 25). The a3, integrin, the selective fibronectin receptor, is
important in both the development and maintenance of bone.
Globus et al. (42) have demonstrated that e;8; ligand binding
is necessary for cell survival and that receptor blockade leads to
cell apoptosis in mature osteoblasts. Thus, the accumulating
evidence indicates that £, integrin-mediated adhesion to bone
matrix induces proliferation, differentiation, and bone matrix
synthesis of osteoblasts and that B8, integrin-mediated signal-
ing on osteoblasts could be involved in bone formation. How-
ever, based on the results of the present study, we propose a
new concept that stimulation of the adhesion molecule B8, inte-
grin plays a pivotal role in the regulation of ICAM-1 and
RANKL expression and osteoclastogenesis. We deduced this
from the following novel findings. 1) Engagement of B, inte-
grins on purified human osteoblasts by cross-linking using a
specific antibody as well as ligand matrices markedly aug-
mented surface ICAM-1 and RANKL expression, 2) Up-regula-
tion of both ICAM-1 and RANKL by B, integrin stimulation
was mediated by the tyrosine kinase signaling pathway, espe-
cially involving FAK. 3) Engagement of 8, integrins on osteo-
blasts induced TRAP-positive MNC formation in the coculture
system of osteoblasts and peripheral monocytes. 4) Up-regulation
of TRAP* MNC formation by 8, stimulation was completely
abrogated by transfection of dominant negative truncations of
FAK. Therefore, we further propose that 8, integrin-dependent
adhesion to bone matrix proteins in osteoblasts can transduce
signaling to induce ICAM-1 and RANKL expression through
tyrosine kinase involving FAK- and RANKE-induced osteoclast
formation.

As RANKL, a member of the tumor necrosis factor family
expressed on the cell surface membrane of COS cells and os-
teoblasts/stromal cells, induces osteoclast formation from its
precursor through cognate interaction between osteoblasts and
osteoclast precursors, it is thereby required for RANKL-in-
duced osteoclastogenesis (9-11). Thus, higher affinity adhesion
between osteoblasts and osteoclast precursors is emerging as a
prerequisite for interaction of membrane-bound RANKL to be
efficiently presented to its receptor, RANK. However, the bind-
ing affinity between tumor necrosis factor family molecules and
tumor necrosis factor receptor family molecules, including
CD40/CD40L, CD30/CD30L, Fas/FasL, and RANKI/RANK
binding, is not sufficient to support static or firm cell adhesion
(43). Furthermore we reported that anti-RANKL antibody did
not inhibit the adhesion of osteoblasts to osteoclast precursors,
whereas anti-LFA-1 antibody completely blocked the adhesion
in a human cell culture system (12). Thus, based on our in vitro
study, it can be assumed that up-regulation of ICAM-1 and
RANKL expression on osteoblasts by 8, integrin-mediated sig-
naling could affect cellular adhesion between osteoblasts and
osteoclast precursors through the ICAM-1/LFA-1 and RANKL/
RANK pathways and lead to differentiation of osteoclast pro-
genitors to osteoclasts in vive,
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During bone remodeling processes, adhesion-dependent in-
teraction among osteoblasts and osteoclasts causes an imbal-
ance in bone metabolism by favoring bone reserption through
the expression of RANKL, ICAM-1, and other factors involved
in cellular interaction. Although several studies have reported
that B, integrin-mediated adhesion to bone matrix induces
proliferation, differentiation, and bone matrix synthesis of 0s-
tecblasts, our novel findings suggest that 8, integrin/FAK-
mediated signaling on osteoblasts could be involved in ICAM-1-
and RANKL-dependent osteoclast maturation. Thus, it can be
assumed that 8, integrin-mediated signaling on osteoblasts
could be involved in high turnover on bone metabolism through
two paradoxieal features of bone formation and bone resorp-
tion. However, it is as yet unclear how the same signaling
pathway controls such diverse cellular events. After ligation of
3, integrins with surrounding ECMs, the integrins are found in
focal adhesion plaques where various eytoskeletal proteins ac-
cumulate. Engagement of B, integrins leads to initiation of
intracellular signal transduction through accumulated cy-
toskeletal signaling kinases, resulting in the activation, differ-
entiation, development, and mobility of various cell types (15,
16). Several studies have established that among various cy-
toskeletal proteins, FAK, a cytoplasmic protein-tyrosine kinase
that localizes focal adhesions, is an important mediator of
integrin-mediated signaling and that the initial events trig-
gered by the stimulation of 8, integrin are tyrosine phospho-
rylation and activation of FAK. In the present study, we ob-
served that B; integrin-mediated induction of ICAM-1 and
RANKL expression was completely inhibited when the cells
were pretreated with tyrosine kinase inhibitors. Furthermore
B, integrin-induced up-regulation of I[CAM-1 and RANKL on
osteoblasts expressing FRNK or FAT (dominant negative trun-
cations of FAK) was completely inhibited. These findings sug-
gest that B, integrin-induced up-regulation of both ICAM-1 and
RANKI, expression was brought about by the signaling pathway
of tyrosine kinases, specifically involving FAK. Phosphorylated
FAK activates several transduction molecules including Src
and Grb2, which may cause the activation of mitogen-activated
protein kinase or PI 3-K via Ras (22). Recent evidence indicates
that small guanine nucleotide-binding regulatory proteins (G-
proteins) control signaling pathways critical for diverse cellular
functions. Among several small G-proteins, Ras proteins are
molecular switches that act as a “hub,” which radiates multiple
signaling pathways critical for diverse cellular functions, in-
cluding Raf-1/mitogen-activated protein kinase and PI1 3-K (30,
44, 45). We have reported the relevance of H-Ras and its down-
stream effectors to functions of osteoblasts and proposed that
H-Ras signals, especially those followed by the Raf-1/mitogen-
activated protein kinase pathway, but not PI 3-K, induce cell
cycle arrest and subsequent apoptosis via Fas up-regulation
and Bcl-2 down-regulation (46). Although further evidence is
required, there is a possibility that such diverse cellular regu-
lation by the B, integrin-bone matrix interaction may be me-
diated by these G-protein signaling cascades and that FAK is
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the immediate transducer of 3, integrin-mediated signaling. In
conclusion, our results suggest a novel mechanism of B, inte-
grin-bone matrix cross-talk and a pivotal role in osteoclasto-
genesis. Further studies will be required to understand 8,
integrin function in bone metabolism.
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Sphingomyelin (SM) synthase has been assumed to be
involved in both cell death and survival by regulating
pro-apoptotic mediator ceramide and pro-survival me-
diator diacylglycerol. However, its precise functions are
ambiguous due to the lack of molecular cloning of SM
synthase gene(s). We isolated WR19L/Fas-SM(-) mouse
lymphoid cells, which show a defect of SM at the plasma
membrane due to the lack of SM synthase activity and
resistance to cell death induced by an SM-directed cyto-
Iytic protein lysenin, WRISL/Fas-SM(-) cells were also
highly susceptible to methyl-B-cyclodextrin (MBCD) as
compared with the WR19L/Fas-SM(+) cells, which are
capable of SM synthesis. By expression cloning method
using WR19L/Fas-SM(~) cells and MBCD-based selec-
tion, we have succeeded in cloning of a human ¢DNA
responsible for SM synthase activity. The ¢DNA encodes
a peptide of 413 amino acids named SMS1 (putative mo-
lecular mass, 48.6 kDa), which contains a sterile a motif
domain near the N-terminal region and four predicted
transmembrane domains. WR19L/Fas-SM(~) cells ex-
pressing SMS1 ¢DNA (WR18L/Fas-SMS1)} restored the
resistance against MBCD, the accumulation of SM at the
plasma membrane, and SM synthesis by transferring
phosphocholine from phosphatidylcholine to ceramide.
Furthermore, WR19L/Fas-SMS1 cells, as well as WR19L/
Fas-SM(-) cells supplemented with exogenous SM, re-
stored cell growth ability in serum-free conditions,
where the growth of WR19L/Fas-SM(~) cells was se-
verely inhibited. The results suggest that SMS1 is re-
sponsible for 8M synthase activity in mammalian cells
and plays a critical role in cell growth of mouse lymph-
oid cells.

Diverse kinds of phospho- and glycerolipids such as diacylg-
lycerol (DAG),! inositol phosphatides, and phosphatidic acid
are recognized as bioactive molecules in ¢ell growth and sur-
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vival (1, 2). Sphingolipid ceramide has recently emerged as a
signal mediator of cell functions including apoptosis, differen-
tiation, and secretion (3). Various stresses such as ultraviolet,
irradiation, heat shock, hypoxia, and biological factors such as
tumor necrosis factor-a, interferon-v, and Fas antibody require
ceramide generation to execute apoptosis, suggesting the im-
plications of SM as a source of ceramide generation in the
induction of cell death (4, 5). It was reported that SM dose-de-
pendently inhibits both deoxycholate-induced apoptosis and
subsequent hyper-proliferation in colon epithelial cells (6) and
decreases the number of aberrant crypts of colen (7), suggesting
the implications of SM in cell death and growth.

SM is produced by SM synthase, which is thought to be the
only enzyme to synthesize 8M in mammalian cells (8). The
enzyme catalyzes the reaction in which phosphocholine moiety
is transferred from phosphatidylcholine (PC) to ceramide.
Thus, the activation of SM synthase subsequently increases the
levels of DAG and decreases ceramide at the same time (8).
DAG is an important signaling molecule for cell growth
through protein kinase C activation (9-12) and acts competi-
tively against ceramide-induced apoptosis (4, 18). It has been
reported that after thicacetamide-induced injury, the SM/PC
ratio significantly increased in microsomal fraction from liver,
suggesting the involvement of SM synthase in tissue recovery
(14). In cerebellar astrocytes, the level of ceramide is rapidly
down-regulated by basic fibroblast growth factor via activating
SM synthase (15). In SV40-transformed lung fibroblasts, SM
synthase regulates the levels of ceramide and DAG in an op-
posite direction (16). We recently reported that SM synthase
was activated to inhibit ceramide generation in IL-2-induced
proliferation of natural killer cells,? whereas the activity in
nucleus was inhibited with ceramide generation in Fas-induced
T cell apoptosis (17). We also showed its in vivo implication that
the level of ceramide was decreased via activation of SM syn-
thase in chemotherapy-resistant blast cells obtained from re-
fractory leukemia patients than in ¢hemotherapy-sensitive leu-
kemie blasts (18). Thus, SM synthase is assumed to play an
important role in cell death and survival, in vitro as well as in
vivo.

We previously proposed the *SM cyele,” a pathway that con-
sisted of SM synthase and sphingemyelinase as a novel biolog-
ical system to regulate the cellular level of ceramide for cell
death and differentiation (19). In contrast to the studies of the
acid and neutral sphingomyelinases in cell death (20, 21), the
biological implication of SM synthase has not been elucidated
due to the lack of molecular cloning of its responsible gene(s).

2Y. Taguchi, T. Kondo, M. Watanabe, Y. Kozutumi, and T. Okazaki,
submitted for publication.
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SMS1 Restoring Cell Growth through Sphingomuyelin Synthesis

We recently found mouse lymphoid cell variants designated
WR18L./Fas-SM(-), which are defective of SM synthesis and
susceptible to methyl-B-cyclodextrin (MBCD)-induced cell
death (30). By an expression cloning method using WR19L/Fas-
SM(-) cells and MBCD-based cell selection, we isolated a hu-
man ¢DNA responsible for SM synthase activity. The cDNA
clone encodes a peptide of 413 amino acids, named SMS],
which contains a sterile ¢ motif (SAM) domain and four puta-
tive transmembrane domains. SMS1 was identical to the pep-
tide that was recently identified as a human SM synthase by
Huitema et al. (24). In serum-free condition, where the cell
growth of WR19L/Fas-SM(—) was inhibited, the cells express-
ing SMS31 ¢DNA (WR19L/Fas-SMS1) restored the growth abil-
ity and accumulation of SM at the surface of the plasma mem-
brane. The restoration of cell growth was also observed when
WRI19L/Fas-SM{—) cells were maintained in the serum-free
medium supplemented with exogenous SM. Here, we show the
critical role of SM synthesized through SM synthase in mam-
malian cell growth, and the localization, active site and biolog-
ical funetion of SMS1 are also discussed.

EXPERIMENTAL PROCEDURES

Materials—Lysenin, MBCD, and ceramide from bovine brain were
purchased from Sigma; PC from egg yolk, SM from bovine brain, and a
cell viability assay kit with 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophe-
nyl)-5-(2,4-disulfophenyl} 2H-tetrazolium (WST-8) were from Nacalai
tesque (Kyoto, Japan); GP2—293 packaging cell, pLIB retroviral expres-
sion vector, and human Hel.a ¢cDNA retroviral expression library were
from Clontech; p-erythro-C8-NBD-ceramide and C6-NBD-sphingomye-
lin were from Matreya (Pleasant Gap, PA); L-[U-¥Clserine, cytidine
5'-diphosphe [methyl-*Clcholine, L-3-phosphatidy]l [N-methyl-Clcho-
line, 1,2-dipalmitoyl, and [N-methyl-**Clsphingomyelin were from Am-
ersham Biosciences.

Cell Culture—WR19L/Fas cells were kindly gifted from Dr. Yonehara
{Institute for Virus Research, Kyoto University). The SM-defective
WR19L/Fas-SM(~) cells and the SM-containing WR19L/Fas-SM(+)
¢ells were isolated from the original WR19L/Fas cells by a dilution
cloning method. The cells were routinely maintained in RPMI 1640
medium supplemented with 10% fetal bovine serum (FBS), 50 umM
2-mercaptoethanol, and 75 pg/ml kanamycin in 5% CO, and 100%
humidity at 37 °C. For culture in seruin-free medium, the cells were
washed, reseeded at 1 X 10° cells/ml, and incubated in the RPMI 1640
medivin with 5 ug/ml human insulin and bovine helo transferrin in the
presence or absence of 50 uM SM in 5% CO, at 37°C. After 48 h
incubation, the cell numbers were counted with dye exclusion method
using (.25% trypan blue (Nakalai tesque, Kyoto, Japan).

Cell Labeling—The cells were reseeded at 5 X 10° cells/ml in the
RPMI 1640 medium with 2% FBS and L-[**C]serine (specific activity;
155 mCi/mmol) and incubated at 37 *C in 5% CO, for 36 h. The labeled
cells were incubated at 37 °C in 5% CO, for 2 h. The cell lipids were
extracted by the method of Bligh and Dyer (19), applied on a silica Gel
60 TLC plate (Merck), and developed with solvent containing methyl
acetate/propanol/chloroform/methanol/0.25% KCI (25:25:25:10:9). The
radioactive spots were visualized and quantified by using a BAS 2000
Image Analyzer (Fuji Film).

FACS Analyses—The cells were incubated with 500 ng/ml lysenin in
the presence of 20 ug/ml propidium iodide (Molecular Probes) at room
temperature for 15 min and analyzed with FACS Calibur {BD Bio-
sciences). For detection of SM localized at the plasma membrane, the
cells were stained on ice for 30 min with non-toxic lysenin fused to
maltose-binding protein (MBP-lysenin} (25), kindly provided by Dr. T.
Kobayashi (The Institute of Physical and Chemical Research (RIKEN),
Japan). The cells were washed with ice-cold phosphate-buoffered saline
supplemented with 1% FCS and 0.1% NaN, and incubated with rabbit
anti-MBP antiserum (New England BiolL.abs, Beverly, MA) on ice for 30
min. After being washed again, the cells were incubated for 30 min with
rhycoerythrin-conjugated anti-rabbit IgG (Sigma) and subjected to flu-
orascence-activating cell sorter (FACS) analysis using FACS Calibur.
The data analysis was performed by Cell Quest software (BD
Biosciences).

Confocal Microscopy—For visualization of SM localized at the
plasma membrane, the cells settled onto slides coated with poly-1-lysine
were fixed in 4% formaldehyde and stained with lysenine-MBP at 4 °C
for 45 min followed with anti-MBP. Afier being stained with a phyco-
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erythrin-conjugated anti-rabbit IgG monoclonal antibody, the cells were
examined using confocal microscopy using a Zeiss LSM 310 laser scan
confocal microscope (Carl Zeiss, Oberkochen, Germany).

Expression Cloning of SMS1 cDNA—The expression cloning method
performed in this study was based on the study of Hanada et al. (26).
Pantropic retroviral particles containing the G glycoprotein of vesicular
stomatitis virus (VSV-G) were prepared nsing a buman HeLa cDNA
retroviral expression library kit and GP2-293 packaging cells (Clon-
tech). After infection for 24 h, the WR19L/Fas-SM(—) cells were cul-
tured in the RPMI 1640 medium containing 2% FBS overnight. After
being washed with serum-free RPMI 1640 medium, the cells were
incubated in 1.5 my MECD in RPMI 1640 medium for 5 min at 37 °C,
replenished with the normal culture medium to a final concentration of
FBS at 5%, and then cultured at 37 °C for 60 h. The cells were reseeded,
cultured in the RPMI 1640 medium containing 2% FBS overnight, and
subjected again to the treatment with appropriate concentrations of
MBCD. After a total of two cycles of 1.5 mm MBCD treatment followed
by two cycles of 3 mM and two subsequent eycles of 5 mM, an MBCD-
resistant variant of WR191L/SM(-) was isolated by a limiting dilution.

By genomic PCR using primers specific to the pLIB expression vector
(5' and 3’ pLIB Primer, Clontech), the 2.0-kb ¢DNA integrated in the
genome of the MBCD-resistant cell was amplified and cloned into
pGEM-T Easy vector (Promega, Madison, WI)., After sequencing and
compoter analysis, the cDNA was subcloned into the pLIB expression
vector and transfected into the WR19L/Fas-SM(~} cells via the VSV.G
retroviral particles. A resultant cell was isolated by a limiting dilution
method, which was designated WR19L/Fas-SMS1 cells, and subjected
to varions assays. Integration of the cDNA into the genome of WR19L/
Fas-SMS1 cells was confirmed with PCR.

Assay for Sphingomyelin Synthase Activity—The cells were homog-
enized in an ice-cold buffer containing 20 mm Tris-HC], pH 7.4, 2 mum
EDTA, 10 my EGTA, 1 mMm phenylmethylsulfony! fluoride, and 2.5
pg/ml jeupeptin, The lysales containing 500 ug of eell protein were
added to a reaction solution containing 10 mm Tris-HCl, pH 7.5, 1 mu
EDTA, 20 pM C6-NBD-ceramide, 120 uM PC and incubated at 37 *C for
30 min. The lipids were extracted by the method of Bligh and Dyer (19),
applied on the TLC plates, and developed with solvent containing
chloroform/methanol/12 mm MgCl, in H O (65:25:4). The fluorescent
lipids were visualized by FluorImager SI system (Amersham Bio-
sciences). For the assay for transferase activity, 20 uM ceramide and
120 pu {N-methyl-“CIPC (specific activity; 57 mCiinmol) or [methyl-
MCICDP-choline (specific activity; 54 mCi/mmol) were used in the re-
action solution instead of the NBD-ceramide and PC. The radicactive
spots were visualized using the BAS 2000 system.

Assay for Viability and Growth Rate of Cells Exposed to MACD and
Lysenin—For the assay using MBCD, 1 X 10° of the cells were washed
and resuspended in 1 ml of the serum-free RPMI 1640 medium, treated
with appropriate concentrations of MACD, and incubated in 5% CO, at
37°C for 5 min. After the addition of 1 ml of the normal culture
medium, the cells were further incubated for 12 h, The viability of the
cells was measured using a cell viability kit with WST-8 (Nakalai
tesque). For the assay using lysenin, 7 X 10° of the cells were washed
and resuspended in 1 m! of prewarmed phosphate-buflered saline,
treated with the appropriate concentrations of lysenin and incubated in
5% CO, at 37 °C for 1 h. After the addition of FBS, the cell number was
counted with the 0.25% trypan blue dye exclusion method.

RESULTS AND DISCUSSION

Mouse Lymphoid Cells Defective of Sphingomyelin Synthase
Activity—During investigation of the sphingolipid metabolism
in mouse lymphoid cells named WR19L/Fas, which overexpress
the human Fas antigen, the variant ¢lones altering SM syn-
thase activity (from 150 to nearly 0 pmol/mg protein/h) have
been isclated. One of the variants (clone 6) severely diminished
the SM synthase activity (Fig. 14). Conversion of CG-NBD-
ceramide to C6-NBD-SM in the cell lysate of the clone 6, named
WR18L/Fas-SM(-), was not detected on a TLC plate, ir con-
trast to the clone 2 showing the highest SM synthase activity,
named WR19L/Fas-SM(+} (Fig. 1B). This finding was sup-
ported by the fact that WR19L/Fas-SM(~) cells did not synthe-
size [*Clserine-labeled SM (Fig. 1C).

Lysenin is reported as an SM-direct eytolysin purified from
the earthworm (27), for which binding to SM caunses poring of
the plasma membrane and subsequent cell death (22, 23, 25),



