Regulation of osteoclast apoptosis by Bim
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activation. (A) Radiological and histological analysis of tibia from 3-
week-old bim+/+ and bim—/— male mice (H&E and TRAP staining).
bim-/— tibia showed expanded secondary spongiosa, exhibiting mild
osteosclerosis. (B) bim-/- OCs showed smaller and shrunken morpho-
logical features compared with bim+/+ OCs in vivo as shown by TRAP
staining. (C) Impaired actin ring formation in bim—/- OCs. More than
9% of bim+/+ OCs formed actin rings (left), whereas only 30% of
him—— cells were able to do this (right). (D) Histomorphometric analy-
sis: parameters are measured in the proximal tibia of bim+/+ and
bim—{— mice. Data are expressed as means * SD from five mice of
each genotype. BV/TY, trabecular bone volume expressed as a percent-
Ob am8* Oc. NS, P age of tibia tissue volume; Tb.Th, trabecular bone thickness; Tb.N,

L) trabecular bone number per mm; Tb.Sp, average space between neigh-
boring trabecular bones; O.Th, osteoid thickness; OS/BS, percentage of
bone sutface covered by osteoid, Ob.S/BS, percentage of bone surface
covered by cuboidal osteoblast; ES/BS, percentage of eroded surface;
Oc.N/B.Pm, number of mature OCs per 10 mm of bone perimeter;
Oc.5/BS, percentage of bone surface covered by mature OCs. bim—/-
bones showed reduction of both bone formation markers (O.Th, OS/BS.
and Ob.S/BS) and bone reserption markers (ES/BS and 0c.5/BS), and
increased Oc.N/B/Pm. *&** = significantly differeat. *P < 0.005,
**P < 0.01. (E) Calcein double labeling of tibia trabecular bone from
13-weck-old bim+/+ (left) and bim—/— mice (right). Labeling is visual-
ized by fluorescent microscopy. (F) bim—-/- OCs have a longer life span
in vive. Five-week-old bim+/+ and bim—/- mice (n = 4) were fed with
water containing 1 mg/m! BrdU for 1 week (labeling period). Mice
were then sacrificed cither on the next day (group A) or after 6 weeks
{group B) of the labeling period, and their tibias were examined by
anti-BrdU immunchistochemistry. More than 100 OCs were examined
by BrdU immunostaining in the serial sections of the tibia, and the
number of BrdU-positive OCs was counted. Fifty percent of bim+/+
QCs and 48% of bim-/~ OCs in group A were positively stained by
BrdU. However, the proportion of BrdU-positive OCs was markedly
reduced to <5% in group B bim+/+ mice, due to the apoptotic cell
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Fig. 4. Effects of Bim on survival and activity of OCs. {A) Survival of
bim+/+ and bim—— OCs. More than 90% of bim~/— OCs survived 48 h
after M-CSF removal, while all the bim+/+ OCs had died.
(B} Adenovirus vector-mediated Bim; expression-promoted apoptosis
in bim—/- OCs as well as in bim+/+ OCs after 12 h of M-CSF depriv-
ation. (C) Pit-forming activity. The resorption pit area formed by
bim-/- OCs was significantly less than that formed by bim+/+ OCs.
Overexpression of Bimp promoted bone-resorbing activity in both
bim+/+ and bim-/- OCs.

M-CSF stimulation promotes
ubiquitylation-dependent degradation

of Bim in OCs

Induction of Bim protein by M-CSF withdrawal
(Figure 1A) without changes in mRNA expression levels
(Figure 1C) suggested that Bim was regulated post-
translationally. Interestingly, treatment of OCs with
proteasome inhibitors, such as lactacystin or MG132,
greatly enhanced the expression of Bim in OCs even in the
presence of M-CSF (Figure 5A). In contrast, MG132 did
not affect the expression of other Bel-2 family members
(Figure 5A). This indicates that the ubiquitin-proteasome
degradation system is involved in the regulation of Bim
expression in these cells. Immunoprecipitation of Bim
followed by immunoblot analysis using anti-ubiquitin
antibody demonstrated a high level of Bim polyubiquityl-
ation in OCs cultured in MG132, which was greatly
enhanced by M-CSF (Figure 5B).
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Possible involvement of c-Cbl in ubiquitylation

of Bim

The Cbl family proteins are evolutionarily conserved
negative regulators of activated tyrosine kinase-coupled
receptors, act as E3 ubiquitin ligases, and are involved in
OC function (Tanaka et al., 1996; Joazeire and Weissman,
2000; Sanjay et al., 2001). To determine the role of c-Cbl
in the ubiquitylation and degradation of Bim in OCs, we
first examined the association of Bim and c-Cbl. GST
pull-down experiments showed that recombinant GST-
Bimg fusion protein specifically associated with ¢-Cbl
(Figure 5C, upper panel). c-Cbl was co-immunoprecipi-
tated with Bim in OC lysates in the presence of proteasome
inhibitor MG132, and this association was enhanced by
M-CSF treatment (Figure 5C, lower panel). Immuno-
fluorescence analysis showed clear co-localization (yellow
in Figure 5D, ¢ and d) of Bim and c-Cbl in OCs treated
with MG132 and M-CSF. We constructed adenovirus
vectors carrying c-Cbl or v-Cbl, which lacks the ubiquitin
ligase RING finger domain and acts in a dominant-
negative fashion (Taher er al., 2002), and examined their
effects on the expression level of Bim in OCs. The upper
panel of Figure 5E shows by western blotting with anti-
Bim antibody that c-Cbl overexpression (without MG132)
reduced Bim expression by increasing Bim ubiquitylation
(compare lanes 1 and 5). MG 132 treatment increased Bim
expression in c-Cbl-overexpressing cells by suppressing
proteasomal degradation with or without M-CSF (lanes 7
and 8). In contrast, overexpression of v-Cbl increased the
expression of Bim to the maximal level even in the
absence of MG132, and the expression was not affected by
M-CSF (lanes 9-12). As shown in the lower panel of
Figure 5E, overexpression of c¢-Cbl enhanced Bim
ubiquitylation in the absence of M-CSF, and v-Cbl
expression suppressed it even in the presence of MG132
and M-CSF.

The role of c-Cbl in M-CSF-dependent ubiquitylation of
Bim was confirmed further using OCs generated from
¢-Cbl-/— mouse bone marrow cells, M-CSF-induced
downregulation of Bim was suppressed in ¢-Cbl-/~ OCs
as shown by western blotting in Figure 5F. Immuno-
staining with anti-Bim antibody demonstrated that
although no obvious difference in fluorescence intensity
was observed between authentic OCs isolated from
c-Cbl+/+ and c-Cbl-/- mice, downregulation of Bim by
M-CSF treatment was suppressed in c¢-Cbl-/—- OCs
(Figure 5G). These results suggest that ¢-Cbl plays an
important role in the ubiquitylation and proteasome-
dependent degradation of Bim in OCs,

Stabilization of Bim by lysine mutation reduced
the ability of M-CSF to inhibit OC apoptosis

One of the first steps in the ubiquitin—proteasome degrad-
ation system includes selective modification of e-NH,
groups of lysine residues by ubiquitylation. We con-
structed retroviral vectors encoding wild-type (wt) or
mutated (mt) Bimg;, in which all the ubiquitin acceptor
lysine residues (Lys3 and Lys108) are mutated to
arginine. These vectors also contained an internal
ribosomal entry site (IRES) and enhanced green fluores-
cent protein (EGFP) to allow identification of infected
cells. bim—/— OC precursors were infected with either
control virus (pMx-IRES-EGFP), pMxBimg; -IRES-EGFP
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or pMxmtBimg, -IRES-EGFP in the presence of M-CSF
and a pan-caspase inhibitor zVAD-FMK. Removal of
zVAD-FMK induced rapid apoptosis in the cells express-
ing mtBimEL within 18 h even in the presence of M-CSF,
while almost all of control virus- or 77% of pMx-IRES-
Bimgy -infected cells survived for at least 24 h, MG132
treatment clearly upregulated the expression of wtBimgp,
while it did not affect mtBim expression (Figure 6C).
Immunoprecipitated mtBim was not ubiquitylated even in
the presence of M-CSF and MG132, compared with the
wiBim (Figure 6D). These results demonstrate that
ubiquitylation and proteasome-mediated degradation are
critical regulators of the pro-apoptotic activity of Bim, at
least in OCs and their precursors.

Discussion

OCs are terminally differentiated cells with a short life
span and, in the absence of trophic factors, such as M-CSF
or RANKL, they undergo rapid apoptosis. In the present
study, we found that Bim is essential for cytokine
withdrawal-induced apoptosis of OCs. Interestingly,
although the number of OCs per bone surface was
increased and the life span of OCs was elongated in
bim—/- mice, these animals had mild osteosclerosis due to
the low turnover of the skeletal tissues. This phenotype
appears to be due to abnormalities in OCs because they are
the only relevant cell type in skeletal tissues that express
Bim. Moreover, experiments in tissue culture demon-
strated that in spite of the retarded apoptosis of bim—/—
OCs, bone-resorbing activity was significantly reduced
compared with bim+/+ OCs. Adenovirus vector-mediated
restoration of Bimy, expression in bim—/— OCs not only
promoted cytokine withdrawal-induced apoptosis but also
upregulated their bone-resorbing activity. Our results are
reminiscent of previous studies by Roodman and co-
workers, which showed that OC-specific overexpression of
Bel-xL and SV40 large T antigen under the control of
TRAP promoter in transgenic mice induced osteosclerosis
although OC apoptosis was markedly reduced in the
animals (Hentunen et al., 1998). These results suggest that
the balance between Bim and anti-apoptotic Bcl-2 family
members, such as Bel-2 and Bel-xL, is critical for normal
skeletal homeostasis. The molecular mechanism of
reduced bone-resorbing activity in bim—/— OCs still
remains unclear. Several previous studies demonstrated
that although M-CSF promotes the survival of OCs, it
rather suppresses their bone-resorbing activity (Hattersley
et al., 1988; Fuller er al., 1993; Miyazaki et al., 2000).
M-CSF induces cytoskeletal reorganization of OCs and
enhances their migration and chemotaxis, and motile OCs
are non-polarized cells with low bone-resorbing activity.
Because M-CSF strongly suppressed Bim expression in
OCs, we speculate that bim deficiency somehow mimics
M-CSF treatment, which may explain the reduced bone-
resorbing activity of the cells. Alternatively, aged OCs that
have already engorged a lot of bone become exhausted,
making it difficult to resorb more bone, and the presence of
aged OCs suppresses the beginning of the new bone
remodeling cycle. Further studies are required to clarify
further the molecular mechanism of the reduced bone
resorption of bim—/— QCs and the osteosclerosis in bim—/—
mice.

Regulation of osteoclast apoptosis by Bim

Recently, the role of ubiquitylation in regulating
apoptosis has been widely recognized and attracted a
great deal of interest (Jesenberger and Jentsch, 2002). For
example, p53, which is essential for DNA damage-induced
apoptosis in many cell types, is degraded by the ubiquitin-
proteasome pathways (Haupt et al., 1997; Kubbutat er al.,
1997). Moreover, inhibitor of apoptosis proteins (IAPs)
{e.g. XIAP, cIAP! and cIAP2), which can bind and
neutralize initiator and/or effecter caspases, contain RING
finger domains, and promote their auto-ubiquitylation and
proteasome-mediated degradation when cells are exposed
to apoptotic stimuli (Yang er al., 2000). Dephosphoryl-
ation and subsequent ubiquitylation-dependent degrad-
ation of Bcl-2 was reported to be involved in TNF-at-
induced apoptosis of endothelial cells (Dimmeler er al.,
1999). Finally, proteasome-dependent degradation of the
BH3-only proteins Bid (tBid) and Bik has been reported in
Hela cells and leukemia-derived cells, respectively
(Breitschopf er al., 2000; Marshansky et al., 2001).
Previous studies have revealed that Bim can be regulated
at the transcriptional level in hemopoietic progenitors and
neurons (Putcha er al, 2001; Shinjyo er al., 2001;
Whitfield et al., 2001; Dijkers et al, 2002}, and the
regulation of Bim activity by phosphorylation by ERK
and/or JNK has been reported (Biswas and Greene, 2002;
Lei and Davis, 2003; Weston et al., 2003). Very recently,
the ubiquitylation of Bim and its upregulation by
proteasome inhibitors were reported (Ley er al,, 2003).
However, the physiological function of such a modifica-
tion, especially in primary cells, has not been established.
We demonstrate here that Bim ubiquitylation is regulated
by M-CSF in OCs, and this modification plays a critical
role in their survival. In M-CSF-stimulated cells, Bim is
ubiquitylated and its expression kept at low levels by
proteasomal degradation. After cytokine withdrawal, Bim
protein levels are rapidly increased due to the reduced
ubiquitylation and degradation. Bim is associated with
c-Cbl in OCs, and overexpression of ¢c-Cbl suppressed the
expression of Bim in OCs by promoting its ubiquitylation,
while that of v-Cbl, which acts in a dominant-negative
fashion, increased the Bim level even in the presence of
M-CSF, suggesting the important role of ¢-Cbl in Bim
ubiquitylation. This was confirmed further using OCs from
¢-Cbl—/- mice (Figure SF and G).

The critical role of ubiquitylation and proteasome-
mediated degradation in regulating the pro-apoptotic
activity of Bim was proven by showing that a mutant of
Bimg; that cannot be ubiquitylated can kill OCs even in
the presence of M-CSF, whereas wtBimg; can be kept in
check by cytokine receptor signaling. We found that
MEKI¢A introduction downregulates Bim expression in
OCs, and a specific inhibitor of MEK/ERK pathways,
PD98059, abolished the effect of M-CSF (Figure 5B),
indicating that ERK signaling mainly promotes Bim
ubiquitylation. This suggests that the state of phosphoryl-
ation of Bim may be important for its ubiguitylation, or
that E3 ubiquitin ligation to Bim is regulated mainly by
ERK pathways. The detailed mechanism of Bim ubiqui-
tylation still remains elusive.

Targeted disruption of bim induced the accumulation of
myeloid and lymphoid cells, and perturbation of T-cell
development, and caused autoimmune disorders (Bouillet
et al., 1999, 2002; Villunger et al., 2003). Bim is also
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involved in the apoptosis of neurons (Putcha et al., 2001;
Whitfield er al., 2001), and we found that it plays an
essential role in regulating the survival and bone-resorbing
activity of OCs. There is substantial evidence that
abnormalities in the ubiquitylation/proteasome degrad-
ation machinery can cause diseases, such as neurode-
generative diseases, cancers and autoimmune diseases
{Glickman and Ciechanover, 2002). Therefore, the failure
in the ubiquitin—proteasome-dependent degradation of
Bim may cause various abnormalities in the skeletal
homeostasis, the immune systems and neuronal systems.
Further studies are required to elucidate the mechanism of
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action and the regulation of Bim, and the role of Bim in
skeletal disorders.

Materials and methods

Antibodies and chemicals

Antibodies to Bid and Bax were purchased from Cell Signaling
Technology (Beverly, MA). Antibodies to Bim (M-20 for immunopre-
cipitation), Bcl-xL, ubiquitin and ¢-Cbl were from Santa Cruz
Technology (Santa Cruz, CA), and antibodies to Bim (for western
blotting) were from BD Biosciences Pharmingen {(San Jose, CA).
Antibody to Bim (for immunocytochemistry) was from Oncogene
Research Products (Cambridge, MA). Recombinant mouse M-CSF was
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Fig. 5. Ubiquitylation-dependent degradation of Bim in OCs.
(A) Western blotting. Upper panel: Bim protein level increased after
12 h of osteoblast removal, which was suppressed in the presence of
M-CSF. MG 132 treatment strongly upregulated Bim expression even in
the presence of M-CSF. Lower panel: no obvious upregulation or
downregulation of Bid, Bax, Bak, Bcl-xL and XIAP level was induced
by MG132 or lactacystin. (B) Ubiquitylation of Bim in OCs. Proteins
immunoprecipitated with anti-Bim antibody were immunoblotted
with an anti-Bim antibody (left} or an anti-ubiquitin antibody {right).
Ubiquitylated Bim was detected as upper-shifted bands in both anti-
Bim and anti-ubiquitin blotting (Bim-Ub). Ubiquitylated Bim was
detected when cells were treated with MG132, and marked enhance-
ment of its ubiquitylation was induced by M-CSF treatment.
(C) Association of c-Cbl with Bim in OCs. Upper panel: cell lysates of
M.CS8F-treated OCs were incubated with bacterially expressed GST-
Bimgy fusion protein, and association with ¢-Cbl was determined by
western blotting. ¢-Cbl was associated with GST-Bimgr. but not with
GST. Lower pancl: Bim was immunoprecipitated from OC cell lysates,
and its association with c-Cbl was examined by western blotting. Co-
immunoprecipitation of c-Cbl with Bim was observed in MG132-
treated OCs, which was enhanced by M-CSF treatment. (D) Double
immunofluorescence of (a) Bim {(green) and (b) c-Cbl (red) in authentic
QCs isolated from normal mice. Co-localization of these two molecules
{yellow in ¢ and d) was observed in the presence of MG132 and
M-CSF. {(d) An enlargement of the rectangular area in (c).
(E) Involvement of ¢-Cbl in the ubiquitylation of Bim in OCs. Upper
panet: adenovirus vector-mediated overexpression of c-Cbl (Axc-Cbl)
decreased the protein level of Bim in OCs in the absence of M-CSF
(compare lanes 1 and 5). MG132 treatment increased Bim expression
in c-Cbl-overexpressing cells with or without M-CSF (lanes 7 and 8).
On the other hand, adenovirus vector-induced overexpression of v-Cbl
{Axv-Cbl) increased Bim expression even in the absence of MG132,
which was not affected by M-CSF treatment (lanes 9-12). Lower
panel: Bim was immunoprecipitated and immunoblotted with anti-
ubiquitin antibody, ¢-Cbl-overexpressing OCs showed Bim ubiquityl-
ation in the absence of M-CSF (lane 2) to a similar extent as in EGFP
virus-infected OCs treated with M-CSF (lane 1). v-Cbl overexpression
suppressed Bim ubiquitylation even in the presence of MGI32 and
M-CSF (lane 3). (F) M-CSF-induced downregulation of Bim was sup-
pressed in c-Cbl-/— OCs. OCs generated from bene marrow cells of
¢-Cbl-/- mice (c-Cbl-/-) or their normal littermates (c-Cbl+/+) were
treated or not with M-CSF. Western blotting with anti-Bim antibody
demonstrates that although no difference in Bim level was observed
between ¢-Cbl+/+ and c-Chl-/- OCs in the absence of M-CSF (lanes 2
and 4, respectively), M-CSF-induced downregulation of Bim was sup-
pressed in ¢-Chbi—/— OCs (lane 3). (G) Immunofluorescence of primary
OCs with anti-Bim antibody. Primary OCs isofated from c-Cbl+/+ and
¢-Chl-/— mice were cultured in the presence or absence of M-CSE
(10 ng/ml} for 12 h, and immunostained with anti-Bim antibody.
Although no apparent difference in fluorescence intensity was observed
between c-Cbl+/+ and c-Cbl—/~ OCs in the absence of M-CSF, M-CSF-
induced downregulation was scarcely detected in ¢-Cbl—~ OCs.

Regulation of osteoclast apoptosis by Bim

bought from TECHNE Co. (Minneapolis, MN) and soluble RANKL was
from Wako Pure Chemical Co. (Osaka, Japan). ot-Modified minimum
essential medium (0MEM) was purchased from Gibco-BRL, Life
Technologies Inc. (Rockville, MD), and fetal bovine serum (FBS) was
from Sigma (St Louis, MO). Bacterial collagenase was purchased from
Wako Pure Chemical Co. (Osaka, Japan), 10,25(CH);Dy from
Calbiochem (La Jolla, CA) and dispase from Godoshusei (Tokyo.
Japan). The broad-spectrum caspase inhibitor zVAD-FMK was from
Calbiochem. Other chemicals and reagents used in this study were of
analytical grade.

Expression constructs and gene transduction

The recombinant adenovirus vectors were constructed as previously
described (Miyazaki et al., 2000; Mochizuki er al., 2002; Yamaguchi
et al., 2003). Adenovirus infection of OCs was performed as previously
reported (Tanaka et al., 1998; Miyazaki et al., 2003). Retroviral vectors,
pMx-Bimg -IRES-EGFP and pMx-mtBimg, -IRES-EGFP, were con-
structed by inserting full-length mouse ¢DNA of bimg, and mutated
bimg;, in which the two ubiquitin acceptor lysine residues (Lys3 and
Lys108) were mutated to arginine, into pMx-IRES-EGFP vector.
Retrovirus packaging was performed by transfection of the pMx vectors
into BOSC cells. Retrovirus infection of OC precursors was carried out as
previously described (Kobayashi et al., 2001).

Animals, cells and cultures

Newborn and 8-week-old male ddY mice were purchased from Shizuoka
Laboratories Animal Center (Shizuoka, Japan). The breeding and
genotyping of bim~/- mice {on a C57BL/6 N>12 genetic background)
was performed as previously described {Bouillet er al., 1999). The
transgenic mice in which a reporter lacZ gene was introduced into the bim
locus was generated by homologous recombination. ¢-Cbl-/- mice were
generated and identified as previously reported (Naramura et al., 1998).
Authentic OCs were obtained from the long bones of 2- to 4-day-cld
neonatal mice as reported (Chivsaroli er al., 2003). To obtain large
numbers of cells for biochemical analyses, we wiilized the co-culiure
system established by Takahashi et al. (1988).

Immunoblotting and immunoprecipitation
Immuneblotting and immunoprecipitation were performed as previously
repotted (Tanaka ef al., 1998).

Immunofluorescence

Cetls cultured on glass coverslips were fixed in 3.7% (v/v) formaldehyde
in phosphate-buffered saline (PBS) for 10 min, and then washed three
times in PBS. Cells were permeabilized in 0.05% saponin for 30 min,
blocked in 5% normal goat serum (Boehninger) for 30 min, incubated in
appropriate primary antibodies, washed in PBS, incubated with
fluorescein-conjugated secondary antibody, and finally washed in PBS
and mounted in FluorSave. Cells were examined using a confocal
imaging system {MRC-600; Bio-Rad Laboratories).

GST fusion proteins

A pGEX plasmid containing the GST-Bimg, was used to transform
Escherichia coli B21 cells (Life Technologies, Inc.). After induction of
protein expression with 0.1 pM isopropyl-1-thio-B-D-galactopyranoside
(Sigma) for 2-4 h, the bacteria were resuspended in a lysis buffer
containing 50 mM Tris-HCI, pH 8.0, 100 uM NaCl, 1 mM phenyl-
methylsulfonyl luoride (PMSF) and 1% Triton X-100 and were disrupted
further by sonication. Following centrifugation at 10 000 g for 20 min, the
induced proteins were adsorbed to bead-immobilized glutathicne. Soluble
GST fusion proteins were obtained by elution with 2 mM reduced
ghutathione in 50 mM Tris-HC1 pH 8.0. For in vitro binding assays, bead-
adsorbed GST or GST fusion proteins (5 pg/sample) were incubated with
OC cell lysates at 4°C on a rotator for 3 h. The beads were then washed
three times with lysis buffer, and bound proteins were subjected to SDS—
PAGE under reducing conditions followed by immunoblotting.

RT-PCR and real-time PCR

mRNAs was isolated from OCs, and reverse-transcribed by the Super
Script First-Strand Synthesis system for RT-PCR (Invitrogen), according
to the manufacturer’s protocol. The primers we utilized to detect &im and
gapdhk were as follows: bim, 5'-ATGGCCAAGCAACCTTCTGA and 3'-
TCAATGCCTTCTCCATACCAG; gapdh, 5-GTATGTCGTGGAGT-
CTACTGGTGT and 3-TACTCCTTGGAGGCCATGTAGGCC. The
primers utilized to detect bax and bcl-xf were as previously reported
by Okahashi er al. (1998). Reverse-transcribed mRNAs were analyzed by
the AB! Prism® 7000 Sequence Detection System (Applied Biosystems,
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Fig, 6. Effect of mutations in Bim that prevent ubiquitylation. (A) Phase contrast (a, ¢ and ¢) and immunofluorescence microscopy: bim—{- bone
marrow cells cultured in the presence of M-CSF (100 ng/ml) and zVAD-FMK (100 M) were infected with either pMx-IRES-EGFP, pMxBimg, -
IRES-EGFP or pMxmiBimg, -IRES-EGFP. After 7 days of the retrovirus infection, when pene expression was confirmed by EGFP fluorescence {b, d
and f), cultures were deprived of zVAD-FMK. At 18 h after zVAD-FMK removal, most of pMx-IRES-EGFP- and pMxBimg, -TRES-EGFP-infected
cells survived as identified by EGFP fluorescence (h and ), compared with the survival rate of 5% in pMxmiBimg, -IRES-EGFP virus-infected cells
(). Both pMxBimg,-IRES-EGFP- and pMxmtBimg -IRES-EGFP-infected cells died when M-CSF was removed from the cultures (i and k). (B} The
survival ratio of EGFP-positive cells. Almost 100% of the control cells survived even 18 h after z-VAD-FMK removal in the presence of M-CSF. At
18 h after zVAD-FMK removal, almost 100% of pMx-IRES-EGFP- and »>70% of pMxBimg; -IRES-EGFP-infected cells survived as identified by
EGFP fluorescence (EGFP and WTBimg, ), compared with the survival rate of 5% in pMxmtBimg, -IRES-EGEP virus-infected cells (MTBimgy ).
(C) The proteasome inhibitor MG132 enhanced the expression level of wiBim in pMxBimg, -IRES-EGFP-infected OC precursors (WTBim) even in
the presence of M-CSF, while no obvious upregulation of MTBim was observed in pMxmtBimg; -IRES-EGFP infected cells (MTBim). (D) WTBim or
MTBim was immunoprecipitated from cell lysates of pMxBimg -IRES-EGFP-infected (WTBimg) or pMxmiBimgg -IRES-EGFP-infected cells
(MTBimg, ) using anti-Bim polyclonal antibody, and the immunoprecipitates were immunoblotted with anti-ubiquitin antibody. Treating the cells with
the proteasome inhibitor MG132 strongly increased the ubiguitylation of Bim, while no ubiquitylation of mtBim was observed.

CA). The primers we utilized in real-time PCR to detect the common
form of all bim splice variants and the bimg-specific form were as
follows: bim common form, 5-CTTCCATACGACAGTCTC and 3'-
AACCATTTGAGGGTGGTCTTC; bimg;-specific form, 5-GTCCTC-
CAGTGGGTATTTCT and 3-CAGATCTTCAGGTTCCTCCT.

In situ hybridization

In situ hybridization was performed as described previously (Lee et al.,
1995) by using complementary digoxigenin-labeled riboprobes for mouse
bimy, procollagen type 1A and procollagen type IIA.,

Histoﬁorphometry
Histomorphometric analysis of proximal tibia from im+/+ and bim—/~
littermates was performed as previously described (Akune er al., 2002).

Survival of OCs

The survival of OCs was measured as previously reported (Miyazaki
et al, 2000). Cell survival is expressed as the percentage of
morphologically intact TRAP-positive multinucleated cells. Other
cultures were incubated further for the indicated times, and then the
number of living OCs was counted. The number of viable cells remaining
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at the different time points is shown as a percentage of the cells at the start
of the experiment,

Pit formation assay
The pit formation assay was performed as previously described (Tanaka
et al., 1998). The resorbed area was measured using an image analysis
system (SYSTEM SUPPLY, Nagano, Japan) linked to a light microscope
(Nikon, Tokyo, Japan).

Statistical analysis

Each series of experiments was repeated at least three times. The results
obtained from a typical experiment were expressed as the means * SD.
Significant differences were determined using factorial analysis of
variance.
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Suppression of Arthritic Bone Destruction by
Adenovirus-Mediated Dominant-Negative Ras
Gene Transfer to Synoviocytes and Osteoclasts
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Objective. To determine the role of Ras-mediated
signaling pathways in synovial cell activation and bone
destruction in arthritic joints.

Methods. The E11 rheumatoid synovial cell line
and primary synovial fibroblast-like cells (SFCs) from
patients with rheumateid arthritis (RA) were gene-
transferred by replication-deficient adenovirus vector
carrying the dominant-negative mutant of the ras gene
{AxRasDN). The effects of RasDN overexpression on
cellular proliferation, interleukin-1 (IL-1)—induced ac-
tivation of mitogen-activated protein kinases (extracel-
fular signal-regulated kinase [ERK], p38, c-Jun
N-terminal kinase [JNK]), and IL-6 production by
synovial cells were analyzed. The in vivo effects of Ras
inhibition on synovial cell activation and arthritic bone
destruction were analyzed by injection of AxRasDN into
ankle joints of rats with adjuvant arthritis.

Dr. Tanaka's work was supported by a grant-in-aid from the
Ministry of Education, Culture, Sports, Science, and Technology of
Japan, and by health science research grants from the Ministry of
Health and Welfare and Uehara Memorial Foundation. Dr. Oda's
work was supported by a grant-in-aid from the Ministry of Education,
Culture, Sports, Science, and Technology of Japan, and by a grant from
the Japan Orthopaedic and Traumatology Foundation (no. 0113). Dr,
Nakamura's work was supported by the Takeda Memeorial Foundation.

!Aiichiro Yamamoto, MD, Akira Fukuda, MD, Hiroaki Seto,
MD, Tsuyoshi Miyazaki, MD, Yuho Kadono, MD, Yasuhiro Sawada,
MD, Ichiro Nakamura, MD, Hiromi Oda, MD, Kozo Nakamura, MD,
Sakae Tanaka, MD, PhD: University of Tokyo, Tokyo, Japan; *Hideki
Katagiri, MD, Tomoichiro Asano, MD, Yoshiya Tanaka, MD: Univer-
sity of Occupational and Environmental Health, School of Medicine,
Kitakyushu, Japan.

Address correspondence and reprint requests to Sakae
Tanaka, MD, PhD, Department of Orthopacdic Surgery, Faculty of
Medicine, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo
113-0033, Japan. E-mail: TANAKAS-ORT@h.u-tokyo.ac.jp.

Submitted for publication December 9, 2002; accepted in
revised form May 1, 2003.

2682

Results. AxRasDN markedly reduced the prolifer-
ation of RA SFCs. IL-1, a proinflammatory cytokine
involved in RA pathology, induced activation of ERK,
p38, and JNK in the cells. Adenovirus vector-mediated
RasDN overexpression suppressed ERK activation, but
not p38 or JNK activation, in SFCs. IL-6 is also an
important proinflammatory cytokine, and RasDN inhib-
ited IL-1-induced production of IL-6 by RA SFCs at
both the transcriptional and protein levels, Injection of
AxRasDN into ankle joints of rats with adjuvant arthri-
tis ameliorated inflammation and suppressed bone de-
struction in the affected joints.

Conclusion. Ras-mediated signaling pathways are
involved in the activation of RA SFCs and the destruc-
tion of bone in arthritic joints, suggesting that inhibi-
tion of Ras signaling can be a novel approach for RA
treatment that targets both synovial cell activation and
bone destruction in the RA joint.

Rheumatoid arthritis (RA) is a chronic, systemic
inflammatory disease of unknown etiology that is char-
acterized by invasive synovial hyperplasia, leading to
progressive joint destruction. Rheumatoid synovial
cclls are not only morphologically characterized by
their transformed appearance (1), but are also pheno-
typically transformed to proliferate abnormally (2,3).
These cells invade bone and cartilage by producing an
elevated amount of proinflammatory cytokines (4) and
metalloproteinases (5) and by inducing differentiation
and activation of osteoclasts (6,7), which are multi-
nucleated cells exclusively responsible for bone resorp-
tion. We previously reported that synovial fibroblast-
like cells (SFCs) obtained from the inflamed
joints of RA patients can support ostcoclast differenti-
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ation from monocyte/macrophage lineage precursors
in the presence of osteotropic factors such as 1,25-
dihydroxyvitamin D, (8).

Small GTPase Ras, the protein product of pro-
tooncogene ras, is ubiquitously found in eukaryotic
organisms. Ras is known to function as a downstream
effector of cell-surface receptor tyrosine kinases (RTKs)
and leads to activation of mitogen-activated protein
kinase (MAPK) pathways, which in turn regulates the
activities of nuclear transcription factors and gene tran-
scriptions (9,10). In human cancer cells, oncogenic mu-
tations of the Ras protein are frequently observed and
contribute to the malignant growth properties of the
cells. Although increased expression and mutations of
Ras in RA synovial tissue have been reported (11-13),
the function of Ras in RA pathology remains to be
clarified.

In the present study, we utilized a replication-
deficient adenovirus vector carrying the dominant-
negative mutant of the ras gene (AxRasDN) to investi-
gate the role of Ras in RA SFCs and osteoclasts in vitro
and in vivo. Adenovirus-mediated overexpression of
RasDN dramatically decreased the proliferation rate of
RA SFCs and inhibited interleukin-1 (IL-1)~induced
extracellular signal-regulated kinase (ERK) activation
and IL-6 production in RA SFCs. Importantly, injection
of RasDN virus into ankie joints of rats with adjuvant
arthritis not only ameliorated the inflammatory reac-
tions, but also suppressed bone destruction in arthritic
joints.

MATERIALS AND METHODS

Animals and chemicals. Inbred male Lewis rats (6-7
weeks old) were purchased from Sankyo Laboratory Services
{Tokyo, Japan). Dulbecco’s minimum essential medium
{DMEM) was purchased from Gibco BRL {Life Technologies,
Rockville, MD), and fetal bovine serum (FBS) was from Sigma
{St. Louis, MO). Antibodies against phospho-ERK, c¢-Jun
N-terminal kinases (JNKs) {p46 and p54), phospho-JNKs
(Thr183/Tyl185), p38 MAPK. and phospho-p38§ MAPK
(Thr180/Tyr182) were purchascd from New England Biolabs
(Beverly, MA). Anti-Ras and anti-ERK antibodies were pur-
chased from Transduction Laboratories (Lexington, KY). Hu-
man recombinant IL-18 was purchased from Wako Pure
Chemicals (Tokyo, Japan). Other chemicals and reagents used
in this study were of analytic grade, .

Synovial cell cultures. With the use of enzymatic
digestion methods previously described (6,14), primary RA
SFCs were obtained from the synovial tissues of 3 female
patients (age range 50-65 yearsy who fulfilled the American
College of Rheumutology (formerly, the American Rheuma-
tism Association) criteria for RA (15). Written informed

consent was given by each patient. The cells were suspended
in DMEM containing 10% FBS and used for experiments
after 3-6 passages. We also established the Ell synovial
fibroblast cell line from SFCs of RA patients, as previously
reported (16).

Adenovirus vector construction and gene transduction
in vitre. The recombinant adenovirus vector carrying the
B-galactosidase gene (AxLacZ) was kindly provided by Izumu
Saito {University of Tokyo). The recombinant adenovirus
vector carrying the dominant-negative ras gene (AxRasDN)
(Ser-17 to Asn), under the control of CAG-cytomegalovirus
immediate early enhancer, chicken B-actin promoter, and
rabbit B-globin poly(A) signal promoter, was constructed by
homologous recombination between the expression cosmid
cassette and the parental virus genome in 293 cells, as de-
scribed previously (17.18). The RasS17N mutant is a distinct
class of Ras mutant that is membrane localized but GDP
bound. Therefore, RasS17N fails to bind effector proteins, but
instead binds tightly to guanine nucleotide exchange factors,
sequestering them in nonproductive complexes and thereby
preventing them from activating Ras. Titers of the viral stock
were determined by the modified end-point cytopathic effect
assay (19). The efficiency of infection is affected not only by
the concentration of viruses and cells, but also by the ratio of
viruses to cells, known as the multiplicity of infection (MOI).
Infection of synovial cells by adenovirus vectors was carried out
as described previously (20).

Western blotting, Cells were washed with ice-cold
phosphate buffered saline, and then lysed by adding TNE
buffer (1% Nonidet P40, 10 mM Tris HCl, pH 7.8, 150 mM
NaCl, 1 mM EDTA, 2 mM Na,VQ,, 10 mM NaF, and 10 mg/m|
aprotinin). The lysates were clarified by centrifugation at
15,000 revolutions per minute for 20 minutes. An equal
amount of protein was subjected to 10% sodium dodecyl
sulfate {(SDS)-polyacrylamide gel electrophoresis, transferred
electrophoretically onto a nitrocellulose membrane, and
probed sequentially with an appropriate primary antibody
followed by a secondary antibody coupled with horseradish
peroxidase (Promega, Madison, WI). Immunoreactive proteins
were visualized by enhanced chemiluminescence Western blot-
ling detection reagents (Amersham International, Arlington
Heights, IL) following the procedure recommended by the
supplier. The blots were stripped by incubating for 20 minutes
in stripping buffer (2% SDS, 100 mM 2-mercaptoethanol, 62.5
mM Tris HCl, pH 6.7) at 50°C and reprobed with other
antibodies.

Cell proliferation assay. E11 cells and primary SFCs
were infected with AxLacZ or AxRasDN at the indicated MOI.
Forty-eight hours after infection, 4 % 10* cells were plated on
culture plates (day ). On days 1, 2, and 3, the cells were
recovered by trypsin-EDTA treatment, and their number was
counted. On day 0. cellular proliferation was also determined
using a cell proliferation assay kit (Amersham International)
involving immunostaining for 5-bromo-2’'-deoxyuridine
(BrdU), a thymidine analog. incorporated into replicating
DNA according to the manufacturer’s protocol.

Northern blot analysis, E1! cells were infected with
either AxLacZ or AxRasDN at 100 MOI. After 48 hours of
inoculation, the cells were treated with 25 ng/ml 1L-18 for
varying times, and total RNA was extracted using acid guani-
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dinium isothiocyanate-phenol—chloroform (Isogen; Nippon
Gene, Toyama, Japan)} according to the manufacturer’s proto-
col. Equal amounts (15 mg) of RNA were denatured in
formaldehyde, separated on 1%% agarose gel, and transferred to
a nitrocellulose membrane (Hybond-N:; Amersham Pharmacia
Biotech, Little Chalfont. UK) followed by ultraviolet crosslink-
ing. The blots were hybridized with a complementary DNA
probe labeled with a-**P-dCTP (NEM Life Science Products,
Boston. MA} and Ready-To-Go DNA Labeling Beads (Am-
ersham Pharmacia Biotech). The human IL-6 probe was the
polymerase chain reaction product of synoviocytes, and detec-
tion was carried out using the primers described previously
(21). The expression level of IL-6 was quantified by scanning
the blots by densitometry (Luminous Imager; Aisin Cosmos.
Aichi, Japan).

Enzyme-linked immunosorbent assay (ELISA) for
IL-6. Primary SFCs were infected with either AxLacZ or
AxRasDN at 100 MOI. Twenty-four hours after infection, the
cells were recovered by trypsin-EDTA treatment and replated
on 96-well microtiter plates (10%well). The cells were cultured
in serum-free medium for a further 24 hours and treated with
or without 100 ng/ml IL-183. The conditioned medium was
recovered and the IL-6 concentration in the medium was
determined using a human 1L-6 ELISA kit (Fujirei Bio, Tokyo,
Japan).

Induction of adjuvant arthritis. Inbred, 6-7-week-o0ld
male Lewis rats were immunized by subcutaneous injection
into the base of the tail (day 0} with 100 ml liquid paraffin
containing 0.6 mg/ml Mycobacterium butyricumn (Difco, De-
troit, MI). Arthritis of the bilateral ankle joints developed in
100% of the animals after day 7.

Therapeutic protocol. For introduction of viruscs into
the rat ankle joints, the right ankles of 20 rats were immunized
as described above (day 0). On days 7 and 14, the rats of the
LacZ group and the RasDN group (each n = 10) were injected
with 30 mi of AxLacZ or AxRusDN (3.0 X 10% virus particles
per rat) into the inflamed right ankle joint space. Therapeutic
effects of the injected viruses were exumined by determining
arthritis scores (scale of (-4, with 4 being the most severe) and
measuring paw volume on days 7. 14, 21, 28, 35, and 42, with
the rats placed under inlialation anesthesia with diethyl ether.
For radiologic and histologic examinations, the rats were killed
on day 42,

All of these evaluations were performed by a single
observer who was blinded to the treatment group. The arthritis
score, paw volume, and radiologic score were determined as
previously described (22,23). Histologic evaluation of the joint
destruction was performed as previously described (24). Serial
sections were stained for tartrate-resistant acid phosphatase
(TRAP) (25), and TRAP-positive multinucleated osteoclast-
like cells {OCLs) an bone surfaces of the talotibial, taloculca-
neal, and calcanconavicular joints were quantified microscop-
ically. Three microscopic fields were randomly selected in cach
joint and the number of TRAP-positive OCLs was counted. A
mean number of 9 ficlds/3 joints was calculated for cach
section,

Statistical analysis. All values are expressed as the
mean = SD. Data were statistically analyzed by analysis of
variunce.

YAMAMOTO ET AL

= x>
4 Q <
F P o D
&o\?jy W S8 '&&\’

anti-Ras

anti-actin - it e——

Figure 1. Adenovirus vector-mediated overexpression of the
dominant-negative mutant of the ras gene (RasDN) in rheuma-
toid arthritis synovial cells. E11 cells were infected with either
the recombinant adenovirus vector carrying the B-galactosidase
gene (AxLacZ) or that for RasDN (AxRas™M) at the indicated
multiplicities of infection (MOI). Forty-eight hours after infec-
tion. the expression of RasDN was examined by Western
blotting with an antibody specific for Ras. AxRas"™ induced
the expression of RasDN in the cells in an MOI-dependent manner.
The blots were stripped and reprobed with an antibody for B-actin
{anti-actin) to show that an equal amount of protein was loaded.
The molecular weights of Ras and B-actin were 21 kd and 43 kd.
respectively,

RESULTS

Inhibition of cel! growth by adenovirus-mediated
RasDN overexpression, Previous studies demonstrated
that the adencvirus vector can efficiently transduce
genes into RA SFCs in vitro (25). To analyze the effect
of RasDN overexpression, RA SFCs were infected
with either AxLacZ or AxRasDN. First, to deter-
mine the efficiency of the vector, the expression of
RasDN was examined by Western blotting with an
antibody specific for Ras. As shown in Figure 1, Western
blot analysis revealed that AxRasDN induced the ex-
pression of RasDN in E11 cells in an MOI-dependent
manner.

The effect of adenovirus-mediated RasDN
overexpression on cell proliferation was evaluated by
cell count and BrdU incorporation into DNA of
replicating cells. AxRasDN remarkably reduced the
proliferation rate of E11 cells and primary SFCs in
an MOI-dependent manner, as compared with the ef-
fects of AxLacZ, which induced an increase in cell
number (Figure 2A). The ratio of proliferating
(BrdU-positive) cells was also reduced by AxRasDN
(Figure 2B).
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Figure 2. RasDN-mediuted inhibition of rheumatoid synovial cell proliferation. E11 eclls and primary synovial
fibroblust-like cells (SFCs) were infected with either AxLacZ or AxRus”™ at the indicated MOL Forty-eight
hours after infection, 4 % 10% cells were plated on culture plates (day ). A, Cell counts on days 1, 2, und 3.
Cellular proliferation was inhibited by RasDN overexpression in an MOl-dependent manner, in E11 cells and
primary SFCs. B, Cell proliferation determined by quantification of 5-bromo-2"-deoxyuridine incorporated into
replicating DNA. Cell proliferation was inhibited by RasDN overexpression in an MOl-dependent manner, in
E1l cells und primary SFCs. + = £ < (.0] versus LacZ virus-infected cells. Sce Figure 1 for ether definitions.

Prevention of IL-1-induced MAPK activation in important for immunity and inflammation in target cells,
RA SFCs by adenovirus-mediated RasDN overexpres- and plays a central role in inflammatory responses and
sion. IL-1 is a potent proinflammatory cytokine that RA paihiology (4,26). IL-1 is known to activate 4 protein
increases the expression of a wide variety of genes kinase cascades in cells, it.e., the transcription factor
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Figure 3. Prevention of interleukin-18 (IL-1)-induced mitogen-activated protein kinase (MAPK) activation by RasDN overexpression.
Primary RA synovial fibroblast-like cells (SFCs) (A) and E11 cells (B) were infected with either AxLacZ or AxRas”™ at 100 MOIL. Twenty-four
hours after infection, the culture medium was changed to serum-free medium, and after another 24 hours of incubation, the cells were treated
with 25 ng/ml IL-18 for varying times and lysed. An equal amount of protein was subjected to 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, transferred onto a nitrocellulose membrane, and probed sequentially with antibodies against the active forms of extracellular
signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and p38 (phospho-ERK [p-ERK], p-INK, and p-p38, respectively). The blots
were stripped and reprobed with the aatibody specific for the inactive form of each MAPK to show that an equal amount of protein was applied.
Rapid induction of activation of all 3 MAPKSs was seen in AxLacZ-infected cells. RasDN overexpression prevented ERK activation, but not JNK
or p38 activation, in both primary SFCs (A) and E11 cells (B). See Figure 1 for other definitions.

nuclear factor kB (NF-«B) (26) and MAPK cascades,
including the stress-activated kinases p38 MAPK and
JNK and the classic kinase ERK (27-29). Primary RA
SFCs and E11 cells were infected with either AxLacZ or
AxRasDN at 100 MOI, and 48 hours after infection, the
cells were stimulated with 25 ng/ml IL-18. As shown in
Figure 3, IL-1 rapidly induced activation of ERK, JNK,
and p38 in these cells. IL-1-induced ERK activation was
remarkably prevented by overexpression of RasDN,
whereas it had little effect on JNK or p38 activation in
both primary RA SFCs and E11 cells (Figures 3A and B,
respectively). This observation reveals the essential role
of Ras in IL-1-induced ERK activation in RA SFCs.
The experiments were performed using SFCs derived

from 3 different patients, each of which produced similar
results.

Reduction of IL-6 production from RA SFCs at
the messenger RNA (mRNA) and protein level by
adenovirus-mediated RasDN overexpression. IL-6 has a
variety of biologic activities, including activation of B
and T cells, stimulation of fever, and release of acute-
phase response proteins (30,31). Guerne et al previously
reported the spontaneous production of an elevated
amount of IL-6 and a potent induction of IL-6 synthesis
by IL-1 in RA synovial cells (32). The IL-6 cytokine is
involved in the proliferation of RA synovial cells in
cooperation with the soluble IL-6 receptor and may play
an important role in RA pathogenesis (33). To deter-
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Figure 4. Inhibition of interleukin-18 (IL-1)-induced transcription
of IL-6 mRNA in RA synoviocytes by RasDN overexpression. A,
In AxLacZ-infected cells, IL-6 mRNA transcription was induced
from 1 hour to 3 hours after treatment with IL-153. In AxRasDN-
infected cels, the process was clearly inhibited. B, Induction of
{L-6 mRNA, transcription is shown normalized to the blot of GAPDH,
for both the AxLacZ and AxRas™™ groups. See Figure 1 for other
definitions.

mine the effect of RasDN overexpression on IL-1-
induced IL-6 synthesis in RA SFCs, El1 cells and
primary SFCs were infected with either AxLacZ or
AxRasDN at 100 MOI. Forty-eight hours after inocula-
tion, the cells were further incubated with or without 25
ng/ml IL-18. The IL-6 mRNA level in the cells was
detected by Northern blot analysis, and the IL-6 concen-
tration in conditioned medium was measured by ELISA.
Northern blotting showed a dramatic decrease in IL-1-
induced transcription of IL-6 mRNA in AxRasDN-
infected cells (Figures 4A and B). ELISA for IL-6
showed that overexpression of RasDN markedly re-
duced the basal production of IL-6 as well as the

IL-1-induced production of IL-6 in RA SFCs (Figures
5A and B, respectively).

Amelioration of inflammation and suppression
of bone destruction by AxRasDN in arthritic joints of
rats with adjuvant arthritis. To analyze the in vivo effect
of overexpression of RasDN on synovial cell activation
and arthritic bone destruction, either AxLacZ or
AxRasDN was injected into the inflamed ankle joints of
rats with adjuvant arthritis, and the severity of the
disease was evaluated by arthritis score, paw volume,
and radiologic and pathohistologic examinations. On
days 35-42, the arthritis scores of the AxRasDN-injected
rats were significantly improved compared with those of
the AxLacZ-injected animals (Figure 6A). The increase
in paw volume was also significantly decreased by
AxRasDN injection as compared with that in the
AxLacZ group (Figure 6B). When the rats were killed
on day 42, the ankle joints of AxLacZ-injected rats
showed radiologic findings of severe joint destruction,
which was characterized by joint space narrowing, ero-
sion, and periarticular osteoporosis (Figure 6C), but
these destructive changes were remarkably suppressed
in the AxRasDN-injected rats (Figure 6D). These sig-
nificant differences were further confirmed by radiclogic
scoring (Figure 6E).

The pathohistologic examinations revealed that
AxRasDN injection suppressed synovial hyperplasia
and caused a marked reduction in pannus formation and
decrease in the infiltration of inflammatory cells
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Figure 5. Inhibition of interleukin-6 (IL-6) production in primary RA
synovial fibroblast-like cells (SFCs) by RasDN overexpression. A,
Overexpression of RasDN markedly reduced the basal production of
IL-6 by RA primary SFCs. B, IL-1p-induced production of IL-6 was
also reduced in AxRasDN-infected cells. Bars show the mean and SD
from 5 independent experiments, using RA SFCs derived from 1
patient. * = P < 0.01 and *» = P < 0.001, versus AxLacZ-infected
cells. See Figure 1 for other definitions.

—414—



2688

A O AxLacZ
® AxRasDN

¥ vector injection
4 -
g *
g 2
1
0 * - +

7 14 21 28 35 42

Days after immunization

YAMAMOTO ET AL

g 2 |

=

o

>

ES

<

(<%

£ 1

ﬁ *
[

[¥]

K
S

7 14 21 28 35 42
Days after immunization

E
'3 I
g I
0 %
AxRasPN

AxLacZ

Figure 6, Therapeutic effects of AxRasP™ injection on rat adjuvant arthritis. All rats were immunized with a
subcutancous injection of adjuvant in the base of the tail (day 0). Viruses were then intraarticularly injected into
the right ankles on days 7 and 14. Bars show the mean = SD of 10 rats per group. A, Effects of AxRasP" injection,
evaluated by arthritis score. The arthritis score of the AxRas™ group was significantly lower than that of the
AxLacZ group on days 35 and 42. B, Effects of AxRas®" injection, evaluated by the increase in paw volume. The
increase in paw volume of the AxRasP™ group was significantly less than that of the AxLacZ group on days 35
and 42. C, The radiologic findings in the right ankles of AxLacZ-injected rats indicate severe joint destruction.
D, The radiologic findings in the right ankles of AxRasPM-injected rats show minimal destructive changes in the
joint. E, The radiologic score of the AxRasPM-injected ankles was significantly decreased in comparison with that
of the AxLacZ group. * = P < 0.01 versus AxLacZ-injected joints. See Figure 1 for definitions.

(AxLacZ versus AxRasDN group in Figures 7A and B,
respectively), which was confirmed by pathohistologic
scoring (Figure 7C). The number of osteoclasts posi-
tively staining for TRAP was remarkably reduced in the
AxRasDN-injected group compared with that in the
AxLacZ group (Figure 7E versus Figure 7D, respec-
tively, and Figure 7F).

DISCUSSION

Ras is encoded by 3 ras protooncogenes, H-, K-,
and N-Ras, and belongs to a superfamily of GTPases.

The encoded, highly homologous Ras proteins are posi-
tioned at the inner surface of the plasma membrane and
play a crucial role in transmitting growth factor signals to
the cell nucleus (34). Similar to other GTPases, Ras
proteins function as switches cycling between 2 distinct
conformational states: active in GTP-bound form and
inactive in GDP-bound form (9}. Oncogenic mutations
lock Ras into its active state, up-regulate cell growth,
and induce cell transformation.

Activating mutations of the ras protooncogene
occur in ~30% of all human tumors (35), primarily in
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Figure 7. Pathohistologic evaluation of the joint destruction in serial sections of rat arthritic ankles. A,
Pathohistologic findings in a representative AxLacZ-injected ankle indicate synovial hyperplasia and destructive
change in the articular cartilage and bone. B, Pathohistologic findings in a representative AxRas®™ -injected right
ankle show synovial hyperplasia with invasion into subchondral bone and marked suppression of the destruction
of bone and cartilage. In A and B, the open arrowhead and solid arrowhead indicate the talotibial and
talocalcaneal joint, respectively. C, The pathologic score of the AxRas®-injected ankles was significantly
decreased in comparison with that of the AxLacZ group. D and E, Tartrate-resistant acid phosphatase
(TRAP)—positive multinucleated osteoclast-like cells (OCLs) on bone surfaces of the talotibial, talocalcaneal,
and calcaneonavicular joints were quantified microscopically. Three microscopic fields were randomly selected in
each joint and the number of TRAP-positive OCLs was counted. A mean number of 9 fields/3 joints was
calculated for each section. In a TRAP-stained section of an AxLacZ-injected ankle (D) and an AxRasPM-
injected ankle (E), the arrowheads indicate TRAP-positive multinucleated OCLs. Bar = 500 mm. F, Quantifi-
cation of TRAP-positive multinucleated OCLs on bone surfaces, The number of TRAP-positive QCLs was
significantly decreased in the AxRas™ group. * = P < 0.001 versus AxLacZ-injected joints. See Figure 1 for

other definitions.

pancreatic (90%), sporadic colorectal (50%), and lung
(40%) carcinomas and myeloid leukemia (30%). Be-
cause Ras is a key regulator of mitogenic signals, aber-
rant function of upstream elements such as RTKs can
also result in Ras activation in the absence of mutations
in Ras itself (36). In fact, overexpression of RTKs such
as HER2/Neu/ErbB2 or the epidermal growth factor
receptor (EGFR) is frequently observed in breast cancer
(25-30%) (37), and overexpression of platelet-derived
growth factor receptor or of wild-type or truncated
EGFR is prevalent in gliomas and glioblastomas (40~
50%), which are tumor types in which Ras mutations are

rare (38-41). In RA and animal models of arthritis,
transformed-appearing synovial cells with large, pale
nuclei, prominent nucleoli, and abundant cytoplasm are
found adjacent to the affected cartilage and bone of the
joint (42), and these cells in culture have a tendency to
grow in disorganized monolayers, proliferate in an
anchorage-independent manner, lack contact inhibition,
and form microfoci (43—46). Although expression of Ras
and its oncogenic mutations has been reported in RA
synovial cells (13,47,48), the precise role of Ras in RA
pathology remains to be clarified.

In the present study, we analyzed the role of Ras
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in synovial cell function and joint destruction in arthritic
rats using the adenovirus vector encoding the dominant-
negative mutant of ras (AxRasDN), and demonstrated
that the overexpression of RasDN protein in cultured
RA SFCs strongly suppressed their proliferation rate,
The RA synovial environment is replete with proinflam-
matory cytokines, which have been described as exerting
a synergistic mitogenic effect on synovial cells, resulting
in altered rates of proliferation (49). Ras is a central
mediator of such growth factor-induced cell prolifera-
tion, is required throughout the G1 phase, and is essen-
tial for S-phase progression of fibroblasts (50). There-
fore, the inhibitory effect of RasDN overexpression on
RA SFC proliferation may be explained by modulation
of the cell cycle activated by these mitogenic stimuli.

The MAPKSs are a family of kinases that respond
to diverse stimuli and are composed of parallel protein
kinase cascades. There are 3 well-defined pathways:
ERK1 and ERK2 (also referred to as p42/p44 MAPKs),
JNKs, and the p38 MAPKs (51). Activation of certain
cytokine receptors, growth factor RTKs, and G protein—
coupled receptors activates the ERKs. The p38 protein
kinases are induced by lipopolysaccharide, proinflamma-
tory cytokines, and cellular stresses such as osmotic
shock. The JNKs are activated by a variety of stimul,
including ultraviolet irradiation, protein-synthesis inhib-
itors, and cytokines. The MAPK families regulate a
number of transcription factors, with subsequent activa-
tion of cytokine gene expression and matrix metallopro-
teinases (52). Constitutive activation of ERK, INK, and
p38 MAPK is found almost exclusively in synovial tissues
from RA patients, but is not found in osteoarthritis
patients (53).

IL-1 is considered to be a major activator of
MAPK pathways in cultured human synovial cells, and
plays critical roles in the joint pathology of RA (53). The
introduction of RasDN in RA SFCs suppressed 1L-1-
induced ERK activation, but not JNK or p38 activation,
as shown in Figure 3, indicating that ERK signals from
IL-1 receptors utilize Ras in RA SFCs. We performed
similar experiments using human epithelial carcinoma
cell-derived HeLa cells, and obtained basically similar
results. Therefore, the effect of RasDN overexpression
on IL-I-induced ERK activation is not specific to RA
SFCs. A potential convergence point of IL-1 and the Ras
signaling pathway is tumor necrosis factor receptor-
associated factor 6 (TRAF6), which is an adapter pro-
tein necessary for IL-1 signaling (54-56). Recently,
McDermott and O'Neill reported that IL-1 induces
activation of Ras, and its association with IL-1 receptor—
associated kinase, TRAF6, and transforming growth
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factor Bl-activated kinase is important for IL-1-induced
p38 activation (57). Further investigations are needed to
better characterize the mechanisms of signal cross-talk
between IL-1 and Ras signaling pathways.

IL-6 is a proinflammatory cytokine whose synthe-
sis is induced by a variety of stimuli, including IL-1, and
has been suggested to be involved in the pathogenesis of
RA. IL-6 is abundantly detected in the synovial fluid and
the serum of RA patients, and correlates with the
severity of the disease (58,59). RA SFCs produce a large
amount of IL-6 (32), and IL-6 stimulates the prolifera-
tion of RA synovial cells and formation of osteoclasts in
cooperation with the sofuble IL-6 receptor (33,60). TL-6
gene transcription is constitutively activated in RA
SFCs, owing to the activation of NF-«B and C-promoter
binding factor 1 (61). Furthermore, antigen-induced
arthritis is poorly developed in IL-6—deficient mice (62),
and blockage of IL-6 receptors suppresses murine
collagen-induced arthritis (63). These reports suggest
the critical involvement of IL-6 in autoimmune arthritis.
RasDN overexpression suppressed IL-1-induced expres-
sion of IL-6 mRNA in RA SFCs, and the basal and
IL-1-induced secretion of IL-6 by RA SFCs were also
significantly reduced, indicating that Ras signaling is also
important in activated transcription of this cytokine by
RA SFCs. The mechanism by which RasDN inhibits
IL-6 expression remains elusive, but the possible mech-
anism could be RasDN-mediated suppression of p38
MAPK activation, which is necessary for IL-6 mRNA
stabilization, as recently described (64).

These results suggest that Ras signaling plays a
critical role in the proliferation and activation of RA
SFCs. Moreover, we recently reported that adenovirus
vector-mediated overexpression of RasDN induced
rapid apoptosis of osteoclasts, which are primary cells
responsible for bone destruction (65). Therefore, sup-
pressing Ras signaling can be a potent therapeutic
approach for ameliorating the bone and joint destruc-
tion of RA. Finally, we demonstrated that AxRasDN
virus gene therapy ameliorated arthritic changes and
bone destruction in rats with adjuvant arthritis. The
severity of inflammatory reactions in the ankle joints of
these rats, as assessed by arthritis score and paw volume,
was significantly improved by the intraarticular injection
of AxRasDN. The suppression of joint destruction was
confirmed by radiologic and pathohistologic examina-
tions. Taken together, our data indicate that these
therapeutic effects of AxRasDN on the inflammatory
reaction and bone destruction in arthritic rats resulted
from direct inhibition of RA SFC proliferation and/or
activation as well as from the suppression of osteoclast
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activity, although further investigation will be required
to identify the mechanism in detail.

In summary, intervention into intracellular signal
transduction pathways of RA SFCs and osteoclasts by
adenovirus-mediated gene transfer of dominant-
negative Ras might lead to a novel therapeutic strategy
for preventing the joint breakdown associated with RA.
There will be no cure for RA until its eticlogy is
elucidated, but our results may lead to the development
of novel types of therapeutics for the treatment of RA,
such as adenovirus vector-mediated gene therapy to
target Ras and farnesyltransferase inhibitors to inhibit
Ras pathways.
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Distinct roles of Smad pathways and p38

pathways in cartilage-specific gene expression

in synovial fibroblasts
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The role of TGF-f/bone morphogenetic protein signaling in the chondrogenic differentiation of human
synovial fibroblasts (SFs) was examined with the adenovirus vector-mediated gene transduction system.
Expression of constitutively active activin receptor-like kinase 3 (ALK3%*) induced chondrocyte-specific
gene expression in $Fs cultured in pellets or in SF pellets transplanted into nude mice, in which both the
Smad and p38 pathways are essential. To analyze downstream cascades of ALK3 signaling, we atilized ade-
novirus vectors carrying either Smad|1 te stimulate Smad pathways or constitutively active MKK6 (MKK64)
to activate p38 pathways. Smadl expression had a synergistic effect on ALK3%4, while activation of p38 MAP
kinase pathways alone by transduction of MKK6* accelerated rerminal chondrocytic differentiation, lead-
ing to type X collagen expression and enhanced mineralization. Overexpression of Smadl prevented
MKEK6CA-induced type X collagen expression and maintained type II collagen expression. In a mouse model
of osteoarthritis, activated p38 expression as well as type X collagen staining was detected in osteochon-
drophytes and marginal synovial cells. These results suggest that SFs can be differentiated into chondro-
cytes via ALK3 activation and that stimulating Smad pathways and controlling p38 activation ar the proper
level can be a good therapeutic strategy for maintaining the healthy joint homeostasis and treating degen-

)

erative joint disorders.

Introduction

Injury to the aricular cartilage occurs under various pathological
conditions such as trauma, inflammation, and aging (1}, and car-
tilage injury is followed by ostecarthritic changes of the affected
joints. Osteoarthritis is the most common degenerative joint dis-
order, affecting nearly half of the elderly population. Osteoarthei-
tis is characterized by degradation of articular cartilage and over-
growth of cartilage and bone, known as osteophyres, ar the
periphery of the arricular surface, which results in pain and loss of
joint funcrion (1, 2). Microscopically, loss of proteoglycan and fib-
rillation of the articular surface are observed at the early stage of
arthritis. Ar later stages, clefts are formed, and at the end stage, ero-
sive changes in the arricular cartilage appear. The high prevalence
of this disease results in high cosrs for treating patients, and there-
fore the development of good therapeutics for osteoarthriris is a
matter of great urgency. Because of the limited capacicy of sponta-
neous healing, the regeneration of intact articular cartilage is ene
of the most challenging issues in the orthopedic field (3, 4). Trans-
plantation of autologous chondrocytes or mesenchymal progeni-
tor cells and autogenous osteochondral transplantarion {mosaic-
plasty} have been successfully urilized for the repair of focal
osteochondral defects (3, 5-11). However, the application of these

Nonstandard abbreviatinna ased: anterior cruciare ligament (ACLY; bone
morphogoeric pronein (BMP); conscicucively active activan recepror-Like kinase 3
(ALK34); constirutively actnve MERB MEKA'); hemagglutnin fHAY, marnx
metalloproteinase (MMP); medial meniscus (MM); osteoarthritis (QA); seceptor-
tepulzred Smad (R-Smad); symovial fibrablase (SF);, TGF-Pactivating kinase 1{TAK1).
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technologies is litited to small defects due to the difficuley of
obtaining a sufficient amount of cells or tissues.

Synovium is a thin tissue lining the nonarticular surfaces of
diarthrodial joints (12). Synovial tissues contain various types of
cells, including type A cells, macrophage lineage cells, and cype B
cells, which are specialized synovial fibroblasts (SFs). It is now wide-
ly recognized that synovial tissues are involved primarily in the
pathogenesis of arthriic joint disorders such as rheumatoid arthri-
#is by producing the matrix-degenerating enzymes cystein proteas-
es and matrix metalloproteinases {MMPs) and the proinflammaro-
ry cyrokines interleukin-1 (IL-1) and tumor necrosis factor-of
{TNF-0) (12). We previously reported that $Fs express a high level
of receptor activator of NF-xB ligand, the osteoclast differentiation
factor belonging ro the TNF-a superfamily (13). In contrast to such
catabolicactions, there is accumularing evidence chat synovial cells
have anabolic effecrs, leading to bone and cartilage production.
Hunziker and Rosenburg reported that synovial cells can migrate
mnto partial-thickness articular cartilage defects. where they prolif-
erate and subsequently deposit a scar-like tissue (14). Nishimura et
al. (15) demonsrrared SFs show chondrogenice differentiation after
being cultured in the presence of TGF-B, and de Bari ec al. recently
demonstrated that multipotent mesenchymal stem cells could be
isolated from human synovial tissues, which differentiated into
chondrocytes as well as usreoblases. adipocytes, and myotubes
under proper culture conditions (16, 17). Anocher dramaric clinical
manifestation of the chondrogenic potential of synovial tissues is
synovial chondromatosis, a tumor-like disorder characterized by the
formation of multiple cartlaginous nodules, which is believed to be
benign reactive meraplasia of synovial cells (18). These observations
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