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REVIEW ARTICLE

Sakae Tanaka

Intracellular signal transduction pathways: good therapeutic targets for joint

destruction in rheumatoid arthritis

Abstract Preventing joint destruction is one of the most
challenging issues in treating patients with rheumatoid ar-
thritis (RA), and I propose that intracellular signaling path-
ways in osteoclasts and synovial fibroblastic cells (SFCs) can
be good therapeutic targets. Osteoclasts are primarily in-
volved in the bone destruction in RA joints, and SFCs sup-
port osteoclast differentiation and activation by producing
various proinflammatory cytokines including receptor acti-
vator of NF-kB ligand (RANKL), the osteoclast differentia-
tion factor belonging to the tumor necrosis factor-a
superfamily. Suppressing c-Src pathways by adenovirus
vector-mediated C-terminal Src family kinase (Csk) gene or
Ras/extracellular-regulating kinase (ERK) pathways by in-
troducing dominant negative Ras (Ras”™) adenovirus re-
duced osteoclastic bone resorption as well as the abnormal
proliferation and interleukin-6 production of SFCs, and the
local injection of these viruses ameliorated the joint de-
struction in adjuvant arthritis rats. Moreover, chondrogenic
differentiation of SFCs could be induced by stimulating
activin receptor-like kinase 3 pathways.

Key words Adenovirus - Osteoclast - Rheumatoid arthritis
(RA) - Synovial fibroblast cells (SFCs)

Introduction

Rheumatoid arthritis (RA) is a chronic systemic inflamma-
tory disorder with an unknown etiology characterized by
the invasive synovial hyperplasia leading to the progressive
joint destruction.' Radiographic studies have shown that
the bone erosion in RA begins at the early stage of the
disease, and gradually exacerbates. Bone erosion results in
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the severe deformity of the affected joints and impairs the
normal activity and the quality of life of the RA patients,
and hereby, preventing such devastating states is one of the
most challenging issues in treating them. Because the exact
etiology and pathology of RA remains unknown, most
treatments of RA just treat symptoms of the disease.
Non-steroidal ~ anti-inflammatory  drugs, including
cyclooxygenase 2 inhibitors, have been prescribed to reduce
the painful symptoms of the disease, but they have little
effect on stopping the progression of the joint destruction.
Recent studies have revealed that some disease-modifying
antirheumatic drugs and biological agents such as anti-
tumor necrosis factor (TNF)-o antibody ameliorate the
progression of the joint destruction in RA.> However, the
bone-protective effect of these reagents is limited in most
cases, and their long-term effects have not been established
yet. Moreover, the prolonged usage of these medicines
sometimes causes severe side effects. Therefore, novel
therapeutic interventions specifically targeting the joint
destruction in RA are greatly expected.

Proliferating synovium produces an elevated amount of
proinflammatory cytokines interleukin (IL)-1, IL-6, IL-17,
and TNF-o, and matrix-degenerating enzymes matrix
metalloproteinases and cathepsins, which are involved in
the bone and cartilage destruction."” Considerable data
have demonstrated that synovial fibroblastic cells (SFCs),
type B synovial cells with fibroblastic morphology, are one
of the principal cells implicated in the arthritic conditions in
RA.*In RA, SFCs markedly increase in number and display
transformed phenotypes, and the activation of various
protooncogenes including myc, ras, and fos is involved in
the abnormal growth rate and transcriptional activity of the
cells.” Bone erosion usually begins at the interface of the
cartilage and the proliferating synovium, and bone-resorb-
ing osteoclasts can be observed at the erosive synovium/
bone interfaces in RA joints. Accumulating evidence has
revealed that osteoclasts, primary cells responsible for bone
resorption, are involved in the bone destruction in RA, and
recent progress in the molecular biology and biochemistry
has elucidated the molecular mechanism of the osteoclast
differentiation and activation. In contrast to such catabolic
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actions, recent studies have revealed that synovial cells
have anabolic effects on the joint homeostasis, and differen-
tiate into osteoblasts or chondrocytes under proper
conditions.

In this review, I would like to introduce the role of osteo-
clasts in the joint destruction in RA, and the critical involve-
ment of SFCs on the osteoclast differentiation in RA.
Adenovirus vectors can efficiently transduce osteoclasts and
SFCs both in vitro and in vivo. By modulating intracellular
signaling pathways in these types of cells using adenovirus
vectors, we could regulate the joint destruction in the experi-
mental animal models of arthritis. We also successfully in-
duced chondrogenic differentiation of SFCs both in vitro and
in vivo by stimulating transforming growth factor (TGF)-f/
bone morphogenetic protein (BMP) signaling pathways.

Involvement of osteoclasts in bone destruction in RA

The cellular mechanism underlying the bone and cartilage
destruction in RA is still unclear, but emerging evidence has
revealed the essential role of osteoclasts. Bromley and
Woolley® observed a number of acid phosphatase-positive
multinucleated cells (chondroclasts and/or osteoclasts) in
the erosive joint areas of RA patients. Gravallese et al.’
found that multinucleated cells present on erosive bone
surface and in the areas of the direct invasion of pannus into
the subchondral bone. Abundant multinucleated giant cells
were also observed at the bone-pannus interfaces of ar-
thritic joints in collagen-induced arthritis rats.” Multinucle-
ated cells were positive for unique markers of osteoclasts
such as tartrate-resistant acid phosphatase (TRAP), cathe-
psin K, and calcitonin receptors, satisfying the major criteria
of mature osteoclasts.” Interestingly, some multinucleated
cells and mononuclear cells apart from the bone surface
were also TRAP-positive, suggesting the possible involve-
ment of synovial tissues in the osteoclastogenesis in RA. To
analyze the osteoclastogenic potentiality of RA synovial
tissues, synovial cells were isolated from RA synovium at
the time of knee replacement surgeries, and the cells were
cultured in the presence of 1la,25-dihydroxyvitamin D,
[1,25(0OH),D5] and macrophage colony-stimulating factor
(M-CSF). After 3 weeks of culture, there appeared many
multinucleated giant cells, which were TRAP-positive, pos-
sessed abundant calcitonin receptors, and made resorption
pits on dentine slices.” We also found that peripheral mono-
cytes can differentiate into osteoclast-like cells when co-
cultured with SFCs. These results suggest that RA SFCs can
support osteoclast differentiation from monocyte-macroph-
age lineage precursor cells.

Role of RANKL/RANK pathways in bone destruction in
RA

Receptor activator of NF-kB ligand (RANKL) is a member
of the TNF superfamily cytokines, which was originally
identified as a membrane-bound survival factor for den-

dritic cells produced by activated T cells.'”"" The expression
of RANKL is also induced in osteoblasts or bone marrow
stromal cells by various hormones or cytokines. In coopera-
tion with M-CSF, RANKL stimulates osteoclast differentia-
tion from hematopoietic precursor cells in vitro.”” RANKL
also acts on mature osteoclasts and promotes their bone-
resorbing activity and survival. RANKL binds to its specific
receptor RANK, the type I membrane receptor belonging
to TNF receptor superfamily. RANK is expressed in wide
range of cells including monocyte-macrophage lineage os-
teoclast precursor cells, mature osteoclasts and dendritic
cells. Upon binding to its ligand RANKL, RANK recruits
an adaptor molecule TNF receptor-associated factor
(TRAF) 6, which subsequently activates downstream sig-
naling pathways NF-kB, c-Jun N-terminus kinase (JNK),
p38 mitogen-activated protein (MAP) kinase, and nuclear
factor of activated T cells (NFAT) c1.” Another important
actor in the RANKL/RANK pathway is osteoprotegerin
(OPG), a soluble decoy receptor of RANKL which belongs
to TNF receptor superfamily.'*"> Osteoprotegerin specifi-
cally binds to RANKL and inhibits RANKL activity by
competitively preventing its binding to RANK.

The essential role of RANKL/RANK signaling path-
ways in osteoclast development was further established by a
series of gene knockout mice.'® The targeted disruption of
either RANKL or RANK induced osteopetrosis in mice, a
pathological bone disease which is characterized by an in-
creased bone mass due to a deficiency in osteoclast differen-
tiation.""'® We and another group found that mice deficient
in TRAF6 also showed osteopetrotic phenotypes.'” In con-
trast, OPG-deficient animals demonstrated osteopenia due
to the increased number and activity of osteoclasts.'™"
These results clearly demonstrate the essential role of
RANKL/RANK pathways in osteoclast development and
activation in vivo.

Not only is the RANKL/RANK pathway critical for nor-
mal bone development and growth, but also is implicated in
the pathological bone resorption observed in RA (Fig. 1).
We and other groups found a high level expression of
RANKL in RA synovial tissues.””*' Enhanced expression of
RANKL is observed in SFCs as well as in CD4" T lympho-
cytes in synovial tissues of collagen-induced arthritis rats as
shown by in situ hybridization.”” Expression of RANKL is
increased by T-cell proinflammatory cytokine IL-17, and
IL-17 enhanced RANKL expression and strongly
upregulated the RANKL/OPG ratio in the synovium.”
Osteoprotegerin treatment ameliorates the arthritic bone
destruction in adjuvant arthritis rats* and TNF-a. transgenic
animals,” and the bone erosion in serum transfer-induced
arthritis was markedly reduced in RANKL-deficient ani-
mals.” Recent studies also demonstrated that the systemic
bone loss as well as the local bone erosion in TNF-a
transgenic mice was reversed by OPG injection in combina-
tion with anti-TNF-o antibody therapy.””” These studies
indicate that RANKL produced by SFCs and/or activated T
lymphocytes in RA synovial tissues plays an essential role in
the osteoclast development and the joint destruction, and
therefore, the RANKL/RANK pathway can be a good
therapeutic target.
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Fig. 1. Involvement of receptor activator of NF-xB ligand (RANKL)-
receptor activator of NF-kB (RANK) pathways in osteoclast differen-
tiation and bone destruction in RA. RANKL is highly expressed in
synovial fibroblastic cells (SFCs) and activated T cells, and binds to its
specific receptor RANK, which is expressed in monocyte-macrophage
lineage osteoclast precursor cells. The interaction between RANKL
and RANK is blocked by osteoprotegerin (OPG), a physiological in-
hibitor of RANKL. /L, interleukin; 7TNF, tumor necrosis factor; IFN,
interferon

Efficiency of adenovirus vectors in transducing SFCs
and osteoclasts

As mentioned above, osteoclasts play pivotal roles in the
bone and joint pathology in RA, and SFCs support osteo-
clast differentiation and activation by producing RANKL.
Therefore, pharmacological agents targeting these cells can
be potent therapeutic candidates for the treatment of RA.
One alternative is gene therapy, where genes or cDNAs are
directly transferred to target cells. In preclinical studies, ex
vivo and in vivo gene transfer methods have been used
successfully to reduce the joint destruction in experimental
arthritis, and the first clinical trial, in which the IL-1 recep-
tor antagonist gene was delivered to synoviocytes ex vivo,
was started in 1996 in the United States.”” The proper
selection of the target cells and target genes has been a
continuous matter of interest for successful gene therapies.
The target cells for the RA gene therapy include SFCs and
osteoclasts, and we previously reported that adenovirus
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Fig. 2A-D. Effective gene transduction into SFCs and mature osteo-
clasts by adenovirus vectors. Human SFCs obtained from synovial
tissues of rheumatoid arthritis patients (A and C) or osteoclast-like
cells from giant cell tumors (B and D) were infected with the control
virus (A and B) or LacZ virus (C and D), and stained for (3-galactosi-
dase activity 1 day after infection. Both SFCs and osteoclasts infected
with LacZ virus were positively stained, indicating an efficient gene
transduction

vectors efficiently transduce foreign genes into these cells
both in vitro and in vivo.”*> As shown in Fig. 2, recombinant
adenovirus vectors carrying the lacZ gene can infect human
SFCs and osteoclast-like cells obtained from giant cell tu-
mors.”** At a multiplicity of infection of 100, almost 100%
of SFCs and more than 85% of osteoclast-like cells were
positively stained by 3-galactosidase (3-gal) activity with no
apparent morphological changes or cellular toxicity. When
injected into knee joints of adjuvant arthritis rats, synovial
lining cells and osteoclasts present on bone surface were
positively stained for B-gal activity (Fig. 3).” These results
suggest that the adenovirus vector system is suitable for
gene therapies targeting SFCs and osteoclasts. As for target
molecules, we focused on the intracellular signaling path-
ways which are important for both SFCs and osteoclasts,
i.e., c-Src pathways and Ras/ERK pathways.

Adenovirus vector-mediated regulation of c-Src
pathways in SFCs and osteoclasts

c-Src was first identified as the normal cellular counterpart
of the transforming protein encoded by Rous sarcoma virus,
v-Src.” The protooncogene product c-Src is a 60kDa pro-
tein and belongs to non-receptor-type tyrosine kinase
family, i.e., Src family tyrosine kinase family. The c-src
protooncogene is highly conserved throughout evolution
and widely expressed. It is known that c-Src and the other
members of the Src family, which share highly conserved
sequences both within and outside the kinase catalytic do-
main, play important roles in signal transduction mecha-
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Fig. 3A,B. Adenovirus-mediated gene transduction in osteoclasts in
vivo.” LacZ virus was injected into the inflammatory ankle joint of an
adjuvant arthritis rat, and the expression lacZ gene in osteoclasts was
determined in the serial sections by enzyme histochemistry of (3-galac-

nisms that contribute to the regulation of cell growth and
development.” The physiological role of the c-src gene had
not been clarified until Soriano et al. successfully performed
the targeted disruption of the gene by homologous recombi-
nation in mouse embryos in 1991.** To everyone’s surprise,
the mice showed striking skeletal abnormalities with a phe-
notype of osteopetrosis. In vitro osteoclast formation ex-
periments and in vivo bone marrow transplantation studies
have revealed that osteoclast differentiation was not im-
paired, but that bone-resorbing activity of mature osteo-
clasts was much reduced in c-src knockout (KO) mice.”*
The morphological feature of the KO osteoclasts was their
disorganized ruffled border structure.” The ruffled border
is the apical membrane of the osteoclast, which is exten-
sively folded due to the intense vesicular traffic associated
with proton and lysosomal enzyme secretion. c-Src is highly
expressed in osteoclasts, and highly concentrated on ruffled
border membranes and intracellular membranes.” The
fact that no other abnormalities in c-src KO mice were
found outside the skeletal tissues leads us to consider that
c-Src can be an ideal therapeutic target for suppressing
pathological bone resorption by inhibiting osteoclast func-
tion without affecting other tissues or cells.

The tyrosine kinase activity of c-Src is strictly regulated
by phosphorylation and dephosphorylation of the tyrosine
residue located close to the C-terminus, which corresponds
to tyrosine 527 (Tyr527) in chicken c-Src.” Dephosphoryla-
tion of this residue causes a 10- to 20-fold increase in the
kinase activity of c-Src. C-terminus Src family kinase (Csk)
is a cytoplasmic tyrosine kinase which specifically phospho-
rylates Tyr527 of c-Src, thereby negatively regulate its ki-
nase activity.” To regulate c-Src kinase activity in SFCs and
osteoclasts, we constructed adenovirus vectors encoding csk
gene (Csk virus). Csk virus efficiently infected SFCs and
osteoclasts, and dose-dependently inhibited the kinase ac-
tivity of c-Src in these cells." Adenovirus vector-mediated
Csk overexpression in RA SFCs suppressed the prolifera-
tion of the cells, and reduced their IL-6 production.” Csk
virus also induced dramatic cytoskeletal disorganization in
osteoclasts, and strongly inhibited pit formation on dentine
slices."

tosidase (A) and tartrate-resistant acid phosphatase (TRAP) (B) after
1 week of the viral injection. Most of the TRAP-positive osteoclasts
were positively stained for f-galactosidase activity

Important role of Ras/ERK pathways in SFC activation
and osteoclast survival

The other signaling pathway we focused on as a therapeutic
target is the Ras/ERK pathway. Small GTPase Ras, the
protein product of proto-oncogene 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 the activation of ERK path-
ways, which in turn regulates the activities of nuclear tran-
scription factors and gene transcriptions. In human cancer
cells, oncogenic mutations of Ras protein are frequently
observed and contribute to the malignant growth properties
of the cells. In RA and animal models of arthritis, synovial
cells with large pale nuclei, prominent nucleoli and abun-
dant cytoplasm are found adjacent to the affected cartilage
and bone of the joint, 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, exhibiting a morphologically trans-
formed appearance.* Although the expression of Ras and its
oncogenic mutations were reported in RA synovial cells,
the precise role of Ras in RA pathology remains unclear.”
To analyze the role of Ras and its downstream signaling in
osteoclasts as well as in SFCs, we constructed a replication-
deficient adenovirus vector carrying the dominant negative
mutant of ras gene (Ras”"). In SFCs, adenovirus-mediated
overexpression of Ras”™ dramatically decreased the prolif-
eration rate of the cells. Interleukin-1-induced upregulation
of IL-6 production was also decreased by the viral infection,
which was supposedly mediated by the downregulation of
IL-1-induced ERK activation.*

In addition, the life span of osteoclasts was markedly
decreased by the adenovirus, while activating Ras/ERK
pathways by constitutively active mutant of ERK expres-
sion prolonged the survival of osteoclasts.”” These results
suggest that Ras/ERK pathways are critically involved in
SFC activation and osteoclast survival.



Amelioration of arthritic bone destruction by
adenovirus vector-induced gene expression

The efficient in vivo gene delivery to synovial cells by local
administration of adenovirus vectors has been well estab-
lished.”* In addition, TRAP-positive osteoclasts along the
erosive bone surface demonstrated strong -gal staining as
shown in the serial tissue sections, indicating that intra-
articular injection of adenovirus vectors can transduce
osteoclasts in vivo (Fig. 3). The effect of Csk and Ras™
adenovirus administration into inflammatory ankle joints of
adjuvant arthritis rats was investigated.”* Not only was the
bone destruction by osteoclasts suppressed by Csk or Ras™™
virus injection, but also the synovial inflammatory reaction
detected by arthritis score or paw swelling was reduced (Fig.
4). These results lead us to conclude that regulating c-Src
and/or Ras/ERK pathways in SFCs and osteoclasts can be a
novel therapeutic approach to treat RA joint destruction

(Fig. 5).

Fig. 4A-D. Therapeutic effects
of dominant negative Ras
(Ras"") adenovirus injection on
rat adjuvant arthritis. A,B The
radiological findings of the
ankle of LacZ virus- (A) and
Ras"™ virus- (B) injected rats.
Severe joint destruction could
be seen in LacZ virus-injected
rats, while Ras™ virus-injected
ankle joints show minimal
destructive changes. C
Pathohistological findings of the
LacZ virus-injected ankles show
synovial hyperplasia and
destructive change of articular
cartilage and bone. Open
arrowhead and closed
arrowhead indicate talo-tibial
and talo-calcaneal joint,
respectively. D
Pathohistological findings of the
Ras"™ virus-injected ankle.
Synovial hyperplasia with
invasion into subchondral bone
and the destruction of bone and
cartilage were markedly
suppressed. C,D: H&E staining

Control

Stimulating chondrogenic differentiation of SFCs

In contrast to such catabolic actions, recent studies have
revealed that SFCs have anabolic effects, leading to the
bone and cartilage production. Hunziker and Rosenberg®
reported that synovial cells can migrate into partial-thick-
ness articular cartilage defects, where they proliferate and
subsequently deposit a scar-like tissue. Nishimura et al.*®
demonstrated SFCs to show chondrogenic differentiation
after being cultured in the presence of TGF-3, and De Bari
et al.” recently demonstrated that multipotent mesenchy-
mal stem cells were isolated from human synovial tissues,
which differentiated into chondrocytes as well as osteo-
blasts, adipocytes, and myotubes under proper culture
conditions. These observations lead us to speculate that
synovial tissues contain multipotent cells with osteogenic
and/or chondrogenic potential that can be involved in the
repair process of destroyed joints and therefore might pro-
vide a good source for engineering the bone and cartilage.

There is accumulating evidence that TGF-f3 superfamily
cytokines play an essential role in bone and cartilage devel-
opment. We analyzed the role of TGF-/BMP signaling on
chondrogenic differentiation of human SFCs, and found
that the introduction of an activated mutant of ALK3 (con-

Ras™
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Fig. 5. c-Src pathways and Ras/
extracellular-regulating kinase
(ERK) pathways are good
therapeutic targets for the joint
destruction in rheumatoid
arthritis. Suppression of c-Src
pathways by adenovirus vector-
mediated C-terminal Src family
kinase (Csk) overexpression
inhibits the proliferation and
interleukin-6 (/L-6) production
of synovial fibroblastic cells
(SFC) and osteoclast activity.
Ras/ERK pathways are involved
in SFC activation and osteoclast
survival, and suppressed by
dominant negative Ras (Ras
induction

DN)
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IL-6 production 1

Surbival 1

SFC

Osteoclast

Proliferation 1

IL-6 production 1 Activity 1

Fig. 6A,B. Constitutively active
activin receptor-like kinase
(ALK3“")-transduced SFs form
cartilage matrix in vivo. Three
weeks after transplantation to
nude mice, the pellets were
recovered and immunostained
with anti-type II collagen
antibody. Clear positive
stainings were observed in
ALK3“*-expressing cultures
(B) in contrast to LacZ
virus-infected cultures (A). Bar
100 um

stitutively active activin receptor—like kinase 3 [ALK3“)),
also known as BMP type IA receptor, by adenovirus vectors
induced chondrocyte-specific marker expression in the
cells.” Overexpression of ALK3“* induced type II collagen
and aggrecan expression in SFCs, and when transplanted
into nude mice, the transplanted SFC pellets expressing
ALK3“* were positively stained for type II collagen
immunostaining, indicating the cartilaginous differentiation
of the cultures in vivo (Fig. 6). ALK3 signaling involves two
different downstream cascades, the Smad pathway and the
p38 MAP kinase pathway. We used a combination of aden-
oviral gene delivery and chemical inhibition to analyze the
role of these two signaling cascades in inducing differentia-
tion of SFCs toward a chondrocyte phenotype and found
that both pathways are essential for chondrogenic differen-
tiation.” Interestingly, activation of p38 pathways alone in-

Control

ALK3¢A

duced markers of terminal chondrocyte differentiation,
type X collagen expression, and mineralization, which was
suppressed by Smadl coexpression.” Because type X col-
lagen expression and mineralization are observed in degen-
erated cartilage but not in intact articular cartilage, our
findings suggest an important role for p38 signal transduc-
tion pathways in chondrocytes and SFs, leading to degen-
erative joint disorders, and the potential usefulness of p38
modifiers in the treatment of RA. These results suggest that
although p38 activation is necessary for chondrogenic dif-
ferentiation of SFs, sustained activation of the pathway pro-
motes the terminal differentiation of the cells (Fig. 7).
Consistent with our results, Zhen et al.” reported that par-
athyroid hormone inhibits type X collagen expression in
hypertrophic chondrocytes by suppressing p38 pathways.
Smad pathways are not only required for chondrogenic



Fig. 7. The role of the Smad
pathway and p38 mitogen-
activated protein kinase pathway
on chondrogenic differentiation

of SFCs. Although both

pathways are necessary for
chondrocyte-specific marker
expression in the cells (left
panel), overactivation of p38
pathways alone lead to the
terminal chondrocytic
differentiation of the cells,
leading to the articular cartilage
degeneration. The proper
balance between these two
pathways is required for
maintaining the articular
cartilage integrity. /L,
interleukin; TNFR, tumor
necrosis factor receptor; ALK,
activin receptor-like kinase
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Fig. 8. Schematic representation
of the therapeutic strategies

targeting synovial fibroblastic CSk
cells (SFCs). Suppressing Src DN
pathways by C-terminal Src Ras
family kinase (Csk) expression B

or Ras/ERK pathways by
dominant negative Ras (Ras
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Catabolic Pathway

expression suppresses the
catabolic pathways of the cells
which lead to the bone and joint
destruction in RA, while
stimulating ALK3 pathways

activates anabolic pathways
leading to chondrogenic
differentiation of the cells.
ALK3“, constitutively active
activin receptor-like kinase

SFCs

Proinflammatory Cytokine Joint
& Protease Production |—» .
Osteoclast Induction Destruction
Chondrocytic
& Osteoblastic| —» | Chondrogenesis
Differentiation

ALK3¢A

differentiation of SFs, but also regulate the stage of
differentiation of the cells and suppress their terminal dif-
ferentiation process. It should be noted that the
proinflammatory cytokines IL-1 and TNF-a, which are
known to have catabolic effects on joint integrity, induced
p38 activation in SFs.” These cytokines may stimulate ter-
minal chondrogenic differentiation of SFs which are in-
volved in the repair process, and lead to the articular

Anabolic Pathway

cartilage degradation. Based on our observation, we would
like to propose that SFs are an excellent source from which
to obtain chondroprogenitors, which can be differentiated
into chondrocytes via ALK3 activation, and that stimulating
Smad pathways and controlling p38 activation to the proper
level can be a good therapeutic strategy for maintaining the
healthy joint homeostasis and treating degenerative joint
disorders.
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Concluding remarks

The ultimate goal of the treatment of RA is to preserve the
daily activity of the patients by preventing bone and joint
destruction. Recent studies have revealed that osteoclasts
are involved in the pathogenesis of the bone and joint de-
struction in RA, and SFCs are critically involved in the
differentiation and activation of osteoclasts by producing
various catabolic factors including TNF-a, IL-1, and
RANKL, which makes osteoclasts and SFCs good thera-
peutic targets for bone and joint destruction in RA. We
demonstrated that suppressing Src pathways by introducing
Csk and/or Ras/ERK pathways by the Ras”™ adenovirus in
osteoclasts reduces bone resorption both in vitro or in vivo
by suppressing osteoclast activity or survival (Fig. 5). Csk
virus and Ras®" virus also suppress catabolic actions of
SFCs by inhibiting abnormal proliferation of the cells and
their IL-6 production (Fig. 5). We also succeeded to stimu-
late chondrogenic differentiation of SFCs by introducing
ALK3*, and the proper balance of the Smad pathway and
the p38 MAP kinase pathway is critical downstream of
ALK3. Based on these observations, I would like to pro-
pose that modulating intracellular signaling in osteoclasts
and/or SFCs by adenovirus vectors can be good therapeutic
approach for treating RA patients with bone and joint de-
struction (Fig. 8).

Of course, we have to realize the disadvantages as well as
advantages of using adenovirus vectors as therapeutic re-
agents.” The disadvantages of the adenovirus vectors in-
clude the transient gene expression because they do not
integrate the transgene into target cell chromosome, immu-
nological reaction such as neutralizing antibody response
and cytotoxic T-lymphocyte responses against the virus, and
the dissemination of the vectors from the site of local injec-
tion. The safety issue is particularly important regarding
its clinical application, and in fact, the first case of fatality
induced by the infusion of adenovirus vectors into hepatic
artery was recently reported. Therefore, development of a
new generation of adenovirus vectors or finding substitutes
for gene therapy is absolutely necessary for the clinical
application of the signaling molecule-targeting strategies.
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