The Effect of Apoptosis Signal-Regulating Kinase 1
Gene Transfer on Rat Collagen Induced Arthritis
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ABSTRACT. Objective. To examine the apoptosis-inducing effect of apoptosis signal-regulating kinase 1 (ASK1)
gene transfer into synovial cells in vitro and in vivo.
Methods. An adenovirus vector was constructed so that a constitutively active form of ASK1 gene
(ASK1AN) was expressed in the presence of the Cre recombinase. The ASK1AN and Cre adenovirus
vectors were cotransduced into cultured synoviocytes derived from patients with rheumatoid arthri-
tis (RA), and apoptosis was evaluated by TUNEL and Hoechst staining. Collagen induced arthritis
(CIA) was induced in 8-week-old male DA rats, and 10 days later the 2 adenovirus vectors were
coadministered into the ankle joints of the animals. As indicators of severity of arthritis, swelling of
the ankle and articular index (AI) scores were evaluated, while histopathological observation of
articular tissue was also performed.
Results. In the cultured human RA synoviocytes, overexpression of the ASKIAN significantly
reduced cell viability and induced apoptosis. In the CIA rats transduced with the ASK1AN gene,
arthritis was significantly promoted in terms of the swelling of the ankle joints and elevation of the
Al scores. Histopathological observation also revealed that the constitutively active ASK1 induced
massive infiltration of inflammatory cells into the synovial membrane as well as proliferation of syn-
ovial fibroblasts. Degeneration of the synovial membrane was not evident.
Conclusion. Adenoviral transduction of ASK1AN induced apoptosis in RA synoviocytes in vitro, but
not in CIA synovium in vivo. (J Rheumatol 2005;32:2373-80)
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Rheumatoid arthritis (RA) is an autoimmune disease char-
acterized by systemic inflammation, which progresses
through the involvement of external and genetic factors,
causing severe pain and functional impairment of the joints.
The synovial membrane is the predominant tissue where
pathological changes are seen, including infiltration of lym-
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phocytes as well as proliferation of fibroblasts and vascular
endothelial cells'. During the progression of RA, bone and
cartilage are degraded through osteoclast activation and pro-
tease production?. Recently, significant therapeutic efficacy
was demonstrated in clinical trials with biological agents
that suppress inflammatory cytokines such as tumor necro-
sis factor-a. (TNF-o) and interleukin 6 (IL-6)3. To achieve
longterm therapeutic effects in RA, gene therapy has also
been attempted, in which genes effective for treatment are
introduced into the joint using some gene delivery vector.
For example, ex vivo transduction of the IL-1 receptor
antagonist (IRAP) gene, which competitively blocks IL-1,
has been performed in human clinical trials*. In in vivo
approaches, RA model animals were transduced into the
synovium with adenovirus vectors carrying the genes for
antiinflammatory cytokines including IL-4°, IL-10°, and IL-
137, while other studies employed the genes encoding kB8
and pl6 cyclin-dependent kinase inhibitor (cdk)? to sup-
press nuclear factor-kB (NF-xB) activation and cell cycle
progression, respectively.

Apoptotic cell death is involved in the maintenance of
body homeostasis, and the induction of apoptosis in the syn-
ovial membrane of patients with RA is considered a mecha-
nism by which inflammatory synovial cells that would oth-
erwise continue proliferating are degraded. In synovial tis-
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sues obtained from RA patients, not only proliferation but
also apoptosis of synoviocytes has been detected. However,
the incidence of apoptotic cells is limited, suggesting that
apoptosis induction in RA synovial cells may be suppressed
by various apoptosis inhibitory molecules, which are
thought to be one of the factors causing the abnormal prolif-
eration of synoviocytes!?12. Thus, adequate induction of
apoptosis by gene transfer to a RA synovial membrane
would modulate the proliferation of synovial cells as an
effective genetic synovectomy. Once carried out, the thera-
peutic effect of synovectomy may persist for a long period.
The genetic synovectomy would be more advantageous than
other gene therapy strategies in that it does not require
longterm expression of the therapeutic genes.

Apoptosis signal-regulating kinase 1 (ASK1) molecule,
which is involved in the stress induced signal cascade, is
reported to be expressed in RA synovial tissue!3. If ASK1
expression is controlled experimentally in synovium, the
results may greatly contribute to the understanding of the
mechanisms of synovial proliferation, while induction of
ASK1 gene would provide a novel and effective strategy of
genetic synovectomy. Based on these hypotheses, we inves-
tigated apoptosis induction in synoviocytes that were trans-
duced with the ASK1 gene.

MATERIALS AND METHODS

This study was approved by the Safety Committee for Recombinant DNA
Experiments and the Ethical Review Board on Clinical Research and con-
ducted according to the regulations for animal research of Kyoto
Prefectural University of Medicine. All human samples were obtained in
accord with the Ethical Review Board on Clinical Research of Kyoto
Prefectural University of Medicine.

Adenovirus vectors. Human ASK1HA c¢DNA was a generous gift from
Prof. H. Ichijo (Laboratory of Cell Signaling, Graduate School of
Pharmaceutical Sciences, University of Tokyo)!*. AXCALNL-ASKIAN
was prepared by inserting the N-terminus truncated mutant of ASKI
(ASK1AN) gene into the AXCALNL (Takara, Otsu, Japan) at the down-
stream of the stuffer fragment that was flanked by 2 loxP sites'>. AXCAN-
Cre is an adenovirus vector containing the Cre recombinase gene (Takara).
AxCA-LacZ was prepared by inserting the B-galactosidase gene (LacZ)
into the AXCA (Takara) at the downstream of the CAG promoter.
Recombinant virus clones were isolated and titrated as described'.

Synoviocytes. At the time of total knee arthroplasty, synovial tissues were
obtained from 8 patients with RA that met the diagnostic criteria of the
American College of Rheumatology!’. Informed consent was obtained
from the patients before the surgery. The synovial tissues were washed with
phosphate buffered saline (PBS) and homogenized in 1 mg/ml collagenase
(Collagenase S-1; Nitta Gelatin, Osaka, Japan) in Dulbecco’s modified
Eagle’s medium (DMEM) that contained 4.5 g/ glucose and supplemented
with 1 yM sodium pyruvate (Nacalai Tesque, Kyoto, Japan). After 2 h agi-
tation at 37°C, cells were washed with PBS and cultured in DMEM sup-
plemented with 10% fetal bovine serum (FBS; Trace Scientific, Melbourne,
Australia), 100 units/ml penicillin, and 100 ug/ml streptomycin (10%
FBS/DMEM; Gibco BRL, Gaithersburg, MD, USA) at 37°C in 5%
C0O,/95% humidified air (standard conditions).

Gene transduction to synoviocytes. Synoviocytes were suspended in 10%
FBS/DMEM and seeded in collagen type I-coated 8-well chamber slides
(Asahi Techno Glass, Tokyo, Japan), 1 x 105 cells/cm?2. After 48 h culture
under standard conditions, culture medium was removed and adenovirus

vectors suspended in 80 pl of 10% FBS/DMEM were added to the cells.
AXxCALNL-ASKIAN and AxCA-LacZ were infected into the cells at a
multiplicity of infection (MOI) of 500 plaque-forming units (pfu)/cell,
while AXCAN-Cre infection was performed at a MOI of 50 pfu/cell. After
incubation under standard conditions for 1 h, the culture supernatant was
replaced with fresh 10% FBS/DMEM.

Colorimetric cell proliferation assay and phase-contrast microscopic
observation. Tetrazolium salt based colorimetric assay was performed to
evaluate cell proliferation. Briefly, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrasodium bromide (MTT) was added to the cells at a concen-
tration of 5 mg/ml, followed by incubation under standard conditions for 4
h. Optical densities (OD) at 570 and 630 nm were measured using a spec-
trophotometer (U-2000; Hitachi, Tokyo, Japan). Phase-contrast microscop-
ic observation was performed by inverted microscopy (IX-70/DP-50;
Olympus, Tokyo, Japan).

Hoechst 33342 staining and terminal dUTP nick end-labeling (TUNEL)
assay. Synoviocytes were stained with 2% bisbenzimide H33342 fluo-
rochrome (Hoechst 33342; Nacalai Tesque) in 10% FBS/DMEM followed
by incubation under the standard conditions for 30 min. Cells were
observed by fluorescence microscopy (IX-FLA/IX-70/DP-50; Olympus).
The TUNEL assay was performed using the In Situ Cell Death Detection
Fluorescein Kit (Roche Diagnostics, Mannheim, Germany) as described!8.
TUNEL-positive cells were visualized by fluorescence microscopy as
described above.

Collagen induced arthritis (CIA) and in vivo gene transfer. Eight-week-old
male DA rats (Shimizu Laboratory Supplies, Kyoto, Japan) were subcuta-
neously injected into the tail base with a mixture of 100 ml of bovine type
II collagen (Collagen Research Center, Tokyo, Japan) and 100 ml of
Freund’s incomplete adjuvant (Sigma, St. Louis, MO, USA). Ten days after
the immunization, various doses of AXCALNL-ASKI1AN and AXCANCre
were suspended in 10 ul and 1 ul of PBS, respectively, and the mixture was
injected into the ankle joint of the animals. Control rats were administered
with 11 ul of PBS.

Evaluation of clinical manifestations. To evaluate the paw swelling, the
height of the dorsum of the foot was measured using a micrometer caliper
(Digimatic; Mitsutoyo, Kanagawa, Japan). Gross observations of the toes
and paws of the rats were assessed using arthritis index (AI) scores accord-
ing to the methods of Woods, et al'.

Histological examination. Rats were sacrificed with sodium pentobarbital.
The ankles were fixed with 4% paraformaldehyde (pH 7.4) and decalcified
in 10% formic acid. Embedded in paraffin, the specimens were cut into sec-
tions and stained with hematoxylin-eosin (H&E).

Statistical analysis. Comparisons between 2 groups with equal variance
were performed using Student’s t test, and those with unequal variance with
Student’s t test with Welch’s correction. Statistical significance was defined
as a p value < 0.05.

RESULTS

Effect of ASKIAN gene transfer on the viability of cultured
RA synoviocytes. Adenoviral vectors carrying a constitutive-
ly active form of ASK1 (ASK1AN) gene were constructed.
Since the ASK1 gene impairs host cell function during the
process of the adenovirus vector generation, the Cre/loxP
expression control system was employed?” so that the ASK 1
was expressed only in the presence of Cre recombinase.
Human RA synoviocytes were infected with either
AxCALNL-ASK1AN alone, a mixture of control adenovirus
vector (AXCAN-LacZ) and Cre gene adenovirus (AXCAN-
Cre), or a mixture of the AXCALNL-ASKI1AN and AXCAN-
Cre. Figures 1A—1D show RA synoviocytes 60 h after ade-
novirus vector infection. Compared with other cell groups,
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the AXCALNL-ASKI1AN + AxCAN-Cre group showed an but then the cell number decreased by 60 h, and continued
obvious decrease in the cell number. The cells coinfected to decrease until 96 h (Figures 1E-1H). MTT assay was per-
with the ASKIAN and Cre adenovirus vectors were formed 60 h after the gene transfer. The OD values were
observed over time. There was no change in the cultured 131.4 £ 5.0 (control), 110.2 = 20.7 (AXCALNL-ASK1AN),
human RA synoviocytes until 48 h after the gene transfer, 116.8 + 5.8 (AxCA-LacZ + AxCAN-Cre), and 264 + 1.9

Figure 1. Morphological change of synoviocytes transduced with ASK1 gene. A-D: Human RA
synoviocytes were infected with AXCALNL-ASKIAN (B), AxCA-LacZ and AXCAN-Cre (C), or
AxCALNL-ASKIAN + AxCAN-Cre (D). Control cells were left uninfected (A). Cells were
observed by phase-contrast microscopy 60 h after gene transfer. Original magnification x100.
E-H: RA synoviocytes were infected with AXCALNL-ASK1AN and AXCAN-Cre. Cells were
observed by phase-contrast microscopy 48 h (E), 60 h (F), 72 h (G), and 96 h (H) after gene trans-
fer. Original magnification x40.
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(AxCALNL-ASKI1AN + AxCAN-Cre), indicating that cell
viability in the AXCALNL-ASKIAN + AxCAN-Cre group
was significantly lower than in the other groups (Figure 2).

Apoptosis-inducing effect of ASKIAN gene transfer in cul-
tured RA synoviocytes. To examine the apoptosis-inducing
effect, each cell group was stained with Hoechst 33342 at 60
h after adenovirus infection. In the AXCALNL-ASKIAN +
AxCAN-Cre group, the viable cell number was reduced and
apoptotic cells with fragmented nuclei were observed
(Figures 3A-3D). In the other cell groups, no apoptotic cells
were observed. Apoptosis induction was also evaluated
using TUNEL staining. TUNEL-positive cells were
observed in the AXCALNL-ASKI1AN + AxCAN-Cre group,
but not in the other cell groups (Figures 3E-3H). These
results revealed that the Cre/lox system worked accurately,
and that the overexpression of ASK1AN gene induced apop-
tosis in cultured human RA synoviocytes.

Changes in paw swelling in CIA rats treated with ASKIAN
adenovirus vector. Various doses of AXCALNL-ASKIAN
and AXCAN-Cre were simultaneously administered to the
ankles of rats with or without CIA, and paw thickness was
measured as an indication of severity of arthritis. Paw
swelling was enhanced dose-dependently in all groups in
which the ASK1AN gene was transduced (Figure 4, groups
A-C), whereas normal DA rats showed no significant
changes in paw thickness after the ASK1AN adenovirus
infection (Figure 4, groups E-G). In Group A, in which the
ASKIAN gene was transduced at the highest dose, the paw
thickness was significantly increased to 7.0 £ 0.7 mm on
Day 2, but then decreased to 5.4 + 1.0 mm on Day 3. The
swelling deteriorated again from Day 4 and reached a max-
imum of 10.9 + 0.6 mm on Day 6. In groups B and C, paw
swelling was enhanced over time. Therefore, in vivo aden-
oviral transduction of the active form of ASK1 gene result-
ed in the deterioration of arthritis.

160 - I 1
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Figure 2. ASK1 gene transduction reduced viability of synoviocytes in
vitro. RA synoviocytes were infected with AXCALNL-ASKIAN (ASK),
AxCA-LacZ and AxCAN-Cre (LacZ+Cre), or AXCALNL-ASKIAN +
AXCAN-Cre (ASK+Cre). Control cells were left uninfected (Control).
MTT was added 60 h after gene transfer, and absorbance was measured 4 h
later (n = 5).

Figure 3. RA synoviocytes underwent significant apoptosis after ASK1
gene transduction in vitro. Human RA synoviocytes were infected with
AxCALNL-ASKI1AN (B and F), AXCA-LacZ and AxXCAN-Cre (C and G),
or AXCALNL-ASKI1AN + AXCAN-Cre (D and H). Control cells were left
uninfected (A and E). Sixty hours later cells were stained with Hoechst
33342 (A-D) or TUNEL staining (E-H) followed by fluorescent micro-
scopic observation. Original magnification x100.

Changes in Al score after ASKIAN gene transfer. The Al
score was elevated dose-dependently in all CIA rat groups in
which the ASKI1AN gene had been infected, while normal
DA rats showed no significant changes in Al score regard-
less of the doses of ASKIAN adenovirus (Figure 5). In
Group A, the Al score increased significantly to 2.8 + 0.8 on
Day 2, followed by reduction to 1.3 + 1.0 on Day 3. The
score increased again from Day 4 and reached a peak of 4.0
+ 0.0 on Day 6 (n =4; p <0.05). In groups B and C, the Al
scores were continuously elevated. Therefore, in vivo trans-
duction of the ASK1AN gene promoted arthritis in terms of
the Al score. Normal joints were not affected by in vivo
administration of the ASK1 gene.
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Figure 4. ASK1 gene transduction led to deteriorated paw swelling in CIA rats (groups A—C) and normal DA rats
(E-G). Rats were given ankle joint injection of a mixture of AXxCALNL-ASKI1AN (7.6 x 10~ plaque-forming units,
pfu) and AXCANCre (7.6 x 10 pfu) (A and E), a mixture of AXCALNL-ASKI1AN (7.6 x 10" pfu) and AXCANCre
(7.6 x 1073 pfu) (B and F), or a mixture of AXCALNL-ASK1AN (7.6 x 103 pfu) and AXCANCre (7.6 x 102 pfu) (C
and G). As a control, CIA rats were intraarticularly injected with PBS (D). Means + SD of paw diameters are plot-

ted here (n = 6 in each group).

Day

Figure 5. CIA progression was significantly promoted by ASK1 gene transfer. CIA rats (groups A—C) and normal
DA rats (E-G) were injected in the ankle joint with a mixture of AXCALNL-ASKIAN (7.6 x 107 pfu) and
AxCANCre as shown in Figure 4. As a control, CIA rats were given PBS intraarticularly (D). Means + SD of Al

scores are plotted here (n = 6 in each group).

Histopathological findings. Histological examination
revealed that the ASK1 gene-transduced CIA rats showed
remarkable infiltration of lymphocytes and monocyte line-
age cells as well as infiltration of inflammatory cells into the
synovial membrane, while such morphological changes
were not evident in the normal DA rats infected with

ASKI1AN adenovirus, or in the control CIA rats given an
administration of PBS (Figure 6). In groups A, B, and C,
proliferation of synovial fibroblasts was observed, but
degradation of the synovial membrane due to apoptosis was
not observed. Pannus formation and destruction of bone and
cartilage were also apparent in these groups.
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Figure 6. Remarkable synovial inflammation in ASK1 gene-transduced CIA rats (A, white arrowheads). CIA (A and B) or DA (C) rats were injected into the
ankle joint with a mixture of AXCALNL-ASKI1AN (7.6 x 1075 pfu) and AxCANCre (7.6 x 10" pfu) (A and C) or PBS (B). Ten days later articular tissue sec-

tions were stained with H&E. Original magnification x40.

DISCUSSION

In normal tissues, homeostasis is maintained by cell differ-
entiation, proliferation, and apoptosis, while in pathological
conditions such as RA, insufficient apoptosis might con-
tribute to the hyperplasia of synovial tissue. This process
involves some pathways that inhibit apoptosis!?2!. There
are 2 major apoptotic pathways. In the first, ligand-depend-
ent trimerization of cell-surface death receptors, such as
FAS and TNF receptors, induces polymerization of FADD
and TRADD, which subsequently activates caspase-8, fol-
lowed by activation of caspase-3 and apoptosis induction. In
the second, various stimuli including stresses induce
cytochrome C release from the mitochondria. The
cytochrome C binds to Apafl and caspase-9 to form a com-
plex, which activates caspase-3 to induce apoptosis?223,
Recently, intraarticular gene transfer approaches have been
developed?*25, and several studies have attempted to devel-
op therapeutic methods for RA by inducing apoptosis in the
synovial membrane through activation of the FAS/TNF
pathways by introducing genes for the Fas ligand, FADD,
and TRAIL2%-28, However, no studies have reported on the
application of apoptosis induction through the mitochondri-
al pathway to RA therapy. In our study, using adenovirus
vectors 29 that enabled the introduction of genes into the
synovial membrane, the ASK1AN gene was introduced into
the synovial membrane, and whether apoptosis could be
induced through activation of the mitochondria pathway
was examined in vitro and in vivo.

ASK1 is a serine/threonine kinase with a molecular
weight of 160 kDa that belongs to the MAPKKK family. It
was originally cloned in 1997 by Ichijo, et al'*. ASK1 has
been identified in a wide range of tissues and cells, and
ASK1 mRNA expression has also been confirmed in RA

synovial tissues. In addition to Fas receptor stimulation
through the Fas ligand and cytokine receptor stimulation
through TNF-q., IL-1, and other agents, ASK1 is also acti-
vated by physicochemical stresses such as reactive oxygen,
serum deprivation, and anticancer agents. When activated,
ASK1 is overexpressed in the cells, the MKK4/MKK7-JINK
and MKK3/6-P38 pathways are activated at the same time,
and apoptosis is induced in various cells’’. On the other
hand, when the inactive form of ASK1 is overexpressed in
the cells, activation of the JNK and p38 pathways by stimu-
lation and apoptosis is partially suppressed?’. The mecha-
nism of apoptosis induction by ASK1 is considered to be
mainly through the mitochondria-dependent signaling path-
way, since overexpression of ASK1 caused the release of
cytochrome C from mitochondria and activation of caspase-
3 and caspase-93!. In this study, the ASK1 gene was initial-
ly introduced into cultured human RA synoviocytes in vitro.
The cells into which the ASK gene was introduced showed
a significantly lower absorbance in the MTT assay than the
control cells, and the induction of apoptotic cells was clear-
ly observed by Hoechst and TUNEL staining. These results
show that apoptosis can be induced by introduction of the
ASK1 gene into synoviocytes.

However, in the in vivo study, introduction of ASK1AN
gene into the ankle joint of CIA rats enhanced the joint
swelling and AI scores dose-dependently. Histologically,
inflammatory cells, including lymphocytes and monocyte-
lineage cells, and synovial fibroblasts were increased in the
synovial membrane. Apoptosis was not detected in the syn-
ovial membrane. Pannus formation was observed along with
destruction of bone and cartilage as the inflammation pro-
gressed. In contrast, when the ASK1AN gene was similarly
introduced into the ankle joints of control rats, inflammation
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or joint swelling was not caused. Direct intraarticular
administration of adenovirus vectors can lead to inflamma-
tion or hyperplasia of the synovial membrane depending on
the concentration or dose of the vectors and the animal
species3233. However, since the control rats did not develop
inflammatory reactions in this study, the cause of the
enhanced inflammation in the CIA rats is considered to be
the effect of ASK1 on the synovial membrane, rather than
the administration of the adenovirus vectors.

It was recently reported that ASK1, having the ability to
induce apoptosis, also plays an important role in cell differ-
entiation and survival. In human epithelial primary cultures,
strong expression of ASK1 induced apoptosis, while weak
expression of ASK1 induced differentiation through p38
activation®*. Overexpression of ASK1 induced apoptosis
mainly through the JNK pathway under strong stress stimu-
lations, such as serum deprivation, in primary cultures of
nerve cells and a differentiated pheochromocytoma cell line
(PC12), while it induced differentiation and survival of
nerve cells, such as enhancing neurite elongation, mainly
through the p38 pathway in undifferentiated PC12 cells®. In
addition, ASK1 enhanced hyperplasia of the vascular
endothelium and proliferation of cultured vascular smooth
cells in rat damaged vascular models through the p38 or
JNK pathways36. It is considered that ASK1 plays a role in
the maintenance of the homeostatic balance in the body by
finely adapting to the strength and quality of various stress
stimulations as well as to the type of cell, and by regulating
signals in the JNK and p38 pathways.

JNK and p38, which are located downstream of the
ASK1 transduction pathway, play contradictory roles in
both survival signaling and apoptosis signaling. Miyazawa,
et al’” and Han, et al®8 reported that INK and p38 are acti-
vated in the RA synovial membrane and promote the pro-
duction of inflammatory cytokines and matrix metallopro-
teinase (MMP), leading to induction of proliferative synovi-
tis. However, Okamoto, et al>® reported that JNK is activat-
ed in the FAS mediated apoptosis induction pathway, and
contributes to the induction of apoptosis in the synovial
membrane. JNK and p38 also have contradictory functions
in RA depending on the situation. In our study, in vivo intro-
duction of the ASK1AN gene induced apoptosis in cultured
synoviocytes. However, although in vivo introduction of the
ASKI1AN gene into normal joints did not cause inflamma-
tion, it induced cell proliferation and inflammation in CIA
rats, in contrast to the effect expected from the results of the
in vitro study. In the CIA model, in which the immune sys-
tem is activated by adjuvant arthritis, ASK1 may activate
JNK and p38 in synovial fibroblasts, lymphocytes, and
monocytes, and work as a potent molecule for inducing
inflammation, but not apoptosis.

Future analyses of the involvement of ASKI1 in the
switching of JNK and p38 may lead to elucidation of the
mechanism of RA.

REFERENCES

1. Harris ED Jr. Rheumatoid arthritis. Pathophysiology and
implications for therapy. N Engl J Med 1990;322:1277-89.

2. Goldring SR, Gravallese EM. Pathogenesis of bone erosions in
rheumatoid arthritis. Curr Opin Rheumatol 2000;12:195-9.

3. Taylor PC. Antibody therapy for rheumatoid arthritis. Curr Opin
Pharmacol 2003;3:323-8.

4. Evans CH, Robbins PD, Ghivizzani SC, et al. Clinical trial to
assess the safety, feasibility, and efficacy of transferring a
potentially anti-arthritic cytokine gene to human joints with
rheumatoid arthritis. Hum Gene Ther 1996;7:1261-80.

5. Woods JM, Katschke KJ, Volin MV, et al. IL-4 adenoviral gene
therapy reduces inflammation, proinflammatory cytokines,
vascularization, and bony destruction in rat adjuvant-induced
arthritis. J Immunol 2001;166:1214-22.

6. MaY, Thornton S, Duwel LE, et al. Inhibition of collagen-induced
arthritis in mice by viral IL-10 gene transfer. J Immunol
1998;161:1516-24.

7. Woods JM, Amin MA, Katschke KJ Jr, et al. Interleukin-13 gene
therapy reduces inflammation, vascularization, and bony
destruction in rat adjuvant-induced arthritis. Hum Gene Ther
2002;13:381-93.

8. Miagkov AV, Kovalenko DV, Brown CE, et al. NF-kB activation
provides the potential link between inflammation and hyperplasia
in the arthritic joint. Proc Natl Acad Sci USA 1998;95:13859-64.

9. Taniguchi K, Kohsaka H, Inoue N, et al. Induction of the
pl6INK4a senescence gene as a new therapeutic strategy for the
treatment of rheumatoid arthritis. Nat Med 1999;5:760-7.

10. Nakajima T, Aono H, Hasunuma T, et al. Apoptosis and functional
Fas antigen in rheumatoid arthritis synoviocytes. Arthritis Rheum
1995;38:485-91.

11. Sugiyama M, Tsukazaki T, Yonekura A, Matsuzaki S, Yamashita S,
Iwasaki K. Localisation of apoptosis and expression of apoptosis
related proteins in the synovium of patients with rheumatoid
arthritis. Ann Rheum Dis 1996;55:442-9.

12. Perlman H, Pagliari LJ, Liu H, Koch AE, Haines GK 3rd, Pope
RM. Rheumatoid arthritis synovial macrophages express the
Fas-associated death domain-like interleukin-1 beta-converting
enzyme-inhibitory protein and are refractory to Fas-mediated
apoptosis. Arthritis Rheum 2001;44:21-30.

13. Hammaker DR, Boyle DL, Chabaud-Riou M, Firestein GS.
Regulation of c-Jun N-terminal kinase by MEKK-2 and
mitogen-activated protein kinase kinase kinases in rheumatoid
arthritis. J Immunol 2004;172:1612-8.

14. Ichijo H, Nishida E, Irie K, et al. Induction of apoptosis by ASKI, a
mammalian MAPKKK that activates SAPK/INK and p38 signaling
pathways. Science 1997;275:90-4.

15. LiuY, Yin G, Surapisitchat J, Berk BC, Min W. Laminar flow
inhibits TNF-induced ASK1 activation by preventing dissociation
of ASK1 from its inhibitor 14-3-3. J Clin Invest 2001;107:917-23.

16. Terauchi R, Takahashi KA, Arai Y, et al. Hsp70 prevents nitric
oxide-induced apoptosis in articular chondrocytes. Arthritis Rheum
2003;48:1562-8.

17.  Arnett FC, Edworthy SM, Bloch DA, et al. The American
Rheumatism Association 1987 revised criteria for the classification
of rheumatoid arthritis. Arthritis Rheum 1988;31:315-24.

18. Nakanishi H, Mazda O, Satoh E, et al. Nonviral genetic transfer of
Fas ligand induced significant growth suppression and apoptotic
tumor cell death in prostate cancer in vivo. Gene Ther
2003;10:434-42.

19. Woods JM, Katschke KJ, Volin MV, et al. IL-4 adenoviral gene
therapy reduces inflammation, proinflammatory cytokines,
vascularization, and bony destruction in rat adjuvant-induced
arthritis. J Immunol 2001;166:1214-22.

20. Kanegae Y, Lee G, Sato Y, et al. Efficient gene activation in

—| Personal non-commercial use only. The Journal of Rheumatology Copyright © 2005. All rights reserved. |—

Terauchi, et al: Effect of ASKI on CIA

2379

Downloaded on April 19, 2024 from www.jrheum.org


http://www.jrheum.org/

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

mammalian cells by using recombinant adenovirus expressing
site-specific Cre recombinase. Nucleic Acids Res 1995;23:3816-21.
Sugiyama M, Tsukazaki T, Yonekura A, Matsuzaki S, Yamashita S,
Iwasaki K. Localisation of apoptosis and expression of apoptosis
related proteins in the synovium of patients with rheumatoid
arthritis. Ann Rheum Dis 1996;55:442-9.

Green DR. Apoptotic pathways: the roads to ruin. Cell
1998;94:695-8.

Liu X, Kim CN, Yang J, Jemmerson R, Wang X. Induction of a
poptotic program in cell-free extracts: requirement for dATP and
cytochrome c. Cell 1996;86:147-57.

Arai Y, Kubo T, Kobayashi K, et al. Adenovirus vector-mediated
gene transduction to chondrocytes: in vitro evaluation of
therapeutic efficacy of transforming growth factor-beta 1 and heat
shock protein 70 gene transduction. J Rheumatol 1997;24:1787-95.
Ohashi S, Kubo T, Kishida T, et al. Successful genetic transduction
in vivo into synovium by means of electroporation. Biochem
Biophys Res Commun 2002;293:1530-5.

Kobayashi T, Okamoto K, Kobata T, et al. Novel gene therapy for
rheumatoid arthritis by FADD gene transfer: induction of apoptosis
of rheumatoid synoviocytes but not chondrocytes. Gene Ther
2000;7:527-33.

Okamoto K, Asahara H, Kobayashi T, et al. Induction of apoptosis
in the rheumatoid synovium by Fas ligand gene transfer. Gene Ther
1998;5:331-8.

Liu Z, Xu X, Hsu HC, et al. CII-DC-AdTRAIL cell gene therapy
inhibits infiltration of ClI-reactive T cells and ClII-induced arthritis.
J Clin Invest 2003;112:1332-41.

Tkeda T, Kubo T, Arai Y, et al. Adenovirus mediated gene delivery
to the joints of guinea pigs. J] Rheumatol 1998;25:1666-73.
Matsuzawa A, Ichijo H. Molecular mechanisms of the decision
between life and death: regulation of apoptosis by apoptosis
signal-regulating kinase 1. J Biochem (Tokyo) 2001;130:1-8.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Hatai T, Matsuzawa A, Inoshita S, et al. Execution of apoptosis
signal-regulating kinase 1 (ASK1)-induced apoptosis by the
mitochondria-dependent caspase activation. J Biol Chem
2000;275:26576-81.

Sawchuk SJ, Boivin GP, Duwel LE, et al. Anti-T cell receptor
monoclonal antibody prolongs transgene expression following
adenovirus-mediated in vivo gene transfer to mouse synovium.
Hum Gene Ther 1996;7:499-506.

Tkeda T, Kubo T, Arai Y, et al. Adenovirus mediated gene delivery
to the joints of guinea pigs. J Rheumatol 1998;25:1666-73.
Sayama K, Hanakawa Y, Shirakata Y, et al. Apoptosis
signal-regulating kinase 1 (ASK1) is an intracellular inducer of
keratinocyte differentiation. J Biol Chem 2001;276:999-1004.
Takeda K, Hatai T, Hamazaki TS, Nishitoh H, Saitoh M, Ichijo H.
Apoptosis signal-regulating kinase 1 (ASK1) induces neuronal
differentiation and survival of PC12 cells. J Biol Chem
2000;275:9805-13.

Izumi Y, Kim S, Yoshiyama M, et al. Activation of apoptosis
signal-regulating kinase 1 in injured artery and its critical role in
neointimal hyperplasia. Circulation 2003;108:2812-8.

Miyazawa K, Mori A, Miyata H, Akahane M, Ajisawa Y, Okudaira
H. Regulation of interleukin-1 beta-induced interleukin-6 gene
expression in human fibroblast-like synoviocytes by p38
mitogen-activated protein kinase. J Biol Chem 1998;273:24832-8.
Han Z, Boyle DL, Chang L, et al. c-Jun N-terminal kinase is
required for metalloproteinase expression and joint destruction in
inflammatory arthritis. J Clin Invest 2001;108:73-81.

Okamoto K, Fujisawa K, Hasunuma T, Kobata T, Sumida T,
Nishioka K. Selective activation of the JNK/AP-1 pathway in
Fas-mediated apoptosis of rheumatoid arthritis synoviocytes.
Arthritis Rheum 1997;40:919-26.

—| Personal non-commercial use only. The Journal of Rheumatology Copyright © 2005. All rights reserved. |—

2380

The Journal of Rheumatology 2005; 32:12

Downloaded on April 19, 2024 from www.jrheum.org


http://www.jrheum.org/

