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Matrix Metalloproteinase-13 Expression in IL-1β-treated Chondrocytes 
by Activation of the p38 MAPK/c-Fos/AP-1 and JAK/STAT Pathways
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Matrix metalloproteinase-13 (MMP-13, mammalian collagenase) degrades the cartilage
matrix in pathological conditions such as osteoarthritis. Here, to establish the signaling path-
way to MMP-13 induction, effects of mitogen-activated protein kinase (MAPK) pathway and
the possibility of some other signaling pathways involved are investigated in interleukin-1β
(IL-1β)-treated human chondrosarcoma cell line, SW1353 cells. IL-1β (10 ng/mL) treatment
induced MMP-13 in SW1353 cells, with concomitant activation of nuclear factor-κB, activator
protein-1 (AP-1) and MAPKs, including extracellular signal-regulated protein kinase, p38
MAPK and c-Jun N-terminal kinase. Among these MAPKs, only p38 MAPK inhibitor
(SB203580) blocked MMP-13 induction and AP-1 activation in IL-1β-treated SW1353 cells.
SB203580 also inhibited c-Fos translocation to the nucleus (but not c-Jun). Importantly, IL-1β
treatment induced Janus kinase 2 (JAK2) and signal transducer and activator of transcription
1/2 (STAT1/2) activation. The JAK2 inhibitor (AG490) blocked STAT1/2 activation as well as
MMP-13 induction in IL-1β-treated SW1353 cells. STAT1/2 siRNA transfection also reduced
MMP-13 expression levels. Thus, from the present study, it is concluded that p38 MAPK/c-
Fos/AP-1 and JAK2/STAT1/2 are involved in MMP-13 induction of IL-1β-treated human chon-
drocytes, SW1353 cells. Blocking these signaling pathways may have chondroprotective effects
in cartilage degeneration.
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INTRODUCTION

It is well-known that activation of the various cells
with interleukin (IL-1) treatment induces the activa-
tion of nuclear factor-κB (NF-κB) and/or activator
protein-1 (AP-1). NF-κB is activated when IκB kinase
(IKK) phosphorylates IκB. AP-1 activation requires
activation of the mitogen-activated protein kinase
(MAPK) family, including extracellular signal-regulat-
ed protein kinase (ERK), p38 MAPK and c-Jun N-ter-
minal kinase (JNK). MAPKs activate AP-1 components,
including c-Fos and c-Jun.

An immortalized human chondrocyte cell line,
SW1353 cells (chondrosarcoma cell line), also has
these signaling pathways (Mengshol et al., 2000; Pei
et al., 2006; Wada et al., 2006). IL-1β treatment of
chondrocytes and SW1353 cells causes MAPKs and
AP-1 activation (Boileau et al., 2005; Ho et al., 2005;
Liacini et al., 2005), which, together with NF-κB activa-
tion, induce inflammation-related gene expression, such
as matrix metalloproteinase-13 (MMP-13) (Vincenti
and Brinckerhoff, 2001; Gebauer et al., 2005; Fan et
al., 2006). This enzyme is largely responsible to de-
grade cartilage collagen matrix in articular joints
(Mitchell et al., 1996; Takaishi et al., 2008). It is
suggested that inhibition of MMP-13 expression may
show some beneficial effects of chondroprotection on
the pathological conditions such as osteoarthritis
(Johnson et al., 2007; Vidal et al., 2007). However, the
role of the MAPK pathway in MMP-13 expression and
the possibility of some other signaling pathways in-
volved are not fully elucidated in IL-1β-treated chon-
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drocytes. Thus, we identified the signaling pathways
involved in MMP-13 expression in SW1353 cells in the
present investigation.

MATERIALS AND METHODS

Chemicals
Human IL-1β, AG490, oncostatin M and 3-(4,5-di-

methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) were purchased from Sigma. DMEM and other
cell culture reagents including FBS, were products of
Gibco BRL. The protein assay kit was purchased from
Bio-Rad Lab. PD98059, SB203580 and SP600125 were
purchased from Tocris. Human IL-6, soluble recom-
binant human IL-6Ra, anti-IL-6 antibody and mouse
IgG1 were purchased from R & D Systems. All anti-
bodies relating to MAPK and JAK/STAT signaling
were purchased from Cell Signaling Technologies.
Lamin B1 antibody was purchased from Bioworld
technology. The gel shift assay system and NF-κB and
AP-1 consensus oligo were obtained from Promega.
ON-TARGETplus SMARTpool for the siRNAs target-
ing human IL-6, STAT1 and 2 and ON-TARGETplus
Non-targeting siRNA were obtained from Thermo
Scientific. [γ-32P] ATP was purchased from IZOTOP.

SW1353 cell culture
SW1353 cells (human chondrosarcoma cell line)

were purchased from American type culture collec-
tion. The cells were maintained in DMEM with 10%
FBS, glutamine and penicillin/streptomycin.

Preparation of protein samples and immunob-
lot analysis

To induce MMP-13 in SW1353 cells, IL-1β (10 ng/
mL) with/without test compounds was added to the
cells in serum-free DMEM. After 24 h incubation, media
was collected and MMP-13 expression was examined
by Western blotting analysis as described previously
(Mengshol et al., 2000; Liacini et al., 2005). In brief,
media was concentrated with TCA and acetone. Pro-
tein samples were separated on SDS-PAGE and blott-
ed to a PVDF membrane. The blot was incubated with
anti-MMP-13 antibody (Sigma) in 5% skim milk in
TBST and visualized with an ECL system (Amersham).
Test compounds were dissolved in DMSO and diluted
with serum-free DMEM. Cell viability was checked
using an MTT bioassay (Mosmann, 1983). MMP-13
expression was measured at non-cytotoxic concentra-
tions of the test compounds, unless otherwise specified.

Expression and phosphorylation of MAPKs and
JAK/STAT were investigated in total cellular lysates.
Total cellular proteins were extracted with Pro-Prep

solution (iNtRON Biotechnology) containing 1 mM
PMSF, 1 mM sodium orthovanadate and 1 mM sodium
fluoride. Expression of c-Jun, and c-Fos were identifi-
ed in nuclear fractions. For an extraction of nuclear
proteins, cells were resuspended in 400 µL of buffer A
(10 mM HEPES, pH 7.9, 10 mM KCl, 0.1 mM EDTA,
1 mM DTT, 0.5 mM PMSF, 1 µg/mL aprotinin and 1
µg/mL leupeptin) and incubated on ice for 10 min.
After 25 µL of 10% NP-40 was added, cells were
vortexed for 10 sec and centrifuged at 5,000 rpm for 2
min. The nuclear pellet was vigorously vortexed in
buffer B (20 mM HEPES, pH 7.9, 0.4 M NaCl, 1 mM
EDTA, 1 mM DTT, 1 mM PMSF, 1 µg/mL aprotinin and
1 µg/mL leupeptin) and centrifuged at 13,000 rpm for
10 min. BCA protein assay (Pierce) was used to deter-
mine protein concentration in the nuclear fraction.
Proteins were separated, blotted and visualized as
described above.

Electrophoretic mobility shift assay (EMSA)
EMSA was used to detect nuclear NF-κB and AP-1.

Oligos were radio-labeled by T4 polynucleotide kinase
with 10 µCi of [γ-32P] ATP (3,000 Ci/mmol) at 37oC for
10 min. Unincorporated nucleotides were removed by
a Micro-spin G-25 column (Amersham). Nuclear extract
containing 5 µg protein was incubated with 32P-label-
ed oligo nucleotide in gel shift binding buffer at room
temperature for 20 min. The incubation mixture was
subjected to electrophoresis on a 4% polyacrylamide
gel in 0.5× TBE buffer at 250 V. The gel was dried and
exposed to X-ray film overnight at −70oC.

Reverse-transcriptase-polymerase chain reac-
tion (RT-PCR) analysis

Total RNA was isolated using an RNeasy mini kit
(Qiagen) from cells treated IL-1β for 6 h, unless other-
wise specified, according to the manufacturer’s instruc-
tion. RNA concentration was determined by absor-
bance at 260 and 280 nm. cDNA was synthesized
using RT reaction at 42oC, 50 min and 99oC, 5 min in
a Gene Cycler thermal cycler (Bio-Rad). Primers were
synthesized based on the repeated human cDNA se-
quence for MMP-13, and G3PDH. The primer sequences
used for PCR were : MMP-13: 517 bp, Tm (60oC), 27
cycles, 5'-GCT TAG AGG TGA CTG GCA AC-3', 5'-
CCG GTG TAG GTG TAG ATA GGA AC-3'; G3PDH:
604 bp, Tm (60oC), 27 cycles, 5'-GAA GGC CAT GCC
AGT GAG CTT CC-3', 5'-CCA TCA ACG ACC CCT
TCA TTG ACC-3'. PCR was carried out under satura-
tion, in a 25 µL reaction mixture. After amplification,
5 µL of reaction mixture was analyzed on 1.5% agarose
gel electrophoresis. The bands were visualized by ethi-
dium bromide staining for 10 min.
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siRNA transfection
Antibiotic-free media was used for siRNA transfec-

tion. siRNA solution (5 µM, 10 µL) in 1 × siRNA buffer
(6 mM HEPES, pH 7.5, 60 mM KCl, 0.2 mM MgCl2) and
5 µL DharmaFECT reagent were separately diluted in
200 µL serum-free media in each tube and placed at
room temperature for 5 min. The solution containing
siRNA was added to the tube with DharmaFECT
reagent and incubated at room temperature for 20
min. Cells were treated with transfection media in a 6
well plate for 24 h. Cells were washed with serum-free
media and treated with IL-1β (10 ng/mL) for 44 h.
Supernatant was used for IL-6 ELISA (Assay Design)
and MMP-13 Western blot.

Statistical analysis
Experimental values are represented as arithmetic

mean ± S.D. Statistical analysis was evaluated using
unpaired Student’s t-test and one-way ANOVA followed
by Dunnett’s analysis. P values less than 0.05 were
considered significantly different.

RESULTS

IL-1β (10 ng/mL) treatment of SW1353 cells for 24 h

strongly induced MMP-13 as shown by RT-PCR and
Western blotting analysis (Fig. 1A). The transcription
factors, AP-1 and NF-κB, were also activated, as shown
by EMSA analysis (Fig. 1B). IL-1β treatment also time-
dependently activated the major MAPKs, ERK, p38
MAPK and JNK (Fig. 2A). The p38 MAPK inhibitor,
SB203580, substantially inhibited IL-1β-induced MMP-
13 expression, but PD98059 (a MEK inhibitor), and
SP600125 (a JNK inhibitor) did not (Fig. 2B), indicat-
ing that p38 MAPK activation is essential for MMP-13
expression. SB203580 treatment also inhibited c-Fos
translocation into the nucleus and AP-1 activation,
but not c-Jun translocation (Fig. 2C and D).

IL-1β treatment also increased JAK2 as well as
down-stream STAT1 and 2 activation (Fig. 3A and B).
While NF-κB and AP-1 were activated as early as 30
min, STAT1 and STAT2 were activated within 4 h of
IL-1β treatment. AG490, a JAK2 inhibitor, blocked
MMP-13 expression at 2-50 µM (Fig. 3C). AG490 also
blocked STAT1 and 2 activation (Fig. 3D). At 50 µM,
however, AG490 showed some cytotoxic effect on
SW1353 cells measured by MTT assay (23.5% cyto-
toxicity). We next used siRNA to confirm the role of
STATs in MMP-13 expression. As shown in Fig. 4,
transfection with STAT1 and 2 siRNA reduced MMP-

Fig. 1. Expression of MMP-13 and activation of NF-κB and AP-1 in IL-1β-treated SW1353 cells. (A) MMP-13 expression
(RT-PCR and Western blot analysis), cells were treated with IL-1β (10 ng/mL) for the indicated time and RT-PCR was
carried out. For Western blotting, cell were treated with IL-1β for 24 h. (B) EMSA analysis of NF-κB and AP-1 activation,
Cells were treated with IL-1β (10 ng/mL) for 30 min. Nuclear extract was prepared and EMSA was analyzed using NF-κB
and AP-1 consensus oligo. Binding specificity was confirmed by competition with excess unlabeled NF-κB and AP-1
consensus oligo (C).
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Fig. 2. Time-course activation of MAPKs and effects of MAPK inhibitors on MMP-13 expression in IL-1β-treated SW1353
cells. (A) MAPK activation (Western blot), cells were treated with IL-1β (10 ng/mL) for 0.25, 0.5, 1, 2 and 3 h. (B) Effects of
MAPK inhibitors on MMP-13 expression, MAPK inhibitors were pretreated for 2 h. After cells were treated with IL-1β (10
ng/mL) for 24 h, media was concentrated by TCA-acetone. MMP-13 in the media was identified by Western blot. (C) Effects
of p38 MAPK inhibitor on c-Fos activation, cells were incubated with SB203580 for 2 h before IL-1β treatment for 30 min.
Nuclear extract was isolated from cell lysate. Expressions of c-Jun, and c-Fos were identified by Western blot. Lamin B1 was
used as an internal control of nuclear protein. (D) EMSA analysis of AP-1 activation, EMSA was performed using nuclear
proteins and AP-1 consensus oligo. AP-1 band was confirmed by competition with excess unlabeled AP-1 consensus oligo (C).
*p < 0.05, **p < 0.01, significantly different from the IL-1β-treated control group (n = 3).
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13 expression, indicating the principal involvement of
STAT1/2 (Fig. 4). All these results strongly indicate
that IL-1β-induced MMP-13 expression needs an
activation of the p38 MAPK/c-Fos/AP-1 and JAK2/
STAT1/2 pathways.

However, the pathway(s) leading to JAK/STAT acti-
vation are not clear. To find the connection link between
the activation pathway by IL-1β and JAK/STAT activa-
tion, IL-6 production was measured since JAK/STAT
signaling pathway is known to be activated largely by

Fig. 3. Involvement of JAK/STAT pathway and effects of JAK2 inhibitor (AG490) on MMP-13 expression in IL-1β-treated
SW1353 cells. (A) Activation of JAK2, cell lysate was obtained after IL-1β (10 ng/mL) treated to cells for 0.5, 1, 2, 4 and 6 h
(Western blot). (B) Activation of STATs, STAT1 and 2 were identified in the cell lysate by Western blot. (C) Inhibition of
MMP-13 expression by JAK2 inhibitor, AG490, cells were simultaneously treated with AG490 (2, 10 and 50 µM) and IL-1β
(10 ng/mL) for 24 h. MMP-13 in the media was identified by Western blot. (D) Effects of AG490 on STAT activation, after
pretreatment with AG490 for 2 h, the cells were incubated further with IL-1β (10 ng/mL) for 4 h. Phosphorylation and
expression of STATs were identified in the cell lysate by Western blot.

Fig. 4. Effects of siRNA transfection against STAT1 and 2 on MMP-13 expression. The cells were transfected with siRNAs
(5 and 25 nM) targeting STAT1, 2, and non-targeting siRNA for 24 h and incubated further with IL-1β (10 ng/mL) for 44 h.
Expression of MMP-13 in the media was identified by Western blot. *p < 0.05, **p < 0.01, significantly different from the IL-
1β-treated control group (n = 3).
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IL-6 family. As expected, IL-6 was strongly induced
and secreted to the media by IL-1β treatment (Fig.
5A). Furthermore, treatment with IL-6/soluble IL-6
receptor (sIL-6R) and IL-1β potentiated MMP-13 ex-
pression (Fig. 5B). In contrast, treatment of IL-6, IL-6/
sIL-6R or oncostatin M alone did not induce MMP-13
(Fig. 5C). IL-6 siRNA transfection study was not suc-
cessful to prove the direct role of IL-6 involvement
since IL-6 siRNA transfected cells did not completely

abolish IL-6 production, and IL-1β treatment to these
transfected cells produced the similar MMP-13 ex-
pression as untransfected cells (data not shown).

DISCUSSION

IL-1 is a pivotal cytokine in many inflammatory
disorders including osteoarthritis. In particular, IL-1β
induces MMPs, TNF-α, IL-8, and complement factor

Fig. 5. Effects of IL-6/sIL-6R and oncostatin M on MMP-13 expression in SW1353 cells. (A) IL-6 production in IL-1β-treated
SW1353 cells, after IL-1β (10 ng/mL) treatment for 12 h, IL-6 concentration in the media measured by ELISA. (B)
Potentiating effects of IL-6 on MMP-13 induction in IL-1β-treated SW1353 cells, IL-1β (0.5, 2 and 10 ng/mL) was treated to
the cells with or without IL-6/sIL-6R (100/50 ng/mL) for 24 h. Expression of MMP-13 in the media was identified by Western
blot. (C) Effects of IL-6 on MMP-13 expression in SW1353 cells, cells were treated with IL-1β (10 ng/mL), IL-6 (100 ng/mL),
IL-6/sIL-6R (100/50 ng/mL) or oncostatin M (OnM) (20 or 100 ng/mL) for 6 h. Total RNA was isolated from the cell lysate
using RNeasy kit and RT-PCR was performed. *p < 0.05, **p < 0.01, significantly different from the IL-1β-treated control
group (n = 3).
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involved in the cartilage degradation in vitro (Elliott et
al., 2003; Fan et al., 2005). It suppressed proteoglycan
production and collagen biosynthesis (Pfander et al.,
2004). Indeed, the increased amounts of IL-1β were
found in chondrocytes and synovial cells of osteoar-
thritis (OA) patients (Pelletier et al., 1995) and high
concentration of IL-1β was also found in human OA
cartilage (Saha et al., 1999). Thus, to understand IL-
1β signaling pathway of chondrocytes may be helpful
for preventing cartilage degradation in OA treatment.

We have shown that IL-1β induces MMP-13 expres-
sion in SW1353 cells by activation of the transcription
factors, NF-κB, AP-1 and STATs. The IKK inhibitor
(ML120B) blocks IL-1β-induced MMP-13 production
in SW1353 cells, indicating that NF-κB is involved
(Mengshol et al., 2000; Wen et al., 2006). AP-1 activation
leads to MMP-13 expression in chondrocytes (Vincenti
and Brinckerhoff, 2001; Boileau et al., 2005). p38
MAPK is important to induce MMP-13 (Mengshol et
al., 2001; Pei et al., 2006). Here we show that c-Fos
activation, downstream of p38 MAPK, is essential for
AP-1 activation and MMP-13 induction in IL-1β-treat-
ed SW1353 cells. We also show for the first time that
JAK2/STAT1/2 signaling is involved in MMP-13 in-
duction in IL-1β-treated chondrocytes.

Previously, several groups have demonstrated the
existence of JAK/STAT pathway or STAT signaling in
chondrocytes. Behera et al. (2004) demonstrated that
Borrelia burgdorferi induces MMP-1 expression via
MAPK and JAK3/STAT3/6 pathways in primary human
chondrocytes. Catterall et al. (2001) have found that

the combined treatment of IL-1 and oncostatin M syn-
ergistically induced MMP-1 in human chondrocytes,
a process that requires AP-1 and STAT activation.
Legendre et al. (2005) found that IL-6/sIL-6R treat-
ment provoked MMP-1, -3 and -13 expressions via
STAT1/3 activation in primary bovine chondrocytes.
MMP-13 is induced by oncostatin M (IL-6 congener)
via the JAK/STAT pathway in human primary chon-
drocytes as well as in SW1353 cells (Li et al., 2001; El
Mabrouk et al., 2007). IL-7 activates JAK/STAT sig-
naling in human articular chondrocytes (Yammani et
al., 2009). Here, we show that IL-1β treatment in-
duces MMP-13 and activates JAK/STAT signaling in
SW1353 cells, particularly, via JAK2/STAT1/2.

In our study, oncostatin M, IL-6 alone, or IL-6/sIL-
6R did not induce MMP-13 expression in SW1353 cells,
while IL-6/sIL-6R co-treatment with IL-1β potentiated
MMP-13 induction. These results are well correlated
with the previous findings of Catterall et al. (2001)
and Rowan et al. (2001). We also found that oncostatin
M alone did not induce MMP-13, as did Cowell et al.
(1998) and Barksby et al. (2006). Although Li et al.
(2001) and El Mabrouk et al. (2007) showed MMP-13
induction by oncostatin M in SW1353 cells, IL-6 or
congener treatment without IL-1β is not likely to
induce MMP-13 in SW1353 cells.

JAK/STAT pathway, specifically JAK2/STAT1/2, is
revealed to be involved in MMP-13 induction from IL-
1β-treated SW1353 cells in the present study. How-
ever, the molecules that activate JAK/STAT signaling
are not clear. The siRNA experiment did not show a
direct role of IL-6 in MMP-13 induction, and IL-6/
oncostatin M alone did not induce MMP-13. However,
IL-6/IL-6 receptor may still be involved in JAK/STAT
activation. The IL-6 receptor complex consists of an
IL-6 receptor and gp130 (Heinrich et al., 1998; Rose-
John et al., 2006). Without IL-1, gp130 levels may be
insufficient for IL-6 signaling. Therefore, IL-1 treat-
ment may up-regulate IL-6 and gp130, which may
activate the JAK/STAT pathway. Other protein kinases
activated by IL-1β treatment such as MAPKs may
also activate the JAK/STAT pathway. The further
study is to be done to unveil the detailed mechanism(s)
of JAK/STAT activation. Whatever the mechanism,
upstream signaling cascades converge on NF-κB, AP-
1 and STATs, to induce MMP-13 in IL-1β-treated chon-
drocytes (Fig. 6).

MMP-13 is one of principal collagenases in degrad-
ing cartilage matrix under pathological conditions
such as osteoarthritis. MMP-13 and aggrecanases are
over-expressed in the synovial space in many cases of
human osteoarthritis (Senolt et al., 2006; Wimsey et
al., 2006; Takaishi et al., 2008). Understanding basic

Fig. 6. Cellular mechanisms of MMP-13 expression in IL-
1β-treated SW1353 cells. Hypothetical pathway (---->).
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signaling pathways of MMP-13 induction may improve
therapeutic strategies for chondroprotective therapy.
In fact, c-Fos/AP-1 inhibition is effective in an animal
model of arthritis (Aikawa et al., 2008), and inhibitors
of JAK/STAT signaling may also show similar effects.

 In conclusion, we show, for the first time, that p38
MAPK/c-Fos/AP-1 and JAK2/STAT1/2 signaling path-
ways are involved in MMP-13 expression from IL-1β-
treated human chondrosarcoma cell line, SW1353
cells.

ACKNOWLEDGEMENTS

This investigation was supported by Basic Science
Research Program through the National Research
Foundation (2009-0071749) and BK-21 project funded
by the Ministry of Education, Science and Technology
of Korea. We would like to thank the Institute of
Pharmacal Research (KNU) for using bioassay facili-
ties.

REFERENCES

Aikawa, Y., Morimoto, K., Yamamoto, T., Chaki, H.,
Hashiramoto, A., Narita, H., Hirono, S., and Shiozawa, S.,
Treatment of arthritis with a selective inhibitor of c-Fos/
activator protein-1. Nat. Biotechnol., 26, 817-823 (2008).

Barksby, H. E., Hui, W., Wappler, I., Peters, H. H., Milner,
J. M., Richards, C. D., Cawston, T. E., and Rowan, A. D.,
Interleukin-1 in combination with oncostatin M up-
regulates multiple genes in chondrocytes: implications for
cartilage destruction and repair. Arthritis Rheum., 54,
540-550 (2006).

Behera, A. K., Thorpe, C. M., Kidder, J. M., Smith, W.,
Hildebrand, E., and Hu, L. T., Borrelia burgdorferi-induc-
ed expression of matrix metalloproteinases from human
chondrocytes requires mitogen-activated protein kinase
and janus kinase/signal transducer and activator of tran-
scription signaling pathways. Infect. Immun., 72, 2864-
2871 (2004).

Boileau, C., Pelletier, J. P., Tardif, G., Fahmi, H., Laufer, S.,
Lavigne, M., and Martel-Pelletier, J., The regulation of
human MMP-13 by licofelone, an inhibitor of cyclo-oxy-
genases and 5-lipoxygenase, in human osteoarthritic chon-
drocytes is mediated by the inhibition of the p38 MAP
kinase signalling pathway. Ann. Rheum. Dis., 64, 891-898
(2005).

Catterall, J. B., Carrère, S., Koshy, P. J., Degnan, B. A.,
Shingleton, W. D., Brinckerhoff, C. E., Rutter, J., Cawston,
T. E., and Rowan, A. D., Synergistic induction of matrix
metalloproteinase 1 by interleukin-1 and oncostatin M in
human chondrocytes involved signal transducer and acti-
vation of transcription and activator protein 1 transcrip-
tion factors via a novel mechanism. Arthritis Rheum., 44,

2296-2310 (2001).
Cowell, S., Knäuper, V., Stewart, M. L., D'Ortho, M. P.,

Stanton, H., Hembry, R. M., López-Otín, C., Reynolds, J.
J., and Murphy, G., Induction of matrix metalloproteinase
activation cascades based on membrane-type 1 matrix
metalloproteinase: associated activation of gelatinase A,
gelatinase B and collagenase 3. Biochem. J., 331, 453-458
(1998).

Elliott, S., Hays, E., Mayor, M., Sporn, M., and Vincenti, M.,
The triterpenoid CDDO inhibits expression of matrix
metalloproteinase-1, matrix metalloproteinase-13 and Bcl-
3 in primary human chondrocytes. Arthritis Res. Ther., 5,
R285-R291 (2003).

El Mabrouk, M., Sylvester, J., and Zafarullah, M., Signaling
pathways implicated in oncostatin M-induced aggrecanase-
1 and matrix metalloproteinase-13 expression in human
articular chondrocytes. Biochim. Biophys. Acta, 1773,
309-320 (2007).

Fan, Z., Bau, B., Yang, H., Soeder, S., and Aigner, T., Freshly
isolated osteoarthritic chondrocytes are catabolically more
active than normal chondrocytes, but less responsive to
catabolic stimulation with interleukin-1ß. Arthritis Rheum.,
52, 136-143 (2005).

Fan, Z., Yang, H., Bau, B., Söder, S., and Aigner, T., Role of
mitogen-activated protein kinases and NF-κB on IL-1β-
induced effects on collagen type II, MMP-1 and 13 mRNA
expression in normal articular human chondrocytes.
Rheumatol. Int., 26, 900-903 (2006).

Gebauer, M., Saas, J., Sohler, F., Haag, J., Söder, S., Pieper,
M., Bartnik, E., Beninga, J., Zimmer, R., and Aigner, T.,
Comparison of the chondrosarcoma cell line SW1353 with
primary human adult articular chondrocytes with regard
to their gene expression profile and reactivity to IL-1β.
Osteoarthritis Cartilage, 13, 697-708 (2005).

Heinrich, P. C., Behrmann, I., Müller-Newen, G., Schaper,
F., and Graeve, L., Interleukin-6-type cytokine signalling
through the gp130/Jak/STAT pathway. Biochem. J., 334,
297-314 (1998).

Ho, L. J., Lin, L. C., Hung, L. F., Wang, S. J., Lee, C. H.,
Chang, D. M., Lai, J. H., and Tai, T. Y., Retinoic acid blocks
pro-inflammatory cytokine-induced matrix metalloprotein-
ase production by down-regulating JNK-AP-1 signaling in
human chondrocytes. Biochem. Pharmacol., 70, 200-208
(2005).

Johnson, A. R., Pavlovsky, A. G., Ortwine, D. F., Prior, F.,
Man, C. F., Bornemeier, D. A., Banotai, C. A., Mueller, W.
T., McConnell, P., Yan, C., Baragi, V., Lesch, C., Roark,
W. H., Wilson, M., Datta, K., Guzman, R., Han, H. K., and
Dyer, R. D., Discovery and characterization of a novel in-
hibitor of matrix metalloprotease-13 that reduces cartilage
damage in vivo without joint fibroplasia side effects. J.
Biol. Chem., 282, 27781-27791 (2007).

Legendre, F., Bogdanowicz, P., Boumediene, K., and Pujol,
J.-P., Role of interleukin 6 (IL-6)/IL-6R-induced signal
transducers and activators of transcription and mitogen-
activated protein kinase/extracellular signal-related kinase



MMP-13 Expression in Chondrocytes 117

in upregulation of matrix metalloproteinase and ADAMTS
gene expression in articular chondrocytes. J. Rheumatol.,
32, 1307-1316 (2005).

Li, W. Q., Dehnade, F., and Zafarullah, M., Oncostatin M-
induced matrix metalloproteinase and tissue inhibitor of
mettaloproteinase-3 genes expression in chondrocytes re-
quires Janus kinase/STAT signaling pathway. J. Immunol.,
166, 3491-3498 (2001).

Liacini, A., Sylvester, J., Li, W. Q., and Zafarullah, M.,
Mithramycin downregulates proinflammatory cytokine-
induced matrix metalloproteinase gene expression in
articular chondrocytes. Arthritis Res. Ther., 7, R777-783
(2005).

Mengshol, J. A., Vincenti, M. P., Coon, C. I., Barchowsky, A.,
and Brinckerhoff, C. E., Interleukin-1 induction of colla-
genase 3 (matrix metalloproteinase 13) gene expression in
chondrocytes requires p38, c-Jun N-terminal kinase, and
nuclear factor κB: differential regulation of collagenase 1
and collagenase 3. Arthritis Rheum., 43, 801-811 (2000).

Mengshol, J. A., Vincenti, M. P., and Brinckerhoff, C. E., IL-
1 induces collagenase-3 (MMP-13) promoter activity in
stably transfected chondrocytic cells: requirement for
Runx-2 and activation by p38 MAPK and JNK pathways.
Nucleic Acids Res., 29, 4361-4372 (2001).

Mitchell, P. G., Magna, H. A., Reeves, L. M., Lopresti-Morrow,
L. L., Yocum, S. A., Rosner, P. J., Geoghegan, K. F., and
Hambor, J. E., Cloning, expression, and type II collageno-
lytic activity of matrix metalloproteinase-13 from human
osteoarthritic cartilage. J. Clin. Invest., 97, 761-768 (1996).

Mosmann, T., Rapid colorimetric assay for cellular growth
and survival: application to proliferation and cytotoxicity
assays. J. Immunol. Methods, 65, 55-63 (1983).

Pei, Y., Harvey, A., Yu, X. P., Chandrasekhar, S., and
Thirunavukkarasu, K., Differential regulation of cytokine-
induced MMP-1 and MMP-13 expression by p38 kinase
inhibitors in human chondrosarcoma cells: potential role
of Runx2 in mediating p38 effects. Osteoarthritis Car-
tilage, 14, 749-758 (2006).

Pelletier, J. P., McCollum, R., Cloutier, J. M., and Martel-
Pelletier, J., Synthesis of metalloproteases and interleukin
6 (IL-6) in human osteoarthritic synovial membrane is an
IL-1 mediated process. J. Rheumatol. Suppl., 43, 109-114
(1995).

Pfander, D., Heinz, N., Rothe, P., Carl, H. D., and Swoboda,
B., Tenascin and aggrecan expression by articular chon-
drocytes is influenced by interleukin 1β: a possible ex-
planation for the changes in matrix synthesis during
osteoarthritis. Ann. Rheum. Dis., 63, 240-244 (2004).

Rose-John, S., Scheller, J., Elson, G., and Jones, S. A., Inter-
leukin-6 biology is coordinated by membrane-bound and
soluble receptors: role in inflammation and cancer. J.
Leukoc. Biol., 80, 227-236 (2006).

Rowan, A. D., Koshy, P. J., Shingleton, W. D., Degnan, B. A.,
Heath, J. K., Vernallis, A. B., Spaull, J. R., Life, P. F.,
Hudson, K., and Cawston, T. E., Synergistic effects of
glycoprotein 130 binding cytokines in combination with
interleukin-1 on cartilage collagen breakdown. Arthritis
Rheum., 44, 1620-1632 (2001).

Saha, N., Moldovan, F., Tardif, G., Pelletier, J. P., Cloutier,
J. M., and Martel-Pelletier, J., Interleukin-1ß-converting
enzyme/caspase-1 in human osteoarthritic tissues: locali-
zation and role in the maturation of interleukin-1ß and
interleukin-18. Arthritis Rheum., 42, 1577-1587 (1999).

Senolt, L., Grigorian, M., Lukanidin, E., Simmen, B., Michel,
B. A., Pavelka, K., Gay, R. E., Gay, S., and Neidhart, M.,
S100A4 is expressed at site of invasion in rheumatoid
arthritis synovium and modulates production of matrix
metalloproteinases. Ann. Rheum. Dis., 65, 1645-1648
(2006).

Takaishi, H., Kimura, T., Dalal, S., Okada, Y., and D'Armiento,
J., Joint diseases and matrix metalloproteinases: a role
for MMP-13. Curr. Pharm. Biotechnol., 9, 47-54 (2008).

Vidal, A., Sabatini, M., Rolland-Valognes, G., Renard, P.,
Madelmont, J. C., and Mounetou, E., Synthesis and in vitro
evaluation of targeted tetracycline derivatives: effects on
inhibition of matrix metalloproteinases. Bioorg. Med.
Chem., 15, 2368-2374 (2007).

Vincenti, M. P. and Brinckerhoff, C. E., Early response genes
induced in chondrocytes stimulated with the inflammatory
cytokine interleukin-1β. Arthritis Res., 3, 381-388 (2001).

Wada, Y., Shimada, K., Sugimoto, K., Kimura, T., and
Ushiyama, S., Novel p38 mitogen-activated protein kinase
inhibitor R-130823 protects cartilage by down-regulating
matrix metalloproteinase-1, -13 and prostaglandin E2 pro-
duction in human chondrocytes. Int. Immunopharmacol.,
6, 144-155 (2006).

Wen, D., Nong, Y., Morgan, J. G., Gangurde, P., Bielecki, A.,
Dasilva, J., Keaveney, M., Cheng, H., Fraser, C., Schopf,
L., Hepperle, M., Harriman, G., Jaffee, B. D., Ocain, T. D.,
and Xu, Y., A selective small molecule IκB kinase β
inhibitor blocks nuclear factor κB-mediated inflammatory
responses in human fibroblast-like synoviocytes, chondro-
cytes and mast cells. J. Pharmacol. Exp. Ther., 317, 989-
1001 (2006).

Wimsey, S., Lien, C. F., Sharma, S., Brennan, P. A., Roach,
H. I., Harper, G. D., and Górecki, D. C., Changes in immu-
nolocalisation of beta-dystroglycan and specific degrada-
tive enzymes in the osteoarthritic synovium. Osteoarthritis
Cartilage, 14, 1181-1188 (2006).

Yammani, R. R., Long, D., and Loeser, R. F., Interleukin-7
stimulates secretion of S100A4 by activating the Jak/STAT
signaling pathway in human articular chondrocytes.
Arthritis Rheum., 60, 792-800 (2009).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


