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Abstract

The production of chemokine stromal cell-derived factor(SDF)-1 is
significantly higher in synovial fluid of patients with osteoarthritis and
rheumatoid arthritis. Matrix metalloproteinase (MMP)-13 may contribute
to the breakdown of articular cartilage during arthritis.

Here, we found that SDF-1a increased the secretion of MMP-13 in
cultured human chondrocytes, as shown by reverse
transcriptase-polymerase chain reaction, Western blot, and zymographic
analysis. SDF-1a also increased the surface expression of CXCR4
receptor in human chondrocytes. CXCR4-neutralizing antibody,
CXCR4-specific inhibitor[1-[[4-(1,4,8,11-tetrazacyclotetradec-1-ylmethyl)
phenyl]methyl]-1,4,8,11-tetrazacyclotetradecane (AMD3100)], orsmall
interfering RNA against CXCR4 inhibited the SDF-1a-induced increase
of MMP-13 expression.

The transcriptional regulation of MMP-13 by SDF-1a was mediated
by phosphorylation of extracellular signal-regulated kinases (ERK) and
activation of the activator protein (AP)-1 components of c-Fos and c-Jun.
The binding of c-Fos and c-Jun to the activator protein(AP-1) element on
the MMP-13 promoter and the increase in luciferase activity was
enhanced by SDF-1a. Cotransfection with dominant-negative mutant of
ERK2 or c-Fos and c-Jun antisense oligonucleotide inhibited the
potentiating action of SDF-1a on MMP-13 promoter activity.

Taken together, our results provide evidence that SDF-1a acts
through CXCR4 to activate ERK and the downstream transcription
factors (c-Fos and c-Jun), resulting in the activation of AP-1 on the

MMP-13 promoter and contributing cartilage destruction during arthritis.
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Figure contents

Concentration- and time-dependent increase in MMP-13
expression by SDF-1a.

Involvement of CXCR4 receptor in SDF-1a-mediated MMP-13
expression in chondrocytes.

ERK is involved in the potentiation of MMP-13 expression by
SDF-1a.

c-Fos and c-Jun are involved in SDF-1a-induced MMP-13
expression.

Time-dependent increase in the binding of c-Fos and c-Jun to the
AP-1 site on MMP-13 promoter in chondrocytes.

Signaling pathways involved in the increase of MMP-13
promoter activity by SDF-1a.
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DAPA
DNA
ECM
ERK
FACS
MAPK
MMP-13
OA
PBS
PCR

Si-RNA
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Abbreviation

Chromatin Immunoprecipitation
DNA Affinity Protein-Binding Assay
Doxyribonucleic acid
Extracellular matrix
Extracellular signal regulated kinase
Flow cytometry analysis
Mitogen-activated protein kinase
Matrix metalloproteinases
Osteoarthritis
Phosphate buffer saline
Polymerase chain reaction
Rheumatic arthritis
Small interfering RNA
Stromal cell derived factor-1
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Introduction

Under normal physiological conditions, chondrocytes maintain an
equilibrium between anabolic and catabolic activities that is necessary for
preservation of the structural and functional integrity of the tissue.
Chondrocytes express various proteolytic enzymes such as aggrecanases
and matrix metalloproteinases(MMPs), which, under normal conditions,
mediate a very low matrix turnover responsible for cartilage remodeling
(Poole, 2001). However, in pathological conditions such as osteoarthritis
(OA) or rheumatoid arthritis(RA), production of these enzymes by
chondrocytes increases considerably, resulting in aberrant cartilage
destruction(Pelletier et al., 2001; Aigner and McKenna, 2002).

MMPs are a large family of structurally related calciumand
zinc-dependent proteolytic enzymes involved in the degradation of many
different components of the extracellular matrix (Nagase and Woessner,
1999; Vincenti, 2001). MMPs are expressed in a number of different cell
types, and they play a key role in diverse cellular processes ranging from
morphogenesis to tumor invasion and tissue remodeling (Sternlicht and
Werb, 2001). Among the MMPs, MMP-13 (collagenase-3) is considered
to be of particular interest because of its role in cartilage degradation.
MMP-13 actively cartilage. MMP-13 has been previously shown to be
overexpressed in OA (Reboul et al., 1996). Given their important role in
cellular functions, the expression and activity of MMPs are tightly
regulated at multiple levels of gene transcription, synthesis, and
extracellular activity. Complete understanding of the various factors and
pathways involved in regulation of MMP expression could be of interest
with regard to potential therapies.

Chemokines are a family of small, soluble peptides that regulate cell

movement, morphology, and differentiation. They achieve their
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regulation by signaling through a family of transmembrane G
protein-coupled receptors. It has been reported that the concentration of
an 8-kDa chemokine, stromal cell-derived factor (SDF)-1, is greatly
elevated in the synovial fluid (SF) from patients with OA and RA (Kanbe
et al., 2002). Such elevation of SDF-1a concentrations in SF is due, at
least partially, to the stimulated synthesis of SDF-1a by synovial
fibroblasts under OA and RA conditions (Kanbe et al., 2002). The source
of SDF-1a in the joint is from synovium, as demonstrated by
immunocytochemistry, protein chemistry, and reverse
transcription-polymerase chain reaction (RT-PCR) analysis (Kanbe et al.,
2002, 2004). In contrast, the SDF-1a receptor is expressed by
chondrocytes in the superficial zone and in the deep zone in articular
chondrocytes (Kanbe et al., 2002, 2004). Interaction of SDF-1a with its
specific receptor CXCR4 on the surface of chondrocytes induces the
release of MMP-3 from chondrocytes (Kanbe et al., 2002). Induction of
the release of MMP-3 may contribute to the breakdown of articular
cartilage during arthritis (Kanbe et al., 2002).

STROMA-DERIVED FACTOR 1 (SDF-1, or CXCL12) was
initially cloned by Tashiro et al. (Tashiro et al., 1993) and later identified
as a growth factor for B cell progenitor cells, a chemotactic factor for T
cells and monocytes, and in B cell lymphopoiesis and bone marrow
myelopoiesis. CXCL12 is a 68-amino acid small (8kDa) cytokine that
belongs to the CXC chemokine family. CXCL12 is expressed in two
isoforms, SDF-1a and SDF-1p, from a single gene that encodes two
splice variants. The two encoded proteins are almost identical, except for
the last four amino acids of SDF-1p, which are absent in SDF-1a.
Biological and functional differences between the CXCL12 isoforms
have not been described. The CXCL12 gene is mapped in chromosome

10, whereas most of the other genes encoding CXC chemokines reside on
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chromosome 4 (Shirozu et al., 1995).

It was long thought that CXCL12 bound exclusively to CXCR4 and
that CXCR4 was its sole receptor. However, CXCR7 was identified as
another receptor for CXCL12 at the end of 2005 (Balabanian et al., 2005).
The immunological activities of CXCL12/CXCR4 have been largely
studied in the context of immune cell trafficking. Interestingly, both
CXCL12 and CXCR4 knockout mice are embryonic lethal, with any
surviving pups dying within an hour of birth, suggesting that the
CXCL12/ CXCR4 pathway mediates multiple biological activities
(Nagasawa et al., 1996, Tachibana et al., 1998). The lethal effect of
CXCL12 and CXCR4 knockout is related to the pleiotropic activity of
CXCL12 and CXCR4, which are critical for hematopoietic, neural,
vascular, and craniofacial organogenesis (Ma et al., 1998, Nagasawa et al.,
1996, Tachibana et al., 1998).

CXCL12 was initially cloned from bone marrow stromal cells
(Tashiro et al., 1993). Strikingly, CXCL12 is widely expressed in various
organs including heart, liver, brain, kidney, skeletal muscle, and
lymphoid organs. Vascular endothelial cells, stromal fibroblasts, and
osteoblasts are the major cellular source for CXCL12 in these organs
(Gupta et al., 1998, Katayama et al., 2006, Petit et al., 2002, Ponomaryov
et al., 2000, Zou et al., 1998). Interestingly, high levels of functional
CXCL12 were first reported in human ovarian cancer in 2001 (Kryczek et
al., Scotton et al., 2001, Zou et al., 2001). Subsequent studies documented
a strong correlation between CXCL12 expression and bone marrow and
lymph node metastasis of breast (Muller et al., 2001) and prostate cancer
(Taichman et al., 2002). Interest in the role of CXCL12/ CXCR4 in tumor
pathology was provoked by these studies. In addition to ovarian cancer,
CXCL12 expression is reported in breast cancer (Bachelder et al., 2002,
Kang et al., 2005), glioblastoma (Barbero et al., 2003, Porcile et al.,
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2005), pancreatic cancer (Koshiba et al., 2000, Marchesi et al., 2004),
prostate cancer (Darash-Yahana et al., 2004, Sun et al., 2003), thyroid
cancer (Hwang et al., 2003), and many other human tumors.

The matrix metalloproteinase (MMP) family members are the major
enzymes that degrade the components of the extracellular matrix
(Vincenti MP, 2001, Nagase H and Woessner JF, 1999). At the time of
writing this article, 20 members of this family have been identified
(Stetler-Stevenson WG and Yu AE, 2001). All are active at neutral pH,
require Ca2+ for activity and contain a central zinc atom as part of their
structure. Most MMPs are secreted into the extracellular space in a latent
proform, and require proteolytic cleavage for enzymatic activity. A few
MMPs, however, are activated intracellularly by a furin-like mechanism
and therefore, these enzymes are fully active when they reach the
extracellular space (Nagase H and Woessner JF, 1999). Most cells in the
body express MMPs, even though some enzymes are often associated
with a particular cell type. For example, the principle substrate of MMP-2
(also known as gelatinase A) and MMP-9 (also known as gelatinase B) is
the type IV collagen in basement membrane and thus, these enzymes are
usually expressed by endothelial cells, although other cells (e.g. stromal
fibroblasts, macrophages, tumor cells) also express them (Vincenti MP,
2001, Borden P and Heller RA, 1997).

MMP-3 (also known as stromelysin) activates MMP-1 (also known
as collagenase-1) and cleaves a broad range of matrix proteins (Vincenti
MP et al., 1996); MMP-1, which is an interstitial collagenase, and
MMP-3 are among the most ubiquitously expressed MMPs. In contrast,
MMP-13 (also known as collagenase-3) has a more restricted pattern of
expression within connective tissue, and is usually produced only by
cartilage and bone during development, and by chondrocytes in

osteoarthritis (OA) (Borden P et al., 1996, Mengshol JA, 2000).
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Expression of MMPs is low in normal cells, and these low levels
allow for healthy connective tissue remodeling. In pathologic conditions,
however, the level of MMP expression increases considerably, resulting
in aberrant connective tissue destruction. Excess MMP production is
associated with the pathology of many diseases, including periodontitis,
atherosclerosis, tumor invasion/metastasis and arthritic disease (Vincenti
MP, 2001, Borden P and Heller RA, 1997). In rheumatoid arthritis (RA)
and OA, connective tissue destruction is mediated primarily by
chondrocytes, by synovial fibroblasts and on occasion, by osteoclasts
(Mengshol JA et al., 2000, Goldring MB, 2000).

The interstitial collagens (types I, IT and III), are the principle targets
of destruction, and the secreted collagenases (MMP-1 and MMP-13) have
the major role in this process. These MMPs are induced in response to the
cytokines and growth factors usually found in arthritic joints. MMP-9 is
also an inducible MMP, but its role in connective tissue destruction in
arthritis appears to be secondary, since it contributes to the degradation of
collagen only after the chains of the triple helix have been cleaved by the
interstitial collagenases (Nagase H and Woessner JF, 1999). In contrast,
MMP-2 and MMP-14 (membrane type 1-MMP), are constitutively
expressed, with minimal regulation, and they may have a relatively minor
role in the pathophysiology of arthritis. Thus, the collagenases (MMP-1,
MMP-8 [also known as neutrophil collagenase] and MMP-13) have the
unique ability to cleave the triple helix of collagen, thereby allowing the
chains to unwind; the chains then become susceptible to further
degradation by other MMPs. Recently, MMP-8 (traditionally termed
neutrophil collagenase) has been found in arthritic lesions, even in the
absence of neutrophils, indicating that chondrocytes, and perhaps
synovial cells, can produce this enzyme (Tetlow LC et al., 2001, Shlopov
BV etal., 1997). MMP-13 may have a particular role in cartilage
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degradation because it is expressed by chondrocytes, and because it
hydrolyzes type-II collagen more efficiently than the other collagenases
(Mitchell PG et al., 1996). However, MMP-1 is more abundant and it also
degrades interstitial collagens effectively (Vincenti MP, 2001, Nagase H
and Woessner JF, 1999). We will, therefore, focus this discussion on the
mechanisms controlling transcription of MMP-1 and MMP-13 in arthritic
disease, although the concepts may be applicable to other members of this
gene family and to other pathologic conditions.

During OA and RA, synovium may be involved in the induction of
catabolic activities in the joint cartilage. Upon stimulation, chondrocytes
in the joint cartilage release matrix degradation enzymes, such as MMP-3
and -13, which result in the destruction of cartilage (Pelletier et al., 2001).
It has been reported that SDF-1a induced MMP-3 activity in human
chondrocytes (Kanbe et al., 2002). However, the effect of SDF-1a on
MMP-13 expression in human chondrocytes is mostly unknown. Here,
we found that SDF-1a increased the expression of MMP-13. In addition,
ERK, c-Fos/c-Jun, and AP-1 signaling pathways may be involved in the
increase of MMP-13 expression by SDF-1a. The elevated level of
SDF-1a in SF from patients with arthritis may contribute to release

MMP-13 in cartilage during arthritic pathogenesis.
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Materials and methods

Materials.

Protein A/G beads

Santa Cruz Biotechnology

Anti-mouse IgG conjugated horseradish

peroxidase

Santa Cruz Biotechnology

Anti-rabbit IgG conjugated horseradish

Santa Cruz Biotechnology

peroxidase

Phosphorylated (p)-ERK Santa Cruz Biotechnology
P-p38 Santa Cruz Biotechnology
P-c-Jun Santa Cruz Biotechnology

NH2-terminal kinase (JNK)

Santa Cruz Biotechnology

P-protein kinase B (Akt)

Santa Cruz Biotechnology

Akt Santa Cruz Biotechnology
ERK Santa Cruz Biotechnology
p38 Santa Cruz Biotechnology
JINK Santa Cruz Biotechnology
c-Fos Santa Cruz Biotechnology
c-Jun Santa Cruz Biotechnology
MMP-13 Santa Cruz Biotechnology
PD98059 Calbiochem
SB203580 Calbiochem
SP600125 Calbiochem
Ly294002 Calbiochem

Rabbit polyclonal antibody specific for
CXCR4

R&D Systems

Recombinant human SDF-1a

PeproTech
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p38 dominant-negative mutant Provided by Dr. J. Han
JNK dominant-negative mutant Provided by Dr. M. Karin
ERK2 dominant-negative mutant Provided by Dr. M. Cobb
pSV-B-galactosidase vector Promega

Luciferase assay kit Promega

All other chemicals Sigma-Aldrich

Cell Cultures.

Primary cultures of human chondrocytes were isolated from articular
cartilage as described previously (Lee et al., 2002; Fong et al., 2007).
Human articular chondrocytes were isolated from resected cartilage
specimens obtained from undergoing primary total knee arthroplasty.
Cartilage pieces were minced finely, and chondrocytes were isolated by
sequential enzymatic digestion at 37°C with 0.1% hyaluronidase for 30
min and with 0.2% collagenase for 1 h. Isolated chondrocytes were
filtered through 70-um nylon filters. The cells were grown on plastic cell
culture dishes in 95% air, 5% CO2 with Dulbecco’s modified Eagle’s
medium (Invitrogen, Carlsbad, CA), which was supplemented with 20
mM HEPES and 10% heat-inactivated fetal bovine serum, 2 mM
L-glutamine, 100 U/ml penicillin, and 100 pg/ml streptomycin (pH
adjusted to 7.6). The cells were used between the second and sixth

passages.

Western Blot Analysis of the Cell Lysate and Supernatant.
Proteins in the total cell lysate (30ug of protein) were separated by
12% SDS-polyacrylamide gel electrophoresis and electrotransferred to a
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polyvinylidene difluoride membrane (Immobilon-P; Millipore
Corporation, Billerica, MA). Blot was blocked in a solution of 4% bovine
serum albumin, and membrane-bound proteins were then probed
overnight with primary antibodies against SDF-1a, CXCR4, MMP-13,
p-ERK, p-p38, p-JNK, or p-Akt followed by incubation with horseradish
peroxidase-conjugated secondary antibodies for 1 h. Antibody-bound
protein bands were detected with enhanced chemiluminescence reagents
(GE Healthcare, Chalfont St. Giles, Buckinghamshire, UK), and they
were photographed with Kodak X-OMAT LS film (Eastman Kodak,
Rochester, NY). Quantitative data were obtained using a computing
densitometer and ImageQuant software (GE Healthcare).

Conditioned medium aliquots were concentrated 100-fold by
acetone precipitation and resuspended in 2-fold concentrated reducing
Laemmli buffer. Proteins were measured with the detergent-compatible
protein assay from Bio-Rad Laboratories (Hercules, CA). Protein samples
at 30ug were then separated on 10% SDS-polyacrylamide gel, and
proteins were analyzed by Western blot analysis as described under

Western Blot Analysis of the Cell Lysate and Supernatant.

Zymography Analysis.

Conditioned media were collected, centrifuged, and concentrated
100-fold with a Centriprep concentrator (Millipore). Concentrated
supernatants were mixed with sample buffer without reducing agent or
heating. The sample was loaded into 1 mg/ml gelatin containing
SDS-polyacrylamide gel, and then it underwent electrophoresis with
constant voltage. Afterward, the gel was washed with 2.5% Triton X-100
to remove SDS, rinsed with 50 mM Tris-HCI, pH 7.5, and then incubated
overnight at room temperature with developing buffer (50 mM Tris-HCI,
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pH 7.5, 5 mM CaCl2, 1uM ZnCl2, 0.02% thimerosal, and 1% Triton
X-100). The zymographic activities were revealed by staining with 1%
Coomassie Blue. The sample was also loaded into SDS-polyacrylamide
gel and stained with 1% Coomassie Blue as loading control (Chu et al.,
2007). For examination of the downstream signaling pathways involved
in SDF-1a treatment, chondrocytes were pretreated with various
inhibitors (0.1% dimethyl sulfoxide as vehicle) for 30 min before SDF-1a

administration.

mRNA Analysis by RT-PCR.

Total RNA was extracted from chondrocytes using a TRIzol kit
(MDBAio Inc., Taipei, Taiwan). The reverse transcription reaction was
performed using 2pug of total RNA that was reverse transcribed into
cDNA using oligo(dT) primer and then amplified for 33 cycles using two
oligonucleotide primers. The primers used are as follows: MMP-3, sense,
AGAGGTGACTCCACTCACAT; antisense,
GGTCTGTGAGTGAGTGATAG; MMP-13, sense,
TGCTCGCATTCTCCTTCAGGA; antisense,
ATGCATCCAGGGGTCCTGGC; CXCR4, sense,
AATCTTCCTGCCCACCATCT; antisense,
GACGCCAACATAGACCAC -CT; c-Fos, sense,
GAATAACATGGCTGTGCAGCCAAATGCCGCAA; antisense,
CGTCAGATCAAGGGAAGCCACAGACATCT; c-Jun, sense,
GGAAACGACCTTCTATG -ACGATGCCCTCAA; antisense,
GAACCCCTCCTGCTCATCTGTCACGTTCTT; and
glyceraldehyde-3-phosphate dehydrogenase, sense,
ACCACAGTCCATGCCATCAC; antisense,
TCCACCACCCTGTTGCTGTA. Each PCR cycle was carried out for 30
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s at 94°C, 30 s at 55°C, and 1 min at 68°C. PCR products were then
separated electrophoretically in a 2% agarose DNA gel and stained with

ethidium bromide.

Flow Cytometric Analysis.

Human chondrocytes were plated in six-well dishes. The cells were
then washed with phosphate-buffered saline (PBS) and detached with
trypsin at 37°C. Cells were fixed for 10 min in PBS containing 1%
paraformaldehyde. After rinsing in PBS, the cells were incubated with
rabbit anti-human antibody against CXCR4 (1:100) for 1 h at 4°C. Cells
were then washed again and incubated with fluorescein
isothiocyanate-conjugated goat antirabbit secondary IgG (1:150; Leinco
Technologies, Inc., St. Louis, MO) for 45 min and analyzed by flow
cytometry using FACSCalibur and CellQuest software (BD Biosciences,
San Jose, CA) (Tang et al., 2005).

Oligonucleotide Transfection.

Chondrocytes were cultured to confluence; the complete medium
was replaced with Opti-MEM (Invitrogen) containing the antisense
phosphorothioate oligonucleotides(5ug/ml) that had been preincubated
with 10pg/ml Lipofectamine 2000 (Invitrogen) for 30 min. The cells were
washed after 24 h of incubation at 37°C and washed before the addition
of medium containing SDF-1a. All antisense ODNs were synthesized and
highpressure liquid chromatography-purified by MDBio Inc. The
sequences used are as follows: c-Fos antisense (AS)-ODN,
GCGTTGAAGCCCGAGAA and missense (MS)-ODN,
GCATTGACGCCAGAGCA; and c-Jun AS-ODN,
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CGTTTCCATCTTTGCAGT and MS-ODN,
ACTGCAAAGATGGAAACG (Naganuma et al., 2000; Zhang et al.,
2002).

Generation of DNA Constructs Encoding a Small Interfering
RNA against Human CXCRA4.

Oligonucleotides against human CXCR4 genes were generated and
cloned into a pSilencer 3.1-H1 vector (Ambion, Austin, TX) as described
previously (Lapteva et al., 2005). We used Lipofectamine 2000 reagent to
transfect the chondrocytes with pSilencer 3.1-H1-siCXCR4 or pSilencer
3.1-H1- siCXCR4-mut. Twenty-four hours after transfection, cells were
replated in Dulbecco’s modified Eagle’s medium (Invitrogen) with 10%

fetal calf serum.

MMP-13 Promoter Assay.

We generated promoter constructs of human MMP-13 genes
according to previous reports with some modifications (Penda’s et al.,
1997; Chu et al., 2007). The primers used for PCR reactions for MMP-13
promoter construct were 5'primer, 5'-CTGAGAGCTCCAACAAGAGAT
GCTCTCA-3' (forward/Sacl; nucleotides — 186 to — 166); and 3'primer,
5'-GGAAGCTTTCTAGATTGAATGGTGATGCCTGG- 3'(reverse/
HindIII; nucleotides + 10 to+27). The pGL3-Basic vector containing a
polyadenylation signal upstream from the luciferase gene was used to
construct expression vectors by subcloning PCR-amplified DNA to
MMP-13 promoter into the Sacl/HindIII site of the pGL3-Basic vector.
The PCR products were confirmed on the basis of their size as

determined by electrophoresis and DNA sequencing. Human
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chondrocytes were transiently transfected with MMP-13 promoter
plasmid using Lipofectamine 2000 reagent. Luciferase activity was
measured with the Luciferase reporter assay system (Promega) as
described by the manufacturer, using a model TD-70/20 luminometer

(Turner Designs, Sunnyvale, CA) (Tang et al., 2006).

DNA Affinity Protein-Binding Assay.

Binding of transcription factors to the MMP-13 promoter DNA
sequences was assayed as described previously (Penda’s et al., 1997).
After treatment with SDF-1a, nuclear extracts were prepared.
Biotin-labeled doublestranded oligonucleotides (21g) synthesized based
on the human MMP-13 promoter sequence were mixed at room
temperature for 1 h with shaking with 200ug of nuclear extract proteins
and 20 pl of streptavidin agarose beads in a 70% slurry. Beads were
pelleted and washed three times with ice-cold PBS. The bound proteins
were then separated by SDS-polyacrylamide gel electrophoresis, followed
by Western blot analysis with specific antibodies (Huang and Chen,
2005).

Chromatin Immunoprecipitation Assay.

Chromatin immunoprecipitation (ChIP) analysis was performed as
described previously (Tang et al., 2007). DNA immunoprecipitated by
anti-c-Fos or antic- Jun antibody was purified. The DNA was then
extracted with phenol-chloroform. The purified DNA pellet was
subjected to PCR. PCR products were then resolved by 1.5% agarose gel
electrophoresis and visualized by UV. The primers 5'-~AACAAGAGAT
GCTCTCA-3'
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and 5'-TGAATGGTGATGCCTGG-3' were used to amplify across the
human MMP-13 promoter region (— 182 to+27).

Statistics.
The values given are means + S.E.M. The significance of difference
between the experimental groups and controls was assessed by Student’s ¢

test. The difference is significant if p < 0.05.
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Results

SDF-1a Increased the Expression of MMP-13 in Human
Chondrocytes.

It has been reported that SDF-1 is greatly elevated in the SF from
patients with OA and RA. MMP-3 and -13 have been reported to
participate actively in the destruction of cartilage (Pelletier et al., 2004).
Therefore, we investigated the effect of SDF-1 on the MMP-13
expression in human chondrocytes. Human chondrocytes were incubated
with SDF-1a(at various concentrations) for 24 h, and the cell lysates and
culture medium were then collected. The results from RT-PCR, Western
blot, and zymographic analysis indicated that SDF-1asignificantly
increased the expression of MMP-13 in both cell lysates and supernatant
concentration- dependently (Fig. 1, A and B) (induction of MMP-3
expression was used as positive control; Fig. 1A). The induction of
MMP-13 at concentration of 100 ng/ml occurred in a time-dependent

manner (Fig. 1C).

SDF-10/CXCR4 Interaction Was Responsible for the Expression of
MMP-13 in Chondrocytes.

Interaction of SDF-1 with its specific receptor CXCR4 on the
surface of chondrocytes has been reported to induce the release of
MMP-3 from chondrocytes (Kanbe et al., 2002); therefore, we then
examined whether SDF-1/CXCR4 interaction is in- volved in the signal
transduction pathway leading to MMP-13 expression caused by SDF-1a.
Human chondrocytes were treated with SDF-1a for different times, and
the cell lysates were collected. The results from RT-PCR, Western blot,

and flow cytometry indicated that SDF-1a significantly increased both
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mRNA or protein levels and the cell surface expression of CXCR4
time-dependently (Fig. 2, A and B). Pretreatment of chondrocytes for 30
min with CXCR4-specific chemical inhibitor AMD3100 (500 ng/ml),
CXCR4- neutralizing antibody (12G5; 10ug/ml), but not mouse
monoclonal immunoglobulin isotype control (isotype antibody;
10pg/ml) antagonized the SDF-1a-induced MMP-13 expression (Fig. 2D).
Transient transfection of small interfering RNA against CXCR4
(siCXCR4), but not a mutant form of siCXCR4 (siCXCR4-mut),
effectively inhibited the expression of MMP-13 caused by SDF-1a(Fig.
2D). These results suggest that induction of MMP-13 expression by
SDF-1a might occur via the activation of CXCR4 receptor.

ERK Signaling Pathway Was Involved in SDF-1a-Mediated MMP-13
Up-Regulation.

Because the SDF-1a/CXCR4 interaction has been shown to activate
several signalingpathways, including phosphatidylinositol 3-kinase/Akt
and mitogen-activated protein kinase (MAPK), in various cell lines
(Kijjima et al., 2002; Barbero et al., 2003; Phillips et al., 2003), we
performed Western blot analysis to elucidate the signal transduction
pathways involved in the SDF-1a-induced up-regulation of MMP-13.
SDF-1oactivated ERK1/2 in chondrocytes, as evidenced by the increase
in phosphorylated p42 and p44 (p-ERK) (Fig. 3A). Other signaling
pathways, including p38 MAPK, JNK, and Akt were not activated up to 4
h of treatment (Fig. 3A). SDF-1a-induced mRNA expression and
gelatinase activity of MMP-13 were greatly reduced by treatment with
ERK inhibitor PD98059 (30uM), but these processes were not affected by
SB203580 (a p38 MAPK inhibitor; 10uM), SP600125 (a JNK inhibitor;
10uM), or Ly294002 (a phosphatidylinositol 3-kinase inhibitor; 10uM)
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(Fig. 3B). To confirm that 10 M SB203580 and 10uM SP600125 are
effective on p38 and JNK activity, pretreatment of chondrocytes with 10
and 30pM SB203580 or 10 and 30uM SP600125 for 30 min completely
inhibited 10 ng/ml TNF-a-induced p38 and JNK phosphorylation,
respectively (Fig. 3C). In addition, transfection of cells with ERK2 but
not p38, INK, or Akt mutant also antagonized the potentiating effect of
SDF-1a(Fig. 3D). Taken together, these data suggest that the activation of
the ERK pathway is required for the SDF-1a-induced increase of
MMP-13 in chondrocytes.

SDF-1alncreased the Binding of c-Fos and c-Jun to the AP-1 Element
on the MMP-13 Promoter.

Because the promoter region of human MMP-13 contains an AP-1
binding site and phosphorylation of ERK can lead to AP-1 activation
(Eferl and Wagner, 2003; Ala-aho and Kahari, 2005), we further
examined the activation of AP-1 components c-Fos and c-Jun after
treatment of SDF-1a. Time-dependent increase in the c-Fos and c-Jun
mRNA expression in chondrocytes by SDF-1awas observed (Fig.4A).
SDF-1a-activated c-Fos and c-Jun were also evidenced by the
accumulation of c-Fos and c-Jun in the nucleus (Fig. 4B). The
SDF-1a-induced c-Fos and c-Jun activation was inhibited by PD98059
but not by SB203580, SP600125, and Ly294002 (Fig. 4C).
SDF-1a-induced mRNA expression and gelatinase activity of MMP-13
were also inhibited by c-Fos and c-Jun AS-ODN but not by MS-ODN
(Fig. 4E). It has been reported that human MMP-13 promoter contains an
AP-1 binding site between -50 and -44 (Eferl and Wagner, 2003). We next
investigated whether c-Fos and c-Jun bind to AP-1 element on the

MMP-13 promoter after SDF-1a stimulation. DNA affinity

25



protein-binding assay experiments showed a time-dependent increase in
the binding of c-Fos and c-Jun to the AP-1 element on the human
MMP-13 promoter after treatment with SDF-1a(Fig. 5A). The in vivo
recruitment of c-Fos and c-Jun to the MMP-13 promoter (-182 to +27)
was assessed by ChIP assays. In vivo binding of c-Fos and c-Jun to the
AP-1 element of MMP-13 promoter occurred as early as 30 min, and it
was sustained to 240 min after SDF-1astimulation(Fig. 5B). The binding
of c-Fos and c-Jun to AP-1 element by SDF-1awas attenuated by
PD98059 or ERK mutant but not by SB203580, SP600125, and
Ly294002 or p38, JNK, and Akt mutants (Fig. 5, C and D).

Increase of MMP-13 Promoter Activity by SDF-1a.

To further study the pathways involved in the action of SDF-1a-
induced MMP-13 expression, transient transfection was performed using
the human MMP-13 promoter-luciferase con- struct, which contains the
human MMP-13 gene between positions -186 and +27 fused to the
luciferase reporter gene. Treatment with SDF-1aled to a 3.1-fold increase
in MMP-13 promoter activity in chondrocytes. The increase of MMP-13
activity by SDF-1a was antagonized by 30uM PD98059 but not by 10uM
SB203580, 10uM SP600125, and 10uM Ly294002 (Fig. 6A).
Alternatively, a high concentration of SB203580 (30uM) or SP600125
(30uM) also did not affect SDF-1a-induced MMP-13 activity (Fig. 6A).
In cotransfection experiments, the increase of MMP-13 promoter activity
by SDF-1a was inhibited by the dominant-negative mutant of ERK2 or
c-Fos and c-Jun AS-ODN but not by dominantnegative mutants of p38,
JNK, and Akt (Fig. 6B). In addition, dominant-negative mutants of ERK2,
p38, INK, and Akt or c-Fos and c-Jun AS-ODN did not affect the basal
luciferase activity (Fig. 6B). Taken together, these data suggest that the
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activation of the ERK, c-Fos/c-Jun, and AP-1 pathway is required for the

SDF-1a-induced increase of MMP-13 in human chondrocytes.
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Discussion

SDF-1 is significantly higher in synovial fluid of patients with
osteoarthritis and rheumatoid arthritis. MMPs have been demonstrated to
contribute to the breakdown of articular cartilage during arthritis (Poole,
2001). In addition, SDF-1 also enhances MMP-3 production in human
chondrocytes (Kanbe et al., 2002). Here, we found that MMP-13 is a
target protein for the SDF-1 signaling pathway, which required an
activation of CXCR4 receptor, ERK, c-Fos/c-Jun, and AP-1.

The synovium of OA and RA patients produces many types of
cytokines and chemokines, such as interleukin-1, TNF-a, macrophage
inflammatory protein-1, and a variety of MMPs (Yoshihara et al., 2000).
MMPs can induce the breakdown of cartilage. SDF-1 has the additional
function to accumulate CD** memory T cells in the synovium. This
indicates that SDF-1 is related to the immune system and the
inflammation that attracts lymphocytes to develop RA (Nanki et al., 2000;
Blades et al., 2002). It has been reported that SDF-1 is expressed in the
synovium but not in cartilage, which can stimulate release of MMP-9 in
chondrocytes (Kanbe et al., 2004). MMP-13 expression has been detected
in several pathological conditions that are characterized by the
destruction of normal collagen tissue architecture (Ala-aho and Kahari,
2005). However, the expression of MMP-13 by SDF-1a in chondrocytes
is mostly unknown. Here, we found that SDF-1aincreased MMP-13
expression by using RT-PCR and zymographic analysis, which plays an
important role during arthritis. Previous studies have shown that
SDF-10/CXCR4 interactions modulate cell migration, invasion, and
MMP secretion in several cells (Bartolome et al., 2004, 2006; Fernandis
et al., 2004; Ohira et al., 2006). In the present study, we used
CXCR4-specific chemical inhibitor AMD3100 and CXCR4-neutralizing
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antibody to determine the role of CXCR4, and we found that they
inhibited SDF-1a- induced MMP-13 expression, indicating the possible
involvement of CXCR4 in SDF-1a-induced MMP-13 expression in
chondrocytes. This was further confirmed by the result that the small
interfering RNA against CXCR4 inhibited the enhancement of MMP-13
production by SDF-1q, indicating the involvement of SDF-1/CXCR4
interaction in SDF-1a-mediated induction of MMP-13.

A variety of growth factors stimulate the expression of MMP genes
via signal transduction pathways that converge to activate AP-1 complex
of transcription factors. MAPK pathways, including ERK, JNK, and p38,
induce the expression of AP-1 transcription factors (Ala-aho and Kahari,
2005). We found that SDF-1a enhanced ERK1/2 phosphorylation without
affecting phosphorylation of Akt and other MAPK pathways (e.g., p38
MAPK and JNK pathways) in human chondrocytes. Previous studies
have revealed that SDF-1a treatment activates ERK1/2 in human lung
cancer cells, astrocytes, and glioblastoma and basal cell carcinoma cells
(Bajetto et al., 2001; Kijima et al., 2002; Barbero et al., 2003; Phillips et
al., 2003; Chu et al., 2007). The SDF-1a- directed MMP-13 expression
was effectively inhibited by ERK inhibitor but not by Akt and other
MAPK pathway inhibitors. In addition, dominant-negative mutant of
ERK but not p38, JNK, and Akt also inhibited the potentiating action of
SDF-1a. This was further confirmed by the results that the
dominant-negative mutant of ERK but not p38, JNK, and Akt inhibited
the enhancement of MMP-13 promoter activity by SDF-1a. A similar
signal pathway has also been reported in the invasion of basal cell
carcinoma cells, which involved ERK-dependent MMP-13 expression
(Chu et al., 2007). In addition, mechanical strain induced MMP-13
expression also through mitogen-activated protein kinase kinase-ERK

signaling pathway to regulate mechanical adaptation (Yang et al., 2004).
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Taken together, our results provide evidence that SDF-1aup-regulates
MMP-13 in human chondrocytes via the ERK-dependent signaling
pathway.

Hormones and growth factors are known to regulate gene expression
through AP-1 sites (Angel et al., 1988). It has been reported that SDF-1a
induced MMP-13 secretion through AP-1-dependent pathway in human
basal cell carcinoma (Chu et al., 2007). The AP-1 sequence binds to
members of the Jun and Fos families of transcription factors. These
nuclear proteins interact with the AP-1 site as Jun homodimers or Jun-Fos
heterodimers formed by protein dimerization through their leucine zipper
motifs. It has been observed that collagenase synthesis is induced in
various tissues of transgenic animals overexpressing c-Fos or c-Jun,
suggesting that an increase in c-Fos and c-Jun levels can stimulate
collagenase expression (Wang et al., 1995). The results of this study show
that SDF-1ainduced c-Fos and c-Jun expression and nuclear
accumulation. Furthermore, SDF-1aincreased the binding of c-Fos and
c-Jun to the AP-1 element on MMP-13 promoter, as shown by DNA
affinity protein-binding assay and ChIP assay. Binding of c-Fos and c-Jun
to the AP-1 element was attenuated by ERK inhibitor or ERK2 mutant
but not by p38, JNK, and Akt inhibitor or p38, JNK, and Akt mutant.
These results indicate that SDF-1amight act through the ERK,
c-Fos/c-Jun, and AP-1 pathway to induce MMP-13 activation in human
chondrocytes.

In conclusion, the signaling pathway involved in SDF-1a-induced
MMP-13 expression in human chondrocytes has been explored.
SDF-1aincreases MMP-13 expression and activity by binding to the
CXCR4 receptor and activating ERK and the downstream transcription
factors (c-Fos and c-Jun), resulting in the activation of AP-1 on the

MMP-13 promoter and MMP-13, may contribute cartilage destruction
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during arthritis.
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Fig. 1. Concentration- and time-dependent increase in MMP-13

expression by SDF-1a.

Human chondrocytes were incubated with various concentrations of
SDF-1a for 24 h. Then, the cell lysates were collected, and the mRNA
levels of MMP-3 and MMP-13 were determined using RT-PCR. A,
bottom, quantitative data are shown (n = 4). Cells were incubated with
various concentrations of SDF-1a for 24 h (B) or with 100 ng/ml
SDF-1lafor 2, 4, 6, 12, or 24 h (C). The cultured medium and cell lysates
were then collected, and the mRNA level of MMP-13 in cell lysates was
determined using RT-PCR. The protein level of MMP-13 in supernatant
was determined using Western blot analysis, and the enzyme activity of
MMP-13 in supernatant was determined using zymography. The
quantitative data are shown at the bottom (n = 4). Data are expressed as

means = S.E. *, p = 0.05 compared with control.
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Fig. 2. Involvement of CXCR4 receptor in SDF-1a-mediated
MMP-13 expression in chondrocytes.

Chondrocytes were incubated with 100 ng/ml SDF-1a for indicated times.
Then, cell lysates were collected, and the mRNA and protein level of
CXCR4 was determined using RT-PCR and Western blot analysis,
respectively. A, bottom, quantitative data are shown (n = 4). B, cells were
incubated with 100 ng/ml SDF-1a for indicated times, and the cell
surface expression of CXCR4 was determined using a flow cytometer. C,
cells were transfected with siCXCR4-mut or siCXCR4 for 24 h, and then
the mRNA and protein levels of CXCR4 were determined using RT-PCR
and Western blot analysis, respectively. Chondrocytes were pretreated
with 500 ng/ml AMD3100, 10pg/ml 12G5 antibody, and isotype antibody
for 30 min or transfected with siCXCR4-mut and siCXCR4 for 24 h
followed by stimulation with 100 ng/ml SDF-1a for 24 h. D, the mRNA
level and enzyme activity of MMP-13 was determined by using RT-PCR
and zymography analysis, respectively. The quantitative data are shown
in the bottom panel (n = 4). Data are expressed as means £ S.E. *, p =

0.05 compared with control. #, p < 0.05 compared with SDF-1a-treated
group.
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Fig. 3. ERK is involved in the potentiation of MMP-13 expression by
SDF-1a.

A, chondrocytes were incubated with 100 ng/ml SDF-1a for the indicated
times, and then p-ERK, p-p38, p-JNK, or p-Akt expression was
determined by Western blot analysis. Chondrocytes were pretreated for
30 min with 10 and 30uM SB203580 or with 10 and 30uM SP600125
followed by stimulation with 10 ng/ml TNF-a for 15 min, and p-38 and
p-JNK expression was determined by Western blot analysis. Note that 10
and 30uM SB203580 or 10 and 30uM SP600125 antagonized
TNF-a-induced p38 or INK phosphorylation, respectively. C, cells were
pretreated for 30 min with 30uM PD98059, 10uM SB203580, 10uM
SP600125, and 10uM Ly294002 (B), or they were transfected with
dominant-negative (DN) mutant of ERK, p38, INK, and Akt (D) for 24 h
followed by stimulation with 100 ng/ml SDF-1afor 24 h. The mRNA
level and enzyme activity of MMP-13 was determined by using RT-PCR
and zymography analysis, respectively.

The quantitative data are shown at the bottom (# = 4). Data are expressed
as means £ S.E. (percentage of vehicle control). *, p = 0.05 compared

with vehicle. #, p < 0.05 compared with SDF-1a-treated group.
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Fig. 4. c-Fos and c-Jun are involved in SDF-1a-induced MMP-13

expression.

A, cells were treated with 100 ng/ml SDF-1a for the indicated times, and
the mRNA levels of c-Fos and c-Jun were determined by using RT-PCR.
Cells were treated with 100 ng/ml SDF-1a for the indicated times (B), or
they were pretreated with 30uM PD98059, 10uM SB203580, 10uM
SP600125, or 10uM Ly294002 for 30 min (C) before stimulation with
SDF-1a for 240 min. The level of nuclear c-Fos and c-Jun was
determined by immuno- blotting with c-Fos- and c-Jun-specific
antibodies, respectively.D, cells were transfected with c-Fos or c-Jun
AS-oligonucleotides or MS-oligonucleotides for 24 h, and then the
protein level of c-For or c-Jun was determined by using Western blot
analysis. Cells were transfected with c-Fos or c-Jun (AS) and (MS) for 24
h followed by stimulation with 100 ng/ml SDF-1a for 24 h, and then the
mRNA level and enzyme activity of MMP-13 were determined by using
RT-PCR and zymography analysis, respectively (E). The quantitative
data are shown at the bottom (n = 4). Data are expressed as the means +
S.E. *, p = 0.05 compared with vehicle control. #, p < 0.05 compared
with SDF-1a-treated group.
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Fig. 5. Time-dependent increase in the binding of c-Fos and c-Jun to

the AP-1 site on MMP-13 promoter in chondrocytes.

A, top, schematic representing the consensus sequences of AP-1 site on
the human MMP-13 promoter labeled with biotin. Chondrocytes were
treated with 100 ng/ml SDF-1a for the indicated times, and nuclear
extracts were prepared and incubated with biotinylated AP-1 probe. The
complexes were precipitated by streptavidin-agarose beads as described
under Materials and Methods, and c-Fos or c-Jun in the complexes was
detected by Western blot. The equal amount of input nuclear protein was
examined by the proliferating cell nuclear antigen protein level. B to D,
cells were treated with 100 ng/ml SDF-1a for the indicated times, or they
were pretreated for 30 min with 30uM PD98059, 10uM SB203580,
10uM SP600125, and 10uM Ly294002 or transfected with DN mutant of
ERK, p38, JNK, and Akt for 24 h followed by stimulation with 100 ng/ml
SDF-1a for 240 min. Then, ChIP assay was performed. Chromatin was
immunoprecipitated with anti-c-Fos or anti-c-Jun antibody. One percent

of the precipitated chromatin was assayed to verify equal loading (input).
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Fig. 6. Signaling pathways involved in the increase of MMP-13
promoter activity by SDF-1a.

A, MMP-13 promoter activity was evaluated by transfection with the
pMMP-13-Luc luciferase expression vector. Chondrocytes were
pretreated with 30uM PD98059, 10 and 30uM SB203580, 10 and
30uMSP600125, or 10uMLy294002 for 30 min before incubation with
100 ng/ml SDF-1a for 24 h. B, cells were cotransfected with pMMP-13-
Luc and the DN mutant of ERK, p38, JNK, and Akt or c-Fos and c-Jun
AS-oligonucleotides. Then, they were treated for 24 h with SDF-1a.
Luciferase activity was measured, and the results were normalized to
B-galactosidase activity. Data are expressed as means + S.E. for three
independent experiments performed in triplicate. *, p = 0.05 compared

with vehicle control; #, p < 0.05 compared with SDF-1a-treated group.
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Publication

The Journal of Immunology

Adiponectin Enhances IL-6 Production in Human Synovial
Fibroblast via an AdipoR1 Receptor, AMPK, p38, and
NF-«B Pathway'

Chih-Hsin Tang.** Yung-Cheng Chiu," Tzu-Wei Tan,* Rong-Sen Yang.** and Wen-Mei Fu®*

Articular adipose tissue is a ubiquitous component of human joints, and adiponectin is a protein hormone secreted predominantly
by differentiated adipocytes and involved in energy homeostasis. We investigated the signaling pathway invelved in IL-6 produe-
tion caused by adiponectin in both rheumatoid arthritis synovial fibroblasts and ostecarthritis synovial fibroblasts. Rheumatoid
arthritis synovial fibroblasts and osteoarthritis synovial fibroblasts expressed the AdipoR1 and AdipoR2 iseforms of the adi-
ponectin receptor. Adiponectin caused concentration- and time-dependent increases in IL-6 production. Adiponectin-mediated
IL - production was attenuated by AdipoR1 and 5'-AMP-activated protein kinase (AMPK) a1 small interference RMNA. Pretreat-
ment with AMPKE inhibitor (arad and compoand ), p3§ inhibitor (SB202580), NMF-xB inhibitor, IkB protease inhibitor, and
MNF-xB inhibitor peptide alse inhibited the potentiating action of adiponectin. Adiponectin increased the kinase activity and
phosphorylation of AMPK and p38. Stimulation of synovial fibroblasts with adipenectin activated IxB kinase o/ (IKK o/,
IxBo phosphorylation, IkBo degradation, p65 phosphorylation at Ser (276), p65 and p50 translecation from the cytosol to the
nuclens, and kB-luciferase activity. Adiponectin-mediated an increase of IKK oo/ activity, kB-luciferase activity, and p65 and pSi
binding to the NF-xB element and was inhibited by compound C, SBZ03580 and AdipoR 1 small interference RMA. Our results
suggest that adiponectin increased IL-6 production in synovial fibroblasts via the AdipoR1 receptor/AMPE/pIIKKxf and

NF-xB signaling pathway. The Jowrnal of Immunology, 2007, 1789 54835492

dipose tissue is o ubiguitous tissue, which can be found

as a structhiral component of many organs of the human

beody, including the skin, gut. heart, and joints, and fre-
quently serves the purpose of smoothing out gaps or incongruitics
betwesn different tissues. Adipocyle has the ability to synthesine
and release proinflammatory molecules, complement factors, sig-
naling molecules, growth factors, and adhesion molecules (1. 2,
suggesting an integrated function of adipocytes in tissue inflam-
mation. Among these molecules are IL-6, macrophage migration
inhibitary factor, M-CSF, THNF-¢, complement factor 3a, comple-
ment factor B, leptin, resistin, and adipopectin (3—8). For these
molecules, the term “adipocytokines” was introduced (1), which
reflects the novel function of adipose tissue as an immunclogical,
endocrine, and paracrine organ.

Adiponectin (also known as Acrp30, Adipo(), and GEP28), an
adipocytokine secreted by adipocytes, has been receiving a
great deal of attention due to its insulin-sensitizing efects and
possible therapeutic use for metabolic disorders (9, 107, Accu-
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mulating evidence has suggested a novel link between adipose
tissue, adipocytokines, and inflammatory joint disease (11-13).
It has been described in the synthesis of proinflammatory cy-
tokines and growth factors in the infrapatellar fat pad from pa-
tients with ostecarthritis (0A)% (43, and Yamasaki et al. (14)
demonstrated that fibroblasts have the potential to transform
into adipocyles under the influence of cytokines. Moreover, it
has been found that adipocytokine levels (resistin and adiponec-
tin) are greatly elevated in the synovial Auid from patients with
OA and rheumatoid arthritis (RA) (15).

IL-6 is a multifunctional cytokine that plays a central role in
bath innate and acquired immune responses. IL-6 is the pre-
dominant mediator of the acute phase response. an innate im-
mune mechanism that is triggered by infection and inflamma-
tion (16, 17). IL-6 also plays multiple roles during the
subsequent development of acquired immunity against incom-
ing pathogens, including regulation of the expressions of cyto-
kine and chemokine, stimulation of Ab production by B cells,
regulation of macrophage and dendritic cell differentiation, and
the response of regulatory T cells to microbial infection (16,
17). In addition to these roles in pathogen-specific inflammation
and immunity. IL-6 levels are elevated in chronic inlammatory
conditions, such as BA (18, 19). Several consensus sequences,
including those for NF-xB, CREB, NF-IL-6, and AP-1 in the 5

1 Abbreviations used in this paper: DA, cstzcarthris; siRNA, small inierferznce
RNA&; IKE, kB kinase: LPS, Lipopolysaccharide; IL, intsrlenkin; THF, namar re-
crosis factor; RT-PCR, reverss ranscriptase polymerass chain reaction; DAPA, DNA
affinity protin-binding assay; ChiP, dwomalin immuneprecipilation assay; RA, theu-
mabaid arthritis; AMPE, 5'-AMP-activaied protein kinme; RASF, feumaicid arhri-
lis synovial fibroblasis: OASF, cstecarthritis synovial fibmblasis.

Copyright © 3007 by The Americon Association of Immnakegists, Ine, 0022-176707/52.00
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promoter region of the IL-6 gene, have been identified as reg-
ulatory sequences that induce IL-6 in response to various stim-
uli (20, 213, MF-xB. a key transcription factor that regulates
IL-6 expression, is a dimer of either transcription factor pG3 or
transcription factor p30 (22). In a resting state, this dimer is
associated with IxBs to retain NF-xB in the cytosal (23). kB
kinase (TKK). which is activated through stimulation by cyto-
kines and bacterial products, phosphorylates InBe at Ser (32)
and Ser () and IxB@ at Ser (19) and Ser (23) (24, 25, o
produce ubiguitination of IxBa/@ at lysine residues and degra-
dation by the 268 proteasome (26).

Adiponectin was originally described as an adipocytokine ex-
clusively expressed by adipose tissue (1), Interestingly, adiponec-
tin shares strong homologies with the complement factor C1g and
the proinflammatory cytokine TMF-x. Thus, it belongs to the Clg-
THMF-superfamily, the members of which are thought to be derived
from a common progenitor molecule and to share common (proin-
Aammatory) functions (27). Adiponectin activates intracellular sig-
naling pathways by activation of 3"-AMP-activated protein kinase
(AMPE). Treatment with adiponectin or ectopic expression of its
receptors has been shown to incmease AMPE phosphorylation and
fatty acid oxidation in muscles, and this effect was abolished by the
uze of dominant-negative AMPE (28, 29). However, the signaling
pattway for adiponectin on IL-6 production in synovial fibroblasts
is mostly unknown. In the present study, we explored the intra-
cellular signaling pathway involved in adiponectin-induced IL-6
production in synovial fibroblast cells. The results show that adi-
ponectin activates AdipoR] receptor and results in the activation
of AMPE/pASTER B and MNF-xB. leading to up-regulation of
IL-6 expression.

Materials and Methods
Marerials

Protein AJG teads, anti-mouse and anti-rabbit [gG-conjugated HRP. rabbit
polyclonal Abs specific for IeBoe, p-IeBo, K@, pés. ps0, p-p38, p3g,
and GET-IeBa fazion probein were purchased from Santa Cruz Biotech-
rodogy. Rabbit polyclonal Ab specific for AMPEe phosphorylated at The
(1721, [EEa/f phosphorylated at Ser™™ ™ pa5 phosphorylated at Ser
(276), AMPKo, AMPE:], and AMPERZ were purchased from Cell Sig-
naling and Mewrcacience, MF-xB inhibitos (PDTC), IeB protease inhibdtor
(TPCK), SB203580, S-aminoimidapole-d-carboxamide ribomiclecaide
(AICAR), compound C, and adencaine-9-3-D-arabino-furanoside (Amd)
ware obtained from Calbiochem. The MF-xBE nhibitor peptide (in a cell-
permeable form) was puchseed from Biomol. [L-6 enzyme immunoasssy
kit was purchased from Cayman Chemical. [y PJATP was purchased
from Amersham Biveckences. The MF-xB lucifersse plasmid was pur-
chased from Stratagene. The [KKx (KM) and TKES (KM) mutants were
gifts from D, H. Makaro {Juntendo University, Tokyo, Japan). The p38
dominant pegative mutant wee provided by Dr. 1 Han (Soutowestern Med-
ical Center, Dallaz, TX). pAV-g-galactosidase vector, lucifernse saay kit
was purchased from Promega. All other chemicals were cbtained from
Bigmar-Aldrich.

Cell culiures

Synovial tissues were obiined from ten patients with BA and ten pa-
tients with OA undergoing knee replacement surgeries (Taichung Vei-
erans General Hoapital, Taichung. Taiwan), Patients with RA and &
are fulfilled with disgnostic criteria of American College of Fheumsa-
wology (ACR), respectively (46, 47). All of rhenmatic arthritis received
at least 3 years of DMARD, steroid, or anti-inflammatony drugs therapy.
Fresh synowvial tissues were minced and digested in a solution of col-
lagenase. and DMase. [solated fibroblasts were filtered through 70 phd
oylon fAlters. The cells were grown on the plastic cell culture dishes in
5% air-3% OO, with RPMI 1640 (Invirogen Life Technologies)
which was supplemented with 20 mM HEPES and 10% heat-inactivated
FBE, 2 mM-glutamine, penicillin (100 Uimly, and sweptomycin (100
peiml) (pH adjusted to 7.6). Fibioblasts from passages four too nine
were used for the experiments.
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ADIPONECTIN-INDUCED IL-6 PRODUCTION

Measwremenis of IL-6G production

Human synovial fibroblasts were coltured in 24-well culture plates. After
reaching confluence, cells were treated with 0.1 pgfml, 0.3 pefml, | pedml,
Fppiml 10 pefml, 30 pedfml human full-length adiponectin (Catalog no.
1065-AF; B&D Systems). and then incubabed in 8 humidified incobator at
A7°C for 24 h. Por examination of the downstream signaling pathways
imvalved in adiponectin treatment, cells were pretreated with varions in-
hibitors tars A (0.5 mbi compeund © (10 phi: SB2OGSE0 (10 phd);
POTC (60 phy; TPCE (3 ph); MP-kB inhibitor peptide (10 pgfmd)) for
30 min tefore adiponectin (3 pgimi) administration, After incubation, the
medinm was remowved and stored at —80°C until assay. IL-6 in the medinm
was asayed using the L-6 enzyme immuncesaay kit according o the
procedure described by the manufacher.

FIRNA transfection

Two pairs of amall-interfering RMAz (siRMNAs) were synthesized by
MDBio. The sequences of buman AdipeRl and AdipoP2 siRMAs wens
used as previously described (200, The siBMNA against human AMPEal
and AMPEa2 were purchssed from Santa Cruz Bictechnology. Cells wens
transfected with siEMN Az (0.4 nmol) using Lipofectamine 2000 (Invitrogen
Life Techoologyy according o the manufacturer’s instructions,

mENA analvsizs by reverse transcriptase-POR (RT-PCR)

Total BMA woe extracted from synovial fbroblasts using a TRIzol kit
(MI¥Bic). The reverse transcription reaction was performed using 2 pg of
total BN A that was reverse transcribed inbo DN A using oligo{dT) primer,
then amplified for 33 cycles using two oligonuclectide primers: IL-6:
AAATGOCAGOCTGCTGACGAAG and AACAACAATCTGAGGTGC
CCATGCTAC, AdipaRtl: CCTTTCCCCAAGCTGAAGCTGC and CCTT
GACAAAGCCCTCAGOGAT: AdipoR2: AACGAGCOCAACAGAAAAC
CGATTG and ATACACACAGAAACAGGCAACATTTG: GAPDH:
AAGOCCATCACCATCTTCOC AG and AGGGGECCATCCACAGTCTT
CT (300,

Each PCR cycle was conducted for 30 at 94°C_ 30 2at 35°C, and | min
at GEMC.

PCR products wene then separated electrophoretically in a 2% agaross
DA pel and stained with ethidinm bromide,

Western blot analvsis

The cellular lyzates were prepared as described previously (31). Proteins
were resolved on SDE-PAGE and transferred to Immobilon polyvinyldi-
fuarde (FYDF) membranes. The biots were blocked with 4% BSA for 1 h
at om temperatuse and then probed with rabbit ant-tnman Abs agairst
LeBo, IEKag, péS. pS0or p-AMPE (1710000 for 1 b at room temn perature.
After thres washes, the blots wera subsaquently incubated with a donkey
anli-rabbit peroxidase-conjugated sacondary Ab (171000 for 1 b at foom
ternperatuse. The blots wens visualized by BCL uaing Kodak X-OMAT LS
filmn (Eastman FKodak). Quantitative data were oblained using a compuling
densitometer and Irageuant software (Molecular Dynamics).

Trangfection ard reporter gene qssay

Human synovial fibroblasts were cotmansfected with 0.8 pg wB-lucif-
erase plasmid. 0.4 pg B-palactosidase expression vector. Fibroblasts
ware grown o 8% confluent in 12 well plates and wens trans fected on
the following day by Lipofectamine 2000 (LF2000; Invitrogen Life
Technologies), DMA and LE2000 were premined for 20 min and then
applied o the cells. After 24 h transfection. the cells were then ncu-
bated with the indicated agents. After further 24 h incubation, the me-
dium were removed, and cells were washed once with cold PBS. To
prepare lysates, 100 pl reporter lysiz buffer (Promega) was added o
each well, and cells were scraped from dishes. The supernatant was
collected after centrifugation at 13,000 rpm for 2 min. Aliquets of cell
lysates (20 pl) contsining equal amounts of protein (20-30 pg) wene
placed into wells of an opaque black 96-well microplate. An equal
volume of luciferass substrate was added to all samples, and amines-
cence wag measured in a microplate luminometer. The value of lucif-
erase activity was nommalized to transfection efficiency monitored by
the cotmnsfected J-galactosidase expression vector,

FPreparation of nuclear extraces

The ruclear extracts wene prepared as described previously (320, Cells
were harvested and aispended in byypotonic buffer A (10 mM HEPES (pH
T8 10 mM KCL 1 mM DTT, 0.1 mM EDTA, and 0.5 mb PMSF) for 10
min onice and vortexed for 10 s Muclel were pelleted by centrifigation at
12,000 = g for 20 5. The superatants containing cytosclic proteins wene
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FIGURE 1. Concentration-  and
time-dependent increases in IL-6
production by adiponectin. Human
symovial fibroblasts were incubabed
with various concentrations of adi-
ponectin for 24 h (A) or with adi-
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collectad. A pellet contining micled was suspended in buffer C (20 mM
HEFES ipH 7.6}, 1 mM EDTA. 1 mM DTT, 0.5 mM PMSF, 25% glycerc],
and 0.4 M MaCl) for 30 min on ice. The suparmatants contining nucled
proteins were collected by cenirifugation at 12,000 = g for 20 min and
stored at —70°C.

AMPE in vifro kinase assay

AMPE activity assays were conducted as previously described (33). In
brief, total cell extracts were prepared from synovial fibroblasts in 1
radivimmunoprecipitation azsay buffer and precipitated with satrated
ammoeninm sulfate solution (final concentration 35%). Aszays were per-
formed at 30°C for 10 min in 25 pl eaction mixiures containing 5 pg
piotein extracts in a reaction buffer (40 mmold HEPES (pH 7.00, 80
mmcdld MaCl 5 mmolfl magnesium acetate, | mmold DTT, 200 pmold
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each of AMP and ATP, and 2 pCi [v-**P] ATP) with or without 200
pmolfl SAMS peptide (Upstate). For immunoprecipitated kinase as-
says, cell lysates were immunoprecipitated with anti-AMPE-al o
AMPEoa? Abs (Upstate), washed with 40 mmoll HEPES (pH 7.00. and
sugpendad in 20 pl eaction buffer. The reaction mixmres were spotied
onto PEL cation exchange papers, wazshed three times with 1% phos-
phoric acid, and measured using a scintillation counter. AMPE activity
was expressed as [PP] incorporated per microgram of protein.

Protein kinase assavs

The cellular Iysates were prepared s described previonsly (343 Equal
amounts of protein were incubabed with specific Abs against p38 or
[E Ko in the presences of protein AMG-agarcae beads fior 12 hoat 4°C with
pentle rotation. The beads wens wished thiee times with Iysis baffer and

FIGURE L lovolvement of AdipoR1 recep-
tor in adiponectin-mediated [L-6 preduction in
synovial fibroblasts. Totml RNA was extracted
from RASF or OASF cells, and subjected to RT-
PCR for -6, AdipoRl, and AdipoR2 mPMNAz
using the respective primers. Mote that both
FASF and OASF cells express IL-6. AdipoRl,
and AdipoB2 eceptor mRMA. and IL-6 and
AdipoP 1 mBMA increased in response o adi-
porectin ©3 peiml) application for 12 b (AL
RASF cells were transfectsd with AdipoRl,
AdipoP2, or controd siRNA for 24 h the mBEMNA
levels of AdipoRl or AdipoR2 was determined
by using RT-PCR analyzis (B). RASF or OASF
cells were transfected with AdipoRtl, AdipoR2,
or control sSiENA for 24 b followed by incuba-
tion with sdiponectin (3 pg'ml) for 24 b to an-
alyze the mRMA and protein expression, respec-
tively. Toml ENA and medinm were collectad,
and the expressions of IL-6 were analyzed by
ET-PCR and ELISA (C and IY. Results are rep-
resentative of at least three independent experi-

iy

o

i, o,
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ments. GAPDH, Glyceraldelyde-3-phosphate
dehydrogenase. = p = 005 @ compared with
control. & p - 0.05 as compared with adiponec-
tirrtreated group.
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FIGURE 3. AMPE iz iovolved in

adipenectin-induced IL-6 production A,
Cells were incubated with sdiponectin (3

pgfmi) for indicated time intervala. Cell
lyaates were prepared, and then imuw-
niobilatted with Ab for phosphor- AMPEo
The (172) (wpper posell or AMPEo
(lower pasel), pespectively. B and C.
Cells were incubated with adiponectin
(3 ppiml) for indicated time intervals,
of preteated with arad (0.5 mM) and
compound C (10 pM) for 30 min or
transfectsd with AdipoR ] and control
siBMA followed by stimulation with
adiponectin for 30 min, and AMPE ki-

ARENEE

AMPE kinase activity
[pmaleimgmin|

O ANPHE1
e AMPEE]

-
W

Kinaes actrvity
1% =l contral)

g

S

|

o,

=

{

S —

naza aclivity was performed as de-
soribed in Materials and Methods. D,
RASF or DASF cells were pretreated

4=,

moblotted  with an Abs specific for 1
AMPEz] or AMPEa2. The AMPEx1 &

for 30 min with arad (0.5 mb) o com- c
pound C 010 pM). and then stimulated = i
with adiponectin (3 pg/ml) for 24 h E_ =0 1
Media were collected to measure [L-5. H E ]
E. Cells were incubated with adiponec- g E .l
tin (3 pgdml) or AICAR (1 mbd) for 20 =5 | # ¥
min, and cell Iysates were then immu- E E ™
Ll L[]

LI F ﬂ“b{p 2

Adiponectin (min|

ey,
W
== e
== s
, El c-tubalin

or AMPEa2 kinase activity was per- e, gy G "neﬂk
formed as described in Marerials and ey %:’" '

Methods, F, RASF cells were trans-
fected with AMPEal, AMPEx2, or
contro] siRMA for 24 b, the protein lev-
elz of AMPEal or AMPER2 was de- .0
termined by using Western blot analy- .
sis. 7, RASF or OASF cells were g
transfectsd with AMPEel, AMPE2, g -
or control siEMA for 24 h. and then =
stimulated with adiponectin i3 pgfml) X

for 24 h. Media were collected to mea-

sure [L-6. Pesults are representative of e
at least three independent experiments,

=, p = 0.05 a8 compared with comtrol.

# p o= 005 as compared with adi-
ponectin-treated group.

twio times with kinase tuffer (20 mM HEPES, pH 7.4, 20 mM MgCl..,
and 2 mM DTT). The kinase reactions were performed by incubating
immuneprecipitated beads with 20 pl of kinase buffer (20 mM ATP and
3 pCioof [y *PJATP) at 30°C for 30 min. To assess p38 and [KKa/g
activities, 2 pg of MBP and 0.5 pg of GST-IkBa were added as the
suhatrate. The reaction mixtures were analyzed by SDE-PAGE followed
by antoradiography.

DINA affimie provein-binding assay (DAFA)

Binding of transcription factors o the IL-6 promoter DN A sequences was
azzayed, as described (210, Following wreatment with adipenectin, nuclear
extracts wene prepared. Bictin-labeled double-siranded oligonucleatides (2
i syothesized based on the IL-6 prometer sequence, were mixed at wom
temperahwe for 1 b with shaking with 200 pg onclear extract proteirs, and
20 pl streptavidin agaross beads in a 7% slurry. Beads wene pellebed and
washed three times with cold PRS, then the bound proteins separabed by
SDE-PAGE, followed by Weastern biot analysis with specific Abs,

Chrosatin immunoprecipifation assay

Chromratin immunoprecipitation (ChIF) analysis was peformed as de-
scribed previously (323 DMA immunoprecipitated by anti-ph3 or anti-p30
Ab was purified. The DNA was then extracted with phenol-chiomoform.

S é
", e,
Bilip otk 2B

The purified DA pellet was subjected to PCR. PCR products were then
resolved by 1.3% agaroae gel electrophoresis and visnalmed ty UV,

The primera: 3-CAAGACATGOCAAAGTGCTG-3 and 5°-TTGAGA
CTCATGGEAAAATOC-2" were used to amplify across the human IL-6
promoter fegion (—288 to — 39,

Swatistics

For statistical evaluation, Mann-Whitney L7 test for non-Gauasian param-
aters and Stmdent’s ¢ test for Ganssian parameters (including Bonferroni
cofrection). The diference is significant if the p valwe is <0035,

Results

Adipomectin induces IL-6 production in synovial fhroblasis
Adiponectin is significantly higher in synovial fluid of patients
with osteoarthritis and rheumatoid arthritis (15). Human synovial
fibroblast was chosen to investigate the signal pathways of adi-
ponectin in the production of TL-6, an inflammatory response gene.
Treatment of rheumatoid arthritis synovial fibroblast (RASF) or
osteoarthritis synovial fibroblast (OASF) with adiponectin (0. 1-30
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FIGURE 4. p38 is involved in adiponectin-mediated IL-é production in synovial fikroblasts. A, Synovial fibroblasts were incubated with adiponectin (3
ppfml) for indicated time inbervals, cell lysates were then immunoblotted with an Ab specific for phosphor-p38. B and C, Cells were incubated with
adiponectin (3 pgfml) for indicated time intervals, or pretreated with arad (0.5 mM) and compound © (10 ph) for 30 min or transfected with AdipaR ]
and control SIRMA followed by stimuolation with adipenectin for 30 min. and cell Iysates were then immunoprecipitated with an Ab specific for p38. One
set of immunoprecipitated was subjected to the kinase assay (KA) described in Maierials and Methods using MBP as a substrate (wpper pamel). The other
sat of immunoprecipitabes was subjected to 100 SDS-PAGE and analyzed by immuncblotting (WH) with the anti-p38 Ab (lower pamel). Equal amounts
of the immunoprecipitated kinase complex present in each kinase azsay were confirmed by immunoblotting for p38. D, RASF or QASF cells were pretreated
with SB203580 (10 pM) or ransfected with dominant negative mutant (D) of p38 for 24 b, and then stimulated with adiponectin (3 pedml for 24 h. Media
wade collected o measure [L-6. E and F. RASF cells were pretreated for 30 min with SB203380 (10 pM) or compound C {10 pM). and then stimulated
with sdiponectin (3 pg/ml) or AICAR (1 mM) for 30 min. and cell ly=sates were then immunoblotied with an Abs specific for phoaphor-AMPEa Thre (1725,
The AMPE kinase activity was also performed as described in Marerials and Methods. Besults are representative of at least three independent experiments.

= p = 0.05 @ compared with control. #, p =< 0.05 as compared with adiponectin-treated group.

wg/ml) for 24 h induced IL-6 production in a concentration-de-
pendent manner (Fig. 1A}, this induction occumred in a time-de-
pendent manner (Fig. 18). After adiponectin (10 gg/ml) treatment
for 24 h, the amount of IL-6 releasad had increased in both RASF
and OASF cells (Fig. 1B). To further confirm this stimulation-
specific mediation by adiponectin without LPS contamination,
polymyxin B, an LPS inhibitor, was used. We found that poly-
myxin B ({1 pM) completely inhibited LPS (1 phMi-induced IL-6
release. However, it had no effect on adiponectin {10 gg'ml)-in-
duced IL-6 release in both RASF and OASF (Fig. 1, € and .

Tnvolvemens of AdipoR1 recepior in adiponectin-mediated
increase af IL-6 production

AdipoR1 is expressed abundantly in skeletal muscle, and AdipoR2
is predominantly expressed in liver (29). However, little is known
about the expression of AdipoR1 and AdipoR2 in synovial fibro-
blasts. To investigate the role of AdipoR] and AdipoR2 subtype
receptors in adiponectin-mediated increase of IL-6 production,
we assessed the distribution of these adiponectin receptor sub-
type receptors in human synovial fibroblasts by RT-PCR anal-

59

yuis. The mRMAs of AdipoR] and AdipoR2 subtype receptors
could be detected in R.ASF and OASF (Fig. 24). Upon adiponectin
treatment for 12 h, the mREMNA levels of IL-6 and AdipoR 1 subtype
receptar were evidently increased, whemeas other subtypes AdipoR2
receptar mEMNA remained unchanged (Fig. 243 We next examined
which adiponectin subt ype receplors are involved in the adiponectin-
mediated increase of IL-6 release, specific inhibition of AdipoRl re-
ceplor expression was accomplished with siBMNA (Fig. 2B, It was
found that AdipoR ] receptor-specific siRNA but not AdipoR.2 siRNA
ar control siRMA significantly bloc ked adiponectin-mediated increase
af IL-6 production in human BASF and QASF by using RT-PCR and
ELISA (Fig. 2. C and I¥. These results suggest that AdipoR | may be
involved in adiponectin-induced IL-6 expression and release in hu-
man synovial fibroblasts.

The sigraling pathways of AMPE and p38 are involved in the
pofenfiating action of adiponectin

Adiponectin has been shown to incresse fatty acid oxidation via
activation of AMPE (35). Fig. 3. A and B show that adiponectin
enhanced AMPEx phosphorylation at the Thr (172) and activity in
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FIGURE 5. NF-gB is involved in the potentation of IL-& preduction by adiponectin. A, FASF cells were pretreated for 30 min with PDTC (60 phd),
TPCK (3 pM), and MF-kB inhibitor peptide (10 pgiml) followed by stimmlation with adiponectin (3 pgfmi for 24 b Media were collected to messune
IL-6. Results are expreased of four independent experiments performed in rplicate. =, p = 005 as compared with control. &, p = 005 as compared with
adiponectin-treated group. B, Cells were treated with adiponectin (3 pg'mil for indicated time intervals, and the levels of cytosclic and nuclear p&S or pS0
were determined by immunoblotting with p&35 or p30 specific Abs, respectively. ©. The upper schematic illustration represents the corsensus sequences
of MF-kB site on the [L-6 promoter labeded with biotin, Cells were treated with sdiponectin (3 pgfmil) for indicated time intervals. and nuclear extracts weane
prepared and incubated with bictinylated NF-xB probe. The complexes were precipitated by streptavidin-agarose beads as described under Marerials and
Metheds and piS or p30 in the complexes was detected by Western blot. The equal amount of input auclear protein was examined by the PCHA probein
lewel. [r and E, Cells were treated with adipenectin (3 pgfmi) for the indicated time intervals, or pretreated with SBE203580 (10 M) and compound C (10
pMi or transfected with AdipoR ] siRNA, and then stimulated with adiponectin (3 pgfmil) for 60 min. and ChIP asay was then performed. Chromatin was
immunoprecipitated with anti-p&S or anli-p30 Ab. One percent of the precipitated chromatin was assayed to verify equal loading (Inputh. F, Cells wene
transfected with xB-lucifersse expre ssion vector and then pretreated with ara (05 mM), compound C (10 pM) and SB20E380 (10 pM) for 30 min befone
incutation with adiponectin (3 pgfmiy for 24 h. Luciferass activity was then assayed. Results are representative of at lesst thies independent experiments.
o, p = 005 @ compared with contrl. #, p = 0.05 as compared with adipopectin-treated group.

a time-dependent manner. Pretreatment of cells for 30 min with and o2 isoforms was increased by adiponectin treatment, the wl
AMPE inhibitors (arnA (0.5 mM) or compound C (10 whd)) and isoform by 3-fold and @2 isofomm by ~~50% (Fig. 3E). In addition,
transfection with Adipoltl siRMA markedly attenuated the adi- treatment of cells with 5-Amincimidazole-4-caroxamide- 1-@-D-
ponectin-induced AMPE kinase activity (Fig. 37, Fig. 30 also ribofuranozide (ATCAR: | mM), which activates AMPE after be-
shows that adiponectin-induced IL-6 production was inhibited by ing metabolized to S-amincimidazole-4-caroxamide- 1-B-D-ribo-

araA or compound C in human BASF and OASF. In addition, furanoside-5- monophosphate in the cells, also increased the kinase
treatment of cells with araA (0.5 mM) or compound C (10 phd) did activity of AMPEa] and AMPEa2 (Fig. 3E). To further examine
not affect cell viability, which was assessed by the MTT as=ay whether AMPEz | activation is involved in the signal transduction
(data not shown). In an attempt to determine which catalytic sub- pathway leading to IL-6 production by adiponectin, the AMPExl
unit of AMPKal or AMPEz2 mediated adiponectin signaling in siBMA was used. AMPEo: | siRNA specifically inhibited the ex-
human synovial fibroblasts, we performed in vitro kinase assay pression of AMPEel but not AMPE=2 (Fig. 3F). Fig. & also
using Abs specific for each isoform. The kinase activity of both ] shows that adiponectin-induced IL-6 production was inhibited by
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FIGURE &. Adiponectin induces IKK o activation. ke Bo phosphorylation, IkBe degradation. and pb3 Ser (278) phosphorylation in synovial fibro-
blasts, Synovial fibroblasts were incubated with adiponectin (3 pgimi) for indicated time intervals, cell Iysates were then immunoblotted with an Ab specific
for phosphor-IEKadd (A). Cells were incubated with sdiponectin (3 pg/ml) for indicated time intervals. or pretreated with SB203580 (10 pM) and
compound C (10 phd) or ransfected with AdipoR 1 siRNA followed by stimulation with adipenectin for 60 min. and cell lystates were then immuncblatbed
with Ab specific for IKKo/8. One set of immunoprecipitabes was subjected o the kinase sesay (KA) described in Maierials and Methods using the
GST-IkBa fusion protein as a substrate (upper pasel). The other set of immunoprecipitates was subjected to 10% SDS-PAGE and analyzed by immu-
robloting (WEB) with the anti-[KEx/8 Ab ower panel). Equal amounis of the immunoprecipitated kinase complex present in each kinase assay were
confirmed by immunoblotting for IKK o/ (8 and ). Cells were trarsfected with IKKe, IKKS mutant. or vector for 24 b followsd by stimulation with
adiponectin for 24 h. Media were collected to measure IL-6 (D). Reailis are representative of at lesst three independent experiments. =, p = 0.05 as
compared with control. & p = 0005 as compared with adiponectin-treated group. Synovial fibroblasts were incubated with adiponectin for indicated tme
intervals, and cytoaolic levels of [kBe phosphorylation. keBa degradation, and paS Ser (276) phosphorylation were determined by immuncbloting using
phospho-lk Bo. IkBa-specific and pb5 phosphorylated at Ser (276) Abs, respectively (E and Fi.

AMPEz] siRNA. In addition, AMPEa2 siRNA also slightly lation and activity was attenuated. In contrast, inhibition of p38
attenuated adiponectin-induced IL-6 production. Therefore, with SB203380 did not affect adiponectin-induced phosphoryla-
AMPEz 1 is much more important in adiponectin-induced IL-6 tion and activity of AMPK. Similar results were obtained when
rel ease, although the role of AMPEe2 cannot be maled out. It was AMPK was directly activated using AICAR (Fig. 4, E and F).
recently reported that adiponectin activates pA8 MAPK in addition AICAR increase the phosphorylation and kinase activity of AMPE
to AMPE in C2C12 cells (299, we tested whether p38 might also and these efects were inhibited by compound C but not SB203580
be involved in adiponectin-induced IL-6 production. As shown in (Fig. 5, E and F). Therefore, these results indicated that p3S may
Fig. 44, treatment of fibroblasts with adiponectin resulted in a function as a downstream signaling molecule of AMPE in the
time-dependent phosphorylation of p38. Mext, we directly exam- adiponectin signaling pathway.

inod p38 kinase activity in response to adiponectin. In vifro p3s . . o .
kinase activity was measured using MBP as 2 p3s exngenous sub- Involvement aof NF-xB in adiponectin-induced IL-6 production
strate. Fig. 4B shows that reatment of fibroblasis with adiponectin NF-«B activation has besn reported to be necessary for IL-6 in-
induced an increase in p38 activity began 5 min, peaked at 10-30 duction in macrophages (36). To examine whether NF-xB activa-
min. We also found that pretreatment of cells for 3 min with ticn is involved in the signal transduction pathway leading to IL-6
araA, compound C or transfection with AdipoR 1 siRMA markedly expression caused by adiponectin, the NMF-xB inhibitor pyrrolidine
inhibited the adiponectin-induced p38 activity (Fig. 4C). We then dithiocarbamate (PDTC) was used. Fig. 54 shows that FDTC (30
investigated the role of p38 in mediating adiponectin-induced IL-6 M) inhibited the enhancement of IL-6 production induced by
expression using the specific p38 inhibitor SB203580. Pretreat- adiponectin. Furthermore, pretreatment of synovial fibroblasts
ment of cell with SB20A3580 (10 wh) or transfection with domi- with an IxB protease inhibitor (L- 1-tosylamido-2-phenylenylethyl
nant negative mutant of p38 attenuated adiponectin-induced IL-6 chloromethyl ketone (TPCE, 3 M) and NF-xB inhibitor peptide
production (Fig. 40¥). In addition, treatment of cells with (10 pg/ml) (36) also antagonized the potentiating action of IL-6
SB203580 (10 pM) did not affect cell viability, which was as- (Fig. 54). In addition, treatment of cells with PDTC (30 wh),
sessed by the MTT assay (data not shown). Next, we examine the TPCE (3 M) or MF-xB inhibitor peptide (10 pg/ml) did not affect
relationship of AMPE and p38, when AMPEK was chemically in- cell viability, which was assessed by the MTT assay (data not
hibited with compound C, the stimulation of AMPE phosphory- shown), It has bezn report that the NF-wB binding site between
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—72 and —63 was important for the activation of the IL-6 gene
(21). NFxB activation was further evaluated by analyzing the
translocation of MF-xB from cytosol to the nucleus, as well as by
DMA affinity protein-binding assay (DAPA) and chromatin immu-
noprecipitation (ChIP) assay. Treatment of cells with adiponectin
resulted in a marked translocation of p&5 and p50 NF-xB from the
cytosal to the nucleus (Fig. 58). DAPA experiments showed a
time-dependent increase in the hinding of p65 and p50 to the
MF-xB element on the IL-6 promoter after adiponectin treatment
(Fig. 5. The in vivo recruitment of p65 and p30 to the IL-6
promoter (—288 o —39) was assessed by ChIP assay. In vivo
binding of p65 and p50 to the NF-xkB element of IL-6 promoter
occumred as eady as 10 min and sustained to 60 min after adi-
ponectin stimulation (Fig. 500, The binding of p63 and pS0 to
MF-xB element by adiponectin stimulation was attenuated by com-
pound C, SB203580 and AdipoR] siRMA (Fig. 5E). To further
confirm the MP-x B element involved in the action of adiponectin-
induced IL-6 expression, transient transfection was performed us-
ing the kB promoter-luciferase constructs. Synovial fibroblasts in-
cubated with adiponectin (3 pg/ml) lad to a 3. 1-fold increase in B
promoter activity. The increase of kB activity by adiponectin was
antagonized by araA, compound C and SB203580 (Fig. 5F). These
results suggest that MP-wB activation is necessary for adiponectin-
induced IL-6 production in human synovial fibroblasis.

Adiponectin caures an increase in IKK o'B phosphorviation,
InBa phosphorviarion and IwBu degradation

We further examined the upstream molecules involved in adi-
ponectin-induced MF-wB activation. Stimulation of cells with adi-
ponectin induced IKKe/8 phosphorylation and activity in a time-
dependent manner (Fig. 6. A and B). Pretreatment of cells with
compound C and SB203580 or transfection with AdipoR1 siRNA
attenuated adiponectin-induced TEKKw'B activity (Fig. 6. Fur-
thermore, transfection with [KKe or IKEKS mutant markedly in-
hibited the adiponectin-induced IL-6 production (Fig. 6. These
data suggest that IKKe/8 activation is involved in adiponectin-
induced IL-6 production in human synovial fibroblasts. Treatment
with synovial fibroblasts with adiponectin also caused InBa phos-
phorylation and IxBee degradation in a time-dependent manner
(Fig. 6E). Next, we further examined p65 phosphorylation at Ser
(276) by adiponectin in synovial fibroblasts. Treatment of cells
with adiponectin induced p65 phosphorylation at Ser (276) in a
time-dependent manner (Fig. 6F).

Discussion

In contrast to the ample data in the feld of endocrinclogy and
cardiovascular disease, little is known about the role of adipose
tissue and adipocytokines, especially of adiponectin, in immuno-
logical and inflammatory disease. such as arthritis (6, 37, 38). It
has been reported that adiponectin is significantly higher in syno-
vial fluid of patients with osteoarthritis and rheumatoid arthritis
(15). Here we further identify IL-6 as a target protein for the adi-
ponectin signaling pathway that regulates cell inflammatory re-
sponse in both RASF and OASF. Using pharmacological and ge-
netic  inhikitors  show  that  these  inhibitors all  attenuated
adiponectin-induced IL-6 release, indicating adiponectin through
the same signaling pathway to induce IL-& production in RASF
and OASF. Ehling et al., (30) demonstrated that the adiponectin
time-dependent and concentration-dependent induce IL-6 produc-
tion in human synovial fibroblasts, and the adiponectin receptor
expressed in both BA and OA fibroblast. In addition, using p38,
protein kinase A, protein kinase C and cAMP-dependent PEA in-
hibitor to block signaling pathways, only incubation with p38 in-
hibitor SB20%580 and transfection with p38 siRMNA significantly
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inhihited the adiponectin-induced IL-6 production (30). There are
several novel findings in our current research. First, we demon-
strated that the AdipoR1 but not AdipoR2 was involved in the
adiponecin-induced IL-6 production. Second, AMPEal was more
important than AMPEz2 in the adiponectin-induced IL-6 produc-
ticn. Third, TK K B/NF-w B pathway was involved in adiponecitn-
induced IL-6 release. Fourth, the potentiation of IL-6 by adiponec-
tin required an activation of the AdipoR 1 receptor, AMPEx 1, p38,
IEKKaB and MF-xB signaling pathway. Fifth, the same signaling
pathway was required for adiponectin-induced IL-6 production in
both RASF and OASF. Our findings suggest that adiponectin acts
ag an inducer of inflammatory cytokines such as IL-6 and as an
enhancer of the inflammatory esponse in A and OA.

Two adiponectin receptors, AdipoR1 and AdipoR2, that me-
diated the biological effects of adiponectin was identified re-
cently (29). AdipoR1 iz a high-affinity receptor for globular adi-
ponectin and a low-affinity receptar for the full-length ligand,
whereas AdipoR2 is an intermediate-affinity receptor for both
forms of adiponectin (29). AdipoR1 is abundantly expressed in
skeletal muscle, whereas AdipoR2 is predominantly expressed in
the liver. However, the express of AdipoR1 or AdipoR2 receptors
in synovial fibroblast are large unknown, We found that RASE and
OASF cells express both AdipoR 1 and AdipoR.2 meceptor isoforms
by RT-PCR analysis. In addition, adiponectin increases the ex-
pression of IL-6 and AdipoR1 but not AdipoR2. Furthermaore,
transfection with AdipoR1 but not AdipoR2 siRMNA antagonized
the adiponectin-induced IL-6 production. These results suggest
that AdipoR1 is an upstream receptor in adiponectin-induced IL-6
release.

AMPEK is a heterofrimeric serine/threonine kinase composed of
o catalytic a subunit and regulatory B and y subunit {39, It has
bezn previously shown that AMPE iz involved in the signaling
pathway for the metabolic effects of adiponectin (39). We demon-
strated that the AMPE inhibitors ara A and compounds C antag-
onized the adiponectin-mediated potentiation of IL-6 expression,
suggesting that AMPE activation is an obligatory event in adi-
ponectin-induced IL-6 expression in these cells. In an attempt to
determine which catalytic subanit of AMPE @l or o mediated
adiponectin signaling in human synovial fibroblasts. We found that
adiponectin and AICAR (AMPE activator) increased kinase ac-
tivity of AMPEx] but only slightly increased the kinase activity of
AMPEw2. This was further confirmed by the results that the
siBMA of AMPEz| inhibited the enhancement of IL-6 production
by adiponectin. However, only slightly effect of AMPRe? siRMNA
in adiponectin-induced IL-6 expression. Therefore, AMPEz] is
much more important in adiponectin-induced IL-6 release. Al-
though we cannot ruled out the effect of AMPEx2 in adiponectin-
induced IL-6 production in synovial fibroblasts. It has been re-
ported that AMPE interacts with p38 o regulated glucose
metabalism (40). We examined the potential role of p38 in the
signaling pathway adiponectin-induced IL-6 expression. Pretreat-
ment of synovial fibroblasts for 30 min with SB203580 or trans-
fection with p38 mutant for 24 h markedly attenuated the adi-
ponectin-induced IL-6 production. In addition, we also found that
treatment of synovial fibroblasts with adiponectin induced in-
creages in p38 phosphorylation and kinase activity. These effects
were inhibited by arad, compound C and AdipoR 1 siENA, indi-
cating the involvement of AdipoR1-AMPE-dependent p38 activa-
tion in adiponectin-mediated IL-6 induction. It has also e ported
that AMPE is downstream molecule of p3& in the control of myo-
cardial glucose metabalism (41). In this study, we found that p3s
inhibitor SB203580 cannot antagonized the adiponectin or
AICAR-increased AMPE phosphordation and kinase activity.
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FIGURE 7. Schematic diagram of the sigraling pathways imolved in
adiponectin-induced IL-6 production in synovial Abeoblmsts. Adiponectin
incresees [L-6 expression by binding to the AdipoR1 receptor and activa-
tion of AMPEa 1, p38, IKKxf. which enhances binding of p&3 and p5i to
the ME-gB site, resulting in the transactivation of [L-6 expression.

Therefore, these results indicated that p38 may function as a down-
stream signaling molecule of AMPE in the adiponectin signaling
pathway.

There are several hinding sites for a number of transcription
factors including NF-xB, CRER, MFE-IL-6, and AP-1 box in the 5°
region of the IL-& gene (20, 21). Recent studies on the IL-6 pro-
moter have demonstrated that IL-6 induction by several transcrip-
tion factors ocours in a highly stimulus-specific or cell-specific
manner. For example, NF-kB has besn shown to control the in-
duced transcription of IL-6 in mouse macrophages (36). In osteo-
blasts, vazcactive intestinal peptide-induced IL-6 expression is me-
diated by AP-1 and CREE (42). The results of this study show that
NF-wB activation conribukzs to adiponectin-induced IL-6 produc-
tion in synowvial fibroblasis, and that the inhibitors of the MF-xB-
dependent signaling pathway, including PDTC, TPCK or NF-xB
inhibitor peptide inhibited adiponectin-induced [L-6 expression. In
an inactivated state, MF-xB iz normally held in the cytoplasm by
the inhikitor protein IeB. Upon stimulation, such as by THNF-a,
IxB proteins become phosphorylated by the multisubunit TEE
complex, which subsequently targets IxB for ubiquitination, and
then are degraded by the 265 proteasome. Finally, the free MF-xB
translocates to the nucleus, where it activates the esponsive gene
(43, In the present study, we found that treatment of synovial
fibroblasts with adiponectin resulted in increases in IKKa@ phos-
phorylation and activity, p65 and p30 translocation from the oy-
tosol to the nucleus, and the binding of p65 and pS0 o NF-xB
element on IL-6 promoter. Using transient transfection with wB-
luciferase as an indicator of WF-xB activity, we also found that
adiponectin-induced an increase in NF-xB activity. The IKKs can
be stimulated by various proinflammatory stimuli, including TL-
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18, peptidoglycan and thrombin (43, 44). These extracellular sig-
nals activate the TKK complex. which is comprised of catalytic
subunits (TKKe and TKKR) and a linker subunit (THKEwWMNERMO).
This kinase complex, in tm. phosphrylates InBee at Ser (32) and
Ser (36) and signals for ubiquitinre lated degradation, The rel eazed
MF-wB is then translocated into the nucleus where it promotes
MF-B-dependent transcription (45). The findings of our experi-
ments showed that pretreatment of synovial fibroblasts with com-
pound c, 5B X03580 or transfection with AdipoR1 siRMA antago-
nized the incmase of TKKEw/B activity by adiponectin, Based on
these findings, we suggest that the AdipoR1IAMPER3IE pathway
i= invalved in adiponectin-induced IKKao/@ activation. Here, we
also found that treatment with adiponectin (3 pg'ml) for 24 h
caused TMF-x and IL-128 release in human synovial fibroblasts
from 52 £ 8o 105 = 16 pa'ml (n = 3, p < 0.05) and 196 £ 13
o 363 *+ 18 pgfml (n = 3, p < 003), respectively. In addition,
pretreatment of cells with areA, compound C, SB203 580, PDTC,
TPCK or NE-xB inhibitor peptide also antagonized adiponectin-
induced THF-a and IL-12 release (data not shown), These results
suggest that the similar signaling pathways are involved in adi-
ponectin-induced cytokines/chemokines release.

In conclusion, the signaling pathway involved in adiponectin-
induced IL-6 production in human synovial fikroblasts has been
cxplored. Adiponectin increases IL-6 production by binding to the
AdipoR1 receptor and activation of AMPE, p38& and TKEx3,
which enhances hinding of p65 and p&0 to the NF-xB =ite, msult-
ing in the transactivation of IL-6 production (Fig. 7).
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