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Connective tissue growth factor promotes interleukin-1f3-mediated
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Abstract. Connective tissue growth factor (CTGF), also known
as CCN2, is a key proinflammatory mediator. In the present
study, the involvement of the CTGF signaling pathway in
human knee osteoarthritis (OA) fibroblast-like synoviocytes
(FLSs) was investigated. FLSs were isolated from human
OA synovium and incubated with CTGF in the absence or
presence of interleukin-1p (IL-1p). The expression of relevant
genes and proteins was analyzed by qPCR, western blotting
and enzyme-linked immunosorbent assay (ELISA). Matrix
metalloproteinase (MMP) activity and nuclear factor (NF)-kB
activation were also evaluated. CTGF stimulation resulted in the
significant production of IL-6, IL-8, C-C motif ligand 2 (CCL2),
CCL20, MMP-1 and MMP-3 in FLSs in the presence, but not in
the absence, of IL-1p. CTGF also enhanced the levels of phos-
phorylated extracellular signal-related kinase 1/2 (ERK1/2) and
p38. In addition, CTGF at 25 ng/ml, in the presence of IL-1p,
significantly potentiated NF-«kB activation. The results indicated
that CTGF interacted with IL-1{ in FLSs to promote the inflam-
matory response in the synovium, leading to the initiation of the
inflammatory cascade. These results support the proinflamma-
tory role of CTGF in synovitis and joint destruction in OA.

Introduction

Osteoarthritis (OA) is a chronic joint disorder character-
ized by the chronic progressive degeneration of the articular
cartilage, subchondral bone alteration and variable secondary
synovial inflammation (1). In response to macrophage-derived
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proinflammatory cytokines, such as interleukin (IL)-18, OA
synovial fibroblasts produce chemokines that promote inflam-
mation, neovascularization and cartilage degradation via
the activation of matrix-degrading enzymes, such as matrix
metalloproteinases (MMPs) (2-3). Although the pathogenesis
of the disease remains unknown, an increasing number of
studies indicate that mononuclear cell migration is important
in the perpetuation of inflammation in the synovium (4-5). In
addition, the adhesion and infiltration of these cells to inflam-
matory sites are regulated by chemokines (6-7). However, the
molecular mechanisms of human OA remain to be elucidated.

Connective tissue growth factor (CTGF; also known as
CCN2) is a member of a family of secreted multifunctional
proteins that contain high levels of cysteine (8). Previous
studies have demonstrated that CTGF promotes the inflam-
matory response (9). CTGF mRNA has been observed to be
upregulated adjacent to areas of cartilage surface damage and
to be present in chondro-osteophytes (10). In an animal model,
CTGF overexpression in mouse knee joints induced cartilage
damage, which may have been a direct effect of CTGF overex-
pression or a result of the factors excreted by the CTGF-induced
fibrotic synovial tissue (11). Therefore, CTGF may contribute
to the pathogenesis of OA. Nevertheless, the proinflammatory
activity of CTGF in fibroblast-like synoviocytes (FLS) and its
participation in synovitis during OA remain to be observed. In
the present study, the role of CTGF in OA synovial inflamma-
tion was investigated.

Materials and methods

Patient samples. Human synovial membranes were obtained
from patients with knee OA (n=15 males, aged 65.7+1.8 years)
undergoing total knee arthroplasty. One knee per patient
was obtained. All patients fulfilled the American College of
Rheumatology criteria for OA of the knee (12). Normal knees
(n=3 males, aged 75+2.5 years) were obtained within 10 h of
death. The tissues were examined macroscopically and micro-
scopically to ensure that only normal tissue was used. This
study was approved by the Ethics Committee of PLA General
Hospital, Beijing, China and was conducted in compliance with
all ethical standards, and informed consent was obtained from
each pateint according to the Declaration of Helsinki (2000).
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Cell culture and treatment. Synovial specimens were finely
minced and isolated by enzymatic digestion with collagenase
type 1A in Dulbecco's Modified Eagle's Medium (DMEM)
(Sigma-Aldrich, St. Louis, MO, USA) at 37°C in a 5% CO,
atmosphere for 16 h. The digested tissue was filtered through a
70 mm nylon mesh, washed and centrifuged. Cell viability was
>95% according to the Trypan blue exclusion test. Collected
cells were resuspended in DMEM supplemented with 10% fetal
bovine serum (Thermo Fisher Scientific, Rockford, IL, USA)
and cultured at 37°C in a 5% CO, atmosphere until the third
passage (95% fibroblasts, detected by immunocytochemistry
with anti-collagen I antibody; Millipore, Billerica, MA, USA).
FLS were allowed to grow to ~100% confluence and were
incubated with recombinant human CTGF (BioVendor R&D,
Asheville, NC, USA) at 15 and 25 ng/ml, with IL-1f (10 ng/ml;
Peprotech Inc., Rocky Hill, NJ, USA) or culture media. Viability
studies were performed for all the experimental conditions.
None of the treatments significantly affected cell viability,
which was >90%, as tested by the Trypan blue exclusion test.

Western blot analysis. Following stimulation for 5 min with
IL-1p (10 ng/ml), CTGF (15 and 25 ng/ml) or a combination of
IL-1p and CTGF, FLSs were lysed in 100 ul Cell Lysis Buffer
(Cell Signaling Technology, Inc., Beverly, MA, USA) and
centrifuged at 4°C for 20 min at 12,000 x g. Proteins (25 ug)
in cell lysates were separated by 12.5% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and transferred
onto polyvinylidene difluoride membranes. Membranes were
blocked with 3% bovine serum albumin and incubated with
specific antibodies against phosphorylated extracellular
signal-related kinase (ERK; dilution 1:1000), phosphorylated
or total Akt and ERK (dilution 1:500), and phosphorylated
or total c-Jun N-terminal kinase (JNK; dilution 1:250) and
p38MAPK (dilution 1:250; Cell Signaling Technology, Inc.)
overnight at 4°C. Finally, membranes were incubated with
peroxidase-conjugated goat anti-rabbit IgG (Dako, Carpinteria,
CA, USA) and the immunoreactive bands were visualized by
enhanced chemiluminescence using the AutoChemi image
analyzer (GE Healthcare, Pittsburgh, PA, USA).

Determination of MMP activity. Cells were stimulated with
IL-1p (10 ng/ml), CTGF (15 and 25 ng/ml) or a combination of
IL-1p and CTGF for 24 h. Supernatants were harvested, centri-
fuged and incubated with p-aminophenylmercuric acetate for
6 hat37°C to activate MMPs. Aliquots of the supernatants were
transferred to a 96-well plate and, following the addition of
the 5-carboxyfluorescein (5-FAM) peptide substrate (AnaSpec
Inc. Fremont, CA, USA), the fluorescence was measured at
various time points at 490 nm (excitation)/520 nm (emission)
in a VICTOR™ X3 Multilabel Plate Reader (PerkinElmer,
Shelton, CT, USA).

Enzyme-linked immunosorbent assay (ELISA). FLSs were stim-
ulated with IL-1f3 (10 ng/ml) for 24 h, in the presence or absence
of CTGF at 15 and 25 ng/ml. Supernatants were harvested,
centrifuged and frozen at -80°C until analyzed. IL-6, IL-8 and
chemokine C-C motif ligand 2 (CCL2) protein levels were
determined by specific IL-6, IL-8 and CCL2 ELISA kits from
eBioscience (San Diego, CA, USA) with sensitivities of 2,4 and
7 pg/ml, respectively. CCL20, MMP-1, MMP-3 and MMP-13
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protein expression levels were determined with specific ELISA
kits (all from R&D Systems, Minneapolis, MN, USA).

qPCR.Following incubation for 24 h, total RNA was extracted
with TRIzol reagent (Invitrogen Life Technologies, Carlsbad,
CA, USA) according to the manufacturer's instructions.
Reverse transcription was accomplished on 1 ug total RNA
using random primers (TagMan reverse transcription reagents;
Invitrogen Life Technologies). PCR assays were performed
in duplicate on an iCycler Real-Time PCR Detection system
using SYBR-Green PCR Master mix (Bio-Rad, Hercules, CA,
USA). The sequences of the primers used in this study were
reported in previous studies (13-14). For each sample, differ-
ences in the threshold cycle (Ct) values were calculated by
normalizing the Ct of the target gene to that of the reference
gene glyceraldehyde 3-phosphate dehydrogenase.

Activation of nuclear factor (NF)-kB. Cells were seeded into
6-well plates and grown to 60% confluence. Transient trans-
fection was performed for 45 min with 2 ug reporter construct,
NF-«B-luc (Stratagene, La Jolla, CA, USA) and 1 pug internal
control, pRL-TK (Promega Corporation, Madison, WI, USA)
by the Magnetofection™ system (OZ Biosciences, Marseille,
France), according to the manufacturer's instructions. The
medium was then replaced and the cells were treated for 24 h
with CTGF at 25 ng/ml, in the absence or presence of IL-1
(10 ng/ml). Following lysis and centrifugation, aliquots of the
supernatants were used to assay firefly and Renilla luciferase
activity using the Dual-Luciferase Reporter Assay System kit
(Promega Corporation). Luminescence was measured using a
Bio-Tek Synergy HT spectrophotometer (Bio-Tek, Winooski,
VT, USA).

Statistical analysis. Results are presented as the mean + stan-
dard error of the mean. Statistical analyses were performed
using one-way analysis of variance followed by a Dunnett's
t-test for multiple comparisons or a two-tailed unpaired
Student's t-test for dual comparisons. P<0.05 was considered
to indicate a statistically significant result.

Results

Effect of CTGF on the production of cytokines and chemo-
kines induced by IL-15. To determine whether extracellular
CTGF modulated cytokine and chemokine production in
human FLSs, cells were incubated with CTGF in the presence
or absence of IL-1f (10 ng/ml). Stimulation with IL-1f resulted
in the enhanced production of proinflammatory cytokines and
chemokines. As shown in Fig. 1, although CTGF alone (at
concentrations of 15 or 25 ng/ml) did not affect the production
of IL-6, IL-8, CCL2 or CCL20, a significant increase in these
proinflammatory mediators was observed in the presence of
IL-1B. These effects were confirmed at the mRNA level, with
an enhancement of IL-6, IL-8, CCL2 and CCL20 mRNA
expression in cells stimulated with IL-1p and CTGF (Fig. 2).

Effect of CTGF on MMPs induced by IL-1f3. Cell activation by
IL-1p (10 ng/ml) potently induced MMP gene expression, as well
as MMP protein expression and activity. mRNA expression was
measured by qPCR and in the cell supernatants, protein levels
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Figure 1. Effect of CTGF and IL-1f on the levels of cytokines and chemo-
kines released into the medium by FLSs. (A) IL-6, (B) IL-8, (C) CCL2 and
(D) CCL20 protein levels. Cells were stimulated with IL-1f (10 ng/ml) for
24 h in the presence or absence of CTGF at 15 and 25 ng/ml. Protein levels
were determined in supernatants by an enzyme-linked immunosorbent
assay. Data are expressed as the mean + SEM. Duplicate samples from six
patients were used. **'P<0.01, with respect to nonstimulated cells; "P<0.05 and
“P<0.01, with respect to IL-1p. CTGF, connective tissue growth factor; FLSs,
fibroblast-like synoviocytes; IL, interleukin; CCL2, C-C motif ligand 2.

were measured by ELISA and MMP activity was measured by a
fluorometric procedure. As shown in Fig. 3, CTGF alone did not
induce significant changes in the MMP-1, MMP-3 or MMP-13
protein levels in the cell supernatants; however, it potentiated
the effect of IL-1P (stimulating the expression of MMP-1 and
MMP-3 proteins). In addition, CTGF significantly increased
MMP-1 and MMP-3 mRNA expression in the presence of IL-13
(Fig. 4a). The levels of MMP activity in the medium were also
significantly increased by CTGF following IL-1f stimulation.

Effect of CTGF on Akt and p38MAPK phosphorylation
induced by IL-15. To determine the possible mechanism of
action of CTGF, we determined whether this protein acted
on Akt and p38MAPK activation. As shown in Fig. 5, CTGF,
at the concentrations studied (15 and 25 ng/ml), increased
the phosphorylated Akt and ERK1/2 levels. In the presence
of IL-1pB, CTGF enhanced the phosphorylated ERK1/2 and
p38MAPK levels, with a lower effect on phosphorylated Akt.
In contrast, JNK1/2 phosphorylation was not affected by
CTGF in the presence or absence of IL-1f3 stimulation.

Effect of CTGF on NF-«B activation induced by IL-13. NF-kB
is a regulator of proinflammatory and degradative genes in the
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Figure 2. Effect of CTGF and IL-1f on cytokine and chemokine mRNA
levels in fibroblast-like synoviocytes. Relative mRNA expression of (A) IL-6
and IL-8, and (B) CCL2 and CCL20. Cells were stimulated with IL-1f
(10 ng/ml) for 24 h in the presence or absence of CTGF at 15 and 25 ng/ml.
mRNA expression was determined by real-time qPCR. Data are expressed as
the mean + SEM. Duplicate samples from five patients were used. **P<0.01,
with respect to nonstimulated cells; “P<0.05, with respect to IL-13. CTGF,
connective tissue growth factor; IL, interleukin; CCL2, C-C motif ligand 2.
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Figure 3. Effect of CTGF and IL-1f on the levels of MMP released into the
medium by FLSs. (A) MMP-1, (B) MMP-3 and (C) MMP-13 protein levels
in the medium. Cells were stimulated with IL-1f3 (10 ng/ml) for 24 h in the
presence or absence of CTGF at 15 and 25 ng/ml. The MMP protein was
measured by enzyme-linked immunosorbent assay in the supernatants. Data
are expressed as the mean = SEM. Duplicate samples from eight patients were
used. **P<0.01, with respect to nonstimulated cells; “P<0.05 and “P<0.01,
with respect to IL-1f3. CTGF, connective tissue growth factor; IL, interleukin;
MMP, matrix metalloproteinase; FLSs, fibroblast-like synoviocytes.
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Figure 4. Effect of CTGF and IL-1 on MMP mRNA levels in fibroblast-like
synoviocytes and the activity of MMP released into the medium. (A) MMP-1,
MMP-3 and MMP-13 mRNA levels and (B) MMP activity. Cells were stimu-
lated with IL-1f (10 ng/ml) for 24 h in the presence or absence of CTGF at 15
and 25 ng/ml. mRNA was determined by qPCR and MMP activity was mea-
sured in the supernatants. Data are expressed as the mean + SEM. Duplicate
samples from five patients were used. **P<0.01, with respect to nonstimulated
cells; "P<0.05 and “"P<0.01, with respect to IL-1B. CTGF, connective tissue
growth factor; IL, interleukin; MMP, matrix metalloproteinase.

joint. The possible effect of CTGF on NF-«kB activation induced
by IL-1p in FLSs was investigated. CTGF treatment in nonstim-
ulated cells resulted in the increased transcriptional activity of
NF-«B, although this was not significantly different compared
with that of control. Of note, CTGF at 25 ng/ml significantly
potentiated NF-xB activation in the presence of IL-1f (Fig. 6).

Discussion

OA is a heterogeneous group of conditions associated with
the defective integrity of the articular cartilage and associated
changes in the underlying bone. The chronic inflammatory
process is mediated by a complex cytokine network. Synovial
inflammation has been demonstrated in tissue samples of OA
patients and may be associated with disease progression (15).
Accumulating data support the critical role of FLSs in OA
cartilage degradation through the production of inflammatory
and catabolic mediators (16-18). Proinflammatory cytokines,
such as IL-1p, are involved in driving synovitis during OA, and
affecting the production of cytokines and MMPs (19). CTGF
is involved in the regulation of the inflammatory response
and increases IL-6 expression in human synovial fibroblasts
through the integrin-dependent signaling pathway (20). In
addition, CTGF induces monocyte chemoattractant protein-1
expression to enhance monocyte migration in the human syno-
vial fibroblasts (21). In the present study, the results indicated
that CTGF cooperated with IL-1f3 to amplify the inflammatory
response, which led to the production of a number of cytokines,
chemokines and MMPs in OA FLSs. The data demonstrated

WANG et al: CTGF PROMOTES INFLAMMATION IN OSTEOARTHRITIS

P-Akt
Akt

+
+

P-Akt Akt
arbitrary units)

L]
CTGF (ng/ml) - 15 25 - 15 25
IL-1p s - . + + +
PERK1/2 e ———

ERK1/2 i o wm— . — —

e

*
l= 11 ﬁ_l_i
5 25 15 25

P-ERK1/2ZIERK1/2
(arbitrary units)

CTGF (ng/ml) - 1

IL-1p . R R + + +

P-p38 — N —

p38

@3 2

%% ]

“x 1= | —

CTGF (ng/ml) - 15 25 15 2

IL-1p = - - + + +
P-JNK1/2 — — —

Nl I ———
s )
gl 1M ._._.
25 - 15 25

CTGF (ng/ml) - 15
IL-1p - - - + + +

P-JNKA/2ZIJNK1/2
arbitrary units)

Figure 5. Effect of CTGF and IL-1p on Akt and MAPK phosphorylation. Cells
were stimulated with IL-18 (10 ng/ml) for 5 min in the presence or absence
of CTGF at 15 and 25 ng/ml. Protein levels were determined in cell lysates
by western blot analysis using specific antibodies against phosphorylated or
total proteins. The relative expression of phosphorylated and total protein
bands was calculated following densitometric analysis. Data are expressed
as the mean = SEM (samples from three patients). **P<0.01, with respect to
nonstimulated cells; “P<0.05, with respect to IL-1p. CTGF, connective tissue
growth factor; IL, interleukin; MAPK, mitogen-activated protein kinase; ERK,
extracellular signal-regulated kinase; JNK, c-Jun N-terminal kinase.
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Figure 6. Effect of CTGF and IL-1$3 on NF-«xB activation. Transient trans-
fection was performed with the reporter construct, NF-xB-luc and the
internal control, pRL-TK, as indicated in Materials and methods. Cells were
treated for 24 h with CTGF at 25 ng/ml in the absence or presence of IL-1f
(10 ng/ml). Firefly luciferase activity was normalized to Renilla luciferase
activity. Data are expressed as the mean + SEM. Duplicate samples from six
patients were used. **P<0.01, with respect to nonstimulated cells; "P<0.05,
with respect to IL-1f3. CTGF, connective tissue growth factor; IL, interleukin;
NF, nuclear factor.
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that CTGF and IL-1f synergistically enhanced IL-6 produc-
tion, which is in accordance with a previous study regarding
the stimulation of IL-6 release by CTGF (20).

Chemokines, such as IL-8, CCL2 and CCL20, are able
to attract inflammatory cells and regulate gene transcription
and cell proliferation (22). The upregulation of chemokines
in FLSs upon stimulation with IL-1§ promotes inflammation
and cartilage degradation through the activation of MMPs
and other degradative enzymes (2). CCL2 and CCL20
are chemokines implicated in arthritis synovitis (23-24)
and are produced by the OA synovium in the presence
of proinflammatory cytokines. In particular, IL-1f has
been demonstrated to be a more potent inducer of CCL20
than TNFa or IL-17 (25). The results of the present study
revealed that CTGF acted on OA FLSs in vitro to enhance
the production of IL-8, CCL2 and CCL20. IL-8 is produced
by fibroblasts and macrophages (26), and CCL2 has been
demonstrated in the induction of synovial macrophage and
fibroblast chemotaxis (27). Therefore, the enhanced produc-
tion of these mediators indicates that CTGF may be involved
in the amplification of the inflammatory response induced by
IL-1p in OA FLSs.

MMPs are important in articular tissue degradation in
OA. The present study demonstrated the potentiating effect
of CTGF on the IL-1f induction of MMP-1 and MMP-3 in
human OA FLSs. As MMP-1 degrades collagen in the extra-
cellular matrix and MMP-3 activity leads to the activation
of collagenases (28-29), the results suggested that catabolic
responses are amplified by CTGF during joint inflammation.

Studies have indicated that the spontaneous or stimulated
production of numerous inflammatory and degradative media-
tors by OA FLSs are correlated with NF-kB activation (30-31).
In particular, the transcription of IL-6, IL-8, CCL2, CCL20
and MMPs is NF-«B dependent. This study demonstrated that
IL-1p and CTGF synergistically increased the transcriptional
activity of NF-«kB, resulting in the enhanced production of
inflammatory mediators.

p38a-MAPK activity regulated the activation of transcrip-
tion factors relevant in inflammatory responses and OA (32).
CTGF enhanced p38 phosphorylation, which participated
in IL-6 and IL-8 transcription in human FLSs (33-34). As
the production of MMP-1 and MMP-3 upon stimulation
of synoviocytes with IL-1p was dependent on ERK activa-
tion (35), the effects of CTGF on ERK phosphorylation were
investigated. The results indicated that CTGF potentiated
the effects of IL-1f on ERK phosphorylation, which may
be important in the upregulation of MMP-1 and MMP-3 by
CTGF. Notably, CTGF potentiated Akt phosphorylation by
IL-1B, a pathway involved in cell survival and the prolifera-
tion of fibroblasts in rheumatoid arthritis synovium (36). In
addition, Akt activation may be involved in human cartilage
breakdown, as it has been implicated in MMP-13 and aggre-
canase-1 expression induced by oncostatin M (37), as well
as the synergistic induction of MMP-1 and MMP-13 expres-
sion following oncostatin M + IL-1f stimulation of human
chondrocytes (38). Therefore, data from the present study
suggest that the potentiation of ERK, p38 and Akt activation
by CTGF may be a mechanism relevant to the increase in the
intensity and persistence of synovitis, as well as the expres-
sion of catabolic factors, in OA.
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In conclusion, the results of the present study support the
view that CTGF acts as a proinflammatory cytokine, which
enhances the OA synovial inflammatory process. CTGF was
observed to synergize with IL-1f to induce the phosphoryla-
tion of ERK1/2, p38 and Akt, and the activation of NF-«xB.
These effects resulted in the production of proinflammatory
and catabolic mediators that contribute to synovitis and
articular destruction during OA.
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