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Key Role of Suppressor of Cytokine Signaling 3 in
Regulating gp130 Cytokine–Induced Signaling and

Limiting Chondrocyte Responses During
Murine Inflammatory Arthritis
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Objective. To examine the impact of the gp130
cytokine family on murine articular cartilage and to
explore a potential regulatory role of suppressor of
cytokine signaling 3 (SOCS-3) in murine chondrocytes.

Methods. In wild-type (WT) mouse chondrocytes,
baseline receptor expression levels and gp130 cytokine–
induced JAK/STAT signaling were determined by flow
cytometry, and expression of SOCS-3 was assessed by
quantitative polymerase chain reaction. The role of en-
dogenous SOCS-3 was examined in cartilage explants
and chondrocytes from mice with conditional deletion of

Socs3 driven by the Col2a1 promoter in vitro (Socs3�/�col2)
and from mice during CD4� T cell–dependent inflam-
matory monarthritis. Bone erosions in the murine joints
were analyzed by micro–computed tomography.

Results. On chondrocytes from WT mice, gp130
and the oncostatin M (OSM) receptor were strongly
expressed, whereas the transmembrane interleukin-6
(IL-6) receptor was expressed at much lower levels.
Compared to other gp130 cytokines, OSM was the most
potent activator of the JAK/STAT pathway and of
SOCS-3 induction. Treatment of Socs3�/�col2 mouse
cartilage explants and chondrocytes with gp130 cyto-
kines prolonged JAK/STAT signaling, enhanced carti-
lage degradation, increased the expression of Adamts4,
Adamts5, and RANKL, and elevated the production of
IL-6, granulocyte colony-stimulating factor, CXCL1,
and CCL2. Socs3�/�col2 mice developed exacerbated in-
flammation and joint damage in response to gp130
cytokine injections, and these histopathologic features
were also observed in mice with inflammatory mon-
arthritis.

Conclusion. The results of this study highlight
a key role for SOCS-3 in regulating chondrocyte re-
sponses during inflammatory arthritis. Within the
gp130 cytokine family, OSM is a potent stimulus of
chondrocyte responses, while IL-6 probably signals via
trans-signaling. The gp130 cytokine–driven production
of RANKL in chondrocytes may link chondrocyte acti-
vation and bone remodeling during inflammatory ar-
thritis. Thus, these findings suggest that the inhibition
of OSM might reduce the development and severity of
structural joint damage during inflammatory arthritis.
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Articular cartilage degradation is a key feature of
inflammatory joint diseases such as rheumatoid arthritis
(RA). Chondrocytes are the sole cell type present in
cartilage and are responsible for producing the com-
plex extracellular matrix (ECM) that is remodeled by
catabolic enzymes of the matrix metalloproteinase and
ADAMTS families throughout life.

Recent therapeutic developments have high-
lighted the importance of the interleukin-6 (IL-6) family
of cytokines (hereafter referred to as gp130 cytokines)
and downstream signaling pathways in inflammatory
arthritis (1,2). However, in contrast to other cell types,
relatively little is known about how chondrocytes regu-
late the responses to gp130 cytokines. These cytokines
bind to ligand-specific receptors on the cell surface
and then engage a common signaling gp130 �-subunit
to exert biologic activity. Activation of the ligand–
receptor–gp130 complex leads to the phosphorylation
of cytoplasmic tyrosine residues on gp130 by JAK-1,
JAK-2, and Tyk-2 kinases. C-terminal–phosphorylated
tyrosine residues on gp130 are required for the activa-
tion of latent STAT-1, STAT-3, and STAT-5 transcrip-
tion factors. The suppressor of cytokine signaling
(SOCS) family of proteins regulates the intensity and
duration of signal transduction in response to a wide
range of cytokines and hormones (3). Within this family,
SOCS-3 is the key regulator of cellular responses down-
stream of the gp130 receptor (4).

In murine models of experimental arthritis, the
inhibition of gp130 cytokines via neutralizing agents
(5,6) or the use of gene-knockout mice (7–9) have
provided evidence to demonstrate that this family of
cytokines has both proinflammatory and catabolic roles.
Previous studies have addressed the potential role of
SOCS-3 in joint disease. In Socs3�/� mice, conditional
deletion of the SOCS-3 gene is embryonically lethal, due
to excessive leukemia inhibitory factor (LIF) signaling in
trophoblasts (4). Therefore, conditional gene targeting is
required to assess the role of SOCS-3 in a tissue-specific
manner. Previously, we showed that deletion of Socs3 in
hematopoietic and endothelial cells using the Vav-Cre
system exacerbated acute inflammatory monarthritis in
mice, with increased generation of Th17 cells (10).
Furthermore, mice expressing a truncated SOCS-3 pro-
tein lacking the SOCS box also had exacerbated acute
inflammatory arthritis (11).

In this study, we investigated whether SOCS-3
plays a specific role in modulating gp130 cytokine sig-
naling in chondrocytes. We found that, in murine ar-
ticular cartilage and chondrocytes, IL-6 mediates its

effects via trans-signaling and that oncostatin M (OSM)
may be the dominant member of the gp130 cytokine
family. Furthermore, our studies revealed that chondro-
cytes use SOCS-3 as a key negative regulator of gp130
signal transduction during inflammatory arthritis and
that these cells can produce a surprising array of ef-
fector molecules, including cytokines, chemokines, and
RANKL.

MATERIALS AND METHODS

Animals. Socs3fl/fl mice (12) were crossed onto the
Col2a1Cre (13) and Rosa26 (R26R) (14) backgrounds to
generate Socs3�/�col2 or R26Rgt/�Socs3�/�col2 conditional
knockout mice. Socs3fl/fl and R26Rgt/�Socs3fl/fl littermate mice
served as controls in all experiments, unless stated otherwise.
Socs3�/�vav mice were generated as previously described (15).
Wild-type (WT) C57BL/6J mice were obtained from the
Walter and Eliza Hall Institute (WEHI) animal services (Kew,
Victoria, Australia). For ex vivo chondrocyte cultures, cartilage
explant cultures, and in vivo models, we used mice that were
5–6 days old, 2–3 weeks old, and 8–12 weeks old, respectively.
All mice were fed standard rodent chow and water ad libitum,
and were housed (6 mice/cage) in sawdust-lined cages. The
WEHI Animal Ethics Committee (Parkville, Victoria, Austra-
lia) approved all animal procedures.

Isolation of cartilage and organ culture. Femoral head
cartilage was isolated from 2–3-week-old mice using forceps to
shear the capital femoral epiphyseal cartilage from the under-
lying metaphyseal bone. The cartilage explants were weighed
and cultured for 3 days in Dulbecco’s modified Eagle’s me-
dium (DMEM) (containing 100 units/ml penicillin, 100 �g/ml
streptomycin, 2 mM L-glutamine, and 20 mM HEPES), sup-
plemented with 10% fetal calf serum (FCS) at 37°C (in a
humidified atmosphere of 5% CO2/95% air), prior to cytokine
stimulation in serum-free DMEM for 3 days. For analysis of
aggrecan content, the femoral heads were blotted dry and
stained with toluidine blue for histologic analysis or were
digested with papain. Aggrecan content in the conditioned
medium and in papain-digested cartilage was determined by
1,9-dimethylmethylene blue (DMMB) assay (Polysciences), as
described previously (16).

Isolation of primary chondrocytes for stimulation with
cytokines. Chondrocytes were harvested as described previ-
ously (17). Proximal tibial and distal femoral epiphyses from
5–6-day-old mice were harvested under a dissecting micro-
scope. Pooled epiphyses were incubated with 0.25% trypsin
for 1 hour at 37°C, prior to digestion with type II collagenase
(2 mg/ml in DMEM–5% FCS; Worthington), followed by
shaking overnight at 37°C. Cells were then washed with
DMEM–10% FCS and counted.

For stimulation assays, chondrocytes were plated at
1.5–2 � 105 cells/well in 96-well flat-bottomed plates contain-
ing DMEM with 10% FCS. Cells were stimulated with recom-
binant human IL-1� or IL-6/soluble IL-6 receptor (sIL-6R)
(both from R&D Systems) at equimolar concentrations or with
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murine OSM (R&D Systems) at 100 ng/ml or IL-11 or LIF
(both from WEHI) at 100 ng/ml.

Quantitative polymerase chain reaction (qPCR). Total
RNA was prepared from cultured cells using the RNeasy
Mini kit (Qiagen). Complementary DNA was prepared by
reverse transcription. Quantitative PCR was performed on a
Bio-Rad C100 Thermal Cycler instrument, and expression levels
of Gapdh (Mm99999915_g1), Adamts4 (Mm00556068_m1),
Adamts5 (Mm00478620_m1), osteoprotegerin (OPG) (Tnfrsf11b,
Mm01205928_m1), RANKL (Tnfsf11, Mm00441906_m1), and
Socs3 (Mm00545913_s1) transcripts were determined using
TaqMan probes. Transcript expression was determined using
the 2���Ct method (18), with values normalized against those
for Gapdh.

Evaluation of STAT phosphorylation in chondrocytes
by flow cytometry. Chondrocytes were pulsed with cytokine for
30 minutes, fixed in Phosflow Lyse/Fix Buffer (BD Biosci-
ences), and permeabilized with Phosflow Perm Buffer III (BD
Biosciences). Thereafter, the chondrocytes were incubated
with mouse anti-human phycoerythrin (PE)–conjugated
pSTAT-3, PE-conjugated pSTAT-1, or Alexa 647–conjugated
pSTAT-5 antibodies (all from BD Biosciences) or isotype
control (PE-conjugated mouse IgG2a�, PE-conjugated IgG2a,
or Alexa 647–conjugated IgG1 [all from Caltag Laboratories])
overnight at 4°C. Stained cells were washed and analyzed by
flow cytometry (LSRII; BD Biosciences).

Flow cytometry analysis of gp130 receptor expression
on chondrocytes. Chondrocytes were incubated with 2.4G2
antibody for 15 minutes on ice, and then stained with 2 �g/ml
of rat anti-mouse biotin-conjugated gp130, biotin-conjugated
OSM receptor � (OSMR�), biotin-conjugated IL-6R, or
biotin-conjugated LIF receptor � (LIFR�) (all from R&D
Systems), biotin-conjugated anti–IL-11 receptor (anti–IL-11R)
(WEHI), or isotype control antibodies (biotin-conjugated
IgG2a� and biotin-conjugated IgG1 [both from BD Biosci-
ences]) for 15 minutes on ice. Cells were then incubated
with a PE-conjugated streptavidin secondary antibody (R&D
Systems) for 15 minutes on ice, and then washed and ana-
lyzed by flow cytometry (LSRII; BD Biosciences). Receptor
expression was quantified using quantiBRITE PE beads
(BD Biosciences), in accordance with the manufacturer’s
instructions. Data were analyzed using FlowJo software (Tree
Star).

Analysis of cytokine and chemokine production by
multiplex bead array. Cytokines and chemokines were mea-
sured in conditioned medium using the Bio-Plex mouse cyto-
kine 23-plex panel (Bio-Rad Laboratories), performed accord-
ing to the manufacturer’s instructions. The assay was read on a
Bio-Plex 200 instrument and analyzed using Bio-Plex Manager
version 5.0 software.

Injection of mouse knee joints with IL-1�, OSM,
IL-6/sIL-6R, IL-11, or LIF. For cytokine-induced joint inflam-
mation, 8–12-week-old mice were anesthetized and injected
with 125 ng (in 10 �l) of IL-1�, OSM, IL-6/sIL-6R, IL-11, or
LIF intraarticularly into the knee joint. Injections were re-
peated each day for the subsequent 2 days. Control joints
received the same volume of saline. Knee joints were excised
and harvested on day 4 for histologic assessment.

Methylated bovine serum albumin (mBSA)/IL-1–
induced monarthritis. Monarthritis was induced in mice using
intraarticular injections of mBSA/IL-1, as previously described
(19). Briefly, 8–12-week-old mice were anesthetized and 10 �l
of 20 mg/ml mBSA (Sigma-Aldrich) was injected intraarticu-
larly into the knee joint. Control joints received the same
volume of normal saline. The rear footpad of each mouse was
then injected subcutaneously with 20 �l of 12.5 �g/ml recom-
binant human IL-1� (R&D Systems), with injections repeated
on the next 2 days. Mice were harvested on day 7 (the peak of
disease) and the knee joints were excised for micro–computed
tomography (micro-CT) analysis and histologic assessment.

Histologic assessment of arthritis. Harvested knee
joints were fixed in 4% paraformaldehyde and demineralized.
Frontal sections (4 �m) were then stained with hematoxylin
and eosin or toluidine blue to assess the histopathologic
features of the joints. Histologic sections were assessed in a
manner as previously described (19). The sections were graded
for the level of severity on a scale from 0 (normal) to 5 (severe)
for the following components: joint exudate, synovitis, pannus
formation, cartilage destruction, or bone erosion. Images were
obtained using a Zeiss Axioplan 2 microscope (with 5�/0.15
and 10�/0.30 dry objectives) fitted with a Zeiss AxioCam HRc
camera. Images were captured using Zeiss AxioVision version
3.1 and scale bars were added using NIH ImageJ software
version 1.447q.

Micro-CT. Ex vivo micro-CT imaging of the mouse
tibiae was performed using a SkyScan 1076 scanner (Bruker
micro-CT). The settings for data acquisition were as follows:
voxel resolution of 9 �m, aluminum filter of 0.5 mm, voltage of
48 kV, current of 100 �A, exposure time of 2,400 msec,
rotation of 0.5° across 180°, and frame averaging of 1. Recon-
struction was performed using NRecon (version 1.6.3.1) with
the following parameters: dynamic image range 0.0–0.12, ring
artifact of 6, 5% pixel defect mask, and 35% beam-hardening
correction. Three-dimensional models of the knee joint were
generated from raw data using CTVox (version 2.4.0; Bruker
micro-CT) and pseudo-colored according to density.

Detection of SOCS-3 expression in cartilage by West-
ern blotting. Articular cartilage was harvested from the joints
of Socs3fl/fl and Socs3�/�col2 mice with mBSA/IL-1–induced
inflammatory arthritis. Pooled cartilage samples were digested
with type II collagenase (2 mg/ml in DMEM–5% FCS),
followed by shaking overnight at 37°C. Protein lysates were
prepared, and 60 �g of protein was separated by sodium
dodecyl sulfate–polyacrylamide gel electrophoresis and trans-
ferred to nitrocellulose membranes, as described previously
(20). Membranes were blocked overnight in 10% skim milk,
incubated with primary rabbit anti–SOCS-3 antibody (IBL) for
2 hours, and then incubated with secondary peroxidase-
conjugated donkey anti-rabbit immunoglobulin (GE Health-
care) or horseradish peroxidase–conjugated actin (Santa Cruz
Biotechnology). Signals were visualized using the enhanced
chemiluminescence system (Millipore).

Statistical analysis. Results in all experiments repre-
sent the findings from at least 3 independent experiments with
up to 3 biologic replicates, unless stated otherwise. Student’s
unpaired 2-tailed t-tests were used to compare the extent of
aggrecan release, levels of gene expression assessed by qPCR,
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and levels of cytokine/chemokine expression assessed by Bio-
Plex assay. Multiple comparisons were analyzed by two-way
analysis of variance, followed by Tukey’s test. The Mann-
Whitney 2-tailed test was used to analyze histologic scores in
arthritis models. P values less than 0.05 were considered
significant.

RESULTS

Expression of Socs3 and gp130 cytokine receptors
and activation of STAT-3 and STAT-1 in mouse primary
chondrocytes in response to stimulation with gp130
cytokines. Flow cytometry analysis of membrane-bound
receptors on epiphyseal chondrocytes from WT mice
provided evidence of gp130 receptor expression, includ-
ing the expression of OSMR, IL-6R, IL-11R, and LIFR,
as well as the gp130 subunit itself (Figure 1A). Semi-
quantitative assessment of the receptor number per cell
showed that, compared to chondrocyte expression of
OSMR and LIFR, the gp130 subunit was expressed at
higher levels, while the membrane-bound IL-6R and
IL-11R were expressed at lower levels. Of the ligand-
binding gp130 receptors, OSMR appeared to be the
most strongly expressed.

To assess the biochemical consequences of gp130
signaling, JAK/STAT activation was investigated in iso-
lated chondrocytes by intracellular staining and flow
cytometry. Phosphorylation of STAT-3 and STAT-1 was
maximal in WT mouse chondrocytes at 30 minutes after
stimulation with gp130 cytokines in vitro (Figure 1B)
and declined to basal levels over 1–2 hours. In contrast,
the IL-1�–induced phosphorylation of STAT-3 in-
creased at 4 hours after stimulation, in keeping with the
notion of indirect activation by IL-1�. These findings
demonstrate that gp130 cytokines activate the JAK/
STAT pathway in chondrocytes and that IL-6–induced
responses are likely to be mediated via IL-6 trans-
signaling.

SOCS-3 is a critical regulator of IL-6–mediated
JAK/STAT signaling in hepatocytes, macrophages, and
T cells (4). To investigate whether SOCS-3 is expressed
in chondrocytes, mouse primary chondrocytes were
stimulated in vitro with gp130 cytokines. Up-regulation
of Socs3 transcript expression was confirmed by qPCR;
IL-1�, which does not signal via gp130, was used as a
negative control. Socs3 messenger RNA (mRNA) ex-
pression was detected in the chondrocytes as early as 30
minutes after stimulation with gp130 cytokines, and
maximal levels of Socs3 mRNA were observed between
1 and 2 hours after stimulation (Figure 1C). These
findings correlated with the observed declines in pSTAT

Figure 1. Stimulation of mouse primary chondrocytes with gp130 cyto-
kines induces Socs3 mRNA expression and phosphorylation of STAT-1
and STAT-3. A, Mouse primary epiphyseal chondrocytes were analyzed
by flow cytometry for receptor expression of gp130, oncostatin M
(OSMR), interleukin-6 (IL-6R), IL-11 (IL-11R), and leukemia inhibitory
factor (LIFR) (open histograms). Shaded histograms represent the signal
from appropriately labeled isotype control antibodies. Quantification of
receptor expression per cell was done using the QuantiBRITE PE system.
Bars show the mean � SEM relative expression levels in 3 replicates/
group. B, Staining for pSTAT-3 and pSTAT-1 signaling in wild-type
mouse chondrocytes was performed on cells left unstimulated (Unstim)
or stimulated with gp130 cytokines or IL-1�. Bars show the mean � SEM
fluorescence intensity of 2 replicates/group. C, Quantitative polymerase
chain reaction was performed to analyze Socs3 mRNA expression in
mouse epiphyseal chondrocytes left unstimulated or stimulated with
gp130 cytokines or IL-1�. Bars show the mean � SEM of 2 replicates/
group. Results are representative of at least 3 independent experiments.
sIL-6R � soluble IL-6 receptor.
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signaling. Of note, stimulation of primary chondrocytes
with OSM induced greater levels of Socs3 mRNA ex-
pression than did stimulation with the other gp130
cytokines. The pattern of induction of Socs3 mRNA
expression by IL-6/sIL-6R showed similar kinetics as
that by IL-11, whereas stimulation with LIF induced a
rapid increase in Socs3 mRNA, followed by a rapid
decline. IL-1� induced Socs3 mRNA expression at a
later time point, consistent with the activation of a
secondary cytokine pathway (Figure 1C). These results
establish that SOCS-3 is inducible by gp130 cytokines in
chondrocytes.

Conditional deletion of Socs3 in chondrocytes
associated with prolonged JAK/STAT activation. To
investigate whether gp130 signaling is regulated by
SOCS-3 in chondrocytes, mice with a conditional Socs3
allele (Socs3fl/fl) were crossed with a transgenic mouse
expressing Cre recombinase under the control of the
type II collagen (Col2a1) promoter (13). This promoter
is reported to have activity in cartilaginous and some
noncartilaginous elements during embryonic develop-
ment (13), including ocular structures (21), renal tu-
bules, pancreas, lungs (22), and synovial cells (23). To
confirm the deletion of Socs3 in Socs3�/�col2 mice, we
crossed this strain with �-galactosidase reporter (R26R)
mice (14). Staining for �-galactosidase activity con-
firmed the expression of Cre recombinase in R26R

gt/�

Socs3�/�col2 mouse femoral head chondrocytes (results
not shown). We also confirmed that IL-6/sIL-6R in-
duced Socs3 mRNA expression in chondrocytes from
both WT and Socs3fl/fl mice, but not in chondrocytes
from Socs3�/�col2 mice (results not shown). Socs3�/�col2

mice were healthy and fertile but were smaller than their
littermate controls. Skeletal radiographs and histologic
assessments confirmed that the joint architecture of
Socs3�/�col2 mice was normal. Further analysis of the
skeletal phenotype will be the subject of a more detailed
future report.

To determine the effects of SOCS-3 on the
regulation of cytokine responses in chondrocytes, we
assessed the relative expression of gp130 cytokine recep-
tors on Socs3�/�col2 mouse chondrocytes. We found that
the levels of all of the gp130 cytokine receptors re-
mained unchanged in Socs3�/�col2 mice compared to
those in WT control mice (results not shown). We next
evaluated whether SOCS-3 deficiency had any conse-
quences for JAK/STAT signaling in chondrocytes. After
stimulation of the chondrocytes with OSM, IL-6/sIL-6R,
or LIF, Socs3�/�col2 mouse chondrocytes displayed sus-
tained activation of STAT-3 for up to 2 hours, but

Figure 2. Deletion of suppressor of cytokine signaling 3 (SOCS-3)
prolongs STAT-3, STAT-1, and STAT-5 signaling in mouse primary
chondrocytes. A and B, Flow cytometry was used to analyze pSTAT-3
staining (A) and pSTAT-1 staining (B) in primary chondrocytes
from Socs3fl/fl and Socs3�/�col2 mice after stimulation with the indi-
cated cytokines. C, Phosphorylation of STAT-5 was assessed in
oncostatin M (OSM)–stimulated chondrocytes from Socs3fl/fl and
Socs3�/�col2 mice. Open histograms represent STAT signaling activity,
and shaded histograms represent the signal from appropriately labeled
isotype control antibodies. Results are representative of at least 3
independent experiments (n � 2 replicates/group). See Figure 1 for
other definitions.
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IL-11–mediated phosphorylation of STAT-3 declined
more rapidly (Figure 2A). The kinetics of pSTAT-1
signaling in SOCS-3–deficient mouse chondrocytes dif-
fered from those of pSTAT-3. Although pSTAT-1 was
still detectable at 2 hours after stimulation with OSM,
the IL-6/sIL-6R– and LIF-induced pSTAT-1 levels re-
turned to baseline levels over 1–2 hours, and stimulation
with IL-11 did not prolong the activation of pSTAT-1
(Figure 2B). Phosphorylated ERK signaling was not
affected by the deletion of Socs3 in mouse chondrocytes
(results not shown).

Similar to our findings in WT mouse chondro-
cytes, OSM was the most potent inducer of pSTAT-3
and pSTAT-1 in Socs3�/�col2 mouse chondrocytes, and
uniquely induced the activation of pSTAT-5 (Figure
2C). These results are in keeping with the observation
that the Box-2 region of OSMR can recruit JAK-2 to
activate STAT-5 (24). Therefore, while chondrocytes
express receptors for each of the gp130 cytokines, the
kinetics of SOCS-3 and JAK/STAT activation vary in
response to different members of this cytokine family.

Prolonged JAK/STAT signaling in the absence of
SOCS-3 in chondrocytes and exacerbation of cartilage
damage in vitro. Proteoglycans are macromolecular
components of the cartilage ECM, and depletion of
aggrecan, the most abundant proteoglycan, is a charac-
teristic feature of inflammatory and degenerative joint
diseases. To evaluate whether sustained JAK/STAT
signaling in SOCS-3–deficient mouse chondrocytes po-
tentiates cartilage degradation, femoral head cartilage
explants from Socs3�/�col2 and Socs3fl/fl mice were cul-
tured in the presence of gp130 cytokines. Aggrecan
release was determined using the DMMB assay (16).
All gp130 cytokines stimulated the release of aggrecan
(measured as the percentage of glycosaminoglycan re-
lease) from Socs3fl/fl mouse cartilage (Figures 3A and
B). In keeping with these findings, gp130 cytokines
also strongly induced the aggrecanases, Adamts4 and
Adamts5, with OSM and IL-6/sIL-6R inducing higher
levels as compared to those induced by IL-11 or LIF
(Figures 3C and D).

Deletion of Socs3 resulted in a striking increase
in aggrecan release in response to gp130 cytokine stim-
ulation (Figures 3A and B). Expression analysis of
Adamts4 and Adamts5 in stimulated Socs3�/�col2 mouse
chondrocytes revealed marked increases in the levels
of both transcripts (Figures 3C and D). IL-1� (a
known activator of cartilage catabolism) also induced
greater aggrecan release and aggrecanase expression in
Socs3�/�col2 mouse chondrocytes (Figures 3A–D), which

is probably attributable to the secondary induction of
gp130 cytokines in addition to SOCS-3–independent
effects. These findings demonstrate that SOCS-3 nor-
mally plays a powerful regulatory role in restraining the
induction of ADAMTS-4 and ADAMTS-5 in response
to gp130 cytokines.

Figure 3. Suppressor of cytokine signaling 3 (SOCS-3) regulates
aggrecanase activity in mouse primary chondrocytes. A, Femoral head
cartilage explants from Socs3fl/fl and Socs3�/�col2 mice were left un-
stimulated (Unstim) or were stimulated for 3 days with IL-1� or gp130
cytokines, followed by staining with toluidine blue for histologic
analysis. Representative results are shown. Bar � 100 �m. B, Quan-
tification of aggrecan release was performed using the 1,9-
dimethylmethylene blue dye-binding assay in Socs3fl/fl and Socs3�/�col2

mouse cartilage explants left unstimulated or stimulated with IL-1�
or gp130 cytokines. Bars show the mean � SEM aggrecan loss
(% glycosaminoglycan [GAG] release) in 4 explants/group, calculated
as (aggrecan released into the medium divided by [total aggrecan
present in the medium � extracts � papain digests]) � 100. C and D,
Expression of mRNA for Adamts4 (C) and Adamts5 (D) was deter-
mined in primary chondrocytes from Socs3fl/fl and Socs3�/�col2 mice.
The chondrocytes were left unstimulated or were stimulated for 4
hours with IL-1� or gp130 cytokines. Bars show the mean � SEM of
4 replicates/group. Results are representative of 2–3 independent
experiments. � � P � 0.05; ��� � P � 0.0001, versus Socs3fl/fl mouse
chondrocytes within each condition. See Figure 1 for other definitions.
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Association of SOCS-3 deficiency in murine
chondrocytes with exacerbation of joint inflammation
and cartilage damage in vivo. We confirmed that the
expression of SOCS-3 protein was found in chondrocytes
from Socs3fl/fl mice with mBSA/IL-1–induced inflamma-
tory arthritis, but was not found in chondrocytes from
the joints of naive Socs3fl/fl or diseased Socs3�/�col2 mice
(Figure 4A).

We have previously shown that hematopoietic
cell–specific deletion of Socs3 (using Vav-Cre) exacer-
bated mBSA/IL-1–induced monarthritis in mice, an ef-
fect that was dependent on IL-6, IL-1�, CD4� T cells,
macrophages, and neutrophils (7,10). To examine the
effects of Socs3 deletion on chondrocytes in comparison
to its effects on hematopoietic cells, we compared the
severity of this model of arthritis between Socs3�/�vav

mice and Socs3�/�col2 mice. All histopathologic features
in the knee joints, including synovitis, pannus formation,
cartilage degradation, and bone erosion, were exacer-
bated in both the Socs3�/�vav and Socs3�/�col2 mice, and
the disease was at least as severe in Socs3�/�col2 mice
(Figures 4B and C). Of particular interest, cartilage
degradation and bone erosion were more prominent in
Socs3�/�col2 mice. Taken together, our findings suggest a
major, yet unrecognized, contribution of chondrocytes
to joint inflammation and damage.

In view of these findings, it was important to
address the specificity of the Socs3 deletion, particularly
because synovial fibroblasts (SFs) share the mesenchy-
mal heritage of chondrocytes (25,26) and lacZ activity
has recently been reported in the synovium of Col2-Cre/
R26R mice (23). Examination of Cre expression in SFs
derived from R26Rgt/�Socs3�/�col2 reporter mice con-
firmed that the level of Col2a1-Cre expression was low.
However, culture of SFs from Socs3fl/fl and Socs3�/�col2

mice with gp130 cytokines failed to show any alteration
of Socs3 mRNA expression in Socs3-deleted mouse SFs,
nor were there any differences in cytokine production
from these cells (results not shown). We also detected
Cre expression in a small percentage (mean � SEM 3 �
1%) of CD45�Gr-1�Ly-6G� cells (i.e., probably neu-
trophils) in the bone marrow.

To determine the significance of SOCS-3 ex-
pression in hematopoietic-derived cells compared to
non–hematopoietic-derived cells, we generated recip-
rocal bone marrow chimeras (reconstitution efficiency
mean � SEM 90 � 2%). In Socs3�/�col2 mice reconsti-
tuted with WT mouse bone marrow, mBSA/IL-1–
induced arthritis was exacerbated. In contrast, there was
no difference in the disease course or the severity of

Figure 4. Joint inflammation is induced by gp130 cytokines, and
suppressor of cytokine signaling 3 (SOCS-3) limits chondrocyte-
mediated inflammatory arthritis. Acute inflammatory arthritis was
induced in 8–12-week-old mice. A, Western blotting was performed
to analyze the expression of SOCS-3 in chondrocytes from naive
Socs3fl/fl mice and from Socs3fl/fl and Socs3�/�col2 mice with methylated
bovine serum albumin (mBSA)/IL-1–induced arthritis. Embryonic
stem (ES) cells cultured in LIF were used as a positive control for
SOCS-3 protein expression; �-actin was used as loading control.
Endogenous SOCS-3 can be detected as a doublet at �25 kd
(see refs. 39 and 40 for more details). The asterisk indicates that a
shorter exposure time was used for the positive control in the same
Western blot. B, Processed knee joints from Socs3fl/fl, Socs3�/�vav,
and Socs3�/�col2 mice with mBSA/IL-1–induced arthritis were graded
for histopathologic features of arthritis. Bars show the mean � SEM of
16 joints/group. C, Knee cartilage sections from Socs3fl/fl, Socs3�/�vav,
and Socs3�/�col2 mice were stained with hematoxylin and eosin
(H&E) and toluidine blue (Tol B) for histologic analysis. Represen-
tative results are shown. Bars � 250 �m (for H&E) and 100 �m
(for Tol B). D–I, IL-1� (D), OSM (E), IL-6/sIL-6R (F), IL-11 (G), LIF
(H), or mBSA alone (I) was injected intraarticularly into the knee
joints of Socs3fl/fl and Socs3�/�col2 mice on 3 consecutive days; joints
were harvested on day 7. Bars show the mean � SEM histo-
logic score in 8 joints/group. Results are representative of 2–3 in-
dependent experiments. � � P � 0.05; �� � P � 0.001; ��� � P �
0.0001, versus Socs3fl/fl mice or as indicated. See Figure 1 for other
definitions.
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acute monarthritis between WT mice and lethally irra-
diated WT mice reconstituted with Socs3�/�col2 mouse
bone marrow (results not shown). These results suggest
that although subpopulations of SFs and neutrophils in
Socs3�/�col2 mice have Cre expression and possible dele-
tion of Socs3, the functional consequences of this appear
to be minimal.

To more specifically examine the role of SOCS-3
in regulating chondrocyte function in vivo, gp130 cyto-
kines were directly injected into the knee joints of
Socs3�/�col2 mice and littermate control mice. Compared
to the littermate controls, Socs3�/�col2 mice had marked
exacerbation of inflammation and cartilage degradation
in response to intraarticular injections of each gp130
cytokine, as well as to mBSA alone (Figures 4D–I). The
exacerbation of disease in response to IL-1� was likely
attributable to its direct effects and to the secondary
induction of gp130 cytokines, as discussed above. These
findings clearly show that deletion of Socs3 in chondro-
cytes has major pathologic consequences in vivo.

Regulatory role of SOCS-3 in the production of
cytokines, chemokines, and RANKL. Chondrocyte re-
sponses are traditionally considered to be limited to
cartilage remodeling. However, our in vivo findings
suggested that chondrocytes stimulated with gp130 cyto-
kines might also drive inflammatory responses. To de-
termine whether chondrocytes can produce proinflam-
matory mediators in response to gp130 cytokines,
primary chondrocytes were stimulated with gp130 cyto-
kines (or with IL-1� as a positive control), and the
supernatants were examined by cytokine multiplex as-
says. OSM and, to a lesser extent, IL-6/sIL-6R stimu-
lated the production of IL-6, granulocyte colony-
stimulating factor (G-CSF), CXCL1, and CCL2 from
Socs3fl/fl mouse chondrocytes (Figure 5A). In contrast,
these mediators were barely detectable in the condi-
tioned medium from chondrocytes stimulated with IL-11
or LIF. Socs3�/�col2 mouse chondrocytes produced sig-
nificantly more of these inflammatory mediators in
response to gp130 cytokines (Figure 5A).

In view of the pronounced bone erosion observed
during inflammatory arthritis in Socs3�/�col2 mice, we
examined whether mediators regulating bone resorption
were altered in SOCS-3–deficient mouse chondrocytes.
RANKL mediates bone resorption by promoting oste-
oclastogenesis and the activation of mature osteoclasts
(27). RANKL was expressed in WT mouse chondro-
cytes, and the levels of RANKL were increased in
response to IL-1�, OSM, and IL-6/sIL-6R. This increase
in the relative expression of RANKL was much greater

in Socs3�/�col2 mouse chondrocytes (Figure 5B). Of note,
OSM and IL-6/sIL-6R induced a greater increase in
RANKL expression than did IL-1�. Levels of OPG, a
decoy receptor for RANKL and an endogenous inhibi-
tor of RANKL–RANK interactions (28,29), were also
significantly increased after stimulation of WT mouse
chondrocytes with OSM, whereas there was no signifi-
cant increase in the OSM-induced levels of OPG in
Socs3�/�col2 mouse chondrocytes (Figure 5B). The rela-
tive RANKL:OPG mRNA ratio was increased in chon-
drocytes after stimulation with OSM and IL-6/sIL-6R
and was markedly increased in the absence of SOCS-3
(Figure 5B).

Micro-CT imaging of the mouse knee joints
during mBSA/IL-1–induced arthritis demonstrated ex-
tensive erosion of the cortical bone surface of the tibia
and femur in Socs3�/�col2 mice compared to littermate
controls (Figure 5C). Furthermore, these mice also
showed reduced bone volume within the tibial epiphysis
compared to the littermate controls, indicating that
periarticular bone loss was increased (Figure 5D). These
findings demonstrate that gp130 cytokines induce the
production of proinflammatory cytokines and RANKL
by chondrocytes, and highlight a regulatory role for
SOCS-3 in a novel potential interaction between carti-
lage activation by gp130 cytokines and bone remodeling.

DISCUSSION

Recent therapeutic successes in patients with RA
treated with tocilizumab, an anti–IL-6R antibody, or
tofacitinib, a JAK-1/3 inhibitor, highlight the involve-
ment of gp130 cytokines in joint inflammation.
Cytokine-mediated cartilage damage is a major compli-
cation of inflammatory arthritis, but how chondrocytes
regulate cellular responses to cytokines remains poorly
understood. In this study, we demonstrate a key role for
SOCS-3 in chondrocytes in mediating joint inflamma-
tion and joint damage.

Genetic deletion of Socs3 in mouse primary
chondrocytes prolonged the phosphorylation of STAT
transcription factors and augmented responses to all
gp130 cytokines. Intraarticular injections of each gp130
cytokine into the knee joints of WT mice caused synovial
inflammation and cartilage damage. These effects were
exacerbated in Socs3�/�col2 mice.

Our findings showed that loss of SOCS-3 led
to greater aggrecan release from cartilage explants
and enhanced up-regulation of Adamts4 and Adamts5
expression in response to gp130 cytokines in vitro.
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Increased cartilage degradation in Socs3�/�col2 mice
during inflammatory arthritis is therefore likely to be a
consequence of prolonged aggrecanase production in
response to gp130 cytokines. Previous studies have dem-
onstrated induction of aggrecanase mRNA and aggre-

can release by OSM and IL-6 in WT mouse chondro-
cytes (30,31), but to our knowledge, this is the first study
to demonstrate that IL-11 and LIF also enhance aggre-
canase activity. When stimulated with gp130 cytokines
in vitro, SOCS-3–deficient mouse chondrocytes also

Figure 5. Suppressor of cytokine signaling 3 (SOCS-3) regulates the production of cytokines and RANKL/osteoprotegerin (OPG) in chondrocytes
to restrict bone erosion in mice. A, Primary chondrocytes from Socs3fl/fl and Socs3�/�col2 mice were cultured in the presence or absence of IL-1� or
gp130 cytokines for 4 hours; secreted cytokines and chemokines in the conditioned medium were analyzed by multiplex bead array. Bars show the
mean � SEM of 3 replicates/group. B, Epiphyseal chondrocytes from Socs3fl/fl and Socs3�/�col2 mice were stimulated with or without the indicated
cytokines for 24 hours. The expression of mRNA for RANKL (Tnfsf11) and OPG (Tnfrsf11b) and the RANKL:OPG mRNA ratio were analyzed
by quantitative polymerase chain reaction. Bars show the mean � SEM of 3 replicates/group. C, Representative micro–computed tomography
(micro-CT) images show 3-dimensional reconstructions of the knee joints of Socs3fl/fl and Socs3�/�col2 mice injected with saline alone or injected with
methylated bovine serum albumin (mBSA)/IL-1 to induce monarthritis. The results reveal increased bone erosion in Socs3�/�col2 mice with
mBSA/IL-1–induced arthritis compared to their littermate controls. D, Representative micro-CT images show periarticular bone loss in mice with
mBSA/IL-1–induced arthritis. The boxed area indicates marked loss of bone within the tibial epiphysis of Socs3�/�col2 mice. Results are
representative of at least 3 independent experiments. � � P � 0.05; �� � P � 0.001; ��� � P � 0.0001, versus Socs3fl/fl mice or as indicated. G-CSF �
granulocyte colony-stimulating factor (see Figure 1 for other definitions).
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produced higher levels of other cytokines (including
IL-6 and G-CSF) and chemokines (CCL1 and CXCL1)
that could help localize inflammatory responses. Ele-
vated production of the neutrophil chemokine CXCL1
and G-CSF may contribute to neutrophil infiltration
during joint inflammation (32).

Socs3�/�col2 mice also developed exacerbated T
cell–dependent inflammatory monarthritis, with partic-
ularly marked bone destruction. Previous studies have
demonstrated that SOCS-3 regulates not only gp130
receptor signaling, but also signaling via Toll-like recep-
tors (33) and IL-1 signaling via tumor necrosis factor
receptor–associated factor 6/transforming growth factor
�–activated kinase 1 (34) and insulin receptor substrate
1 signaling (35). Therefore, deletion of SOCS-3 in
chondrocytes could have potentially exacerbated sec-
ondary signaling cascades. Nonetheless, these results
support the notion that chondrocytes can play an active,
proinflammatory role in inflammatory arthritis, which is
normally restrained by SOCS-3.

Periarticular bone loss and focal bone erosions
are characteristic features of RA. Chondrocytes have
been previously shown to express RANKL in a model
of antigen-induced arthritis in rabbits (28). Adenoviral
expression of OSM in murine joints induced RANKL
staining in the superficial layer of articular cartilage
(29). We found that, compared to their littermate con-
trols, bone erosion in Socs3�/�col2 mice with inflamma-
tory monarthritis and RANKL mRNA expression in
Socs3�/�col2 mouse chondrocytes stimulated with gp130
cytokines were both dramatically increased. Interest-
ingly, both OSM and IL-6/sIL-6R were more potent
than IL-1� at increasing the crucial RANKL:OPG
mRNA ratio. These findings raise the intriguing possi-
bility that production of RANKL by gp130 cytokine–
stimulated chondrocytes may contribute to activation of
local osteoclasts, or promote osteoclastogenesis, during
arthritis. Such a mechanism could potentially explain the
presence of periarticular bone loss and juxtaarticular
erosions in RA. Importantly, SOCS-3 may normally limit
the production of RANKL by chondrocytes, and this
effect could have therapeutic implications.

The results of this study show that chondrocytes
express receptors for all gp130 cytokines, and that OSM
is a particularly potent cytokine for this cell type. OSM
has previously been detected in the synovial fluid of RA
patients, and the levels of OSM correlated with markers
of joint inflammation and cartilage destruction (36).
Intraarticular administration of adenovirus expressing
OSM caused synovitis and increased IL-6 production

(37). Blockade of OSM abrogated joint inflammation
and cartilage damage in collagen-induced arthritis (6).
We found that OSM-induced STAT signaling was ac-
companied by increased aggrecan release, aggrecanase
induction, cytokine production, and RANKL expression
in murine cartilage explants and chondrocytes.

Previously, the murine analog of OSM (mOSM)
was believed to form only a heterodimeric-signaling
complex with OSMR and gp130. However, recent evi-
dence suggests that mOSM can induce differential ef-
fects when signaling through the OSMR or the LIFR in
osteoblasts and osteocytes (38). In osteocytes, mOSM
inhibited transcription of sclerostin, an inhibitor of
mineralization, via the LIFR (38). In contrast, when
acting through the OSMR, mOSM stimulated osteoclast
formation in a RANKL-dependent interaction. In the
present study, we compared the effects of OSM and LIF
on catabolic responses in chondrocytes. In this system,
the possibility that OSM signaling occurs via both the
OSMR and LIFR cannot be ruled out, but the effect of
OSM was much greater compared to that of LIF,
implying that in chondrocytes, OSM predominantly sig-
nals via the OSMR.

The potent OSM-induced responses observed in
mouse primary chondrocytes may also be attributable to
the ability of OSM to activate STAT-5, as well as
STAT-1 and STAT-3. The induction of the STAT-5
pathway via the OSMR in chondrocytes might therefore
induce a unique subset of genes, in addition to those
shared between gp130 cytokines. Of course, the potency
of OSM compared to other gp130 cytokines may also be
a consequence of higher expression of the OSMR on
chondrocytes relative to the expression of other gp130
receptors, which could amplify JAK/STAT signaling and
drive an enhanced response. Our findings with regard to
receptor expression are in keeping with this possibility,
although definitive conclusions are limited by possible
differences in the biotinylation efficiency and affinity of
antireceptor antibodies.

In this study, we used a number of strategies to
comprehensively examine the contribution of gp130
cytokines and chondrocytes to cartilage metabolism and
inflammatory arthritis. We provided in vitro and in vivo
evidence that SOCS-3 is a critical regulator of gp130
cytokine signaling in murine chondrocytes, governing
both the magnitude and the quality of chondrocyte
responses. Chondrocytes can produce an array of cata-
bolic and inflammatory mediators in response to gp130
cytokines, including the major osteoclast activator
RANKL, which suggests the intriguing possibility that
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there is potential cross-talk between chondrocytes and
osteoclasts during bone remodeling. The response of
chondrocytes to IL-6 is primarily through trans-signaling,
which may have implications for the clinical use of
anti–IL-6R antibody therapies.

Within the gp130 family, OSM is likely to be the
major mediator of chondrocyte-driven biologic pro-
cesses, perhaps related to its ability to activate STAT-5,
as well as STAT-1 and STAT-3, and to the high-level
expression of its receptor. These findings, derived in a
mesenchymal cell type, add to previous evidence high-
lighting the crucial regulatory role of SOCS-3 in hema-
topoietic cells. Finally, inhibition of OSM may be a
particularly effective strategy for the preservation of
cartilage, and perhaps bone, in inflammatory arthritis.
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