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Abstract
Objectives—Suppressor of cytokine signalling (SOCS) proteins are inhibitors of cytokine
signalling that function via the JAK/STAT pathway (Janus kinase/signal transducers and
activators of transcription). Eight SOCS proteins, SOCS1–SOCS7 and CIS-1 (cytokine-inducible
SH2-domain, with similar structure to the other SOCS proteins) have been identified, of which
SOCS1, 2, and 3 and CIS-1 are the best characterised. A characteristic feature of osteoarthritis
(OA) is increased production by articular chondrocytes of proinflammatory cytokines, such as
interleukin-1 beta (IL-1β) and tumor necrosis factor alpha (TNFα), which may be induced by
mechanotransduction and contribute to cartilage destruction. In this study, we have compared the
gene expression of SOCS1, 2, 3 and CIS-1 in healthy and OA human chondrocytes, and also
analyzed the effects of IL-1β and TNFα on the levels of mRNA encoding these SOCS family
members. In addition, SOCS2 protein production was assessed and the CpG methylation status of
the SOCS2 promoter was analyzed to determine the role of epigenetics in its regulation.

Methods—Femoral heads were obtained after joint replacement surgery for late stage OA and
hemiarthroplasty following a fracture of the neck of femur (#NOF). Chondrocytes from the
superficial layer of OA cartilage and the deep zone of #NOF cartilage were isolated by sequential
treatment with trypsin, hyaluronidase and collagenase B. Total DNA and RNA were extracted
from the same chondrocytes, and the levels of SOCS1, 2, 3 and CIS-1 mRNA were determined by
qRT-PCR. The percentage of methylation in the CpG sites of the SOCS2 proximal promoter was
quantified by pyrosequencing. Alternatively, healthy chondrocytes were isolated from #NOF
cartilage and cultured with and without a mixture of IL-1β and oncostatin M (OSM, both 2.5 ng/
ml) or TNFα (10 ng/ml). The short-term cultures with single cytokine treatment were harvested 24
and 72 h after treatment, and the long-term cultures were maintained for 4–5 weeks until confluent
with periodical cytokine stimulation. Total RNA was extracted and mRNA levels were determined
by qRT-PCR.

Results—The SOCS2 and CIS-1 mRNA levels were reduced by approximately 10-fold in OA
samples compared to control samples, while SOCS1 and SOCS3 showed similar expression
patterns in OA and control chondrocytes. The SOCS2 and CIS-1 mRNA levels declined by 6-fold
and 3-fold with long-term treatment with IL-1β and OSM in combination and TNFα, respectively.
There was no significant difference in the CpG methylation status of the SOCS2 promoter between
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healthy and OA chondrocytes. Similarly, cytokine stimulation did not change the CpG
methylation status of the SOCS2 promoter.

Conclusions—This study demonstrates the reduced expression of SOCS2 and CIS-1 in OA,
while SOCS1 and SOCS3 were unaffected. The observation that long-term treatment with
inflammatory cytokines attenuated the expression of SOCS2 and CIS-1 suggests a potential
positive feedback mechanism, and a role of SOCS in the pathology of OA.

Keywords
Osteoarthritis (OA); Chondrocytes; Suppressors of cytokine signalling (SOCS); Cytokine-
inducible SH2 protein (CIS-1); IL-1β; TNFα

1. Introduction
Osteoarthritis (OA), the most common and disabling form of arthritic disease, is
characterized by a slow but progressive degeneration of articular cartilage. The etiology of
the disease remains unclear; however, there are several known risk factors, including genetic
predisposition, obesity, hypermobility, diabetes, hypertension, hyperuricaemia, previous
trauma to the joint, and aging. Moreover, synovial membrane and subchondral bone also
participate in the progression of the disease actively [1]. Although OA is not a classical
inflammatory arthritis, chondrocytes in OA cartilage produce pro-inflammatory cytokines,
such as interleukin 1 beta (IL-1β) and tumor necrosis factor alpha (TNFα). Recent reports
suggest that the development and progression of OA may involve inflammation even in the
early stages of the disease [2], although the gene expression levels of pro-inflammatory
cytokines are lower than those observed in rheumatoid arthritis (RA) [3].

Our previous studies showed that DNA demethylation at specific CpG sites is related with
the aberrant expression of matrix metalloproteinases (MMP) 3, 9 and 13, ADAMTS4 and
IL1B in human articular chondrocytes [4–7], indicating that DNA hypermethylation can also
be playing a key role in the loss of expression of some genes during the OA process. Thus,
understanding changes in DNA methylation, together with the roles of cytokines, growth
factors, and changes in matrix composition, is important in determining the complex gene
expression patterns observed in OA chondrocytes [8].

Suppressor of cytokine signalling (SOCS) proteins are inhibitors of cytokine signalling that
function via the JAK/STAT pathway (Janus kinase/signal transducers and activators of
transcription). Eight SOCS proteins, SOCS1-SOCS7 and CIS-1 (cytokine-inducible SH2-
domain-1) with similar structure, have been identified so far. Of these, SOCS1, 2, and 3 and
CIS-1 are the best characterised. These proteins have a conserved C-terminal motif named
the SOCS box, a central SH2 domain, and a variable N-terminal domain [9,10]. SOCS1 and
SOCS3 inhibit the tyrosine kinase activity of JAK directly, as they contain a kinase
inhibitory region (KIR) immediately upstream of the central SH2 domain, which has been
proposed to function as a pseudo-substrate that plays an important role in the suppression of
cytokine signals [11]. Typically, SOCS proteins block cytokine signalling by acting as (i)
kinase inhibitors of JAK proteins (SOCS1 and SOCS3), (ii) binding competitors against
STATs (SOCS3 and CIS), and (iii) ubiquitin ligases, thereby promoting the degradation of
their partners (SOCS1, SOCS3 and CIS). Recently, aberrant methylation patterns of specific
SOCS genes were reported in relation to some types of cancers [12,13], but a potential role
in degenerative diseases such as OA remain to be clarified. This study has examined the
gene expression of SOCS1, 2 and 3 and CIS-1 in healthy and OA human chondrocytes, and
the effect of the cytokines IL-1β and TNFα on SOCS expression.
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2. Material and methods
2.1. Cartilage dissection and chondrocyte isolation

Human articular cartilage was obtained after hemiarthroplasty following femoral neck
fracture (#NOF) or total hip arthroplasty for OA, respectively, with full patient consent and
approval from the local ethics committee. The cartilage from #NOF patients is widely used
as a suitable non-OA control [14]. Cartilage was dissected within 6 h after surgery. Only
chondrocytes from the super-ficial layer of OA or the deep zone of #NOF cartilage were
isolated, as justified in previous studies [14]. After cutting the cartilage in small pieces, the
tissue was digested by sequential treatment with 10% trypsin (Lonza, Wokingham, UK) in
phosphate buffer saline (PBS) for 30 min; 1 mg/ml of hyaluronidase (Sigma–Aldrich,
Gillingham, UK) in PBS for 15 min and, finally, collagenase B (Roche, Lewes, UK) in
Dulbecco's Modified Eagle's Medium: Nutrient Mixture F-12 (DMEM/F12; Invitrogen,
Paisley, UK) for 12–15 h at 37 °C. Additional slices of cartilage were fixed in freshly
prepared paraformaldehyde overnight and processed into paraffin wax for further
immunohistochemistry studies.

2.2. Chondrocyte culture
Control chondrocytes were isolated from #NOF cartilage and cultured until confluence at a
density of 2–4 × 105 cells in a 25 cm2 flask in DMEM/F12 supplemented with 5% fetal calf
serum (FCS; Invitrogen, Paisley, UK), 1% insulin-transferrin-selenium (Sigma–Aldrich),
100 units/ml of penicillin and 100 μg/ml of streptomycin (Lonza), and 100 μg/ml of ascorbic
acid (Sigma–Aldrich) in 5% CO2 at 37 °C. Chondrocytes were passaged once and, cultured
without treatment (control culture) or with a mixture of 2.5 ng/ml IL-1β and 2.5 ng/ml
oncostatin M (OSM), or 10 ng/ml TNFα (Sigma–Aldrich). In the short-term cultures,
chondrocytes were incubated once with each cytokine and, were harvested after 24 and 72 h
of treatment, and the long-term culture was maintained for 4 to 5 weeks until confluent with
cytokine stimulation at every medium change (twice a week).

2.3. DNA and RNA extraction
Total RNA and genomic DNA were extracted simultaneously from harvested samples using
the AllPrep DNA/RNA Mini Kit (Qiagen, Crawley, UK), according to the manufacturer's
instructions. RNA was immediately reverse-transcribed with avian myeloblastosis virus
reverse transcriptase and both oligo(dT)15 and random primers [15].

2.4. Quantitative reverse transcription-polymerase chain reaction (qRT-PCR)
Relative quantification of gene expression was performed with an ABI Prism 7500 detection
system (Applied Biosystems, Warrington, UK). Primer Express 3.0 software (Applied
Biosystems) was used to design primers bracketing exon-exon boundaries. The 20 μl
reaction mixture was prepared in triplicate, containing 1 μl of complementary DNA, 10 μl of
Power SYBR Green PCR Master Mix (Applied Biosystems), and 250 nM of each primer.
Thermal cycler conditions consisted of an initial activation step at 95 °C for 10 min,
followed by a 2-step PCR program of 95 °C for 15 s and 60 °C for 60 s for 40 cycles. A
dissociation curve was obtained for each run. The 2–ΔΔCt method was employed for relative
quantification of gene expression and the data were normalized to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) expression. The primers used for qRT-PCR are shown
in Table 1a.

2.5. Immunohistochemistry
Formalin-fixed paraffin-embedded cartilage sections were deparaffinized, and the antigen
epitopes were revealed by boiling in 10 mM citrate buffer (pH 6.0) for 10 min followed by
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cooling at room temperature for 20 min. Any endogenous peroxidase activity was blocked
by incubating the slides in 3% H2O2 for 5 min. The sections were stained with a rabbit
polyclonal antibody anti-SOCS2 ab74533 (Abcam, Cambridge, UK) in 1:100 concentration
overnight at 4 °C in blocking solution (1% BSA in PBS). The antibody was visualized using
the appropriate biotinylated secondary antibody, followed by treatment with avidin-
peroxidase and 3-amino-9-ethyl-carbazole. Sections were counterstained with 1% alcian
blue, viewed with a Zeiss Universal light microscope (Zeiss, Welwyn Garden City, UK),
followed by image capture with a digital camera.

2.6. Analysis of DNA methylation
Bisulfite modification was performed with 500 ng of each genomic DNA using the EZ DNA
Methylation-Gold™ Kit (Zymo Research Corporation, CA 92867, USA) according to the
manufacturer's instructions. After bisulfite modification, a 40 μl PCR was carried out in 3.2
μl bisulfite modified DNA (30 ng), 36 μl Platinum® PCR Supermix or Supermix High
Fidelity (Invitrogen), and 200 nM of each primer. Thermal cycling conditions consisted of
an initial activation step at 95 °C for 5 min, followed by a 3-step PCR program of 95 °C for
15 s, annealing for 30 s (52 °C for SOCS2_6; 54 °C for SOCS2_8, 9, 10; 56 °C for
SOCS2_1, 5, 7; 58 °C for SOCS2_2, 3, 4) and 72 °C for 30 s for 50 cycles. PCR products
were checked by 1% agarose-gel electrophoresis using 10 μl of each product. The percent
DNA methylation in the SOCS2 promoter was quantified using PyroMark™ MD (Qiagen)
according to the manufacturer's instructions. The primers used for pyrosequencing (Table
1b) were designed with Pyrosequencing™ Assay Design Software Ver 2.0 (Qiagen). Ten
primer sets were designed to cover all 28 CpG sites within 1100 bps of the SOCS2 promoter
(GenBank accession No. AF132441) (Fig. 3A).

2.7. Statistical analysis
All the statistical analyses were performed with SPSS software, version 17.0 (SPSS,
Chicago, IL). Student's t-test or Welch's t-test were used for comparison of two groups. P
values less than 0.05 were considered significant. All the data are expressed as the mean ±
SD.

3. Results
3.1. The expression profiles of SOCS1, SOCS2, SOCS3 and CIS-1 in articular chondrocytes

In all patients, the expression of SOCS2 (Fig. 1B) was reduced by 10-fold in OA samples
(2.5 ± 1.9) compared to control samples (22.3 ± 20.8). Similarly, CIS-1 (Fig. 1D) mRNA
was reduced in OA samples (2.5 ± 1.8) compared to control (25.0 ± 15.9). In contrast,
SOCS1 and SOCS3 mRNA (Fig. 1A and C) showed no difference between OA and #NOF
chondrocytes.

3.2. The regulation of SOCS expression by cytokine stimulation
We examined the expression of SOCS family members after long-term and short-term
(single cytokine addition) stimulation with inflammatory cytokines in human chondrocyte
cultures. Both SOCS2 and CIS-1 mRNAs were reduced by 6-fold in IL-1β and OSM-treated
cultures and by 3-fold in TNFα-treated cultures after 4–5 weeks of stimulation (Fig. 1E). In
contrast, short-term culture groups treated with mixture of IL-1β and OSM formed peaks in
both SOCS2 and CIS-1 expression after 24 h, followed by falls at 72 h (Fig. 1F). CIS-1
expression was increased almost 3-fold at 24 h (2.6 ± 0.8 versus 1.0 ± 0.0) but dropped
significantly after 72 h (0.5 ± 0.2) (Fig. 1F).
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3.3. Production of SOCS2 protein in the articular cartilage
Immunohistochemistry of SOCS2 demonstrated the ubiquitous existence of SOCS2 protein
in human articular cartilage with strong localization in the growth plate. The proliferative
chondrocytes of the chick femur, a positive control, also showed intense staining for SOCS2
(Fig. 2A). In #NOF cartilage (Mankin score 1–2), SOCS2-positive chondrocytes were found
throughout the cartilage (Fig. 2B). On the other hand, the cartilage from OA patients
(Mankin score 4–8) showed variable (Fig. 2C and D) SOCS2-positive chondrocytes.
Furthermore, clonal chondrocytes in high-grade OA patients (Fig. 2C magnified)
demonstrated SOCS2 protein production.

3.4. Methylation status of the SOCS2 promoter in healthy and OA chondrocytes
The methylation status of 28 CpG sites within 1100 bp upstream of the SOCS2 transcription
start site was quantified by pyrosequencing. The position of each CpG site is shown in Fig.
3A. Sixteen CpG sites located between –920 and –641 bp were observed to be mostly
hypermethylated (75.5 ± 22%), while the proximal thirteen CpG sites between –419 and –15
bp were mostly demethylated (4 ± 3%) in all the samples. There was no statistical difference
in methylation status between #NOF and OA chondrocytes (Fig. 3B).

3.5. Methylation status of the SOCS2 promoter in cytokine-treated chondrocyte cultures
The methylation status of the 28 CpG sites in the SOCS2 proximal promoter was analyzed in
chondrocyte cultures after cytokine stimulation, as described above. The methylation status
was unaffected by cytokine treatment and the percentage of methylation remained at the
same level as in control cultures (data not shown).

4. Discussion
OA is a common disorder with a complex etiology comprising genetic, mechanical and
environmental factors, and there is an urgent unmet need for strategies to address this
debilitating condition. Excessive cytokine signalling is known to be regulated by a number
of inhibitors, including protein inhibitor of activated STAT (PIAS), protein tyrosine
phosphatases, and SOCS [16,17]. In this study, we demonstrate for the first time that the
expression of SOCS proteins, specifically SOCS2 and CIS-1, is reduced in OA. SOCS
proteins are attenuators of cytokine-induced processes mediated via the JAK/STAT
pathway, and their reduced expression can result in increased responsiveness of cells to
various cytokines. Interestingly, the consequences of SOCS down-regulation in OA would
not appear to be related to modulation of tyrosine kinase activity, since SOCS1 and SOCS3
are the only members of the SOCS family that possess the kinase inhibitory region (KIR)
[11]. In this study, we observed no modulation of SOCS1 or SOCS3 in any OA patients
examined.

Previous in vitro and in vivo studies have shown the importance of IL-1β and TNFα in the
development and progression of OA [18–20]. Moreover, IL-1β and TNFα were reported to
have important roles in regulating apoptosis in a human OA chondrocyte culture model [21].
On the other hand, a recent study has demonstrated the effectiveness of intra-articular
injection of IL-1 receptor antagonist (IL-1Ra) in the modulation of the inflammatory
response and suppression of cartilage destruction in OA animal models [22]. Thus,
neutralization of these inflammatory mediators appears to be promising as a therapeutic
modality against OA [23]. Our observation that IL-1β and TNFα reduce the expression of
their suppressors of signalling in long-term cultures suggests a potential positive feedback
mechanism of inflammatory cytokines in OA pathology. Although short-term, single
cytokine treatment models showed increased expression of SOCS proteins, this is not
thought to mimic the OA condition according to the literature [5]. Interestingly, NF-κB is
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thought to regulate SOCS expression and to modulate STAT activity, indicating an exquisite
regulation of cytokine activity. Comparable results were found in peripheral blood
mononuclear cells, which showed that short-term exposure to inflammatory synovial fluids
and various cytokines such as IL-1β, IL-6, IL-10, TNFα and IFN-γ clearly resulted in
upregulation of SOCS expression, while prolonged exposure resulted in downregulation
[24].

The alteration of subchondral bone is another significant aspect in the pathology of OA. In
regards of relationship between SOCS and bone, Lorentzon and collaborators [25] reported
that the absence of SOCS2 induces losses in the trabecular and cortical bone mineral
densities. Furthermore, Ouyang and colleagues [26] suggested that an absence of SOCS2
could induce severe defects in bone mineralization via acceleration of osteoblast
differentiation, as observed in mice lacking SOCS2. In contrast, Macrae et al. [27] indicate
that physiological levels of SOCS2 inhibit signalling through the GH/IGF-I axis and thus
negatively regulate bone formation and endochondral growth. Thus further studies are
needed to elucidate the precise role of SOCS2 in bone physiology and subsequent precise
involvement in the pathology of OA.

Immunohistochemistry and qRT-pCR analyses, demonstrated ubiquitous production of
SOCS2 in #NOF (control) and some OA patient samples. It is known that in normal
development, a low level of inflammatory cytokines is required with a concomitant
expression of SOCS proteins to regulate cytokine signalling. Thus, the ubiquitous expression
of SOCS2 is not totally unexpected.

Our previous studies demonstrated that DNA demethylation at specific CpG sites in
promoters with sparse CpG sites accounts for the aberrant expression of catabolic genes in
OA. The SOCS2 promoter possesses relatively concentrated CpG sites and the CIS-1
promoter has so-called CpG islands. Although some recent reports have indicated a
reduction in the expression of SOCS genes in association with DNA hypermethylation in
cancers [28,29,9,30,12,13,31], we found no differences in the methylation status of SOCS2
promoter between healthy and OA chondrocytes. Furthermore, no change in methylation
status was found in the human chondrocyte culture models following cytokine stimulation.
Similar findings were recently reported on the cell cycle progression inhibitor p21 (WAF1/
CIP1) which is downregulated in OA chondrocytes regardless of its promoter methylation
status [32].

In summary, we have demonstrated that SOCS2 and CIS-1 expression are reduced in OA.
These results indicate a potential positive feedback mechanism in OA chondrocytes, with
significant implications for OA pathology. Further understanding of the role of SOCS
proteins in chondrocytes will be needed to determine their therapeutic potential for OA.
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Fig. 1.
(A–D) Expression of SOCS1, 2, and 3 and CIS-1 mRNA in articular chondrocytes. Total
RNA was extracted from human #NOF and OA articular chondrocytes and analyzed by
qRT-PCR. The horizontal line is the mean in each group. (E) SOCS2 and CIS-1 expression
in articular chondrocytes after long-term cytokine stimulation. SOCS2 and CIS-1 expression
levels were analyzed in human articular chondrocytes after stimulation with a mixture of 2.5
ng/ml IL-1β and 2.5 ng/ml OSM or with 10 ng/ml TNFα for 4–5 weeks. (F) SOCS2 and
CIS-1 expression in articular chondrocytes after short-term culture. The SOCS2 and CIS-1
expression levels were analyzed after 24 and 72 h of incubation with a mixture of 2.5 ng/ml
IL-1β and 2.5 ng/ml OSM. All data were normalized to GAPDH and shown as the mean ±
SD. The treated samples were compared with corresponding control samples (*P ≤ 0.05;
**P ≤ 0.01).
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Fig. 2.
Localization of SOCS2 in chick bone and human articular chondrocytes by
immunohistochemistry. (A) Strong staining is observed within proliferating chondrocytes
(arrows) in chick femur. (B) Positive staining for SOCS2 is evident in chondrocytes from
#NOF cartilage (Mankin score 1–2) in whole thickness (arrows). (C) Staining of SOCS2 is
negligible in OA cartilage (Mankin score 4–8), but can be observed in chondrocyte clusters
(see inset at higher magnification). (D) Staining of SOCS2 completely imperceptible in
some sections of OA cartilage (Mankin score 4–8). Scale bars represent 10 μm and 100 μm.
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Fig. 3.
Methylation status of SOCS2 promoter. (A) Locations of CpG sites in SOCS2 proximal
promoter are represented by vertical bars. The sequences used for PCR primers for
pyrosequencing are indicated over the CpG sites with double-headed arrows. (B) Percentage
methylation at each CpG site in the SOCS2 proximal promoter is compared in healthy
(#NOF) and OA human articular chondrocytes.
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Table 1

(a) Primers used for qRT-PCR (F: forward; R:reverse), (b) Primers used for pyrosequecing (F: forward;
R:reverse; S: sequencing).

Amplicon ID (length; bp) Primer sequence (5′–3′)

(a)

GAPDH (108) F (CCAGGTGGTCTCCTCTGACTTC)

R (TCATACCAGGAAATGAGCTTGACA)

SOCS1 (244) F (CTGGGATGCCGTGTTATTTT)

R (TAGGAGGTGCGAGTTCAGGT)

SOCS2 (162) F (CAGGGAATGGCAGAGACACT)

R (TGGCAGAGAGAGAAGGGATG)

SOCS3 (162) F (GCCACCTACTGAACCCTCCT)

R (ACGGTCTTCCGACAGAGATG)

CIS-1 (204) F (AGCCCAGACAGAGAGTGAGC)

R (TGACAGCGTGAACAGGTAGC)

(b)

SOCS2_1 (126) F (GTATAAAAATGTTAGGGTTAGGAGGG)

R (CAAATTTCCCCCTATTAATCAAACTAATCTC)

S (TAGGGTTAGGAGGGG)

SOCS2_2 (130) F (AGGATAGGTTGAATTTAGGAGTT)

R (CTCAACCTCCCCAAAAACTAAAATTACAA)

S (GTTAGAGATTAGTTTGATTAATAGG)

SOCS2_3 (128) F (AGGATAGGTTGAATTTAGGAGTT)

R (CAACCTCCCCAAAAACTAAAATTACAA)

S (CTCCCCAAAAACTAAAATTACAA)

SOCS2_4 (63) F (GTGGTGGGAGTTTGTAATTTTAGTTT)

R (CCAAATTCAAACAATTCTCCTACCT)

S (GTGGGAGTTTGTAATTTTAGTTTT)

SOCS2_5 (105) F (GGTTGAGGTAGGAGAATTGT)

R (AACATAACCAATCTCCCTCTA)

S (GGTAGGAGAATTGTTTGAA)

SOCS2_6 (119) F (GGTTTTTTATTTTTTGATGGAGAA)

R (AAAACTTAATCATACTCCCTCCC)

S (AAAGGTATTTATTTTTAAAATTG)

SOCS2_7 (107) F (AGGTTTTATATGGAATTTGATTTGTTT)

R (ACTTACCCTCTTTAAACCTCTAAC)

S (ATTTTAGTTTTTTATTTAGAAT)

SOCS2_8 (250) F (TGGTTTTTTTAATAATTTTTTTGT)

R (AAATCCAAAAAAAATAAATACCTT)

S (AATTTTATGTAGATGATAAGT)

SOCS2_9 (107) F (TTTTGTAAATTTTGTTTGGTGTTT)

R (AATTATTAAAAAAACCATTAATCCC)
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Amplicon ID (length; bp) Primer sequence (5′–3′)

S (TGTAAATTTTGTTTGGTGT)

SOCS2_10 (113) F (TTTGAAAGGTTAATGGTTATTTTTAG)

R (AAAAAAACACCAAACAAAATTTAC)

S (GGTTATGGGAAGTTGG)
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