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Abstract

This study investigated whether treatment of articular
cartilage chondrocytes with a combination of oncostatin M
(OSM) and interleukin-1 (IL-1) could induce a degradative
phenotype that was mediated through the protein kinase R
(PKR) signalling pathway. High-density monolayer cultures
of full depth, bovine chondrocytes were treated with a
combination of OSM and IL-1 (OSM+IL-1) for 7 days. To
inhibit the activation of PKR, a pharmacological inhibitor of
PKR was added to duplicate cultures. Pro- and active matrix
metalloproteinase-9 (MMP9) and MMP9 mRNA were
significantly upregulated by OSM+IL-1 through a PKR
dependent mechanism. ADAMTS4 and ADAMTS5 mRNA
were also upregulated by OSM+IL-1. The upregulation of
ADAMTS4 and ADAMTSS were, in part, mediated through
PKR. OSM+IL-1 resulted in a loss of type II collagen,
which could not be rescued by PKR inhibition. OSM+IL-1
reduced the expression of COL2A1 (type Il collagen),
COLYA1 (type IX collagen), COL11A1 (type XI collagen),
and ACAN (aggrecan) mRNAs. Expression of type II and
XI collagen and aggrecan was reduced further when PKR
was inhibited. OSM+IL-1 resulted in an 11-fold increase in
TNFa mRNA which was, in part, mediated through the PKR
pathway. This study demonstrates, for the first time, that a
number of catabolic and pro-inflammatory effects known
to be important in human arthritis and induced by OSM and
IL-1, are mediated by the PKR signalling pathway.
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Abbreviations

MMP = matrix metalloproteinase; ADAMTS = a
disintegrin and metalloproteinase with thrombospondin
motif;, OSM = oncostatin M; IL-1 = interleukin-1; PKR
= protein kinase R; PKRi = PKR inhibitor; PKRi neg =
PKR inactive inhibitor; TNFa = tumour necrosis factor
o; elF2a = eukaryotic initiation factor 2 alpha; IkBa =
the inhibitor of kappa B; NFkB = nuclear factor kappa
B; DMEM = Dulbecco’s Modified Eagle’s Medium; ITS
= insulin-transferrin-sodium selenite; LDH = lactate
dehydrogenase; SDS = sodium dodecyl sulphate; TBST
= tris buffered saline with tween 20; GLM-ANOVA =
general linear model analysis of variance; AAC, = delta
delta threshold cycle.

Introduction

Cartilage degradation occurs as a result of an imbalance
between extracellular matrix proteinases and their
inhibitors, in particular matrix metalloproteinases
(MMPs) and aggrecanases (ADAMTSs; a disintegrin
and metalloproteinase with thrombospondin motif)
and the tissue inhibitors of metalloproteinases. These
enzymes are induced in arthritic disease by a number
of proinflammatory cytokines such as tumour necrosis
factor o (TNFa), interleukin-1 (IL-1), and oncostatin M
(OSM). OSM is a member of the interleukin-6 superfamily
of cytokines and has been implicated in inflammatory
joint disease (Cawston ef al., 1998; Langdon et al.,
2000). Several studies have shown that OSM signals
synergistically with IL-1 in cartilage, inducing collagen
(Cawston et al., 1995) and aggrecan (Cawston et al., 1998;
Durigova et al., 2011) degradation via up-regulation of
MMPs (Blain et al., 2010; Cawston et al., 1998; Hui et
al., 2003; Milner et al., 2006) and ADAMTSs (Hui et
al., 2005; El Mabrouk et al., 2007; Durigova et al., 2008;
Durigova et al., 2011), respectively. In particular, OSM
potently induces MMP13 in human and bovine articular
cartilage (Fearon ef al., 2006; El Mabrouk et al., 2007;
Blain et al., 2010) upregulation of which plays a crucial
role in the pathology of degenerative joint disease ((Little
et al., 2009) and reviewed in (Takaishi et al., 2008; van
den Berg, 2011)).

Previously, we have shown that the TNFa induced
upregulation of MMP9 expression and activation in
articular cartilage occurs through a novel mechanism
involving the interferon-induced, double-stranded RNA-
activated protein kinase, PKR (Gilbert et al., 2004). PKR
is expressed at constitutively low levels in a number
of cell types, including chondrocytes, and mediates a
stress-induced signalling pathway that is activated in

www.ecmjournal.org



ST Gilbert et al.

early osteoarthritis in vivo (reviewed in (Gilbert et al.,
2006b)). PKR expression and activation is upregulated
by proinflammatory signals including TNFa (Gilbert
et al., 2002) and IL-1 (Tam et al., 2007) resulting in
proteoglycan degradation (Gilbert et al., 2004; Tam et al.,
2007), phosphorylation of the eukaryotic initiation factor
2 alpha (elF2a) (Gilbert et al., 2002) and down-regulation
of protein synthesis (reviewed in Gilbert et al., 2006b).
This inhibition of protein synthesis has been shown to be
important in controlling cell growth (reviewed in Clemens
and Elia, 1997) and in increasing the cells susceptibility
to apoptosis (Lee and Esteban, 1994). Interestingly, work
by Osman et al. has uncovered a role for PKR in the
regulation of TNFa (Osman et al., 1999). A cis-acting
element within the 3’UTR of the TNFa mRNA binds to
and activates PKR in response to external stimuli, which in
turn increases 7NFo pre-mRNA splicing efficiency up to
20-fold when the amount of PKR increases (Osman et al.,
1999). Therefore, since the cis-acting element is capable
of acting as a sensor, responding to the levels of PKR in
the cell, a positive feedback loop is established for TNFa
production within the cell (reviewed in (Kaempfer, 2003;
Gilbert et al., 2006b)). Thus, splicing of TNFo mRNA
precursors proceeds efficiently in response to external
stimuli in early inflammation when PKR is available and
is subject to regulation by PKR (Chiu and Yang, 2007).

Since IL-1 activates PKR in chondrocytes and IL-1 and
OSM act synergistically to induce cartilage catabolism,
the aim of this study was to delineate the role of PKR
in mediating the cellular responses induced by the
proinflammatory cytokine combination of OSM and IL-1
in bovine articular cartilage chondrocytes.

Materials and Methods

Materials

All chemicals were obtained from Sigma (Poole, UK)
unless otherwise stated and were of analytical grade.
Recombinant human IL-10 and OSM were purchased from
Peprotech EC (London, UK). Culture medium consisted
of Dulbecco’s Modified Eagle’s Medium (1:1 mixture of
DMEM-Glutamax-I™ and Ham’s F12 media) containing
10 mM HEPES pH 7.4, 100 U/mL penicillin, 100 pg/
mL streptomycin, 50 pg/mL ascorbate-2-phosphate and
supplemented with 1x Insulin-transferrin-sodium selenite
(ITS) (Invitrogen, Paisley, UK).

Primary chondrocyte culture

Full depth articular cartilage was taken from the
metacarpophalangeal joints (from > 4 legs) of 7 day-old
bovine calves within 6 h of slaughter using a scalpel.
Chondrocytes were isolated by enzymatic digestion (0.1 %
(w/v) pronase (Roche Applied Science, Burgess Hill, UK)
in media containing 5 % foetal calf serum (FCS) for 30 min
followed by overnight incubation in 0.04 % (w/v) type 11
collagenase (Invitrogen) in media containing 5 % FCS at
37 °C in a humidified atmosphere of 5 % CO,, 95 % air.
Following isolation, unless stated otherwise, chondrocytes
were seeded at 1.0x10° cells per well of a 24-well plate and
cultured for48 h at 37 °C in 1 mL serum-free media. Media
was supplemented with 1x ITS to maintain chondrocyte
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phenotype and prevent serum withdrawal activation of
signalling pathways (Patel et al., 2000).

Biochemical treatments

After 48 h, the media was replaced and chondrocytes
cultured for 24 h prior to the direct addition of treatments
to the existing media to prevent activation of the MAPK
signalling pathway by changing the media (Gilbert et
al., 2008). Initial experiments (confocal microscopy and
protein concentration) examined whether PKR could be
activated in vitro by IL-1 (5 ng/mL) and OSM (10 ng/mL)
either alone or in combination. From these experiments, the
combination of IL-1 (5 ng/mL)and OSM (10 ng/mL) was
chosen as the treatment regime for subsequent experiments
since it had the most potent effect. Chondrocytes were
treated with cytokines for 7 days. Unstimulated, control
chondrocytes were treated with media alone. To inhibit
the activation of PKR, a potent selective small molecule
inhibitor (PKRi; 1 uM; Merck Chemicals, Nottingham,
UK) which binds to the ATP-binding site was added to
replicate cultures 30 min prior to the addition of treatments
(Jammi et al., 2003; Tam et al., 2007). In addition, an
inactive version of the PKR inhibitor was added to replicate
cultures as a negative control (PKRi neg; 1 uM; Merck
Chemicals). All treatments and media were warmed to
37 °C before being added gently to cells. The media
remained in place for the 7-day culture and no additional
treatments were added during this period. At the end of
the culture period, cells were lysed with 100 pL ice-cold
Triton X-100 (0.9 % v/v) containing protease inhibitors
(Protease Inhibitor Cocktail Set I; Merck Chemicals) and
phosphatase inhibitors (Phosphatase inhibitor cocktail Set
III; Merck Chemicals). Cell extracts were stored at -80 °C
and media at -20 °C.

Total protein assay

The total protein concentration of the cell extracts at
the end of the 7-day culture period was analysed using
the Pierce bicinchoninic acid (BCA) assay according to
manufacturer’s instructions (Thermo Fisher Scientific,
Cramlington, UK).

Cell number and toxicity

Cell number and cell death over the culture period were
determined using the CytoTox 96® assay according to
manufacturer’s instructions (Promega, Southampton,
UK), which quantitatively measures lactate dehydrogenase
(LDH) present in the culture media that has been released
upon death of cells during the culture period. This assay
can also be used to measure indirectly the LDH activity
present in the cytoplasm of cells that are intact at the end
of the culture period. Cell quantification, therefore, occurs
following lysis of the cells by the addition of extract buffer.
The number of cells present is directly proportional to
the absorbance value, which represents LDH activity.
Absorbance at 490 nm was recorded for cell number and
cell death after 10 and 30 min, respectively.

Gelatin substrate zymography
MMP9 activity was detected in media samples by

gelatin substrate zymography as described previously
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(Gilbert et al., 2004). Briefly, gelatin (porcine skin; VWR
International, Lutterworth, UK) was incorporated into 7.5
% (w/v) sodium dodecyl sulphate (SDS)-polyacrylamide
gels at a final substrate concentration of 1.0 mg/mL. Media
samples (diluted 1:1 with 2x sample buffer), a recombinant
MMP9 standard (Merck Chemicals), and protein molecular
weight markers (Mr 14-200 kDa; BioRad Laboratories,
Hemel Hempstead, UK) were loaded onto the gels and
resolved by electrophoresis. Following electrophoresis,
the gels were washed, with agitation, in 2.5 % (v/v) Triton
X-100 for 1 h with at least 3 changes of solution and
subsequently incubated for 16-20 h at 37 °C in proteolysis
buffer. Gels were stained with Coomassie® Brilliant Blue
R 250 (2 g/L) in distilled water, methanol and acetic acid
(4.5:4.5:1) for at least 1 h, and destained in methanol, acetic
acid, water (1 : 0.75 : 8.25) until the zones of proteolysis
had cleared. Molecular weight markers and standards
facilitated identification of the enzymes and allowed
comparisons between gels. Relative quantities of MMPs
were measured by scanning densitometry (UMAX magic
scan; Umax Colour Scanner, Willich, Germany), using
image analysis software (NIH Image; National Institutes
of Health, Bethesda, MD, USA; online at: http://rsb.info.
nih.gov/nih-image/) and expressed as absorbance units per
cell (Vaughan-Thomas et al., 2000).

Western blot analysis

Protein extracts, from an equivalent cell number, were
reduced (2.5 % v/v B-mercaptoethanol) and resolved on
10 % (w/v) SDS-polyacrylamide gels. For each analysis,
control and treated samples were run on the same gel
for direct comparison. Protein was transferred to PVDF
membranes (Immobilon; Millipore, Watford, UK) and
blocked for 1 h at room temperature in blocking buffer
(Tris Buffered Saline with Tween 20 (TBST); 0.15 M
NacCl, 0.05 M Tris/HCI pH 8.0, 3 % (w/v) skimmed milk
powder, 0.05 % (v/v) Tween 20). After washing (TBST),
membranes were incubated for 2 h at room temperature
with a monoclonal antibody to type II collagen (AVT6E3
(Vaughan-Thomas et al., 2008)) diluted in TBST.
Membranes were washed (TBST) and then incubated
for 1 h at room temperature in anti-mouse horseradish
peroxidase conjugated IgG. Bands were detected using
enhanced chemiluminescence reagents and Hyperfilm-
ECL (GE Healthcare Life Sciences, Little Chalfont, UK)
and blots scanned (Umax Magic scan) and analysed by
densitometry (NIH Image) (Vaughan-Thomas et al., 2000).

Immunocytochemistry

Immediately after isolation, chondrocytes were seeded onto
8 well glass chamber slides (0.5 x 10° cells/well) and left
for 48 h prior to stimulation as described above. Following
treatment, cells were fixed in 2 % (w/v) paraformaldehyde
and permeabilised in 0.2 % (v/v) Triton-X100. Each
subsequent step was performed at room temperature unless
stated otherwise and between each incubation step, sections
were washed 3x S5min in 0.01 M phosphate buffered saline
(PBS, pH 7.4) containing 0.001 % Tween 20 (wash buffer).
All antibodies were diluted in wash buffer. Cells were
washed before blocking in 2 % (v/v) normal goat serum
(Dako UK, Ely, UK) for 1 h. After overnight incubation
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at 4 °C with a rabbit polyclonal phosphospecific primary
antibody to active PKR [pT*¢] (Abcam, Cambridge, UK)
diluted 1:100, cells were washed before incubating for
1 h with FITC-conjugated anti-rabbit antibody diluted
1:160. Cells were washed and blocked as before prior to
incubation with a monoclonal antibody to Golgi matrix
protein (anti-GM130; BD Transduction Laboratories,
Oxford, UK) diluted 1:500. Cells were washed and a goat
anti-mouse Alexa 594 conjugated secondary antibody
(1:400 dilution; Molecular probes, Invitrogen) applied to
the cells for 1 h. Finally, after washing, cells were mounted
in VECTASHIELD® Mounting Medium containing DAPI
(1.5 pg/mL) to counterstain DNA (Vector Laboratories,
Peterborough, UK). Representative cells from multiple
fields of view were scanned with a Leica TCS SP2 confocal
microscope (Leica, Heidelberg, Germany) using a 63x
oil immersion objective lens (x7.5 zoom) as described
previously (Blain ef al., 2006). To eliminate the possibility
of spectral bleed-through between fluorescent probes,
representative regions were scanned using appropriate
excitation and emission settings for sequential recordings
of DAPI (ex max 358 nm; em max: 461 nm), FITC
(excitation max: 494 nm; emission max: 518 nm) and
Alexa 594 (excitation max: 594 nm; emission max: 617
nm). Maximum intensity, 3D projections were obtained
by processing stacks of optical sections through the full
depth of chondrocytes at a spacing of 0.5 pm. Since PKR is
constitutively activated in sub-populations of chondrocytes
in vitro (Gilbert et al., 2002; Blalock et al., 2009), untreated
cultures served as positive controls. Negative controls
where the primary antibody was omitted were devoid of
fluorescent signal (data not shown).

Quantitative PCR analysis of gene expression
Immediately after isolation, chondrocytes were seeded
at 0.5 x 109 cells per well of a 48 well plate and left for
48 h prior to stimulation as described above. At the end
of the experiment, media were replaced with 0.5 mL of
TRIZOL® (Invitrogen) and total RNA extracted according
to the manufacturer’s instructions with the following
exceptions. After the addition of chloroform, the entire
RNA extraction mix was transferred to a tube containing
Heavy Phase-lock Gel™ (Eppendorf®; VWR International)
and centrifuged at 13,000 g for 2 min at 4 °C. The upper
aqueous layer was removed to a new Eppendorf tube, an
equal volume of isopropanol added and the RNA left to
precipitate overnight at -20 °C. At the end of the extraction
protocol, the RNA was DNase treated to remove genomic
DNA (Ambion; Applied Biosystems, Warrington, UK)
and re-suspended in 50 pL RNase-free water. cDNA was
generated in a 20 pL reaction from 11 pLL RNA using
250 ng random hexamers (0.5 mg/mL; Promega) and
Superscript I11 reverse transcriptase (200 units; Invitrogen).
Gene expression was measured by SYBR green
quantitative PCR (qPCR) using the MX3000P™
qPCR system according to manufacturer’s instructions
(Stratagene®; Agilent Technologies UK, Stockport, UK)
with 200 nM forward and reverse primers (Table 1)
annealing at 60 °C (except MMP13 and MMP9 which
annealed at 58 °C and 62 °C, respectively). Fold changes
relative to untreated cells were calculated using the
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Table 1. Quantitative PCR primers

Gene Strand Sequence Reference/Accession No.
RN18S1 Forward | 5’-GCAATTATTCCCCATGAACG-3’
; , , (Frye et al. 2005)

(18s ribosomal 1) Reverse | 5’- GGCCTCACTAAACCATCCAA-3

COL2A1 Forward | 5’-AACGGTGGCTTCCACTTC-3’ , .

(Type 11 collagen) Reverse | 5-GCAGGAAGGTCATCTGGA-3’ (Darling and Athanasiou 2003)

COLYAI Forward | 5°.CGCCCAAGGTTCCCTGTT-3’ AF419343

(Type IX collagen) | Reverse | 5-ACTTGTAAGCCACCTGTAAGGCA-3’

COL11AI Forward | 5"-AAAACCTGCCCCAGAAGACTATC-3’ AY275644

(Type XI collagen) | Reverse | 5-AAAATCCTTGTCCCAAAAACCATA-3’

ACAN Forward | 5°.GCTACCCTGACCCTTCAT-3’ . .

(Aggrecan) Reverse | 5’-AAGCTTTCTGGGATGTCCAC-3’ (Darling and Athanasiou 2005)
Forward | 5°-AGTACCCGCACCTGCACAAC-3’

SOX9 Reverse | 5’-TCGTTCAGCAGTCTCCAGAGC-3’ AF278703
Forward | 5°.CATCCTGTCTGCCATCAAGA-3’

INFa Reverse | 5’-GGCGATGATCCCAAAGTAGA-3’ NMI73966
Forward | 5’-TAGCACGCACGACATCTTTC-3’

MMP9 Reverse | 5’-GAAGGTCACGTAGCCCACAT-3’ NM174744
Forward | 5°-CCCTTGATGCCATAACCAGT-3’ ,

MMP13 Reverse | 5’-GCCCAAAATTTTCTGCCTCT-3’ (Blain et al. 2010)
Forward | 5°.CTCCATGACAACTCGAAGCA-3’ .

ADAMTS4 Reverse | 5'-CTAGGAGACAGTGCCCGAAG-3’ (Blain ef al. 2010)
Forward | 5°.CTCCCATGACGATTCCAAGT-3’ .

ADAMTSS Reverse | 5-TACCGTGACCATCATCCAGA-3’ (Blain et al. 2010)

AAC_ method with RN18S1 (18S ribosomal) RNA as
the reference gene (Frye et al., 2005). All primers were
purchased from MWG and validated using a standard curve
of five serial dilutions so that all primer efficiencies were
between 90-110 % (Taylor et al., 2010).

Data analysis

Data are presented as mean ZSEM and tested for normality
and equal variances prior to analysis (Minitab). Data were
analysed by general linear model analysis of variance
(GLM ANOVA) followed by Tukey’s post hoc test.
Comparisons were made to untreated, control cells unless
otherwise stated and differences considered significant
at p <0.05. Each experiment consisted of 4-6 replicates
per treatment where one replicate was a single well of a
tissue culture plate. To ensure a heterogeneous population
of cells for each experiment, cells were extracted from a
pool of cartilage taken from a minimum of 4 bovine legs.
Experiments were repeated once to ensure reproducibility
of results and representative data from 1 experiment shown.
Since the qPCR data for ADAMTS5 mRNA was more
variable than other data sets, data from the 2 experiments
were combined for analysis.

Results

Active PKR is localised within the cytoplasm of
articular chondrocytes

After 7-days of culture, chondrocytes were fixed and labelled
for phosphorylated (active) PKR (Fig. 1). In unstimulated
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chondrocytes diffuse staining for phosphorylated PKR was
observed throughout the cytoplasm (Fig. 1a). In addition,
a perinuclear pool of active PKR was also observed in
some cells (Fig. 1b), which co-localised with staining for
the Golgi marker, GM130 (Fig. 1c). The localisation of
active PKR in the cytoplasm was similar in cells that had
been cultured in the presence of IL-1 (Fig. 1d-f), OSM (Fig.
1g-1) or a combination of OSM+IL-1 (Fig. 1j-1).

II-1 and OSM, in combination, potently reduces
cellular protein concentration through a PKR
dependent mechanism

To determine whether each cytokine treatment activated
PKR and resulted in reduced translation, the protein
concentration of cell extracts was determined in the
presence or absence of the small molecule PKR inhibitor
after 7 days (Fig. 2). Only the combined treatment with
IL-1+OSM significantly reduced protein concentration
(p £0.01 vs. untreated control cells). Inhibition of PKR
reversed the effect of OSM+IL-1, returning the protein
concentration to that of untreated, control cells (p <0.01).
Subsequent experiments used only the combination of
OSM-+IL-1 as the treatment regime since was the only
significant PKR mediated effect.

Inhibition of PKR enhances the OSM and IL-1
induced increase in chondrocyte proliferation

After 7-days in culture, OSM+IL-1 treatment resulted in
a trend towards increased chondrocyte proliferation (Fig.
3a; p=0.07). To investigate whether this increase occurred
through activation of PKR, duplicate cultures were treated
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Fig. 1. Active PKR is localised within the cytoplasm of articular chondrocytes. The subcellular localisation of
phosphorylated PKR (FITC green) and Golgi matrix protein (AlexaFluor red) was determined by immunocytochemistry.
Representative cells from multiple fields of view were imaged by confocal microscopy with appropriate settings for
FITC (green), AlexaFluor 594 (red) and DAPI nuclear counterstain (blue). Maximum intensity 3D reconstructions
are shown. Staining for phosphorylated PKR was observed throughout the cytoplasm of untreated, control cells
(a) and within peri-nuclear pools (b). Areas of green PKR and red Golgi co-localisation can be observed as yellow
staining (¢). Treatment with IL-1 (d-f), OSM (g-i) or a combination of OSM+IL-1 (j-1) did not alter the localisation

of active PKR.

with the small molecule PKR inhibitor. Inhibition of PKR
resulted in an increase in basal proliferation levels (p <
0.05). Pre-treatment with this inhibitor prior to the addition
of OSM+IL-1 greatly enhanced the cytokine-induced
increase in proliferation (p < 0.001 vs. untreated controls;
p <0.01 vs. OSM/IL-1 alone).
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Increased chondrocyte death induced by combined
treatment of OSM and IL-1 is not due to activation
of PKR

Media was assessed for the level of LDH release as an
indicator of cell death over the 7-day culture period (Fig.
3b). Treatment with OSM+IL-1 for 7-days resulted in a
significant increase in chondrocyte death (p < 0.001 vs.
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Fig. 2. The combination of OSM+IL-1 potently reduces cellular protein concentration through a PKR
dependent mechanism. At the end of the 7-day culture period, cells were lysed and the protein concentration of
the cell extract determined by BCA assay. Data is presented normalised to cell number equivalent assessed by LDH
assay (mean = SEM; n = 6 per treatment) and analysed by GLM ANOVA and Tukey’s post hoc test: **p <0.01 vs.

untreated controls unless shown otherwise.

untreated controls). Inhibition of PKR had no significant
effect on basal or cytokine-induced cell death.

OSM and IL-1 increase the expression and activation
of MMP9 in primary articular chondrocytes through
activation of PKR
The cytokine combination of OSM and IL-1 has
previously been shown to up-regulate MMP9 expression
and activation in nasal cartilage (Milner et al., 2006)
and articular cartilage (Blain ef al., 2010). We therefore
assessed whether these cytokines could increase MMP9
expression and/or activation in articular chondrocytes
via a mechanism involving PKR. Media was analysed
for MMP9 by gelatin substrate zymography (Fig. 4a,b).
Low levels of proMMP9 were detected in the media from
untreated, control chondrocytes after 7 days in culture. In
contrast, OSM+IL-1 resulted in a 7.8-fold up-regulation
of proMMP9 (p < 0.001 vs. untreated controls following
log transformation of data). Pre-treatment with the PKR
inhibitor completely blocked the basal expression of
MMP9 (p < 0.001 vs. untreated controls following log
transformation of data). Addition of the inhibitor prior to
treatment with OSM+IL-1 resulted in a 2.5-fold reduction
in proMMP9 expression (p = 0.05 vs. OSM+IL-1 alone
following log transformation of data) although levels
remained 3-fold higher than those detected in control
cultures (p =0.01 following log transformation of data). No
active MMP9 was detected in untreated, control cultures. In
contrast, high levels of MMP9 activation were observed in
cultures following OSM+IL-1 treatment. This OSM+IL-1-
induced activation of MMP9 was completely abolished by
addition of the PKR inhibitor. The PKR inhibitor negative
control (PKRi neg) had no effect on cytokine-induced
MMP9 levels (data not shown).

MMP9 mRNA expression was also analysed by qPCR
(Fig. 4c). OSM+IL-1 treatment increased MMP9 mRNA
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expression 8.9-fold over untreated controls (p < 0.01
following ranking of data). The PKR inhibitor reduced
basal MMP9 mRNA expression by 24-fold (p < 0.001
vs. untreated controls following ranking of data) and
significantly reduced the OSM+IL-1 treated group to
8.9-fold below the basal expression level (p < 0.001 vs.
untreated controls; p < 0.001 vs. OSM+IL-1 following
ranking of data). The PKR inhibitor negative control (PKRi
neg) had no effect on cytokine-induced MMP9 mRNA
levels.

OSM and IL-1 increase the expression of MMPI13
mRNA in articular chondrocytes through a PKR
independent mechanism

Several studies have shown that treatment of chondrocytes
with OSM and IL-1 results in the up-regulation of MMP13
mRNA expression (Koshy et al., 2002; Barksby et al.,
2006; Milner et al., 2006; Blain et al., 2010). To determine
whether this increase was mediated through the PKR
pathway, the expression of MMP13 mRNA was assessed by
qPCR following OSM+IL-1 treatment and PKR inhibition
(Fig. 5). OSM+IL-1 treatment resulted in a 73-fold increase
in MMPI13 mRNA over untreated controls (p < 0.001
following log transformation of data). Inhibition of PKR
had no significant effect on basal or cytokine-induced
MMP13 mRNA expression. The PKR inhibitor negative
control (PKRi neg) had no effect.

The OSM and IL-1 induced increase in the
expression of ADAMTS4 and ADAMTS5 mRNAs in
primary articular chondrocytes is mediated, through
activation of PKR

Since OSM and IL-1 treatment of chondrocytes increases
the expression of ADAMTS4 and 5 (Koshy et al., 2002;
Young et al., 2005; Milner et al., 2006; Durigova et al.,
2008; Durigova et al., 2011), we determined whether this
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Fig. 3. Inhibition of PKR enhances the effect of OSM and IL-1 on chondrocyte proliferation but not cell
death. (a) At the end of the culture period, cells were lysed and the relative cell number determined by measuring
LDH activity. The number of cells present is directly proportional to the absorbance value, which represents LDH
activity. (b) Media were assessed for the level of LDH released over the culture period as a measure of cell death.
Data are presented as mean =SEM (n = 4 per treatment) and analysed by GLM ANOVA and Tukey’s post hoc test:
*p <0.05; **p <0.01; ***p <0.001 vs. untreated controls unless shown otherwise.

involved PKR, by assessing the expression of ADAMTS4
and 5 following OSM+IL-1 treatment and PKR inhibition
(Fig. 6; data ranked prior to analysis). OSM+IL-1 treatment
resulted in a 754-fold increase in ADAMTS4 (p < 0.001,
Fig. 6a) and a 40.8-fold increase in ADAMTS5 mRNAs
(p <0.001, Fig. 6b) compared to untreated control cells.
Inhibition of PKR significantly reduced basal ADAMTS4
and ADAMTSS5 (p < 0.05 Fig. 6). Inhibition of PKR in
cytokine treated cultures resulted in an 8.5-fold reduction in
ADAMTS4 mRNA compared to OSM-+IL-1 alone (Fig. 6a;
p<0.01) although ADAMTS4 still remained 88-fold higher
than control expression levels (p <0.001). PKR inhibition
also significantly reduced ADAMTSS5 mRNA expression in
OSM-+IL-1 treated cultures (Fig. 6b; 3.8-fold reduction p
<0.001 compared with OSM+IL-1 alone) although levels
still remained 10.7-fold higher than controls (Fig. 6b; p <
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0.001). The PKR inhibitor negative control (PKRi neg)
had no effect on cytokine-induced ADAMTS4 (Fig. 6a) or
ADAMTSS (data not shown) levels.

The OSM and IL-1 down-regulation of type I1
collagen in articular chondrocytes is enhanced by
PKR inhibition

Cell extracts were examined for type 11 collagen expression
by qPCR (Fig. 7a) and Western blot (Fig. 7b) analysis.
After 7-days in culture, inhibiting PKR had no effect on
the basal level of COL24] mRNA. Cytokine treatment
resulted in a significant, 11-fold reduction in the expression
of COL24A1 mRNA compared to untreated control cells
(Fig. 7a; p < 0.001 following log transformation of data).
Inhibition of PKR in cytokine treated cultures resulted in a
41-fold reduction in the level of COL241 mRNA compared
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Fig. 4. OSM and IL-1 treatment increases the expression and activation of MMP9 via activation of PKR. (a)
Media were collected at the end of the 7-day treatment period and analysed by gelatin substrate zymography. A
proMMP9 standard (s) is indicated. (b) The area (absorbance units) of substrate gel cleared by pro- and active MMP9
was measured by scanning densitometry. Data shown are absorbance units per cell, expressed as means £SEM (n =
4 per treatment) and analysed by GLM ANOVA and Tukey’s post hoc test: ¥** p <0.001; **p <0.01; *p <0.05 vs.
untreated controls unless shown otherwise. (¢) RNA from cells (n = 6 per treatment) was analysed by quantitative
PCR to determine the relative expression of MMP9 mRNA. Data are presented as fold change relative to untreated
control cells calculated using the AAC  method with RN18S1 (18S ribosomal) RNA as the reference gene and plotted
as mean +SEM. Data were ranked prior to analysis and significant differences detected by GLM ANOVA and Tukey’s
post hoc test: *** p <0.001; **p <0.01 vs. untreated controls unless shown otherwise.
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Fig.5. OSM and IL-1 treatment increases the expression of MMP-13 through a PKR independent mechanism.
RNA from cells (n = 3-6 per treatment) was analysed by quantitative PCR to determine the relative expression of
MMP13 mRNA. Data are presented as fold change relative to untreated control cells calculated using the AAC, method
with RN18S1 RNA as the reference gene and plotted as mean =SEM. Significant differences were detected by GLM
ANOVA and Tukey’s post hoc test on log transformed data: *** p < 0.001 vs. untreated controls.

to untreated control cultures (p < 0.001 following log
transformation of data) and 3.5-fold reduction compared
to cytokine treatment alone (p < 0.01 following log
transformation of data); a finding that was reproduced
to the same level in the experimental repeat. The PKR
inhibitor negative control (PKRi neg) had no effect on
cytokine treated cells.

A complete loss of type II collagen protein was
consistently observed in all samples analysed following
OSM+IL-1 treatment (n = 4 samples; 2 independent
experiments, Fig. 7b). Inhibiting PKR had no effect on
the basal level of type II collagen protein or that observed
in OSM+IL-1 treated chondrocytes. The PKR inhibitor
negative control (PKRi neg) had no effect (data not shown).

Treatment of chondrocytes with OSM and IL-1
decrease mRNA expression of genes that maintain
the chondrocytic phenotype

The expression level of COL9A41 and COLIIAI,
and ACAN mRNAs were assessed by qPCR (Fig. 8).
OSM+IL-1 treatment resulted in a 3500-fold reduction
in the expression of COL941 mRNA (Fig. 8a; p < 0.001
following log transformation of data). Inhibition of
PKR had no significant effect on the level of COL941
mRNA. Cytokine treatment also significantly reduced
the expression of COLI1A4 15-fold compared to control
levels (Fig. 8b; p < 0.001 following log transformation
of data). When cytokine stimulated cells were incubated
with the PKR inhibitor, a further 4-fold reduction in the
amount of COL11A1 mRNA was detected compared with
OSM+IL-1 alone (p =0.001 following log transformation
of data). A 3.8-fold reduction in the level of ACAN mRNA
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was detected in cells treated with cytokines which was
reduced a further 10-fold following inhibition of PKR
(Fig. 8c; p <0.001 after log transformation of data). The
finding that PKR inhibition further reduced COL11A41 and
ACAN gene expression was reproduced to the same extent
in both experimental repeats. No significant difference was
observed in the level of SOX9 mRNA following any of the
treatments (data not shown). The PKR inhibitor negative
control (PKRi neg) did not alter the response of the cells
to OSM+IL-1.

Cytokine-induced increases in TNFa expression
occurs through a mechanism involving PKR

Since PKR regulates TNFo transcription (Kaempfer, 2003;
Gilbert et al., 2006b) we determined whether TNFo. mRNA
expression was affected by the combined treatment of
OSM and IL-1 and if so, whether this occurred through
a mechanism involving PKR (Fig. 9). OSM and IL-1
stimulation of articular chondrocytes resulted in a 10.6-fold
increase in TNFo mRNA compared to untreated control
cells (p <0.001 following log transformation of data). The
basal expression level of TNFo mRNA was significantly
reduced 1.9-fold following inhibition of PKR (p < 0.05
following log transformation of data). In addition, TNFa
mRNA expression in cytokine treated cultures was reduced
3.5-fold by inhibiting PKR (p < 0.001 following log
transformation of data). Despite this significant reduction,
levels still remained 3-fold higher than that detected in
control cells (p < 0.001 following log transformation of
data). The PKR inhibitor negative control (PKRi neg) did
not alter the response of the cells to OSM+IL-1 (data not
shown).
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Fig. 6. OSM and IL-1 treatment increases the expression of ADAMTS-4 and ADAMTS-5 via activation of
PKR. RNA from cells (n = 6 per treatment) was analysed by quantitative PCR to determine the relative expression
of ADAMTS4 (a) and ADAMTS5 (b) mRNA. Data are presented as fold change relative to untreated control cells
calculated using the AAC, method with RN18S1 RNA as the reference gene and plotted as mean =SEM. Significant
differences were detected by GLM ANOVA and Tukey’s post hoc test: *** p <0.001; ** p <0.01; * p < 0.05 vs.
untreated controls unless shown otherwise. Data were ranked prior to analysis.

Discussion

This study investigated the mechanism behind the well
documented synergistic effect of OSM and IL-1 on
cartilage destruction. The stress-induced PKR signalling
pathway is activated in early osteoarthritis and is involved
in the propagation of proinflammatory signals in articular
cartilage (Gilbert et al., 2002; Gilbert et al., 2004; Tam et
al., 2007). Therefore, we investigated the role of PKR in
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the OSM and IL-1 induced catabolic phenotype in primary
articular chondrocytes.

Immunohistochemistry using an antibody to the
phosphorylated (active) form of PKR revealed that in
unstimulated chondrocytes, active PKR was localised
diffusely throughout the cytoplasm and within distinct
peri-nuclear pools that co-localised with the Golgi.
The localisation of active PKR did not alter following
cytokine treatment. PKR is largely associated with
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Fig. 7. The effect of cytokine treatment on type II collagen expression is enhanced following inhibition of

PKR. Chondrocytes were treated for 7 days with OSM

and IL-1 in the presence or absence of the PKR inhibitor.

(a) Relative expression of COL2A1 (type Il collagen) mRNA, determined by quantitative PCR, is presented as fold
change relative to untreated control cells calculated using the AAC, method with RN18S1 RNA as the reference
gene. Data are plotted as mean £SEM (n = 6 replicates per treatment). Significant differences were detected by
GLM ANOVA and Tukey’s post hoc test on log transformed data: *** p < 0.001; ** p < 0.01. (b) Protein from
an equivalent cell number was analysed by Western blotting for type II collagen (n = 4 replicates per treatment,
representative data shown from 2 independent experiments). a1(I1l) = alpha 1 chain type II collagen. Blots were
stripped and re-probed for total ERK1/2 to confirm equivalent loading.

ribosomes in the cytoplasm and the rough endoplasmic
reticulum (MacQuillan et al., 2009) but also localises to
the juxta-nuclear cytoplasmic layer, the nuclear envelope
and within the nucleus itself (Jeffrey et al., 1995; Besse
et al., 1998). Localisation of active PKR within the
cytoplasm is necessary for access to its substrates such as
elF2a associated with the ribosomes (Zhu ef al., 1997)
and the IKK complex that releases IkBa., the inhibitor
of kappa Bto allow the translocation of nuclear factor
kappa B (NFkB) to the nucleus (Kumar et al., 1994). At
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the time point analysed, we did not detect phosphorylated
PKR in the nucleus after OSM or IL-1 individual or
combined treatment. Interferon treatment of peripheral
blood mononuclear cells for 24 h increases the amount of
active PKR in the nucleus (MacQuillan et al., 2009). The
role of PKR in the nucleus is less well defined but may
involve ribosome biogenesis (Jimenez-Garcia et al., 1993),
regulation of the amount of RNA molecules released into
the cytoplasm (Besse et al., 1998), and enhancement of
TNFa precursor transcript splicing (Osman et al., 1999).
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Fig. 8. Combined treatment of chondrocytes with OSM and IL-1 results in a decrease in the expression of matrix
genes that are important in maintaining a chondrocytic phenotype. Quantitative PCR was used to determine the
relative expression of (a) COL9A1 (type IX collagen), (b) COLI1AI (type XI collagen), and (¢) ACAN (aggrecan)
mRNA. Data are presented as fold change relative to control cells calculated using the AAC, method with RN18S1
RNA as the reference gene and plotted as mean £SEM (n = 6 replicates per treatment). Significant differences were
detected by GLM ANOVA and Tukey’s post hoc test on log transformed data: *** p <0.001 vs. untreated controls.

Future studies are clearly warranted, assessing earlier
time points and co-localising active PKR with specific
subcellular compartments in order to shed light on the
roles of PKR following cytokine treatments.

To indicate the extent of PKR activation after individual
or combination cytokine treatments, we measured total
protein concentration under each treatment regime after
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7 days (Fig. 2). Since active PKR blocks translation in
response to stress signals (Clemens et al., 2000), the
amount of total protein within the cell can be measured
following cytokine treatment in the presence/absence of a
PKR inhibitor to provide an indicator of the extent of PKR
activation (Gilbert et al., 2006a; Scheuner et al., 2006).
These data clearly show that only the combination of
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Fig. 9. Cytokine-induced increases in the expression of 7VFa mRNA occurs through a mechanism involving
PKR. TNFa mRNA expression analysed by quantitative PCR presented as fold change relative to control cells
calculated using the AAC, method with RN18S1 RNA as the reference gene and plotted as mean =SEM (n = 6 per
treatment). Significant differences were detected by GLM ANOVA and Tukey’s post hoc test on log transformed
data: *** p <0.001; * p <0.05 vs. untreated controls unless shown otherwise.

OSM-+IL-1 significantly reduced the protein concentration
in a PKR-dependent manner. Thus, subsequent experiments
focused on the mechanisms underlying this combined
effect of OSM and IL-1.

OSM-+IL-1 treatment increased cell death, however the
mean cell number at the end of 7-days of culture was also
slightly increased suggesting an increase in chondrocyte
proliferation. OSM treatment of foetal liver cells stimulates
cellular proliferation (Ehashi et al., 2005) but there have
been no studies, to our knowledge, investigating the role of
PKR in this process. Inhibition of PKR increased basal cell
proliferation as well as further increasing proliferation of
OSM-+IL-1 treated cells. This is in keeping with the known
role of PKR as a suppressor of cell growth (Koromilas et
al., 1992). Mammalian cells normally have a low level
of active PKR, which phosphorylates a small fraction
of elF2a, enough to hold the synthesis of cell growth
promoting proteins in check but not to inhibit overall
protein synthesis (Kim et al., 2000).

Our data, showing that OSM+IL-1 potently induced the
expression of MMP9 mRNA supports the work of others
(Milner et al., 2006; Blain ef al., 2010). Extending these
findings, our current study has shown that OSM+IL-1
treatment of articular chondrocytes additionally results
in an increase in the activation of proMMP9, a key factor
that contributes to joint destruction and inflammation in
the arthritic joint. Our finding that OSM+IL-1 induced
MMP9 mRNA is opposite to the findings of Koshy et al.
(Koshy et al., 2002). The reason for this discrepancy may
be due to the use of a cell line by Koshy et al. rather than
primary chondrocytes here. Importantly, our observation
that the PKR inhibitor significantly reduces OSM+IL-1
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induced MMP9 mRNA and protein expression, as well
as its activation, implicates PKR, for the first time, in the
regulation of this cytokine-induced catabolic pathway.
Our previous data using 2-aminopurine as an inhibitor
of PKR found that activation of the PKR signalling
pathway was critical in TNFo induced MMP9 expression
and activation (Gilbert ef al., 2004). This was supported
by the studies of Takada et al. who demonstrated that
TNF-induced MMP9 expression was abolished in PKR
-/- cells (Radtke et al., 2002). Taken together, these data
demonstrate that the PKR pathway is pivotal in mediating
the pro-inflammatory cytokine-induced MMP9 synthesis
and activation pathways known to be critical in arthritic
cartilage degeneration.

Our finding that OSM~+IL-1 increased both ADAMTS4
and 5 mRNA expression is consistent with previous studies
using bovine cartilage explants (Milner et al., 2006; Blain
et al., 2010; Durigova et al., 2011) and human primary
chondrocytes (Young et al., 2005). In addition, Koshy et
al. (Koshy et al., 2002) reported that OSM+IL-1 induced
ADAMTS4 but not ADAMTSS in T/C28a4 cells (Koshy
et al.,2002). Our data show that although ADAMTSS5 was
more highly expressed than ADAMTS4, the OSM+IL-1-
induced increases were far greater for ADAMTS4 gene
expression compared to ADAMTSS5 (830-fold vs. 40-
fold). These data, in conjunction with previous findings
(Koshy et al., 2002; Durigova et al., 2011), suggest that
ADAMTSA4 is the primary aggrecanase responsible for the
synergistic action of OSM+IL-1 on aggrecan degradation.
We have shown for the first time that OSM+IL-1 induced
up-regulation of ADAMTS4 and ADAMTSS is, in part,
mediated through PKR. Since the inhibition of PKR only
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partly decreased the level of ADAMTS4 and ADAMTSS5
mRNAs, an additional signalling mechanism must be
activated following OSM+IL-1 treatment and is likely
to occur via a complex interplay of signal transduction
pathways including the MAPK/ERK, PI3K/Akt, Jak/STAT,
JNK1/2 and p38 kinase pathways (Blanchard ef al., 2001;
Catterall et al., 2001; Radtke et al., 2002; Barksby et al.,
2006; El Mabrouk et al., 2007).

This is the first report, to our knowledge, that
OSM+IL-1 treatment of bovine articular chondrocytes
also decreases the expression of cartilage matrix genes
(COL2A1, COL9A1, COL11A1 and ACAN). OSM+IL-1
thus profoundly alter chondrocyte homeostasis by
decreasing matrix synthesis in conjunction with increasing
matrix catabolism. OSM+IL-1 treatment resulted in
a complete loss of type II collagen protein, consistent
with the transcriptional down regulation we report as
well as other studies showing that OSM+IL-1 induces
collagenolysis (Milner et al., 2006; Litherland et al.,
2008; Lakey and Cawston, 2009). A PKR independent
mechanism for type II collagen breakdown is implicated
since it was not prevented by PKR inhibition. Somewhat
surprisingly, the effect of OSM+IL-1 on down-regulating
the transcription of type II (COL2A1) and XI collagen
(COL11A1) and aggrecan (ACAN) was enhanced when
PKR was inhibited. One explanation is that OSM-+IL-1
treatment increases the amount of active PKR within the
cell to a level that is high enough to block the translation
of proteins involved in the transcriptional control of these
specific genes. Thus removing active PKR allows the
translation of these OSM+IL-1 induced proteins to occur
which then increases the negative effect on transcription
of COL2A1, COLI11A41 and ACAN although this remains
to be confirmed. The precise mechanism of action at work
here clearly requires further study. Inhibition of PKR did
not significantly influence the effect of OSM+IL-1 on
the expression of COLI14] mRNA indicating that the
OSM-+IL-1 mediated down-regulation of the transcription
of this gene maybe independent of the PKR signalling
pathway.

Several studies have shown that treatment of
chondrocytes with OSM+IL-1 increases the expression
of MMP13, which plays a pivotal role, along with
MMP1, in the breakdown of type II collagen and is thus
likely to contribute to the loss of type II collagen shown
here. MMP13 mRNA expression was also increased by
OSM+IL-1 treatment in our study and this, indeed occurred
through a mechanism that was independent of PKR. It
is clear that a complex array of signalling interactions
influence type II collagen breakdown following OSM
treatment. These include ERK/MAPK mediated induction
of ADAMTS4 and MMP13 (El Mabrouk et al., 2007),
PI3K/Akt mediated induction of MMP1 and 13 (Yoshihara
et al., 2000b) and the JAK/STAT, ERK1/2, JNK1/2, and
p38 kinase pathways (Blanchard et al., 2001; Catterall
et al., 2001; Radtke et al., 2002; Barksby et al., 2006).
The nature of the cross-talk between PKR and these other
signalling pathways remains to be elucidated.

Finally, our data reveal that OSM+IL-1 treatment of
bovine articular chondrocytes results in a 10-fold increase
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in the expression of TNFa mRNA, which importantly,
is partly mediated by PKR. This demonstrates that
OSM+IL-1 propagate the inflammatory response in
chondrocytes via activation of the PKR signalling pathway
and induction of the pro-inflammatory cytokine, TNFa.
The OSM+IL-1 induced, PKR mediated upregulation
of TNFa may occur via NFkB transcriptional activation
(Kumar et al., 1994) or by direct binding of activated PKR
to a cis-acting element in the 7TNFa pre-mRNA resulting
in an increase in TNFa splicing and production in the cell
(Osman et al., 1999; Kaempfer, 2003). PKR may also
influence the OSM+IL-1 induced increases in expression
of enzymes such as ADAMI10 (Koshy et al., 2002) or
MMP12 (own unpublished data) (Barksby et al., 2006;
Milner et al., 2006) which process proTNF to its active
form (Rosendahl ef al., 1997; Matsumoto et al., 1998). An
important question that remains to be elucidated is which of
the PKR mediated effects of OSM+IL-1 treatment we have
observed in the current study are via PKR’s transcriptional
effects on TNFa.

Conclusions

In summary, we have clearly demonstrated for the first time
that combined OSM and IL-1 treatment increased MMP9
expression and activation and ADAMTS4, ADAMTSS
and TNFo mRNA expression through a PKR dependant
mechanism. Since these catabolic and pro-inflammatory
effects are increased in human arthritis (Sandy et al.,
1992; Yoshihara et al., 2000a), where TNFa. helps drives
cartilage degradation (Feldmann and Maini, 1999), these
new roles for PKR are important. Targeting this PKR
pathway may therefore have the potential to suppress
MMP and ADAMTS expression during the inflammatory
phase of cartilage destruction and thus presents a potential
target for pharmaceutical intervention in arthritic disease.
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