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Abstract

The relative contribution of a disintegrin and
metalloproteinase with thrombospondin motifs
(ADAMTS)4 and ADAMTS5 to aggrecan degradation
under oncostatin M (OSM) stimulation, the role of the
ancillary domains of the aggrecanases on their ability to
cleave within the chondroitin sulfate (CS)-2 region, the role
of hyaluronidases (HYAL) in stimulating aggrecan release
in the absence of proteolysis, and the identity of the
hyaluronidase involved in OSM-mediated cartilage
breakdown were investigated. Bovine articular cartilage
explants were cultured in the presence of interleukin-1β
(IL-1β), tumor necrosis factor α (TNFα) and/or OSM, or
treated with trypsin and/or hyaluronidase. Aggrecan was
digested with various domain-truncated isoforms of
ADAMTS4 and ADAMTS5. Aggrecan and link protein
degradation and release were analyzed by immunoblotting.
Aggrecanase and HYAL gene expression were determined.
ADAMTS4 was the most inducible aggrecanase upon
cytokine stimulation, whereas ADAMTS5 was the most
abundant aggrecanase. ADAMTS5 was the most active
aggrecanase and was responsible for the generation of an
OSM-specific degradation pattern in the CS-2 region. Its
ability to cleave at the OSM-specific site adjacent to the
aggrecan G3 region was enhanced by truncation of the C-
terminal thrombospondin domain, but reduced by further
truncation of both the spacer and cysteine-rich domains of
the enzyme. OSM has the ability to mediate proteoglycan
release through hyaluronan degradation, under conditions
where HYAL-2 is the predominant hyaluronidase being
expressed. Compared to other catabolic cytokines, OSM
exhibits a unique potential at degrading the proteoglycan
aggregate, by promoting early robust aggrecanolysis,
primarily through the action of ADAMTS5, and hyaluronan
degradation.
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List of abbreviations

ADAMTS: a disintegrin and metalloproteinase with
thrombospondin motifs
anti-ARLEIE: an antibody directed against the ARLEIE
sequence within aggrecan
CS-2: chondroitin sulfate domain-2
CysR: cysteine-rich domain
Dis: disintegrin domain
ECM: extracellular matrix
G1: globular domain 1
G3: globular domain 3
GAG: glycosaminoglycan
HA: hyaluronan
HYAL: hyaluronidase
IGD: interglobular domain
IL-1β:  interleukin 1 beta
MMP: matrix metalloproteinase
LP: link protein
OSM: oncostatin M
OA: osteoarthritis
SPAM-1: sperm adhesion molecule-1
Sp: spacer domain
TNFα: tumor necrosis factor alpha
TS: thrombospondin domain

Introduction

The large aggregating chondroitin sulfate proteoglycan,
aggrecan, is the major non-collagenous component of the
cartilage extracellular matrix (ECM) (Dudhia, 2005). It
consists of a large multi-domain core protein to which
numerous polyanionic chondroitin sulfate (CS) and
keratan sulfate (KS) glycosaminoglycans (GAG) chains
are covalently attached. In the tissue, numerous aggrecan
molecules associate with a single hyaluronan (HA)
filament, with each interaction being further stabilized
by a link protein (LP). The resulting proteoglycan
aggregates are trapped within the collagen network in the
cartilage ECM and provide the tissue with its ability to
resist compressive loads.

The aggrecan core protein is composed of three
globular domains: the N-terminal G1 and G2 domains
and the C-terminal G3 domain. The G1 domain is
responsible for the association of aggrecan with HA
(Fosang and Hardingham, 1989; Watanabe et al., 1997).
A short extended region, termed the interglobular domain
(IGD), separates the G1 from the G2 domain. Although,
the G2 domain shares structural similarities with the HA-
binding region of the G1 domain, it lacks the ability to
bind HA (Watanabe et al., 1997). The extended region
between the G2 and G3 domains is dedicated to
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substitution by sulfated GAG side chains. A KS-attachment
region is adjacent to the G2 domain, and is followed by
the long CS-attachment region comprising the CS-1 and
CS-2 domains. The G3 domain, which is structurally
distinct from the G1 and G2 domains, is involved in the
secretion, glycosylation and interaction of aggrecan with
other ECM components (Aspberg et al., 1997; Chen et
al., 2002).

In arthritic diseases, cartilage undergoes irreversible
destruction in response to various catabolic stimuli. Under
such conditions, aggrecan molecules are known to be
rapidly degraded and released from the cartilage matrix,
followed by the degradation of the matrix collagens. The
primary cause of aggrecan degradation is attributed to
proteolysis by members of the matrix metalloproteinase
(MMP) and a disintegrin and metalloproteinase with
thrombospondin motifs (ADAMTS) families of enzymes.
ADAMTS4 and ADAMTS5 are considered to be the major
aggrecanases of articular cartilage, and are multidomain
metalloproteinases synthesized as proenzymes that require
proteolytic cleavage to become fully active. In addition to
their N-terminal prodomain, they are both composed of a
catalytic domain, a disintegrin (Dis) domain, a
thrombospondin motif (TS1), a cysteine-rich (CysR) and
a spacer (Sp) domain. In comparison to ADAMTS4,
ADAMTS5 contains an additional C-terminal
thrombospondin motif (TS2). These proteinases can cleave
aggrecan at specific sites within a proteinase-sensitive
region of the aggrecan core protein located within the IGD.
Both enzymes cleave at the Glu373 Ala374 bond (Sandy et
al., 1991; Tortorella et al., 2000; Tortorella et al., 2001).
Cleavage at this site results in the loss of the part of the
aggrecan molecule bearing the KS- and CS-attachment
domains, while the G1 domain remains attached to the
HA filament and LP in the tissue. Moreover, five additional
cleavages attributed to aggrecanases, have been described
within the CS-2 region (Loulakis et al., 1992; Tortorella
et al., 2000; Tortorella et al., 2001; Durigova et al., 2008b).
Cleavage at these sites contributes to the C-terminal
truncation of aggrecan, the loss of the GAG chains, and
the loss of tissue function.

While the main focus in studies of cartilage breakdown
has been the proteolytic degradation of aggrecan, several
studies have suggested that non-proteolytic mechanisms,
such as HA degradation, can also contribute to the loss of
cartilage integrity and joint function (Fosang et al., 1991;
Sztrolovics et al., 2002a). In vivo, HA degradation can
occur through the action of free radicals (Yamazaki et al.,
2003) or members of the hyaluronidase family (Flannery
et al., 1998; Csoka et al., 2001). Such an event, whether it
is accompanied by proteolysis of aggrecan or not, could
allow the diffusion of aggrecan G1, LP and HA fragments
from the cartilage matrix.

Cartilage matrix degradation is known to be enhanced
by cytokines, such as interleukin-1β (IL-1β) or tumor
necrosis factor α  (TNFα), which stimulate aggrecan
degradation by MMPs and aggrecanases (Mort and
Billington, 2001). We have previously reported that
oncostatin M (OSM) is also a potent pro-catabolic cytokine

capable of mediating aggrecan degradation at all five
originally established ADAMTS-derived cleavage sites
within the aggrecan IGD and CS-2 region (Durigova et
al., 2008a), and a sixth site corresponding to cleavage at
the Glu2047-Ala2048 bond in the proximity of the G3 domain
(Durigova et al., 2008b). In addition, the release of
aggrecan G1, LP, and HA, and HA degradation was also
observed in the presence of this cytokine (Durigova et al.,
2008a).

In the present study, the mechanisms involved in the
early stages of OSM-mediated breakdown of the
proteoglycan aggregate were investigated. The relative
roles of ADAMTS4 and/or 5 in aggrecan degradation and
the role of the ancillary domains of the aggrecanases on
their ability to cleave within the CS-2 region were
elucidated. Furthermore, the ability of hyaluronidases to
stimulate proteoglycan release in the absence of aggrecan
proteolysis, as well as the identity of the hyaluronidase
expressed in the presence of OSM, was determined.

Materials and Methods

Sources of tissue and cells
Bovine articular cartilage from metacarpophalangeal joints
of skeletally mature (18-24 months old) animals was
obtained at a local abattoir. Pieces of full-depth cartilage
were collected, washed twice for 15 min in Dulbecco’s
modified Eagle medium (DMEM) buffered with 44 mM
NaHCO3 (Sigma-Aldrich, St. Louis, MO, USA), 20 mM
HEPES, pH 7.4, containing the antibiotics: 100 U/ml
penicillin G sodium, 100 μg/ml streptomycin sulfate and
150 ng/ml gentamycin (medium A); and supplemented
with 0.25 μg/ml Fungizone (Gibco Invitrogen, Paisley,
UK).

Chondrocyte isolation and culture
Cartilage pieces (5 mm3) maintained in medium A were
initially treated with trypsin (Sigma, 5 mg/g of cartilage)
for 30 min at 37°C. Trypsin was then inactivated by
incubation in medium A containing 10% fetal calf serum
(FCS) (PAA Laboratories, Etobicoke, Ont., Canada).
Digested tissue was transferred into medium A+10% FCS,
containing bacterial collagenase (Sigma, 7.2 mg/g
cartilage), bovine testes hyaluronidase (Sigma, 4 mg/g
cartilage) and DNase I (Sigma, 0.4 mg/g cartilage), and
incubated overnight at 37°C with constant stirring.
Undigested residual cartilage was removed by filtering the
digestion mixture through a 70 μm nylon mesh strainer,
and cells recovered by centrifugation. Cell pellets were
washed twice with medium A supplemented with 0.25 μg/
ml Fungizone, and the chondrocytes were then
resuspended in medium A. The cell viability was between
90-95%. Chondrocytes were plated in 12-well culture
plates (Corning Costar, Lowell, MA, USA) at a density of
2x106 cells/well in 2.5 ml medium A+10% FCS per well.
A 24h pre-incubation period was followed by a 3-day
treatment in DMEM in the presence of different cytokines,
as described below.
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Cartilage explant culture
Cartilage explants in 12-well culture plates (Corning
Costar, 100 mg tissue (wet weight) per well per 2 ml of
medium A) were allowed to equilibrate for 48 h at 37°C,
then the medium was changed and the explants were
cultured in the presence of various cytokines or enzymes
for two or four days. Cytokines were prepared in medium
A containing 0.1 mg/ml BSA: human recombinant IL-1β
(5 ng/ml), TNFα (10 ng/ml) and OSM (10 ng/ml) (R&D,
Minneapolis, MN, USA). Cartilage explants were collected
at the end of the culture period, snap frozen in liquid
nitrogen and stored at -80°C. Culture media were analyzed
for sulfated GAG content by the dimethylmethylene blue
(DMMB) colorimetric assay (Farndale et al., 1986), then
stored at -20°C.

Enzyme treatments
Digestion of cartilage explants by trypsin and
hyaluronidase were carried out at 37°C in 50 mM Tris-
HCl, 100 mM NaCl, 1 mM CaCl2, pH 7.5 or 20 mM sodium
acetate, 150 mM NaCl, pH 6, respectively. For trypsin
digests, cartilage explants were incubated for 2 h in the
presence of 0.5 μg trypsin (TPCK-treated, Sigma). Trypsin
action was inhibited by incubation for an additional 15
min in the presence of 1 mM Pefabloc (Roche, Basel,
Switzerland). Digestions by hyaluronidase (from
Streptomyces hyalurolyticus, MP Biomedicals, Irvine, CA,
USA) were carried out for 8 h in the presence of 20 U of
enzyme. For the combined treatments, the 2-h incubation
with trypsin was followed by 30-min incubation in the
presence of 5 μg/ml soybean trypsin inhibitor (SBTI,
Sigma), after which the buffer was replaced for subsequent
6-h hyaluronidase digestion. At the end of the enzymatic
treatments, tissue and culture media were collected.

SDS/PAGE and immunoblotting
Cartilage explants were extracted with 10 volumes (v/w)
4 M guanidinium chloride (GuCl), 100 mM sodium acetate,
pH 6.0, containing proteinase inhibitors for 48 h at 4°C.
Biotinylated SBTI (100 ng, used to monitor sample
recovery) was added to 100 μl aliquots of tissue extracts
and culture media, and the samples precipitated by addition
of  9 volumes of ethanol. Following overnight precipitation
at -20°C, the samples were recovered by centrifugation at
4°C, washed twice with 5 volumes of cold 75 % ethanol
and then dried under vacuum. Samples were then
resuspended in keratanase buffer (10 mM sodium acetate,
pH 6.0) for subsequent keratanase and chondroitinase
treatment (Durigova et al., 2008a). Loading of the media
samples onto the gel was standardized in order to allow
comparison of cartilage component loss from an equal
amount of tissue. Cartilage matrix components were
resolved by SDS/PAGE on Novex 4-12 % gradient
NuPAGE Bis-Tris gels (Invitrogen) under reducing
conditions, and transferred to nitrocellulose membranes
for immunoblotting (Durigova et al., 2008a). Aggrecan
and its degradation products were detected using rabbit
polyclonal antibodies, recognizing G1, human G3
(Sztrolovics et al., 2002b) or bovine G3 (Roughley et al.,
2003) domains of aggrecan, or the anti-neoepitope antibody

(Durigova et al., 2008b) directed against the bovine
ARLEIE-G3 aggrecan fragment and the bovine G1-DIPES
matrix metalloproteinase product (Durigova et al., 2010).
Link protein was detected using the mouse monoclonal
antibody 8A4 (Developmental Studies Hybridoma Bank,
University of Iowa, USA) (Caterson et al., 1985). An anti-
rabbit Ig or anti-mouse Ig-biotinylated secondary antibody
(Amersham, Amersham, UK) was used to detect the
binding of the primary antibody, followed by incubation
with a streptavidin-biotinylated horseradish peroxidase
(HRP) complex (Amersham) and bands visualized by
ECL.

Aggrecan preparation and aggrecanase digestion
Aggrecan was extracted with GuCl from fetal bovine
articular cartilage or newborn human distal femoral
cartilage, then purified by CsCl density centrifugation
(Bayliss and Roughley, 1985; Roughley et al., 2003). Fetal
aggrecan was used as a substrate because of its high content
of intact aggrecan molecules relative to adult aggrecan.
Recombinant human full-length aggrecanases,
ADAMTS5-1 and ADAMTS4-1 and the domain deletion
mutants: ADAMTS4-2, lacking the C-terminal Sp domain;
ADAMTS4-3, lacking the Sp and CysR domains;
ADAMTS4-4, lacking the Sp, CysR and TS domains;
ADAMTS4-5, lacking the Sp, CysR, TS and Dis domains;
ADAMTS5-2, lacking its terminal TS2 domain;
ADAMTS5-3, lacking the TS2 and Sp domains;
ADAMTS5-4, lacking the TS2, Sp and CysR domains;
ADAMTS5-5, lacking the TS2, Sp, CysR and TS1
domains, and ADAMTS5-6 consisting solely of the
catalytic domain were expressed and purified as described
previously (Kashiwagi et al., 2004; Gendron et al., 2007).
All aggrecan digestions were performed at 37°C in 100 μl
50 mM Tris–HCl buffer, pH 7.5, containing 250 mM NaCl
and 5 mM CaCl2 (aggrecanase buffer) using 200 μg of
purified aggrecan and 0.2, 1 or 5 nM aggrecanase. The
reaction was stopped by heating at 75°C for 10 min,
samples precipitated with ethanol, treated with keratanase
II and chondroitinase ABC, and proteins analyzed by SDS/
PAGE and immunoblotting, as described above.

RNA isolation, reverse transcription (RT) and PCR
Total RNA was extracted from frozen bovine explants by
a modification of the method of Chomczynski and Sacchi
(Chomczynski and Sacchi, 1987). Frozen cartilage
explants (~100 mg) were homogenized using a stainless
steel Tissumizer (Tekmar, Cincinnati, OH, USA) in 2 ml
of 4 M guanidinium isothiocyanate, 25 mM sodium citrate,
pH 7.0. Sodium sarcosyl (final concentration 0.5%) and
0.1 M 2-mercaptoethanol were added sequentially, and the
mixture was left on ice for 1 hr with frequent vortexing,
12 μg of carrier tRNA (from E. coli) was added and the
sample extracted with phenol-chloroform. Following
centrifugation, RNA was precipitated from the upper
aqueous phase overnight at -20°C with an equal volume
of isopropanol. The RNA was recovered by centrifugation
and washed with 75% ethanol.

Total RNA from cultured chondrocytes was isolated
using an RNaqueous-4PCR kit (Ambion, Austin, TX,
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USA) and treated with DNase I (Ambion), to avoid any
PCR amplification of genomic DNA, according to
manufacturer’s protocol. RNA (1 μg) was used to
synthesize cDNA using random hexamer primers
(Invitrogen) and Omniscript reverse transcriptase (Qiagen,
Hilden, Germany), according to the manufacturer’s
recommendations. Primers for bovine hyaluronidases  and
oncostatin M (Table 1) were designed within a single exon
using Primer3 software. These primers were initially tested
on bovine genomic DNA and were observed to give bands
of equal intensity upon analysis on an agarose gel. Non-
quantitative PCR amplification for bovine hyaluronidases
was carried out for 40 cycles (30 s at 95°C, 60 s at 55°C,
70 s at 72°C). Amplification products were analyzed by
electrophoresis on a 1.6 % agarose gel. Real-time PCR
amplification for ADAMTS4, ADAMTS5, HYAL-2,
SPAM-1 and GAPDH mRNA (Table 1) was performed in
96-well plates using an ABI Prism 7500 instrument
(Applied Biosystems, Foster City, CA, USA). All primers/
probe sets were shown to give comparable amplification
efficiencies. Each PCR reaction (25 μl) contained 50 ng
cDNA, 12.5 μl TaqMan Universal PCR Master Mix
(Applied Biosystems), 900 nM of each primer and 50 nM
of TaqMan probe. After initial activation at 50°C for 2
min and 95°C for 10 min, the samples were subjected to
40 amplification cycles (denaturation at 95°C for 15 s
followed by an anneal/extension step at 60°C for 1 min).
Relative mRNA expression was calculated using the
comparative ΔΔCt method. Fold change in gene expression
compared to controls were then calculated as 2-ΔΔCt. In
addition, -ΔCt values were used to assess the relative

amount of each target mRNA compared to GAPDH mRNA
levels.

Gel filtration
A column (95 cm x 1 cm) was packed with Sephacryl S-
1000 resin (Pharmacia, Uppsala, Sweden) and equilibrated
in 50 mM Tris/HCl, 150 mM NaCl, pH 7.4. The void
volume (Vo, 36 ml) and total volume (Vt, 75 ml) of the
column were determined using proteoglycan aggregate and
K3Fe(CN)6, respectively. For analysis of the HA size
distribution, a sample of untreated tissue was digested
overnight at 56ºC with proteinase K (1 mg proteinase K/
mg tissue) in 50 mM Tris/HCl, pH 7.6, containing 1 mM
EDTA, 1 mM iodoacetamide and 10 μg/ml pepstatin A.
The proteinase K was then inactivated by incubation at
100 ºC for 5 min. A 0.5 ml aliquot of either tissue digest or
IL-1/OSM-treated cartilage culture media sample was
mixed with 0.5 ml 50 mM Tris/HCl, 150 mM NaCl, pH
7.4 + 0.5 % BSA, loaded onto the column, then eluted
using 50 mM Tris/HCl, 150 mM NaCl, pH 7.4 at a flow
rate of 6 ml/h. HA content was measured using a
competitive HA binding assay (Durigova et al., 2008a).

Results

OSM-mediated aggrecan degradation and release
Initial experiments were carried out to assess and confirm
whether the unique abilities of OSM to mediate aggrecan
degradation and release from bovine articular cartilage
were detectable after two days of culture. The extent of

1The 5’FAM/3’TAMRA probe and GAPDH set of primers were used to normalize ADAMTS4 data.
2The 5’FAM/3’MGB-NFQ probe and GAPDH set of primers were used to normalize ADAMTS5 data.

Table 1. PCR primer and probe sequences.

Amplified 
target Primer / Probe sequence 5'-3' 

Product 
size (bp) 

GAPDH Forward: GGCTGCTTTTAATTCTGGCAAA 
Reverse:AATCATACTGGAACATGTAGACCATGTA 
5'FAM/3'TAMRA:TGGACATCGTCGCCATCAATGACC 1 

5'FAM/3'MGB-NFQ: ACATCGTCGCCAT CAA 2 

 
93 

ADAMTS4 Forward: CCCCATGTGCAACGTCAAG 
Reverse: AGTCTCCACAAATCTGCTCAGTGA 
5'FAM/3'TAMRA: AGCCCCCGAAGGGCTAAGCGC 

94 

ADAMTS5 Forward: GCCTCCATGCAGCCTTCA 
Reverse: CATGACGATTCCAAGTTCTGTGAAGA 
5'FAM/3'MGB-NFQ:  CGAAATTGGACATCTG 

82 

GAPDH Forward: CCATCTTCCAGGAGCGAGAT 
Reverse : CCATCCACAGTCTTCTGGT 

346 

HYAL-1 Forward: CTGGGACACCAAGGACATTT 
Reverse: AGTGCTGCAGGCAGGTAGAT 

336 

HYAL-2 Forward: GAAGGGACACGTGGAACACT 
Reverse: CTGGACACGAAAGCTGACAA 

481 

Similar to 
SPAM-1 

Forward: TACAGCACCCCCTCTCATTC 
Reverse : ACGTTGTCGATTGGCATGTA 

306 

SPAM-1 Forward: TTCTGCTTCCGTGTTGTTTG 
Reverse : CCACGCTGTCATTTGGTATG 

342 

OSM Forward: CCGGAGATCAGGAGACT 
Reverse: AGGTCCATACAGGGCCAACT 

298 
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aggrecan release in response to cytokine treatment was
monitored by GAG release (Fig. 1, panel a), and aggrecan
proteolysis in the IGD and CS-2 domains were monitored
by immunoblotting using an anti-G3 (Fig.1, panel b) or
anti-G1 (Fig.1, panel c) antibody. Increased levels of
sulfated GAG release were detected with all cytokine
treatments compared to untreated samples. However, the
most dramatic increase in GAG release was observed when
cartilage was treated with OSM alone or IL-1β/OSM and
TNFα/OSM mixtures (Fig.1, panel a). Immunoblotting
analysis using an anti-aggrecan G3 antibody confirmed
that aggrecan had undergone aggrecanase-mediated
degradation. Four G3-containing aggrecan fragments
(fragments 2-5), characteristic of aggrecanase action in
the CS-2 region (Roughley et al., 2003), were observed in
the culture medium for cartilage treated with IL-1β and
TNFα. OSM alone or in combination with IL-1β or TNFα
mediated aggrecan degradation at the same four sites, but
also produced an additional aggrecanase-generated G3-
containing fragment (fragment 6, Fig. 1, panel b), whose
high abundance was previously shown to be characteristic

of OSM (Durigova et al., 2008b). In the presence of IL-
1β or TNFα low levels of free G1 domains were detectable
in the culture medium, while in the presence of OSM alone
or in combination with these two cytokines increased levels
of free G1 domains were released from the tissue (Fig. 1,
panel c). The molecular size of the G1 domains is consistent
with aggrecan cleavage at the aggrecanase-mediated
Glu373 Ala374 site in the IGD (Sztrolovics et al., 2002b;
Roughley et al., 2003). To verify that aggrecan G1 release
was occurring simultaneously with LP release,
immunoblotting of LP in the culture media was performed.
An identical profile to that of aggrecan G1 in the presence
of OSM was observed (Fig. 1, panel d), as expected for
the release of G1-LP-HA complexes. Thus, the
characteristic features of OSM previously reported after 8
days of culture (Durigova et al., 2008a) can be observed
after 2 days, so validating this time point for the analysis
of aggrecanase and hyaluronidase expression in response
to OSM.

While fragment 6 was thought to be a unique product
of OSM stimulation (Durigova et al., 2008b), a small

Fig. 1: Aggrecanolysis in response to cytokine stimulation. Bovine articular cartilage explants were cultured in
the presence of IL-1β, TNFα and OSM, alone or in combination for two days, when culture media were analyzed for
GAG content by the DMMB assay (a), generation of aggrecan G3 (b) and G1 (c) -containing fragments, and  LP
release (d) by immunoblotting. The different cytokine treatments are indicated below the figures. The migration
positions of known aggrecanase-generated products by cleavage in the IGD (G1) (Panel c) and CS-2 (Panel b) region
(fragments 2-6) of aggrecan, and the position of LP (Panel d) are indicated on the right. Migration positions of
molecular weight markers (kDa) are indicated on the left. The ~26 kDa band represents biotinylated SBTI used as a
loading control. * indicates p<0.02 for GAG release as determined by unpaired t-test compared to control or as
indicated by the brackets.
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amount of this aggrecan G3 component was produced
under IL-1β treatment alone (Fig. 1 panel b). However it
was shown that IL-1β drives the expression of OSM by
chondrocytes (Fig. 2), suggesting the participation of this
cytokine in the generation of the final G3 product.

ADAMTS4 and ADAMTS5 gene expression in
response to cytokine stimulation
Quantitative analysis of expression levels of ADAMTS4
and 5 mRNA in response to cytokine treatment revealed
that ADAMTS4 was by far the most strongly induced of
the two by all cytokines (Fig. 3, panel a). Expression levels
of both ADAMTS4 and ADAMTS5 were synergistically
up-regulated in the presence of combinations of OSM with
IL-1β or TNFα, while relatively little modulation in
ADAMTS5 expression was observed in the presence of
IL-1β, TNFα or OSM alone. IL-1β+OSM and

TNFα+OSM treatments induced a 454-fold and 276-fold
increase in ADAMTS4 expression, while these
combinations induced only a 17- and 13-fold increase in
ADAMTS5 gene expression, respectively. The relative
amounts of ADAMTS4 and ADAMTS5 mRNA in the
tissue were assessed by comparing the -ΔCt values of each
target gene (Fig. 3, panel b), where the least negative -ΔCt
value reflects the highest amount of the target gene. For
the cytokines alone or OSM/cytokine combinations, the
-ΔCt value for ADAMTS5 mRNA was always greater than
that of ADAMTS4. In addition, ADAMTS5 reached
similar levels of expression to GAPDH after stimulation
with IL-1β+OSM or TNFα+OSM. Thus, while
ADAMTS4 is the most inducible aggrecanase in cytokine-
stimulated bovine cartilage explants, the level of its mRNA
expression in the tissue is always lower than that of
ADAMTS5.

Fig. 2: OSM expression by chondrocytes. Bovine articular chondrocytes were cultured in the absence (Ctl) or
presence of IL-1β for 24 h. Total RNA was extracted and subjected to RT-PCR to determine OSM mRNA expression.
The position of the expected PCR product is indicated by an arrow. A DNA molecular ladder was loaded on the gel.
The 200 and 300 bp marker positions are indicated on the left.

Fig. 3: ADAMTS4 and ADAMTS5 mRNA
expression in response to cytokine treatment.
Bovine articular cartilage explants were cultured in
the presence of IL-1β, TNFα and OSM, alone or in
combination for two days, when message levels of
ADAMTS4 and ADAMTS5 were analyzed by real-
time PCR. (a) Induction of ADAMTS4 and
ADAMTS5 was determined by the ΔΔCt method and
expressed as fold change (2-ΔΔCt) in target gene
expression relative to unstimulated control samples.
(b) Relative amounts of ADAMTS4 and ADAMTS5
mRNA were assessed from ΔCt values for the target
genes and GAPDH. Results are expressed as -ΔCt
which increases with message abundance. * indicates
p<0.01 as determined by unpaired t-test.
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Fig. 4: Cleavage within the aggrecan IGD by truncated
forms of ADAMTS4 and ADAMTS5. Fetal bovine
aggrecan (lane S) was digested for 16h with 5 nM (a)
recombinant ADAMTS4-1, full-length (lane 4-1);
ADAMTS4-2, lacking the Sp domain (lane 4-2);
ADAMTS4-3, lacking the Sp and CysR domains (lane 4-
3); ADAMTS4-4, lacking the Sp, CysR and TS domains
(lane 4-4); ADAMTS4-5, lacking the Sp, CysR, TS and
Dis domains (lane 4-5) or (b) ADAMTS5-1, full-length
(lane 5-1); ADAMTS5-2, lacking the TS2 domain (lane
5-2); ADAMTS5-3, lacking the TS2 and Sp domains (lane
5-3); ADAMTS5-4, lacking the TS2, Sp and CysR
domains (lane 5-4); ADAMTS5-5, lacking the TS2, Sp,
CysR and TS1 domains (lane 5-5); and ADAMTS5-6,
lacking the TS2, Sp, CysR, TS1 and Dis domains (lane 5-
6). Digested samples were then analyzed by
immunoblotting using an aggrecan anti-G1 antibody. The
migration position of aggrecanase-generated G1 is
indicated on the right. Migration positions of molecular
weight markers (kDa) are indicated on the left.

Fig. 5: Cleavage within the aggrecan CS-2 domain by truncated forms of ADAMTS4 and ADAMTS5. Fetal
bovine aggrecan (lane S) was digested for 16 h with 5 nM (a and b) recombinant ADAMTS4-1, full-length (lane 4-
1); ADAMTS4-2, lacking the Sp domain (lane 4-2); ADAMTS4-3, lacking the Sp and CysR domains (lane 4-3);
ADAMTS4-4, lacking the Sp, CysR and TS domains (lane 4-4); ADAMTS4-5, lacking the Sp, CysR, TS and Dis
domains (lane 4-5) or (c and d) ADAMTS5-1, full-length (lane 5-1); ADAMTS5-2, lacking the TS2 domain (lane 5-
2); ADAMTS5-3, lacking the TS2 and Sp domains (lane 5-3); ADAMTS5-4, lacking the TS2, Sp and CysR domains
(lane 5-4); ADAMTS5-5, lacking the TS2, Sp, CysR and TS1 domains (lane 5-5); and ADAMTS5-6, lacking the
TS2, Sp, CysR, TS1 and Dis domains (lane 5-6). Digested samples were then analyzed by immunoblotting using an
aggrecan anti-G3 (a and c) or anti-ARLEIE antibody (b and d). Blots incubated with the anti-ARLEIE antibody were
allowed to develop for different exposure times to maximize the detection of the 4-1 product while allowing  comparison
of the relative activities of the ADAMTS5 forms. The migration positions of aggrecanase-generated products are
indicated on the right (2-6). Migration positions of molecular weight markers (kDa) are indicated on the left.



38 www.ecmjournal.org

M Durigova et al.                                                                                            ADAMTS and HYAL-mediated aggrecan catabolism

Aggrecan degradation by truncated forms of
ADAMTS4 and ADAMTS5
It is known that the activities of both aggrecanases are
modulated by truncation within the various C-terminal
domains of the enzymes (Flannery et al., 2002; Gao et al.,
2002; Patwari et al., 2005; Zeng et al., 2006), and that
such truncation occurs in vivo. Therefore, to investigate
whether the degradation pattern mediated by OSM and its
unique ability to promote increased proteolysis at an
additional site (site 6) in the CS-2 domain is mediated
through modulation of aggrecanase truncation, bovine
aggrecan was digested with various domain deletion forms
of ADAMTS4 and ADAMTS5. Analysis of aggrecan
cleavage in the IGD, revealed that for ADAMTS4, only
the full-length protease (ADAMTS4-1) was able to cleave
the Glu373-Ala374 bond (Fig. 4, panel a). Full-length
ADAMTS5 (ADAMTS5-1) was also able to cleave at the
Glu373-Ala374 bond, and truncation of the C-terminal TS
domain (ADAMTS5-2) or Sp domain (ADAMTS5-3) did
not affect the ability of the enzyme to cleave at this site
(Fig. 4, panel b). In contrast, truncation of the CysR
(ADAMTS5-4) and the second TS domain (ADAMTS5-
5) greatly reduced the aggrecanolytic activity at this site.
Finally, the removal of the Dis domain (ADAMTS5-6)
completely abolished aggrecan cleavage in the IGD. A

small amount of a slightly faster migrating G1 component
was observed following ADAMTS5-5 digestion. The
possibility that this could be a G1-DIPES product
equivalent to that generated by MMP cleavage was ruled
out by its lack of reaction with a specific anti-DIPES
antibody. Overall, these results showed that there is a vast
difference in the ability of both aggrecanases to cleave
within the aggrecan IGD, with ADAMTS5 being much
more potent at this cleavage and less affected by C-terminal
truncation.

ADAMTS5 was also found to be more active than
ADAMTS4 in the CS-2 domain and less affected by the
truncation of its C-terminal domains. The full-length
ADAMTS4-1 cleaved at all five aggrecanase-derived sites
in the CS-2 domain including site 6, with cleavage at sites
4 and 5 being predominant (Fig. 5, panel a). ADAMTS4-
2, lacking the C-terminal Sp domain, was much less potent
at cleaving at these sites, and further truncation of
ADAMTS4 prevented aggrecan cleavage in the CS-2
domain. Immunoblotting with an anti-neoepitope antibody
(anti-ARLEIE) directed against the new N-terminus of
fragment 6 confirmed that ADAMTS4-1 was the most
potent form of this enzyme at generating this fragment
(Fig. 5, panel b). Digestion by ADAMTS5 isoforms (Fig.
5, panel c) showed that fragment 6 is more readily

Fig. 6: G3 domain analysis of ADAMTS5 cleavage products of
human and bovine aggrecan. Fetal bovine aggrecan (left panel)
and newborn human aggrecan (right panel) were digested for 6 hours
with the indicated concentration of ADAMTS5-2. Digested samples
were then analyzed by immunoblotting using an anti-bovine or anti-
human aggrecan G3 antiserum. Migration positions of molecular
weight markers (kDa) are indicated on the left.

Fig. 7: Analysis of HA size. Samples of proteinase K cartilage
digest (solid squares) and culture media from IL-1β+OSM-
treated cartilage (open circles) were analyzed by gel filtration
on a Sephacryl S-1000 column. HA content in collected
fractions was measured and the highest value for each analysis
was set as 100 %. The void volume (Vo) and total volume
(Vt) of the column are indicated.
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generated by ADAMTS5 rather than ADAMTS4.
Aggrecan digestion by domain deletion isoforms of
ADAMTS5 demonstrated that sites 4, 5 and 6 are
preferential cleavage sites for ADAMTS5. Generation of
fragments 5 and 6 is dependent on the presence of the
CysR domain, as in the absence of this domain, fragment
4 becomes the final major degradation product. In addition,
removal of the C-terminal TS domain, appears to promote
aggrecanase activity at site 6. Immunoblotting using the
anti-ARLEIE antibody confirmed that fragment 6 is

preferentially generated by isoforms ADAMTS5-2 and 5-
3, lacking the C-terminal TS and Sp domains, respectively,
but containing the CysR domain (Fig. 5, panel d). Thus,
not only is ADAMTS5 the most potent aggrecanase at
degrading within the CS-2 domain of aggrecan, but the
unique ability of this enzyme to readily cleave at the
additional site 6 is promoted by C-terminal truncation.

Since the sequence in the region of the sixth
aggrecanase cleavage site is only partially conserved
between bovine and human aggrecan (Durigova et al.,

Fig. 8: Analysis of proteoglycan aggregate degradation
and release from cartilage in response to trypsin and/
or hyaluronidase treatment. (a) Bovine articular
cartilage explants were cultured in the presence of trypsin
(open bars), hyaluronidase (Hyal, solid bars), or a
combination of both enzymes, and GAG release into the
culture media was analyzed. At the end of the culture
period, cartilage tissue extracts and culture media were
analyzed by immunoblotting using an anti-aggrecan G1
(b) or anti-LP (c) antibody. The migration position of
aggrecanase-generated G1 and LP are indicated on the
right. Migration positions of molecular weight markers
(kDa) are indicated on the left. The ~26 kDa band
represents biotinylated SBTI used as a loading control.
The band at ~65 kDa in panel A represents non-specific
staining of a component in the tissue extracts. * represents
p<0.01 as determined by unpaired t-test.
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2008b), the generation of G3 fragments in ADAMTS5-2
digests of human aggrecan was investigated. An antibody
raised against five peptides representing regions
throughout the human G3 domain was used. In both
species, the G3 domain is initially liberated following
cleavage at sites in the CS2 region (Fig. 6). In the case of
bovine aggrecan the site 6 cleavage product accumulates
and remains resistant to further degradation. In marked
contrast, human aggrecan is cleaved at positions 2-4 but
then appears to undergo further, much more extensive,
degradation to products which are too small to be detected
on this gel system.

Hyaluronan degradation in the presence of OSM
The concomitant increased release of free aggrecan G1
domains and intact LP from the cartilage upon IL-1β+OSM
stimulation suggested that they were released as intact G1-
LP complexes. As these components interact in the tissue
with HA, it is likely that their release is due to HA cleavage.
Therefore the size of HA, both in untreated tissue and
culture media collected from IL-1β+OSM-treated tissue,
was analyzed by gel filtration (Fig. 7). HA in cartilage
digested with proteinase K exhibited a broad range of sizes
with a Kav of 0.56, which corresponds to very large chains.
In contrast, HA in the IL-1β+OSM-treated culture medium
eluted at the Vt of the column. These results confirmed

that HA has undergone extensive cleavage in the presence
of the cytokines prior to its release from the tissue.

Proteoglycan aggregate release in response to
protease and hyaluronidase action
Hyaluronan cleavage in the tissue is mostly ascribed to
non-proteolytic mechanisms, such as the action of
hyaluronidases, which may occur simultaneously with
aggrecan proteolysis. To demonstrate that hyaluronidase
action can result in aggrecan-LP-HA release in the presence
or absence of proteolysis, cartilage explants were treated
with trypsin to induce limited proteolysis of aggrecan, and/
or hyaluronidase to degrade HA. Trypsin treatment caused
aggrecan degradation, resulting in a 60-fold increase in
GAG release after 2 hours (Fig. 8, panel a). In comparison,
an 8-hour digestion by a specific hyaluronidase caused a
12-fold increase in GAG release. Sequential treatment of
cartilage by trypsin and hyaluronidase showed that GAG
release could be enhanced by a combination of proteolysis
and HA degradation. Thus, HA cleavage can mediate GAG
loss from the tissue whether or not prior proteolysis has
occurred. Immunoblot analysis demonstrated that intact
aggrecan and very low amounts of free G1 were detected
in the control tissue, while these components were absent
from the corresponding culture media (Fig. 8, panel b).
Trypsin treatment resulted in the accumulation of free G1

Fig. 9: Hyaluronidase mRNA expression in adult bovine chondrocytes. Articular chondrocytes were treated
with selected cytokines for 3 days. Total RNA was extracted and subjected to RT-PCR to determine GAPDH,
HYAL-1, HYAL-2, SPAM-1 and Similar to SPAM-1 gene expressions. The migration positions of molecular size
markers are depicted on the left.
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domains in the tissue, but caused no visible release of the
G1 domain into the culture media. In contrast,
hyaluronidase treatment had no effect on G1 generation
in the tissue, but the endogenous G1 domains and some
intact aggrecan were released. The sequential treatment
with trypsin and hyaluronidase showed that all aggrecan
G1 domain previously generated by trypsin could be
released into the culture media by hyaluronidase action.
Furthermore, immunoblot analysis showed that
hyaluronidase action alone can induce some LP release
from the tissue, whereas combination of proteolysis and
HA fragmentation causes the release of all of the tissue LP
(Fig. 8 panel c). These results mimic the effects of OSM-
mediated aggrecan G1 and LP release from cartilage,
suggesting that this cytokine acts through two concurrent
mechanisms: aggrecan proteolysis by aggrecanases and
HA cleavage by hyaluronidases.

Hyaluronidase expression in cytokine-stimulated
chondrocytes
Previous studies have shown that hyaluronidases are
important in HA degradation in cartilage (Flannery et al.,
1998). There are five bovine hyaluronidase sequences
available as a consequence of the bovine genome project
in GenBank: HYAL-1 [NM_001017941], HYAL-2
[NM_174347], HYAL-3 [XM_868610], SPAM-1 (sperm
adhesion molecule-1 or PH-20) [NM_001008413], similar
to SPAM-1 [XM_586790]. Among these enzymes HYAL1,
HYAL-2, SPAM-1 and similar to SPAM-1 are reported as
the major hyaluronidases of articular cartilage. Therefore,
their mRNA expression in chondrocytes in response to IL-
1β, OSM or IL-1β+OSM treatment was investigated by
RT-PCR (Fig. 9). No mRNA for similar to SPAM-1 could
be detected, and very low amounts of HYAL-1 and SPAM-
1 mRNA were present in the tissue. Their levels of
expression did not vary upon any of the cytokine
treatments. In contrast, more abundant expression of
HYAL-2 mRNA was detected. This hyaluronidase was
expressed by the chondrocytes for each of the cytokine
treatments, but did not show any change in expression level
when OSM was present. As HYAL-2 and SPAM-1 are
known to exhibit extracellular activity at a neutral pH, they
are the most likely candidates for HA degradation and
release such as observed in the presence of OSM. However,
real-time PCR analysis of HYAL-2 and SPAM-1 gene
expression (data not shown) showed no major variation
with any of the cytokine treatments.

Discussion

The present study indicates that while the endogenous level
of gene expression of ADAMTS4 in articular cartilage is
low, it is very responsive to cytokine stimulation, with the
highest increase occurring in the presence of OSM. In
contrast, ADAMTS5 is constitutively expressed at higher
levels than ADAMTS4 and its mRNA production is
modulated to a lesser degree by the cytokine treatments.
However, under all conditions, ADAMTS5 is the
predominant aggrecanase mRNA expressed in this tissue.

These results suggest that in adult bovine articular cartilage
ADAMTS5 has the potential to be the major aggrecanase
responsible for aggrecan turnover and maintenance of
cartilage homeostasis, while both ADAMTS4 and
ADAMTS5 participate in cytokine-induced aggrecan
degradation. This conclusion is based on one representative
time point (2 days), and it is possible that at earlier points
the time course of mRNA expression for the two ADAMTS
enzymes may differ (Ariyoshi et al., 2010). However these
results should indicate the steady-state levels. Also it is
important to note that many modulating influences are
present between message expression and net proteolytic
activity (Fosang and Rogerson, 2010), so that mRNA levels
only represent the potential for overall proteolytic function.

Previous studies have reported conflicting data and
results that differ from the present study with respect to
both constitutive and cytokine-mediated expression of
ADAMTS4 and ADAMTS5 in cartilage. Higher
constitutive levels of ADAMTS4 mRNA compared to
ADAMTS5 were detected in calf chondrocytes (Arai et
al., 2004). Moreover, one study using bovine cartilage
explants has suggested that ADAMTS5 is constitutively
expressed, and only ADAMTS4 is being responsive to IL-
1 or TNFα stimulation (Tortorella et al., 2001), while
another has reported increase of ADAMTS5 gene
expression and no impact on ADAMTS4 mRNA
expression upon cytokine treatment (Little et al., 2002).
Also, combinations of IL-1 or TNFα with OSM were
potent inducers of both ADAMTS4 and ADAMTS5 gene
expression in human cartilage in some studies (Song et
al., 2007; Young et al., 2005), while in another study the
TNFα/OSM combination had a strong positive effect on
ADAMTS4 gene expression, but failed to increase
ADAMTS5 mRNA levels (Hui et al., 2005). Such
differences may reflect species, age or site variations in
aggrecanase expression and care must be taken when
extrapolating from one system to another. It is also apparent
that when studying aggrecanase messages, stimulation
index is not necessarily an accurate reflection of absolute
message level.

In addition to their ability to modulate aggrecanase gene
expression, proinflammatory cytokines are known to play
a role in the regulation of aggrecanase activity. IL-1 has
been shown to stimulate an activation process involving
proteolytic removal of the C-terminal domain of the
enzyme thereby differentially modulating ADAMTS4-
mediated cleavage within the aggrecan IGD or CS-2
domain (Patwari et al., 2005). Similarly, C-terminal
processing of ADAMTS5 appears to correlate with
increased aggrecan degradation in OA (Yamanishi et al.,
2002). Therefore, it has been proposed that proteolytic C-
terminal processing is a potential mechanism of activity
regulation for aggrecanases in vivo (Zeng et al., 2006;
Flannery et al., 2002; Gao et al., 2002). While increased
levels of ADAMTS5 relative to ADAMTS4 could be
responsible for the robust aggrecanolysis observed in the
presence of OSM, modulation of aggrecanase processing
could also explain the characteristic aggrecan degradation
pattern mediated by this cytokine. The Sp and CysR
domains of aggrecanases contain GAG-binding motifs that
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modulate the affinity of the proteinases for their substrates
(Kashiwagi et al., 2004; Gendron et al., 2007; Flannery et
al., 2002; Zeng et al., 2006). Our study demonstrates that
the presence of both domains is required for cleavage of
the Glu373-Ala374 bond in the IGD by ADAMTS4, while
the CysR domain was essential for ADAMTS5 activity.
Differential truncation also modulated the ability of these
enzymes to degrade the CS-2 domain. Overly truncated
forms of ADAMTS5 (lacking the TS2, Sp, CysR and/or
TS1 domains) exhibited a decreased ability to cleave this
region, as very low levels of fragments 5 and 6 were
generated. However, ADAMTS5 lacking the TS2/or Sp
domains generated fragment 6 as their major degradation
product. Thus, OSM may be involved in facilitating partial
truncation of ADAMTS5, but not overtruncation, so
promoting the efficiency of the enzyme to cleave the CS-
2 region of aggrecan at cleavage sites 5 and 6.

While ADAMTS5 digestion of bovine aggrecan results
in the generation of a 50 kDa G3 fragment which is stable
to the further actions of this protease, following cleavage
in the CS2 region, the human aggrecan G3 domain is
degraded into fragments that were undetectable using an
antibody covering various regions of the domain. Thus it
is possible that cleavage at the position equivalent to site
6 in bovine aggrecan may be occurring in the human, but
the resultant product may be sensitive to further proteolysis
by ADAMTS5. Importantly these findings suggest that
ADAMTS5 generated fragments of the human G3 domain
are being released from articular cartilage and once better
characterized may play a role as biomarkers of tissue
destruction.

In addition to early aggrecanolysis, OSM can also
mediate the diffusion from the tissue of aggrecan G1,
together with LP and HA. The loss of aggrecan G1 domain,
LP and HA from cartilage cultures has also been previously
detected in a variety of other cartilage explants systems
(Fosang et al., 1991; Sztrolovics et al., 2002b; Yasumoto
et al., 2003). These studies reported the release of these
components in the absence of OSM, and while it is possible
that the G1-LP-HA release from cartilage in response to a
catabolic stimulus varies with species, site and/or age, it is
also possible that this process could be modulated by
endogenous OSM. Indeed, OSM is not only a monocyte/
macrophage-specific cytokine, but can also be expressed
by articular chondrocytes and its mRNA levels increase
upon stimulation by IL-1.

Aggrecan G1 and LP release observed in the presence
of OSM is accompanied by the degradation of HA, which
could be attributed to the action of either free radicals or
hyaluronidases. However, fragmentation of the LP within
its N-terminal region, typical of free radical action was
not detected in the presence of the cytokines (Roberts et
al., 1987). Moreover, Sugimoto et al have shown that HA-
degrading activity detected in bovine chondrocytes was
not affected after addition of free radical scavengers to
the cultures (Sugimoto et al., 2004). Thus, chondrocyte-
derived hyaluronidases are likely responsible for the OSM-
mediated HA degradation. Hyaluronidase-mediated
degradation of HA in cartilage is known to occur
intracellularly, through the action of lysosomal

hyaluronidases, or extracellularly either at the cell surface
or within the ECM (Hua et al., 1993; Embry and Knudson,
2003; Harada and Takahashi, 2007). Release of HA from
cartilage in response to cytokine treatments has been
demonstrated previously, and a role for extracellular
hyaluronidase activity in this process has been proposed
(Sztrolovics et al., 2002a; Sugimoto et al., 2004). In an
intriguing study (Chockalingam et al., 2004) it was
reported that when dead (freeze/thawed) bovine cartilage
was incubated with recombinant ADAMTS4 or -5
aggrecan degradation occurred as expected but there was
also release of the G1 domain, LP and low molecular
weight HA from the tissue. Thus it is possible that
aggrecanases can lead to release of hyaluronidases from
the chondrocytes.

Among the hyaluronidases reported to be expressed in
cartilage, HYAL-2 and SPAM-1 (PH-20) are the primary
candidates for the extracellular degradation of HA, as both
enzymes are known to be active at neutral pH and are
expressed at the cell surface of chondrocytes (Cherr et al.,
1996; Rai et al., 2001; El Hajjaji et al., 2005). However,
high release and extensive HA degradation observed in
the OSM cultures, suggest the presence of a hyaluronidase
activity within the ECM (Durigova et al., 2008a). Studies
have shown that membrane-anchored hyaluronidases could
be released from the cell membrane after cleavage by
phospholipases (Rai et al., 2001; Monzon et al., 2010).
Thus, it is possible that membrane-bound HYAL-2 and/or
SPAM-1 are released into the ECM through phospholipase
action in the presence of OSM. In addition, it has been
shown that proinflammatory cytokines such as IL-1β or
TNFα can induce the gene expression and activity of both
hyaluronidases in articular chondrocytes (Flannery et al.,
1998; El Hajjaji et al., 2005).

In the present study chondrocytes were used as we were
unable to detect sufficient hyaluronidase mRNA in
cartilage extracts. While this limits the evaluation of in
situ hyaluronidase expression in cartilage itself, the data
do imply that the main hyaluronidase mRNA present in
cytokine-treated chondrocytes is HYAL-2, suggesting it
to be the primary hyaluronidase involved in OSM-mediated
fragmentation of HA. However, proof of this proposal will
require further experimental justification, for example by
knock down techniques. While no modulation of its mRNA
upon cytokine stimulation has been detected, increase of
HYAL-2 activity, such as observed in the presence of OSM,
may occur at the post-transcriptional level. Furthermore,
it is apparent that hyaluronidase action alone is capable of
causing proteoglycan loss from articular cartilage and thus
participating in its degeneration.

Conclusions

In the present study, we have demonstrated that short-term
exposure of adult bovine articular cartilage to IL-1β, TNFα
and/or OSM mediates aggrecanolysis exclusively through
aggrecanase action. While all cytokines stimulated
ADAMTS4 mRNA expression to a greater degree than
ADAMTS5 mRNA, ADAMTS5 mRNA was always the
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more abundant aggrecanase message expressed in the
cartilage. ADAMTS5 was also far more active than
ADAMTS4 at cleaving the aggrecan core protein, in both
the IGD and CS-2 domains and partially truncated
ADAMTS5 was more effective at generating the aggrecan
degradation pattern attributable to OSM. Furthermore, in
addition to extensive aggrecanolysis, OSM has been shown
to mediate proteoglycan aggregate degradation through
an additional mechanism involving HA degradation, which
could be attributable to HYAL-2 action. Such
hyaluronidase action can contribute to proteoglycan release
even in the absence of proteolysis. These studies indicate
that ADAMTS5 and HYAL-2 should form the focus of
future work aimed at understanding the role of OSM in
human cartilage catabolism in arthritic disorders.
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Discussion with Reviewers

Reviewer II: Your findings related to ADAMTS-5
treatment of human aggrecan show some anti-G3-reactive
products that are of different molecular weight to that of
the digestion of bovine aggrecan. Can you explain this?
Also, it was concluded that the major digested products
from human aggrecan were too small to be viewed in the
system used. How would you demonstrate the existence
of these very small fragments?
Authors: As we reported earlier (Roughley et al. 2003),
the susceptibility of human aggrecan to aggrecanase action
is distinct from that of bovine aggrecan. In the human
cleavage at site five is not observed and, as shown in the
present study, there is extensive degradation of the G3
domain. While the sequences of human and bovine
aggrecan are well conserved in the G1, G2 and G3 regions,
there is much less conservation in the CS1 and CS2 regions.
In addition the glycosaminoglycan substitution and
sulfation patterns in these regions differ between species.
We believe that ADAMTS cleavage in the G3 region is
dependent on binding to the glycosaminoglycan-rich
region through the exosites on these multidomain proteases

and this underlies the different pattern of cleavage seen
for human compared to bovine aggrecan.

At the moment only immunoblotting using an
antiserum raised against a series of synthetic peptides based
on regions of the human G3 sequence was used to detect
the degradation products. While it is possible that the
fragments may be too small to be resolved on 4-12% SDS/
PAGE gel, one cannot discount that the regions recognized
by the antiserum are those at which aggrecanase cleavage
is occurring, rendering the products invisible by the western
blotting technique. Our future efforts will utilize mass
spectrometry to identify cleavage products of the G3
domain.

Reviewer II: In general, how can one relate the bovine
OSM-related studies to the human in vivo situation?
Authors: The cytokine OSM is a mononuclear cell
product. It has been detected in human arthritic joints, and
shown to stimulate degradation of human cartilage. OSM
stimulation is one of the most effective methods to initiate
the catabolism of cartilage in culture, and provides a
convenient model system to study the consequences of
both aggrecanase and hyaluronidase expression.


